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ABSTRACT 

Due to severe scouring, many bridges failed worldwide. Therefore, the safety of the existing 

bridge (after contrition) mainly depends on the continuous monitoring of local scour at the 

substructure. However, the bridge's safety before construction mainly depends on the 

consideration of local scour estimation at the bridge substructure. Estimating the local scour 

at the bridge piers is usually done using the available formulae. Almost all the formulae used 

in estimating local scour at the bridge piers were derived from laboratory data. It is essential 

to test the performance of proposed local scour formulae using field data. In this study, the 

performance of selected bridge scours estimation formulae was validated and statistically 

tested using field data for existing bridges in Canada, Iraq (Kufa, Najaf), Pakistan, 

Bangladesh, and India. The validated formulae were HEC-18, Forehlich, and Johnson. The 

validation was conducted by comparing the predicted local scour depths obtained from 

applying the above-selected formulae with the local scour depths obtained from the field 

data. The comparison between them was presented using a scattergram. However,  

statistical tests were used to present the accuracy of the local scour predictions. The tests 

were conducted using three statistical indices, namely, Theil’s coefficient (U), Mean Absolute 

Error (MAE), and Root Mean Square Error (RMSE). Among the tested formulae, the Jonson 

formula gave satisfactory performance since the values of U, MAE, and RMSE were found to 

be 0.112, 1.351, and 1.650, respectively.  
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الانجراف الحي  و من دقة صيغ المعادلات المحددة لكل من انجراف المياه النقية التحقق
 للجسر

 

 ثامر احمد محمد
 أستاذ

 جامعة بغداد –كلية الهندسة 
 

 هدى رسول عبد الاخوة
 طالبة ماجستير

 جامعة بغداد –كلية الهندسة 

 
 

 الخلاصة
بسبب الانجراف الشديد ، فشل العديد من الجسور في جميع أنحاء العالم.  لذلك ، تعتمد سلامة الجسر الحالي بشكل أساسي على 

المراقبة المستتتمرل للانجراف في البةية التحتية.  عمع كلك ، ف س ستتلامة الجستتر قبل البةاء ، تعتمد بشتتكل أستتاستتي على الة ر في 

تقدير الانجراف في البةية التحتية للجستتر.  عا ل ما يتم تقدير الانجراف المحلي عةد  عامة الجستتر باستتتلداغ المتتية المتا ة.  تم 

اشتتتقاج جميع المتتية تقريبلا المستتتلدمة في تقدير الانجراف عةد  عامة الجستتر من البيانار الملتبرية عمن التتترعر  ا تبار 

ستلد سة ، تم التحقق من صحة أ اء معا لار تقدير انجراف الجسور أ اء المية المقتر ة با اغ البيانار الميدانية.  في هذه الدرا

في كةدا عالعراج )الكوفة عالةجف( عباكستتتتتتتاس  تلداغ البيانار الميدانية للجستتتتتتور المقامةالملتارل عا تبارها إ متتتتتتاايلا باستتتتتت

.  تم إجراء التحقق Johnsonع  Forehlichع  HEC-18هي  عبةغلا يش عالهةد.  كانت المتتتتية التي تم التحقق من صتتتتحتها

قارنة أعماج ا ي من  لال م لذ  تم الحمتتتتتتول عل من تطبيق المتتتتتتية الملتارل أعلاه مع أعماج  لانجراف المحلي المتوقع ا

مع كلك ، ع ياني.الشتتكل البمن البيانار الميدانية.  تم عرض المقارنة بيةهما باستتتلداغ  لانجراف المحلي الذ  تم الحمتتول علي ا

تم استتتتلداغ الا تبارار اا متتتااية لتقديم  قة التةبمار المحلية.  تم إجراء الا تبارار باستتتتلداغ الااة ممشتتترار إ متتتااية هي 

 برل(.  من بين المتتتتتية الملتRMSE( عمتوستتتتتل   اللطط التربيعي الجذر )MAE( عمتوستتتتتل   اللطط المطلق )Uمعامل ايل )

 على التوالي. 1.650ع  1.351ع  0.112كانت  RMSEع  MAEع  Uمرضيلا  يث أس قيم  أ اءل  Jonsonأعطت صيغة 

 

 الجسر، جسر الكوفة، بيانات حقلية، صيغ معادلات الانجراف دعامةالانجراف المحلي،  الكلمات الرئيسية:
 
