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1. Abstract  

Adverse effect of local scour on bridge safety is well documented throughout the history, 
most notably in cases when scouring causes bridge collapse. Most straightforward way 
to assess scour hole depth is to employ one of readily available empirical equations, 
using flow field and riverbed characteristics as predictor variables. The aim of this paper 
is to identify empirical equations applicable for pier scour calculation in sand-bed rivers 
and estimate resulting scour depths. Based on the results sensitivity analysis was 
conducted in order to quantify range of values that can be expected in specific site 
conditions for variation in the input variables.  
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2. Introduction  

Croatians rivers are exposed to significant river-bed changes since the last century when 
the extensive river training works were undertaken on largest Croatian rivers, mainly for 
flood protection [1] and for water use for industry [2]. Both, natural general river 
degradation and anthropogenic factors such as installation of river training works [3], 
construction of dams, weirs and bridges [4] [5] [6] has had significant effect on the 
sediment transport regime, resulting mostly with deepening of the rivers channel since 
banks are stabilized [7]. Local scour is phenomenon caused by disturbance of velocity field 
in vicinity of bridge piers, whose adverse effect on bridge safety is well documented 
throughout the history, most notably in cases when scouring causes bridge collapse [2] [4] 
[7]. Scour holes around bridge piers lead to greater depths in vicinity of bridges especially 
during flood events when scour depth attain the most significant growth [8]. Most 
straightforward way to assess scour hole depth is to employ one of readily available 
empirical equations, using flow field and riverbed characteristics as predictor variables [9]. 
This approach, while it has advantage in its simplicity, also has disadvantages in its limited 
applicability of each empirical equation overtaken from state of the art literature. In order 
to reliably estimate scour depth, equations developed for flow environment similar to the 
one that needs to be estimated in prototype scale must be used. More often than not, several 
empirical equations will be appropriate for predefined constrictions and decision must be 
made which one is most suitable for application in specified site conditions. 
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Figure 32. Mechanism of local scour; adapted from [10] 

Input data for this research were overtaken from survey database obtained from field 
measurements [6] [7]. Dataset used in this research was developed using flow rate and 
depth data from several gauging stations to obtain relevant flow environment conditions 
encompassing river characteristics with diverse flow regimes. In combination with river 
cross-section, flow velocity and energy slope can be calculated, thus completing the set 
of governing hydraulic variables. Hydraulic variables were calculated by using HEC-
RAS numerical model for 100-year flood, taking into account detailed bathymetry in the 
bridge opening.  

Focus of this study is testing sensitivity of the empirical equations on scouring around 
bridge piers on large Croatian rivers: Sava, Drava, Kupa and Danube. The aim of this 
paper is to identify empirical equations applicable for pier scour calculation in sand-bed 
rivers and estimate resulting scour depths. Empirical equations used in this paper can be 
found in commonly used state of the art literature. Based on the results sensitivity 
analysis was conducted in order to quantify range of values that can be expected in 
specific site conditions for variation in the input variables. 

3. Methods 

The estimate of the maximum local scour depth is necessary for designed bridge safety. 
For this purpose, many theoretical equations have been derived throughout history to 
predict scour depth 𝑑  at bridge piers. Most of them were derived on scaled models in 
idealized laboratory conditions which consequently limits applicability of such 
equations due to the scaling issues. Some of those limiting features that cannot be found 
in watercourse are [10]:  

 Straight rectangular river sections 
 Steady uniform approach flows 
 Noncohesive, homogeneous and uniform size bed materials 

Based on bathymetry survey, HEC-RAS model is established with input parameters from 
upstream and downstream gauging stations. Results from HEC-RAS hydraulic model 
are input data in equations for scour depth. From HEC-RAS were extracted mean 
approach flow velocity (�̅�), flow depth (𝑦) and Froude number (𝐹  = �̅� (𝑔 ∙ 𝑦) .⁄ ). Other 
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relevant parameters that differ by specific site conditions i.e. pier width (𝑏), median of 
the sediment particle size distribution (𝑑 ), threshold velocity by Laursen criteria (𝑣 ), 
Froude number for critical velocity (𝐹 ) and flow angle (Ѳ) are presented in Table 4. In 
theoretical equations figure a lot of empirical coefficients as follows: mean flow depth 
and pier width (𝐾 ), flow intensity (𝐾 ), sediment size (𝐾 ), pier shape (𝐾 ), flow angle 
of attack (𝐾Ѳ), approach channel geometry (𝐾 ), bed condition (𝐾 ), armouring by bed 
material size (𝐾 ) and pier width (𝐾 ). 

