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FHWA - SCOUR DEPTH LIMIT STATE DESIGN APPROACH 

 

SOIL EROSION RESISTANCE AND SHEAR DECAY 

The scour estimating equations and methods described in the current 5th edition of HEC 18 are 

based on measurements and laboratory experiments conducted in one uniform, homogeneous 

layer of soil.  This implies that a single critical shear stress value can be used to describe the 

erosion resistance of the soil throughout the full scour depth.  This is true for experiments 

conducted in both non-cohesive (sands) and cohesive soils (manufactured clays).   

In nature, it is quite rare that a single homogeneous soil type and associated critical shear 

stress would be required or available to support bridge foundations, especially deep 

foundations.  Typically, the subsurface soils are comprised of multiple layers of variable type, 

thickness, and erosion resistance.  Therefore, to generate the best scour estimate possible, it is 

incumbent upon the engineer to account for the impact of variable soil erosion resistance on 

scour depth.  This could be attempted through a trial and error procedure using the 

recommended equations and the critical shear stress applicable to each subsurface soil layer.  

However, such a procedure would be quite tedious, with the results being only approximate.  A 

better alternative is to describe the decrease in hydraulic shear stress that occurs within the 

scour hole, as scour deepens, and use this measure, along with the vertical profile of soil 

erosion resistance, to determine the limit of scour.  

The reduction of hydraulic shear stress as scour forms is referred to as Shear Decay, which is 

primarily a function of the scour hole depth and shape.  The procedure for determining the scour 

depth using the soil erosion resistance profile and the appropriate shear decay function is 

referred to herein as the Scour Depth Limit State design approach.  The determination of soil 

resistance with depth, the development of applicable shear decay functions, and the scour 

depth limit state analysis procedure will be described in general terms in the following sections.  

 

METHODS FOR ESTIMATING SOIL EROSION RESISTANCE 

There are several methods available for determining the erosion resistance, or critical shear 

stress, of a given soil.  For this discussion, critical shear stress of a soil will be defined as the 

shear stress being applied to the soil when the erosion rate becomes zero.  This definition is 

depicted in Figure 1 below.  The appropriate method to use depends upon whether the soil is 

non-cohesive or cohesive, the amount of information known about the soil (i.e. its type, physical 

properties such as grain size, plastic index, percent fines, unconfined compressive strength, 

etc.), and the desired level of accuracy.  As will be described below, many methods have 

limitations, based on the laboratory experiments and the soils used in their development.  

Non-cohesive soils 

The critical shear stress of a non-cohesive soil is perhaps the easiest to quantify, because it is 

defined by the time-tested and accepted Shields’ relationship.  All that is required to determine 

the critical shear stress for a non-cohesive soil using the Shields’ relationship are the  
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Figure 1.  Definition of Critical Shear Stress 

 

representative grain size (typically D50 of the grain-size distribution) and the Shields parameter, 

which, in turn, is often dependent upon the representative grain size.  The Shields’ relationship, 

its application, and the methods for determining the grain-size distribution (e.g. sieve analyses) 

are described in many sources, and will not be included in this discussion.   

Cohesive soils 

Unlike non-cohesive soils, the determination of critical shear for cohesive soils is much more 

complex, because of the electrochemical characteristics of the soil at the molecular level.  

Further complicating the effort is the fact that cohesive soil properties can be altered through the 

sampling, transportation, and testing process.  Consequently, cohesive soils with very similar, 

even identical physical properties, can produce a wide range of erosion resistance.  This fact is 

well recognized and illustrated by Figure 2 below.  From the figure, it can be seen that soils of 

similar physical description and classification can produce an order of magnitude range (10 

times) in the critical shear stress values.  
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Figure 2.  Shear Stress Variability of Cohesive Soils 

 

Therefore, the level of uncertainty associated with a critical shear stress estimate for a cohesive 

soil greatly depends upon the amount and quality of information available for the soil, and 

hence, the level of effort put forth in making the estimate.  The following 4 levels-of-effort, 

beginning with the least, and the associated methods have been identified for determining 

critical shear stress for cohesive soils.  The lower the level-of-effort, typically the more uncertain 

the critical shear estimate.  