 

1. INTRODUCTION 
 
A hydraulics-related factor is responsible for roughly 60% of all bridge failures. Scour is the 
most common cause of bridge failure, accounting for one of the top three reasons globally 
(Pruebas, 2020). The failure of the Sava bridge, in Croatia, the Malahide Viaduct bridge, in 
Ireland, and the Hintze Ribeiro Bridge, in Portugal, are some recent examples of bridge 
failures by scour in Europe. Scour is the most common cause of bridge failure in the United 
States. Data collected between 1989 and 2000 showed that only 53 bridges out of more than 
500 failed due to human error, while the rest failed by scour. As a result of climate change, 
rainfall regimes and snow melting patterns will change and increase flooding frequency and 
intensity. Thus, the vulnerability of bridges to scouring will increase. In the next 20 years, 
and according to simulations conducted by the European Commission using climate change 
scenarios, roughly 20% of the bridges in Europe will be in great danger due to scouring. This 
number varies by country, but the largest dangers are expected in Austria (60%), Portugal 
(50%), Spain (42%), and Italy (39%) (Pruebas, 2020). 
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Civil engineers are focusing on the bridges' structural design without paying any attention 
to hydraulic design. Scouring at the site of bridges should be considered at the design stage. 
Many formulae for estimating local scour at the bridge are available in the literature, and 
these formulae need to be checked for accuracy. However, most of these formulae were 
proposed based on laboratory work. The performance of these formulae needs to be 
assessed using field data.       
From previous studies, the most often used and acknowledged local scour formulas or 
models were put to the test to see how accurate they were(Mohamed et al., 2006). 
Through the usage of dynamic color coding and visualization strategies, GIS techniques were 
employed to repair the Barboni Bridge and Al-Qadisiyah Bridge in Al-Muthanna 
Governorate, Iraq (Aattan and Al-Bakri, 2020). In a laboratory flume, a series of tests were 
conducted to determine the impact of the silt wire location on scour depth and scour area 
upstream of the weir site(Al-Hassani and Mohammad, 2021). 
In this study, field data is used to assess the performance of the selected formula used for 
the estimation of local scour depth at bridges located around the world. The scour at Kufa 
bridge, Najaf Governorate in Iraq, was measured locally by using an M9 device for river 
survey works. Besides the data on bridges in India, Bangladesh, Pakistan, and Canada, the 
field data of the Kufa bridge was used for checking the accuracy of the formulae. 
 
2. METHODOLOGY 

2.1 The Case Study 
The Kufa bridge is an essential old structure in the city of Najaf, Iraq. The bridge was built in 
the period (1954-1957). It consists of four openings separated by three single piers with a 
total length of 166 m. The width of each pier is two meters, and the space between any two 
successive piers or the pier and abutment is 44.5 m. In addition, field data for bridges in 
India, Bangladesh, Pakistan, and Canada were borrowed from the literature. 
 

2.2. Field Measurements 

In this study, the scour depth at the piers of the Kufa Bridge was measured locally using an 
M9 device. The surveyed cross-section of the Euphrates River at the location of the Kufa 
bridge is shown in Fig. 1. Section A-A was taken one meter from the pier nose towards 
downstream as shown in Fig. 2. From the surveyed section, the maximum scour depth was 
identified and then used with the other published field data on bridges scour in India, 
Bangladesh, Pakistan, and Canada for assessing selected formula for clear water scour 
prediction. 
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Figure 1. The recorded Kufa bridge profile by M9 
 

 

Figure 2. The site of the section in the Euphrates River 
 
2.3 Selected Formulae for Estimation of Local Scour Depth 

The following formula is selected for the estimation of local scour at the bridge pier:  

2.3.1 HEC-18 pier scour formula   

The HEC-18 pier scour formula (based on the Colorado State University, CSU 
formula)(Edition, 1991) is suggested for both live-bed, and clear-water pier scour. Maximum 
pier scour depths can be predicted using this formula. Simple pier substructure layouts and 
riverine flow scenarios in alluvial sand-bed channels are some of the most basic uses. 
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𝑌𝑠

𝑌1
= 2 ∗ 𝐾s ∗ 𝐾2 ∗ 𝐾3 ∗ [

𝑏

𝑌1
]

0.65

∗ 𝐹𝑟0.43                                                                                               (1) 

Ys is scour depth (m), Ks is a factor for the pier shape,  K2 factor for the angle of attack, K3 
factor for the type of scour (clear water or live bed), Y is the flow depth directly upstream of 
the pier (m), b is the pier width (m), and Fr is the Froude number.    

