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DISCLAIMER 

 

Any opinions contained within the document express the personal views of the authors, and do 

not constitute official views of the U.S. Army Corps of Engineers. The publishing of this 

document does not constitute an endorsement of any ASCE or associates events, products, 

services, or enterprises. 

 

ABSTRACT 

 

Bank erosion has been a concern throughout 25 miles of the Sacramento River in Sacramento 

due to the fluvial system proximity to the engineered levees. Failure of the levee system due to 

erosion under sustained high flows is catastrophic because of dense population and economic 

assets of the city. 

There is an erosion site on the left bank of the Sacramento River at Rivermile 55.2, 

referred as SAC RM 55.2L. SAC RM 55.2L has a steep waterside slope with a small bench on 

the floodplain, and large leaning trees with exposed roots on the steep bank slope. Undercutting 

beneath the exposed rootballs is typical along the bankline. Boat wakes expedite fluvial erosion 

processes by caving beneath the exposed rootballs that steepens the bank slope and weakens the 

toe. 

Due to the fluvial system proximity to residential areas adjacent to the levee, bank 

protection was needed. Traditional engineering approaches to assess the horizontal and vertical 

erosion extents would require continuous bank protection to the levee top. Observations of field 

vegetation do not support the implementation of continuous bank protection to such high 

elevation. 
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This paper presents a potential solution to the design problem by supplementing 

traditional erosion assessment with Bank Stability and Toe Erosion Model (BSTEM) with the 

wave module. BSTEM with the wave module requires cross-section geometry, bank materials, 

time series of stage and known shear stress, and boat information to calibrate the erosion rate. 

The results from BSTEM with the wave module provide the components of the shear stresses 

from fluvial and wave generated energy. These components of the total energy will help to 

provide insight to the different erosion mechanisms that occurs at different stages of a 

hydrograph. Evaluation of traditional erosion assessment results in conjunction with BSTEM 

with the wave module and field observations will help to determine the appropriate protection 

methods and footprint for an erosion countermeasure at different stages. 

 

INTRODUCTION 

 

Background. Sacramento River and the associated levee system has experienced fluvial erosion, 

boat wake and wind wave induced erosion. Waves created by boat wakes cause erosion of the 

river bank and toe, which varies with the season. For riverine conditions, traditional methods of 

erosion assessment only dealt with flow depths and velocities associated with river flows, not 

waves in particular. BSTEM offers a methodology to combine the effects of fluvial shear stress 

and wave induced shear stress in the erosion assessment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. View of the erosion on the left bank at SAC RM 55.2L. Undercutting is seen along 

the site with exposed rootballs. 
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This paper presents a preliminary analysis in applying BSTEM methodology at the 

erosion site at SAC RM 55.2L on the left bank of the Sacramento River which has observed toe 

erosion, bank erosion, and undercutting. Figure 1 shows a photograph of the SAC RM 55.2L site 

and the top elevation of a grass covered levee prism which protects the densely populated 

neighborhoods of the City of Sacramento. It is noted that there is a very small bench between the 

Sacramento River and the levee. Protection of the river bank and the bench is necessary to 

protect the levee prism from further erosion. Because of imminent risk of erosion, this site was 

added to the erosion inventory of the Sacramento District of the US Army Corps of Engineers to 

proceed with a design. 

 

Summary of the design. Figure 2 shows a typical cross section of the design and its 

components. The objective of the design is to prevent erosion from encroaching into the levee 

prism foundation. Therefore, the erosion protection components of the design include: 

 The toe riprap protection below the 2.1-meter elevation as seen in Figure 2 is to provide 

two tiers of protection. The first tier is a riprap thickness for self-launch riprap to fill 

scour holes developed during flood flows. The second tier is a riprap thickness for 

protection against erosion forces from the river and boat wave actions. 

 The bank protection component starts above elevation of 2.1 m with a riprap thickness to 

provide protection against erosion forces from the river and boat wave actions. It is 

typically not required to provide bank protection to the top elevation of the levee to 

ensure the integrity of the bank slope. Nevertheless, the final design elevation of the bank 

riprap protection needs to provide necessary roughness to the bank material to resist 

erosion for discharges up to the design flow. 