For the calculation of the scour depth, ideally the empirical equation that gives minimum 
error in the estimation must be chosen [11]. In this research 13 different empirical 
equations were selected for calculating scour depth on bridge piers in sand-bed rivers: 
Laursen [12], Hanco [12], Inglis [12], Neill [12], Richardson and Davis [10], Breusers 
[10], Jain and Fischer [10], Ansari and Qadar [10], Larras [10], Shen et al [10], Melville 
[13], Coleman [14], and Ettema et al [15].  

Table 3 List of all equations for sensitivity analysis 

Laursen 
𝒅𝒔 = 𝟏, 𝟏𝟏 ∙ 𝒃 ∙ 𝒚𝒃 𝟎,𝟓

   – live-bed 𝒅𝒔 = 𝟏, 𝟑𝟒 ∙ 𝒃 ∙ 𝒚𝒃 𝟎,𝟓
  – clear-water 

(1) 
 
(2) 

Hanco 𝑑 = 3,3 ∙ 𝑏 ∙ 𝑑𝑏 , ∙ 𝑦𝑏 ,
 (3) 

Inglis  𝑑 = 4,2 ∙ 𝑏 ∙ , ∙ (𝐹𝑟) ,   (4) 

Neill 𝑑 = 1,5 ∙ 𝑏 ∙ ,
  (5) 

Richardson and Davis 𝑑 = 2 ∙ 𝑏 ∙ 𝐾 ∙ 𝐾 ∙ 𝐾 ∙ 𝐾 ∙ 𝐾 ∙ 𝑦𝑏 , ∙ (𝐹𝑟) ,  (6) 

Breusers 𝑑 = 1,4 ∙ 𝑏  (7) 

Jain and Fischer 
𝑑 = 1,84 ∙ 𝑏 ∙ , ∙ 𝐹 , ,   – clear-
water 𝑑 = 2 ∙ 𝑏 ∙ , ∙ 𝐹 − 𝐹 , ,   – live-bed 

(8) 
 
(9) 

Ansari i Qadar 
𝑑 = 0,86 ∙ 𝑏   –  𝑏 < 2,2 𝑑 = 3,6 ∙ 𝑏 ,  –  𝑏 > 2,2 

(10) 
 
(11) 

Larras 𝑑 = 1,05 ∙ 𝐾 ∙ 𝐾 ∙ (𝑏) ,  (12) 

Shen et al 𝑑 = 0,000223 ∙ 𝑣 ∙ 𝑏𝜐 ,
 (13) 

Melville 𝑑 = 𝐾 ∙ 𝐾 ∙ 𝐾 ∙ 𝐾 ∙ 𝐾  (14) 

Coleman 𝑑 = 𝑏 ∙ 1,49 ∙ 𝑣𝑔 ∙ 𝑦 ,
 (15) 

Etema et al 𝑑 = 1,34 ∙ (𝑏 ∙ 𝑦) ,  (16) 

Laursen recommended equation in which observed parameters are flow depth and pier 
width. He described formula for scour depth neglecting grain size and approach velocity 
because it’s given for bridge piers set in sand bed and for live-bed scour conditions. 
Hanco develop simplified formula for general case in which sediment particle size in 
laboratory flume were 𝑑 = 0.5, 2, 5 mm. Hanco explicitly included pier widths b = 3, 



WMHE 2019                          16h International Symposium on Water Management and Hydraulic Engineering 

103 

4, 7, 6, 13 and 20 cm by providing required condition y/b>1 (which is case for all 
bridges). Inglis suggested equation which included the Froude number 𝐹 =�̅� (𝑔 ∙ 𝑑) .⁄ . Tests were performed on a rectangular round-nosed pier. Neill described 
scouring with ratio of flow depth and pier width like many other empirical equations. 
Neill’s equation considers live-bed conditions, rectangular round-nosed pier for pier 
alignment parallel with flow direction. However, the effects of grain size distribution 
and local conditions should be investigated in more detail. Another experimental 
equation expressed by Richardson and Davis is modified CSU equation. Equation is 
based on almost all parameters that influence scour depth throughout 5 empirical 
coefficients. Considering that equation gives greater deviations for larger particle sizes, 
the most accurate results are just for sand river-bed. Breusers gave simplified relation 
expressing scour depth as a function of pier diameter, with neglected water depth and 
grain size. Although it satisfies basic linear relationship between scour depth and pier 
dimension, which is considered as essential for model studies. Jain and Fischer bring 
another formula for local scour depth at the round pier nose under unsteady flow but 
with distinction whether clear-water or live-bed scour conditions prevail. Ansari and 
Qadar derived equation on more than 100 field measurements of pier scour depth from 
12 different sources. They brought projected pier width into consideration as a 
consequence of locating bridges in river curvature where flow attack is not parallel to 
the pier alignment. Larras proposed a design equation for estimating maximum scour 
depth near the threshold velocity of the undisturbed bed material. Shen et al have 
analysed flow field and the horseshoe-vortex system near a circular pier and based on 
that derived formula which indicates that viscosity may affect the scouring phenomenon. 
Melville’s design method rests on product of 5 different coefficients. Equation tends to 
predict much greater scour depths than other expressions. The scour depth variations 
under live-bed conditions are a consequence of the particle size distribution at particular 
flow velocities. As Melville reported, the steeper and higher the bed forms, the lesser the 
observed scour depth because the sediment supplied with the passage of a given bed 
form is not fully removed from the scour hole prior to the arrival of the next bed form. 
Using dimensional analysis Coleman obtained the scour predictive formula for circular 
piers in sand beds. Formula consider continuous sediment transport conditions. Ettema 
et al’s data show that scour depth, relative to pier width, may increase with pier Froude 
number. Froude number is useful for describing energy gradients for flow around a pier. 
The experiments were conducted with velocities lower than critical.  