2.3.2 Forehlich formula  

The maximum relative depth of local live-bed scour at a bridge pier was calculated using a 
linear regression analysis of the measurement data collected on-site (Forehlich, 1988). 

𝑌𝑠

𝑏
= 0.32 ∗ 𝐾𝑠 ∗ 𝐹𝑟0.2 ∗ [

𝑏𝑝

𝑏
]

0.62

∗ [
ℎ

𝑏
]

0.46

∗ [
𝑏

𝑑50
]

0.08

+ 1                                                                  (2) 

Ys is the scour depth (m), b is the width of the pier (m), bp is the projected width of the pier 
(m), Y is the flow depth (m), Fr is the Froude number, and Ks is a factor for shape.  

2.3.3 Johnson formula  

In 1995, a formula was proposed for both live bed, and clear water scour based on field data 
(Johnson, 1995). 

 𝑌𝑠 = 1.35 ∗ 𝑏0.7 ∗ 𝑌0.3                                                                                                                           (3) 

where Ys is scour depth (m), b is pier width (m), and Y is the flow depth (m) 

 

3. RESULTS AND DISCUSSION 

In this study, field data for bridges in Iraq, India, Bangladesh, Pakistan, and Canada were 
used to validate the selected scour estimation formulae. The data shown in Table 1. includes 
the name of the bridge, the geographical location of the bridge, year of measurement, 
approach velocity (v), the median size of the river bed material (d50), water depth just 
upstream of the bridge site (y), and the pier width (b). The data showed that the values of 
the approached velocities ranged from 0.4 to 2.8 m/s, the d50 of the bed materials ranged 
from 0.2-0.5 mm,  the water depths ranged from 1.3 to 8.2 m,  and the piers width range from 
1.5-9.15m. 
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Table 1. Selected data on bridges 
 

 

3.1 Determination of Scour Type (Clear Water or Live Bed) in Nonuniform Alluvial Bed   

In nature and particularly in rivers,  the sediment has nonuniform size distribution. It is 
usual to take the median size, d50, as a representative size of sediment ( Subramanya, 
2009). Clear water scour conditions usually exist when the flow intensity (mean approach 
velocity(v)/critical velocity(vc) 1). The clear water scour conditions exist for both uniform 
sediment and non-uniform sediment when flow intensity, v/vc1 or [v-(va-vc)]/vc1 
respectively( Coleman and Melville, 2000). The velocity (va) is called armor peak velocity, 
and it is equivalent to vc in uniform sediment. The geometric standard deviation of the 
particle size distribution (g) for nonuniform sediment should be more than 1.3. Live bed 
scour exists when v/va1. The following method can be used to determine whether the local 

Site year velocity (m/s) (mm) 50d y (m) b (m) 

Al Kufa bridge 2021 0.455 0.3 1.31 2 

Shahdara railway 
bridge 

1948 1.455 0.3 5.08 3.05 
1949 1.407 0.3 4.77 3.05 
1950 1.773 0.3 7.49 3.05 
1951 1.393 0.3 4.66 3.05 
1952 1.378 0.3 4.66 3.05 
1953 1.476 0.3 5.27 3.05 
1954 1.707 0.3 6.94 3.05 
1955 1.595 0.3 6.13 3.05 
1956 1.458 0.3 5.13 3.05 
1957 1.770 0.3 7.47 3.05 
1958 1.683 0.3 6.66 3.05 

Barhamaputra bridge 1938 2.869 0.39 18.14 6.1 
Par railway bridge 1941 2.116 0.33 10.67 3.96 
Jhelum bridge 1938 1.509 0.32 5.64 6.1 
Alexandra bridge 1938 1.710 0.37 6.52 3.05 
Chenab bridge 1933 1.819 0.34 7.56 6.1 
Chenab bridge 1932 1.849 0.34 7.74 7.62 
Ravi bridge 1942 1.494 0.24 6.16 6.1 
Sulej bridge 1929 1.533 0.32 5.61 6.1 
Sulej brigde near 
adamwahan 

1933 1.688 0.2 6.77 4.27 

Chenab bridge at chund 1936 1.592 0.3 7.53 6.1 
Beaver crossing 1962 1.465 0.5 7.05 1.83 

Lacorey crossing 1962 1.366 0.5 6.12 1.52 

Broad gauge railway 
bridge 

1970 1.515 0.3 5.44 9.15 
1971 1.385 0.3 4.54 9.15 
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scour type at the studied bridge in a nonuniform alluvial bed is clear water or live bed                       
( Coleman and Melville, 2000).     