 

The design elevation of the bank riprap protection was initially determined from several 

factors such as field observations of vegetation coverage on the bank slope, breaks in slopes 

along the bank face, floodplain overbanking elevation, and numerical stability of bank material 

and vegetation under the hydraulic conditions for discharges up to the design flow. However, the 

standard hydraulic modeling software used by the U.S. Army Corps of Engineers, HEC-RAS 

version 5.0.7, does not account for shear stresses caused by boat waves. Therefore, the hydraulic 

parameters used in the numerical stability analysis of bank material and vegetation did not 

definitely answer the question if the design elevation of riprap would protect the bank profile 

from wave-generated shear stress. To provide the final design justification for the bank riprap 

protection elevation, BSTEM with the wave module was supplemented to traditional bank 

stability approaches to verify the design elevation for riprap to withstand both fluvial and boat 

wake and wave erosion forces. 
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Figure 2. Conceptual cross section showing design features of bank protection and toe 

protection. 

 

BOAT WAKE EROSION ANALYSIS WITH BSTEM 

 

BSTEM is a developmental model by the U.S. Department of Agriculture, Agriculture Research 

Service (USDA-ARS). The model is capable of estimating bank retreat from inputs parameters 

such as bank geometries, soil stratigraphy and properties, land covers, hydraulic conditions, etc. 

(USDA-ARS 2019). It incorporates both fluvial erosion and mass wasting processes (Simon et 

al. 2011, Klavon et al. 2017). 

 

As wind waves and boat wakes were recognized as other mechanisms that can erode the 

bank, USDA-ARS added a wave module to BSTEM to simulate additional erosion by boat 

generated shear stresses. The additional inputs to simulate BSTEM with the wave module are 

boat related information, such as frequencies, distance to the shoreline, ground speed, length, and 

draft of boats. 

 

Governing Equations of BSTEM Model with Wave Module. BSTEM has a toe erosion 

component and a bank stability component. Each component is represented by different 

equations. Toe erosion in BSTEM is calculated using the excess shear stress equation as 

Equation 1. 

E = kd(τ-τc)  Equation 1 

where: 

E = Erosion rate 
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kd = Erodibility coefficient (soil property) 

τ = Effective applied shear 
τc = Critical shear (soil property) 

 

The effective applied shear stress term of Equation 1 is the combined effective applied 

boundary shear stresses from fluvial forces and energy from boat-generated waves. The 

boundary shear stress is expressed as Equation 2, and total boat-generated wave energy is 

computed from the estimated maximum wave height by Bhowmik’s approach in Equation 3 
(Bhowmik 1991) and Equation 4. 

 

τo = γw R S  Equation 2 

 

where: 

τo = average boundary shear stress 

γw = unit weight of water 

R = hydraulic radius (from flow depth) 

S = channel slope 

 Hmax = 0.537 × [ L0.56 × D0.355v0.346 × X0.345] 
   Equation 3 

 

where: 

Hmax = maximum boat generated wave height (m) 

v = boat speed (m/s) 

X = distance to shore (m) 

L = boat length (m) 

D = boat draft (m) 

 

Equation 3 was developed empirically from a large body of survey data on the Upper 

Mississippi River system that improved significantly the agreement between the survey data 

points and the estimation of max wave heights compared to its predecessor (Bhowmik 1991). 

Therefore, Bhowmik’s approach for the estimation of the maximum wave height was selected in 

the design at SAC RM 55.2L. 

 

Wave energy consists of kinetic and potential energy. The sum of the two types of energy 

represents the average total energy per unit surface area for one wave crest over the wave length. 

The computed maximum boat generated wave height in Equation 3 becomes the variable in the 

computation of the average total energy per unit surface area per each wave as in Equation 4: 
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E = γ x [a22 ]   Equation 4 

where: 

E = total energy of each wave per unit area 

γ = unit weight of water 

a = wave amplitude = Hmax / 2 

 

BSTEM compares the sum of fluvial shear and wave shear at each bank point and only 

reports the maximum total of the effective applied shear stress at each time step. During summer 

time low flow periods with frequent recreational boating, the maximum total is contributed 

largely by wave shear at the surface; at the surface there is very little fluvial shear. During high 

water seasons when recreational boating activities are less frequent, the reported maximum total 

is contributed largely by fluvial shear on the toe with negligible wave shear stress. 

 

The applied shear stress computed from the above equations is the driving force in the 

process for bank retreat. The resisting force to prevent bank retreat is estimated from soil 

strengths from up to five soil layers defined for the bank materials. When the resisting force is 

greater than unity, there is no erosion or bank retreat. This relationship between the resisting 

force and driving force is represented by a safety factor for both planar failures as in Equation 5 

and cantilever failures as in Equation 6. 