Comparison of the chosen equation was made for seven case studies on large Croatian 
rivers. For 100-year flow, scouring can occur under live-bed (Drava and Danube) or 
clear-water conditions (Sava and Kupa) which are defined by mean velocities that are 
larger than threshold velocity value.  

The Botovo bridge is the railway bridge on Drava river near Koprivnica. The bridge is 
constructed across the bend of the river. Positions of the two round nosed bridge piers 
are in the main channel and their alignment is deviated 25 degrees of the flow attack 
which additionally contributes to development of the scour hole. The Osijek bridge is 
also part of the railway network on the Drava river which piers are round nosed and 9 
degrees deviated from flow course. In the past, the bridge was exposed to development 
of scour holes which were remediated with riprap. This resulted with reducing of flow 
profile and it led to significant erosion of river bed and phenomenon of scour hole 
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downstream of remediated pier. The Varaždin bridge is a railway bridge located in 
Varaždin on the Drava river. All of 5 bridge piers are round nosed, located in the main 
watercourse and aligned at an angle of 5 degrees to the flow attack. Although the bridge 
is on a flat stream section, just behind the river starts meandering. The railway bridge 
Erdut is in Bogojevo in straight section on the Danube river. It is one of the longest 
bridge on Danube with span of over 600 meters. 5 bridge piers are in the main river 
channel and 6th is on bank slope. All of 6 bridges are round nosed and aligned parallel to 
the flow attack. The Karlovac bridge is located in Karlovac on the Kupa river. The bridge 
has 2 round nosed piers and both are in the main channel. Piers alignment is 3 degrees 
deviated from flow course. The Gunja is railway bridge in the straight Sava river section. 
2 round nosed piers are sited in the main channel of the river and aligned 4 degrees 
deviated of the flow attack. The Šamac bridge is railway and road bridge on the Sava 
river that is lying on 14 piers, of which 5 are sited in the main river channel. Although 
alignment of bridge piers is almost parallel with flow attack, the bridge is preceded by 
sharp rived bend. All bridges are sited in rivers whose bed are made of sand or mixture 
of sand and gravel. All other influential parameters from specific site conditions are 
shown in following Table 4: 

Table 4 Input parameters from specific site for calculating scour depths [m]   
 BOTOVO OSIJEK VARAŽDIN ERDUT KARLOVAC GUNJA ŠAMAC 
v 2.2 2.1 2.4 1.0 1.3 0.9 1.4 
y 4.0 7.8 5.6 11.6 8.4 12.5 5.9 
Fr 0.27 0.23 0.32 0.09 0.14 0.08 0.14 
b 3.5 3.6 2.1 4.2 3.6 4.2 2.3 
d50 10 0.25 20 0.7 3 5 20 
vc 1.7 0.5 2.2 0.8 1.3 1.6 2.3 
Frc 0.27 0.06 0.30 0.08 0.14 0.15 0.30 
Ѳ 25 9 5 0 3 4 1 

Boxplot is a is visual representation of a given data set through five statistical 
parameters: minimum, first quartile, median, second quartile and maximum. Boxplot 
graph gives a good indication of how the values in the data are spread out. The main box 
present 25th to the 75th interquartile range and contain median line between two parts of 
box. Other elements of boxplot are whiskers which present minimum and maximum 
values with 0,35th percentile, as well as the mean value that is illustrated by sign X. 
Furthermore, if there are some outliers, they are illustrated as points [16]. There is a 
similar article in literature that describes local scouring around complex bridge piers 
established in laboratory by using boxplot [17]. The purpose of presenting boxplot in 
that paper was to show variability of a ratio between depth of scour hole and pier width. 
Most of articles about scouring statistically process database representing graphs that 
have predicted scour hole and pier width ratio on the ordinate and approaching flow 
depth and pier width ratio on the abscissa. Moreover, usual graphs bring particle size 
and development time in correlation with scour depth. [12], [15], [14] 

4. Results and discussion 

In order to determine the most applicable equations for specific sites, results of the 
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theoretical scour depths are shown in Table 5 for all bridges. Moreover, data were 
analysed using statistical method called box plot, presented in Figure 33. Box plot 
display variation of data through their quartiles. The aim of this paper is to analyse 
sensitivity by quantifying range of values that can be expected in specific site conditions 
for equation variations.  