1. The critical bed shear velocity, u*c for d50 size from Shields diagram (for quartz sand in 
water at 20 ºC) for 0.1mm< d50 <1mm can be determined from the following equation  
𝑢 ∗ 𝑐 =  0.0115 + 0.0125𝑑50

1.4                                                                                                            (4)                                                                                                 

However, for 1mm< d50 < the following equation determines 100mm, the critical bed shear 
velocity    

𝑢 ∗ 𝑐 =  0.0305𝑑50
0.5  −  0.0065𝑑50

−1                                                                                                   (5) 
                                                                            

2. The critical mean approach flow velocity(vc) can be determined from the flowing 
logarithmic velocity distribution (for fully turbulent flow) 

 
𝑣𝑐

𝑢∗𝑐
= 5.75 𝑙𝑜𝑔(5.53

𝑦

𝑑50
)                                                                                                                      (6) 

3. Thus, the armour peak velocity (vₐ) (g>1.3 only) can be determined by applying the 
following equations: 

𝑑50𝑎 =
𝑑𝑚𝑎𝑥

1.8
                                                                                                                                             (7)                                                                                                                      

However, dmax=d90=2d50 is valid for sediment particles with a grain size between 0.05 and 
2 mm (van Rijn, 1993). 

 The critical bed velocity for the armor layer(u*cₐ) for d50ₐ size from the Shields diagram or 
(for quartz sand in water at 20℃) can be calculated for 0.1mm < d50ₐ <1mm 

𝑢 ∗ 𝑐ₐ =  0.0115 + 0.0125𝑑50𝑎
1.4                                                                                                         (8)                                                                                       

when the range of median sediment size 1mm <d50ₐ <100mm, then u*cₐ is determined by  

𝑢 ∗ 𝑐ₐ =  0.0305𝑑50𝑎
0.5  −  0.0065𝑑50𝑎

−1                                                                                               (9)                                                                                    

4. The critical mean approach flow velocity, vc can be determined from the flowing logarithmic 
velocity distribution (for fully turbulent flow) 

𝑣𝑐𝑎

𝑢𝑐𝑎
= 5.75 log (5.53 

𝑦

𝑑50𝑎
)                                                                                                                (10) 

5. The velocity that marks the transition from clear water to live bed conditions for  
nonuniform sediments, va  can be calculated from  

𝑣𝑎 = 0.8 ∗ 𝑣𝑐𝑎                                                                                                                                       (11) 
 
To find the type of scour at each bridge included in the field data, Eq. (4) to (11) were 
applied. The results from the application of the equations are shown in Table 2. It is found 
that type of scour at the Kufa bridge is clear water type while the scour type at other bridges 
was live bed. 
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Table 2. Type of scour for non-uniform alluvial bed 

Site Fr cu* Vc 50ad cau* caV aV 
V-(Va-
Vc)/Vc 

V/Va 
type 

of 
scour 

Al Kufa bridge 0.127 0.014 0.348 1.111 0.026 0.577 0.461 0.981 0.986 
clear 
water 
scour 