 
 Equation 5 

 

where: 

ci' = effective cohesion of ith layer (kPa) 

Li = length of the failure plane incorporated within the ith layer (m) 

µa = pore-air pressure (kPa) 

µw = pore-water pressure (kPa) 

φb = rate of increase (generally between 10º and 20º, with a maximum value of φ' under saturated 

conditions) 

Wi = weight of the ith layer (kN) 

Pi = hydrostatic-confining force due to external water level (kN/m) acting on the ith layer 

β = failure-plane angle (degrees from horizontal) 

α = local bank angle (degrees from horizontal) 

φ' = effective angle of internal friction (degrees) 

I = number of layers  
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Equation 6 

 

where:  

ci' = effective cohesion of ith layer (kPa) 

Li = length of the failure plane incorporated within the ith layer (m) 

µa = pore-air pressure (kPa) 

µw = pore-water pressure (kPa) 

φb = rate of increase (generally between 10º and 20º, with a maximum value of φ' under saturated 

conditions) 

Wi = weight of the ith layer (kN) 

Pi = hydrostatic-confining force due to external water level (kN/m) acting on the ith layer 

β = failure-plane angle (degrees from horizontal) 

α = local bank angle (degrees from horizontal) 

φ' = effective angle of internal friction (degrees) 

I = number of layers 

 

Input parameters for BSTEM model with Wave Module. A number of input parameters are 

required for a BSTEM model including: bank geometry, soil type, soil parameters, land cover 

parameters, hydraulic inputs, boat dimensions, and boat traffic information. 

 Bank geometry: the BSTEM bank geometry at SAC RM 55.2L was developed from a 

cross section cut perpendicular to the bank at a specific area that erosion had been 

captured in the topographic and bathymetric survey data between 2008 and 2018 so that 

calibration could be performed. 

 Hydraulic parameters: BSTEM requires the hydraulic input of river stage and applied 

shear stress. For SAC RM 55.2L, these hydraulic parameters were extracted from a one-

dimensional HEC-RAS model for the area of analysis. The discharges of interest are a   

hydrograph of the April 2018 runoff for the calibration process and a summer average 

hydrograph the validation process. 

 Soil properties: boring log data along the Sacramento River was compiled to generate the 

best estimate of the stratigraphic information of the soil profile at SAC RM 55.2L. Once 

the soil layers are identified, soil properties such as friction angle, cohesion, saturated 

unit weight, suction angle, hydraulic conductivity, critical shear stress, erodibility 

coefficient, and land cover factor are assigned to each soil layer. Three parameters are 

selected as the calibration parameters in BSTEM. They are critical shear stress (τc), 

erodibility coefficient (kd), and land cover factor (n). These parameters are classified as 

the fluvial parameters and determined to be the primary drivers of the excess shear 

equation that governs the erosion rate in BSTEM. 
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 Boat information: The California Department of Boating and Waterways conducted an 

assessment of boating facilities and resources in 2002 by surveying boaters of their boat 

usages. The report from the assessment provided aggregated results of boat information 

at all boat launching facilities of the California State (DBW 2002). Boat usages were 

assumed to be evenly distributed among all boat launching facilities based on sizes. Boat 

usages per facility was then seasonally and monthly distributed based on boater’s answers 

to estimate the hourly frequencies for the summer months with more boating activities 

and the winter months with significantly less boating activities. The boat frequency 

determines the simulation time step of the BSTEM model with boat wave module. The 

following parameters as summarized in Table 1 were obtained to compute boat-generated 

wave shear stresses. 

 

Table 1. Parameters for Bhowmik Approach for estimation of boat-generated wave shear 

 

Bhowmik Approach Summer Winter 

Local water depth (m) From hydraulic model From hydraulic model 

Average flow velocity (m/s) From hydraulic model From hydraulic model 

Distance to shoreline (m) 30 30 

Boat length (m) 4.8 4.8 

Boat draft (m) 1 1 

Boat frequency 3 boats per minute 6 boats per hour 

 

Calibration and validation of BSTEM model at SAC RM 55.2L. The BSTEM model for SAC 

RM 55.2L was calibrated by adjusting three calibration input soil parameters (τc, kd, n) within 

their data ranges as reported in Table 2 until the resulting bank profile matched the observed data 

for the simulation period during 2018 high runoff season when toe erosion was believed to occur 

as illustrated in Figure 2. In Figure 2, there are three sets of data that are color coded. The green 

line represents the 2018 survey data along the cross section; the blue line represents the 2008 

survey data; and the dotted red line is the calibrated cross section profile. Between the 2008 and 

2018 survey data, the bed elevation at the toe of the bank went down approximately 1.5 m. 