Table 5. Scour depths [m] obtained by using empirical formulas  
 Botovo Osijek Varazdin Erdut Karlovac Gunja Šamac 

Laursen 4.2 5.9 3.8 7.8 7.4 9.7 5.0 
Neill 5.5 6.9 4.3 8.6 7.0 8.7 4.6 
Inglis 8.3 12.9 10.5 11.2 10.5 11.1 7.3 
Richardson and 
D i

5.4 10.2 7.4 8.5 7.3 8.9 4.5 
Hanco 3.7 1.9 3.1 2.8 3.2 4.2 3.3 
Jain 6.8 8.4 5.2 10.5 8.5 10.7 5.7 
Melville 14.7 10.9 6.0 10.1 9.3 11.3 5.9 
Breusers 5.0 5.1 3.0 5.9 5.0 5.9 3.2 
Ansari and Qadar 9.0 6.9 5.4 6.4 6.3 6.8 5.2 
Larras 5.3 3.4 2.2 3.1 2.9 3.4 2.1 
Coleman 4.3 4.1 2.5 3.9 3.6 3.8 2.5 
Shen et al 4.1 4.1 3.1 2.8 2.9 2.7 2.4 
Ettema et al 5.06 7.13 4.62 9.36 7.37 9.69 4.96 

Average: 6.1 6.4 4.6 6.6 6.0 6.8 4.1 

Standard deviation: 3.0 3.2 2.3 2.9 2.4 2.7 1.4 

 
Figure 33. Boxplot of whole dataset presenting distribution of the scour depth   

Based on the conducted analysis, some of the used equations exhibit similar output 
pattern independently of the bridge on which it was deployed: equations of Inglis and 
Melville predict the highest values of scour depth across all bridges, while the lowest 
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values are predicted by the equations Hanco, Larras and Shen et al. Inglis’s equation 
predicts scour on average 79% greater than the mean value of all equations, and 86% for 
reduced dataset from which aforementioned 5 equations are excluded. In the same 
regard, Melville’s equation predicts scour on average 47% and 54% greater compared to 
entire and reduced dataset, respectively. Hanco’s, Larras’s and Shen et al.’s empirical 
equations predict scour on average 43%, 45% and 45% lower compared to entire dataset, 
and 41%, 42% and 42% lower compared to reduced dataset.  

 
Figure 34. Boxplot presenting reduced dataset distribution of the scour depth  

Taking into account the results from conducted analyses, it can be concluded that 
aforementioned equations cannot be used for specific site to reliably predict scour depth, 
considering the deviation form expected values. Observing standard deviation that is 
presented in Table 5, the greatest dispersion of results can be noticed for Drava-Osijek 
bridge, and the lowest for Sava-Šamac bridge. Many factors can be reasons for such 
deviations. Primary reason for sensitivity of specific site could be bed characteristics and 
different composition of bed material mixture. Secondary reason could be technique of 
remediation of scour holes that has led to secondary scour hole downstream of the pier. 
[18] Third reason could be quantification of approaching flow using averaged values of 
flow rate, flow depth, velocity, etc. Similar results have been presented in other papers 
[13], [12]. 

Results of the analyses show that the Laursen, Neill, Richardson and Davis, Jain and 
Fischer, Ansari and Qadar, Breusers and Coleman equations can be used as first 
approximation for the reliable local pier scour calculation. The following equations 
estimate both similar scour depths with near average values at the same time: Ansari and 
Qadar, Jain and Fischer, Ettema et al and Neill. Common for these equations is that they 
contain few easily calculated parameters that make their use simple and straightforward. 
However, it is found that considering all equations sensitivity of results are in range of 
3 to 7 meters, which is considerable span compared to the depth of the pier foundation. 
Some of the reasons for large span of results are phenomenon of secondary scour hole 
downstream of the pier. Furthermore, none of empirical equations used in scour 
calculation is applicable to all analysed sites because every site has specific hydraulic 
environment and geometry, both for riverbed and piers.  
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5. Conclusion 

In conclusion, there is no universal equation that provides reliable results for all analysed 
bridge sites. Although all bridge sites correspond to equations established for specific 
flow depth and pier width ratio as well as for sand bed rivers at suitable sediment 
transport conditions, some of those sites are more sensitive in selecting suitable equation 
and gives greater dispersion of results. Planned follow-up of this paper is to conduct 
analyses of recorded scour depths and produce empirical equation that would be suitable 
for bridges over Croatian rivers, and others with similar flow regime and riverbed 
material characteristics.  
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