Shahdara 
railway bridge 

0.206 0.014 0.395 0.333 0.014 0.402 0.321 3.869 4.526 
live 
bed 

scour 

0.206 0.014 0.393 0.333 0.014 0.400 0.320 3.768 4.401 
live 
bed 

scour 

0.207 0.014 0.408 0.333 0.014 0.416 0.332 4.528 5.334 
live 
bed 

scour 

0.206 0.014 0.392 0.333 0.014 0.399 0.319 3.739 4.366 
live 
bed 

scour 

0.204 0.014 0.392 0.333 0.014 0.399 0.319 3.701 4.319 
live 
bed 

scour 

0.205 0.014 0.396 0.333 0.014 0.403 0.322 3.912 4.578 
live 
bed 

scour 

0.207 0.014 0.406 0.333 0.014 0.413 0.330 4.394 5.170 
live 
bed 

scour 

0.206 0.014 0.401 0.333 0.014 0.408 0.327 4.160 4.883 
live 
bed 

scour 

0.206 0.014 0.395 0.333 0.014 0.402 0.322 3.875 4.533 
live 
bed 

scour 

0.207 0.014 0.408 0.333 0.014 0.415 0.332 4.521 5.325 
live 
bed 

scour 

0.208 0.014 0.404 0.333 0.014 0.411 0.329 4.349 5.115 
live 
bed 

scour 

Brahmaputra 
bridge 

0.215 0.015 0.462 0.433 0.015 0.474 0.379 6.390 7.560 
live 
bed 

scour 

Par railway 
bridge 

0.207 0.014 0.427 0.367 0.015 0.436 0.349 5.136 6.065 
live 
bed 

scour 
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3.2 Validation of the Selected Formulae  

Various parameters included in the field data were used as input into Equations (1) to (3). 
These parameters are pier width, water depth, the median size of bed material, and flow 
velocity. The results obtained from applying the selected formulae are shown in Table 3. 

 

 

 

Jhelum bridge 0.203 0.014 0.403 0.356 0.014 0.410 0.328 3.932 4.596 
live 
bed 

scour 

Alexandra 
bridge 

0.214 0.015 0.419 0.411 0.015 0.429 0.343 4.262 4.980 
live 
bed 

scour 

Chenab bridge 0.211 0.014 0.417 0.378 0.015 0.426 0.341 4.541 5.333 
live 
bed 

scour 

Chenab bridge 0.212 0.014 0.418 0.378 0.015 0.427 0.342 4.604 5.410 
live 
bed 

scour 

Ravi bridge 0.192 0.013 0.391 0.267 0.013 0.395 0.316 4.012 4.722 
live 
bed 

scour 

Sulej bridge 0.207 0.014 0.402 0.356 0.014 0.410 0.328 3.994 4.671 
live 
bed 

scour 
Sulej bridge 
near 
adamwahan 

0.207 0.013 0.388 0.222 0.013 0.391 0.313 4.540 5.393 
live 
bed 

scour 

Chenab bridge 
at chund 

0.185 0.014 0.409 0.333 0.014 0.416 0.333 4.083 4.788 
live 
bed 

scour 

Beaver 
crossing 

0.176 0.016 0.457 0.556 0.017 0.473 0.379 3.379 3.869 
live 
bed 

scour 

Lacorey 
crossing 

0.176 0.016 0.451 0.556 0.017 0.467 0.374 3.200 3.653 
live 
bed 

scour 

Broad gauge 
railway bridge 

0.207 0.014 0.397 0.333 0.014 0.404 0.323 3.998 4.684 
live 
bed 

scour 

0.208 0.014 0.391 0.333 0.014 0.398 0.318 3.729 4.354 
live 
bed 

scour 
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Table 3. Results obtained from the application of selected formulae 

 

The field data used in the validation process was measured at the Kufa bridge, published by 
(Qadar, 1981), and related to bridges in India, Bangladesh, Pakistan, and Canada. 
Scattergrams were plotted between the measured scour depth and the predicted scour 
depth Fig. 3. 
 

Site Ks K2 K3 
Measured 

scour 
depth 

Local 
scour 
depth 

(HEC 18) 

Local scour 
depth 

(Forelich) 

Local scour 
depth 

(Johnson) 