However, one of the limitations of BSTEM is the model does not compute bed scour. Therefore, 

the 2008 survey line was manually dropped down to match the bed elevation of the 2018 survey 

data. This manual correction of the bed elevation was necessary to align the bottom soil layer of 

the cross section for both 2008 and 2018. 

 

From the topographic survey data between 2008 and 2018, erosion was only identified 

along the sand layer of the soil stratigraphy, therefore, only the soil input parameters for the sand 

layer were adjusted. The calibrated soil parameters after the completion of the calibration process 

were used with the hydrograph of the summer months to validate the model. The validation 

results showed that there was no erosion under the hydraulic condition of the summer 
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hydrograph. The validation results concurred with the physical evidence at the project site that 

there was no toe erosion detected during the summer season. 

 

Table 2. Calibration ranges of soil parameters 

 

 
 

 
 

Figure 2. Calibration Result during 2018 Runoff. 

DISCUSSIONS 

 

The components of shear stresses reported by BSTEM with wave module. Figure 3 and 

Figure 4 summarize the results of BSTEM simulations for summer time and 2018 runoff 
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0.527 4.022 8.140 10.199 24.706 0.83 7.02 13.90 21.6 33.1 0.030 0.070

Sand (SP) 0.431 1.867 6.224 5.363 7.421 0.5 29.4 8.8 66.8 75.5 0.030 0.070
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 The plotted Wave Shear represents the value of wave shear stress that composes the 

maximum total shear stress at a bank point (i) at a time step. The largest wave shear stress 

along the water column normally occurs at the water surface because it is the location 

with the least friction from the water column. 

 The plotted Flow Shear represents the value of shear stress that composes of the 

maximum total shear stress at a bank point (i) at a time step. The largest flow shear stress 

along the water column normally occurs at the river bed with the highest depth. 

 The plotted Total Shear represents the largest sum of the shear stress components along 

the water column at a bank point (i) at a time step, however, the highest value of each 

shear stress component does not coincide at the same bank point (i) where the Total 

Shear is reported. The Total Shear line in Figure 3 and Figure 4 follows the higher shear 

stress component line. 

 The plotted Critical Shear is the calibrated value of the sand layer as the bottom soil layer 

along the cross section in Figure 2. Erosion was detected only at this layer, therefore, the 

critical shear stress was adjusted within the range provided in Table 2 for this material to 

match the erosion bank profile at SAC RM 55.2L. The Critical Shear is plotted as a 

horizontal benchmark relative to the Total Shear. The Critical Shear represents the 

resisting force from the bank materials, and the Total Shear represents the driving force 

from the river and boat-generated waves. 

 For the summer time plot in Figure 3, fluvial shear stress is initially dominant until 

recreational boating activities become popular for the summer time. Frequent recreational 

boating gradually increases the contribution of wave shear stress until wave shear stress 

becomes the dominant component. 

 For the 2018 runoff season plot in Figure 4, wave shear stress is initially the primary 

component of the sum. As recreational boating decreases with higher flows, fluvial shear 

stress gradually increases until fluvial shear stress becomes the primary component. The 

reported fluvial shear stress generally occurs at the toe with the largest depth and 

negligible wave shear stress. As the hydrograph goes down along the falling limb, it is 

expected that recreational boating resumes more frequently that results in the increased 

contribution of wave shear stress. 

 

Interpretation of BSTEM results for SAC RM 55.2L. Figure 3 and Figure 4 in conjunction 

with the soil stratigraphy and parameters of the project can provide insights to justify the 

selection of the erosion countermeasure method and fine tune details of the final design. 

 The critical shear stress is an indication of the maximum strength a soil type before there 

is some significant erosion that can impact the integrity of the bank and toe. When this 

critical shear stress is plotted against the total shear stress (fluvial and wave), the critical 

shear is always greater than the total shear stress during the summer time (Figure 3). 

Although the intensity of the boat traffic frequency is very dense based on the aggregated 

boat information, the combined boat-generated and fluvial shear stresses do not overcome 
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the internal strength of the bottom layer that is sand (SP). Among the three soil types that 

compose the soil stratigraphy at SAC RM 55.2L, sand material has the lower median 

critical shear (Table 2). It is likely that total shear stress does not erode the other soil 

layers at the project site under similar hydraulic conditions during the summer period. 