Level 1 (lowest level of effort, highest level of uncertainty) 

 Only a physical description of the soil layer is available (e.g. historic bore log) 

 Envelope curves such as Figure 2 are used to make a conservative estimate of critical 

shear stress  

 Pro – Minimum level of effort required 

 Con – Estimate of critical shear has highest level of uncertainty (could be off by an order 

of magnitude)  

Level 2 (medium level of effort, medium level of uncertainty) 

 Physical soil properties are available through soil sampling and testing by accredited 

laboratory  

 Empirical equations based on physical soil properties are used to make critical shear 

estimate 

 Pro – Standard test methods are used to determine physical soil properties  

 Con – Soil is disturbed through sample extraction and transport 

 Con – Physical properties are confined to a discrete sample location 
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 Con – Standard error of critical shear estimate typically no better than 70 percent 

Level 3 (high level of effort, low level of uncertainty) 

 Critical shear stress measured directly using accredited laboratory and accepted test 

devices  

 Pro – Provides a direct measure of critical shear stress 

 Con – Soil is disturbed through sample extraction and transport 

 Con – Direct shear stress test result is confined to a discrete sample location 

Level 4 (highest level of effort, lowest level of uncertainty) 

 Critical shear stress measured directly, in-place, using an in-situ scour testing device 

 Pro – critical shear measured directly 

 Pro – Test conducted during standard geotechnical subsurface field investigation 

 Pro – No sample extraction or transport required 

 Pro – critical shear stress can be measured continuously over full depth of soil column 

 

SHEAR DECAY FUNCTIONS 

As discussed previously, the reduction of hydraulic shear stress in the scour hole, as the scour 

deepens, is referred to as shear decay.  This phenomenon allows a state of equilibrium to 

develop between the hydraulic forces creating the scour hole and the forces within the soil 

resisting the scour; thus, limiting the scour depth.   

The shear decay is a function of the scour hole depth and shape.  The scour hole shape, in turn, 

is a function of the soil type and the scouring mechanism (e.g. contraction scour vs. local scour).  

The sides of a scour hole in a non-cohesive soil will slide and slough according to the 

submerged angle of repose allowed by the size and shape of the soil particles being eroded.  

Accordingly, scour holes in a non-cohesive soil will broaden proportionally as they deepen.  On 

the other hand, the sides of a scour hole in a cohesive material tend to be quite steep and more 

static, reflecting the cohesive nature of the soil type.  Finally, the shape of a contraction scour 

hole will be broader than a local scour hole, regardless of the soil type, due to the nature of the 

scouring mechanism (tight vortex vs. contracted flow field).   

The above factors influence the rate of shear decay with scour depth, and hence, the shape of 

the shear decay curve (i.e. decay function).  Consequently, the shear decay function will be 

unique for contraction scour, local abutment scour, and local pier scour in both cohesive and 

non-cohesive soils.  

 

ANALYSIS  

For the sake of describing the scour depth limit state design approach, estimating abutment 

scour in a non-cohesive soil will be used as an example.  Abutment scour can be characterized 

as an amplification of contraction scour, so the shear decay function for abutment scour is 

dependent upon that for contraction scour.  The shear decay functions for contraction and 

abutment scour in non-cohesive soils are shown in Figure 3 below. 
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Figure 3.  Shear Decay Functions for Contraction and Abutment Scour in Non-Cohesive Soils 

 

The essence of the scour depth limit state design approach is determining the erosion 

resistance of the soil layers that will potentially be eroded by the applicable scouring 

mechanism, and overlaying that plot with the applicable shear decay function.  This concept is 

illustrated in Figure 4 below.  

 

Figure 4.  Superimposition of Soil Resistance and Shear Decay 

 

 

The depth at which the shear decay, for the scour mechanism of interest, intersects the erosion 

resistance of the soil represents the limit state of scour, i.e. its equilibrium.  This depth is 

illustrated by the circles on the decay function curves in Figure 5.  The example data in Figure 5 

indicate that the limit of contraction scour will be 1.5 feet, and the limit of abutment scour will be 

5.0 feet (compared to a current HEC 18 estimate of 12 feet).   
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Figure 5.  Example results of superimposition 

 

Finally, appropriate load factors for the decaying hydraulic force, and appropriate resistance 

factors for the soil resistance should be developed and applied in the detailed design procedure 

to account for the inherent uncertainties associated with each measure.  

 

 