Al Kufa bridge 0.9 1 1.1 1.38 1.406 2.635 2.378 

Shahdara railway 
bridge 

1.1 1 1.1 6.16 4.474 5.121 4.798 

1.1 1 1.1 4.03 4.372 5.061 4.709 

1.1 1 1.1 4.95 5.133 5.528 5.391 

1.1 1 1.1 4.54 4.340 5.040 4.676 

1.1 1 1.1 5.1 4.320 5.036 4.676 

1.1 1 1.1 6.15 4.525 5.155 4.852 

1.1 1 1.1 4.28 4.999 5.442 5.269 

1.1 1 1.1 4.54 4.775 5.307 5.077 

1.1 1 1.1 4.35 4.484 5.129 4.813 

1.1 1 1.1 4.01 5.127 5.524 5.387 

1.1 1 1.1 2.05 4.941 5.400 5.205 

Barhamaputra 
bridge 

1.1 1 1.1 13.57 11.163 11.745 11.420 

Par railway bridge 1.1 1 1.1 7.17 6.885 7.362 7.197 

Jhelum bridge 1.1 1 1.1 8.99 7.233 9.412 8.044 

Alexandra bridge 1.1 1 1.1 6.19 4.961 5.351 5.172 

Chenab bridge 1.1 1 1.1 6.16 8.154 9.902 8.783 

Chenab bridge 1.1 1 1.1 12.14 9.520 12.036 10.335 

Ravi bridge 1.1 1 1.1 6.19 7.287 9.591 8.259 

Sulej bridge 1.1 1 1.1 6.31 7.277 9.416 8.031 

Sulej bridge near 
adamwahan 

1.1 1 1.1 8.21 6.171 7.281 6.619 

Chenab bridge at 
chund 

1.1 1 1.1 5.09 7.697 9.834 8.772 

Beaver crossing 1.1 1 1.1 2.71 3.365 3.462 3.703 

Lacorey crossing 1.1 1 1.1 2.42 2.840 2.883 3.116 

Broad gauge 
railway bridge 

1.1 1 1.1 8.43 9.384 13.378 10.568 

1.1 1 1.1 7.06 8.813 13.042 10.010 
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a. Validation of HEC-18  Formula                             b. Validation of Forehlich Formula 

 

 

c. Validation of  Johnson formula 

Figure 3. Validation of the selected formulae 

 

3.3 Statistical Tests  

Statistical tests were used to evaluate the accuracy of scour predictions by the selected 
formulae. Statistical tests used were Theil’s coefficient (U), Mean Absolute Error (MAE), and 
Root Mean Square Error (RMSE) (Mohamed et al., 2006). It was found that Johnson's 
equation gave minimum errors between the measured and predicted scour values as shown 
in Table 4. The following formulae describe the above tests. 
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𝑈 =   
[

1

𝑛
∑ (𝑌𝑠𝑜−𝑌𝑠𝑝)

2𝑖=𝑛
𝑖=1 ]

1
2

[
1

𝑛
∑ 𝑌𝑠𝑜

2𝑖=𝑛
𝑖=1 ]

1
2+[

1

𝑛
∑ 𝑌𝑠𝑝

2𝑖=𝑛
𝑖=1 ]

1
2

                                                                                                                 (12) 

where Yso is the observed scour depth while Ysp is the predicted scour depth, and n is the 
number of recorded cases.  
Regardless of how data are defined, it is bounded to the intervals 0 and 1. A value of 0 
indicates perfect prediction. A value of 1 corresponds to perfect inequality or negative 
proportionality between observed and predicted values.  
The mean absolute error (MAE) and root mean square error can be calculated using the 
following tests    

𝑀𝐴𝐸 =
1

𝑛
∑ |𝑌𝑠𝑜 − 𝑌𝑠𝑝|𝑖=𝑛

𝑖=1                                                                                                                      (13) 

𝑅𝑀𝑆𝐸 = √
1

𝑛
∑ (𝑌𝑠𝑜 − 𝑌𝑠𝑝)2𝑖=𝑛

𝑖=1                                                                                                             (14)  

Table 4. Summary of the statistical tests performed on the equations and models chosen 

 

4.  CONCLUSIONS 

It is essential to test their performance using field data for existing bridges located in 
different geographical regions worldwide. In this study, field data was used to validate three 
selected formulae that were widely used to estimate the local scour at bridges. The selected 
formula was proposed based on laboratory data. Field data on local scour at the Kufa bridge, 
Najaf, Iraq, was collected using an M9 device, while the other field data was related to bridges 
located in different geographical regions and was borrowed from the published literature. 
In the validation processes the predicted scour depths and that obtained from the field data 
were presented using scattergrams. In addition, statistical tests were also performed to 
confirm the accuracy of the predicted scour depths. The statistical indices used to test the 
performance of the selected formulae were Theil’s coefficient (U), Mean Absolute Error 
(MAE), and Root Mean Square Error (RMSE). Among the tested formula. It was found that 
the Johnson equation is the most accurate formula.  

 

 

 

 

Scour 
Equation 

Theil’s Coefficient, 
U 

Mean Absolute Error, 
MAE 

Root Mean Square 
Error, RMSE 

1. (HEC-18) 0.622 4.622 5.571 
2. Forehlich 0.137 1.537 1.939 
3. Johnson 0.112 1.351 1.650 
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