 The critical shear stress plotted against the total shear during 2018 runoff (Figure 4) stays 

below the total shear stress (fluvial and wave) during the peak of the hydrograph that is as 

expected because high flows with larger depths are more erosional. This indicates that 

erosion of the bank material is likely to occur. The total shear stress during the peak of 

the hydrograph is composed of primarily fluvial shear stress while boat-generated wave 

shear stress is very negligible. As flow depth increases with discharge, boat-generated 

wave shear stress diminishes near the river bed while fluvial shear stress becomes 

dominant. Therefore, erosion of the bank material at the toe of the bank during the peak 

of the runoff hydrograph is primarily caused by fluvial forces. 

 At the beginning and ending sections of the rising and falling limbs of the hydrograph 

(Figure 4), boat-generated wave shear stress dominates. At time, the total shear stress 

becomes larger than the critical shear stress which is an indication of bank material 

erosion. At the beginning and end of 2018 runoff hydrograph, flow depth is not large 

enough to cause bank material erosion; however, the contribution of boat-generated 

waves amplifies the total shear stress to overcome the soil strength. The total shear stress 

at lower flows of the hydrograph can get as large as the total shear stress at higher flows 

of the hydrograph. Depending on the erodibility coefficient of a soil type and the elapse 

time when the critical shear is below the total shear stress, periods of low flows of a 

hydrograph can potentially cause bank erosion. 

 There is evidence along the Sacramento River that undercutting of the bankline is 

observed at low flow water elevation. The finding from the plot of the total shear stress 

dominated by boat-generated wave shear stress (Figure 4) confirms that erosion by 

recreation boating can cause progression of erosion into the levee prism. 

 With the soil type at the toe of the bank at SAC RM 55.2L as sand (SP), the toe 

protection component of the design provides strength to the weak toe material that can 

erode by both fluvial and boat-generated wave energy at low and high flows. 

 The soil stratigraphy at SAC RM 55.2L assumes a homogenous stratigraphy along the 

project site of approximately 350 meters long. The soil stratigraphy was developed based 

on boring information at sites that were not in the close vicinity of SAC RM 55.2L. With 

the uncertainty of the soil stratigraphy for the upper soil layers, conservatively bank 

protection elevation was designed to an approximate elevation of 7 meters. This elevation 

is consistent with the break in slopes on the bank face. Above elevation of 7 meters, there 

is more overbanking area with vegetation coverage where the modeled pressure from the 

river is reduced below the critical strength of the soil and vegetation, and therefore, the 

risk of erosion of the bank material above this elevation is very unlikely. 
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SUMMARY 

 

Traditionally, bank protection design would take the top of riprap elevation to the water surface 

elevation of the design flow. For the project site at SAC RM 55.2L, it would have been at an 

elevation of 11 meters and this approach would require a lot of riprap. To balance between the 

design standards of the U.S. Army Corps of Engineers and the environmental requirements, the 

design team considered several factors to verify the design elevation of the top of the 

countermeasure method. 

 

The analysis of the stability of the bank material was performed numerically to determine 

if the material could withstand hydraulic conditions of discharges up to the design flow. Besides 

the fluvial force that could affect the stability of the bank material, boat-generated wave was 

realized as another erosion mechanism for the reach. For the hydraulic conditions at low flows, 

BSTEM model with wave module was used to evaluate the stability of the bank material under 

the effects of fluvial and boat-generated energy. The results from BSTEM model confirmed the 

need to protect the toe of the bank during low flows. During higher discharges, erosion from 

fluvial forces becomes the primary erosion mechanism. The design of the top elevation of riprap 

should provide additional roughness to the bank before overbanking occurs that reduces 

hydraulic pressure along the bank that could cause erosion. The combination of the two 

approaches for the bank stability analysis justifies the top of rock elevation and lateral footprint 

of the final design at SAC RM 55.2L. 

 

The paper presents the preliminary results of a BSTEM model with wave module in the 

application of designing an erosion countermeasure method on the Sacramento River. As 

BSTEM with wave module is in its developmental stage, engineers from the U.S. Army Corps of 

Engineers in Sacramento have worked closely with the software developer, USDA-ARS, to 

incorporate new features to the model to provide various information to answer design questions. 

One of the features of the model that the authors of the paper would like to see in the next 

version of the software is the capability to plot the total shear stress and its components at each 

soil layer boundary to directly examine the stability at intermediate points. The authors of the 

paper hope that the added feature will make the model more applicable to river systems where 

recreational boating could cause significant bank erosion. 
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