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ABSTRACT: Soil erosion is a worldwide problem responsible for the failure of buildings, bridges, dams, levees, culverts, and cliffs.
The phenomenon at the particle level is first presented including measurements of forces at the particle level and the associated erosion
function which links the erosion rate to the hydraulic shear stress. Whether to use the water velocity or the hydraulic shear stress is
discussed next. The Erosion Function Apparatus (EFA) test, the Borehole Erosion Test (BET) and the Pocket Erodometer Test (PET)
are described next. Charts are presented linking the erosion function to the USCS classification system and the critical shear stress to
common soil properties. Erosion models are discussed, and the importance of the turbulence intensity is emphasized and quantified.
The two main numerical simulations schemes are presented and applied to discover the link between the effective stress cohesion
intercept and the critical shear stress. Applications of these fundamental concepts follow starting with bridge scour including scour
depth predictions and the observation method. Other applications follow with levee overtopping, meander migration, earth dam internal
erosion and cliff erosion. Mitigation of erosion through countermeasures is covered next with riprap first and then grass covers. Setting
the soil erosion process in a probabilistic and risk framework comes next and software programs are listed before concluding.

KEYWORDS: Soil, rock, erosion, scour, bridge scour, meander migration, levee overtopping, cliff erosion, internal erosion of earth
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1 INTRODUCTION because it is lower in the water column; this difference creates
the buoyancy force. Now consider the same soil particle at the
bottom of a river where the water flows at a velocity v (Figure
4b). The pressure on top of the particle decreases as the water
velocity increases according to Bernoulli principle; this
pressure difference between the top and bottom of the particle
helps to lift it. Any protruding angle offered by the particle to
the water flow will receive a force uplifting the particle. Also,
the pressure on top of the particle fluctuates due to turbulence
in the flow and imparts cyclic upward loading to lift the particle.
Furthermore, the shear stress imparted by the water on the
particle creates a drag force which can move the particle
horizontally. This combination of forces increases as the water
velocity increases and may become sufficient to lift the particle
away from the rest of the soil mass. Gravity and
electromagnetic forces resist this motion up to a point.

When the resisting forces are first overcome, the critical
velocity ve and the critical shear stress tc are reached; they
represent the erosion threshold for a soil. Beyond that threshold,
the soil erodes at an erosion rate for a velocity v or a shear
stress 1. Figure 5a shows the erosion function for a fine sand
where, for a shear stress of 1 Pa the erosion rate is 72 mm/hr.
Figure 5b shows the erosion function of a low plasticity clay
where, for a shear stress of 1 Pa, the erosion rate is 0.22 mm/hr.
or over 300 times less than for the sand at the same applied
hydraulic shear stress. This demonstrates that erodibility
depends on soil properties.

Soil erosion is a major problem worldwide. Figure la-f
illustrates some of the disasters associated with erosion
including building collapse, bridge and culvert failures, levee
and dam breaches, meander migration, internal erosion of dams
and more. Soil erosion takes place when a fluid (most often
water) flows past a soil surface. This surface can be flat as in
bridge scour or sloped as in levee overtopping or cylindrical as
in piping erosion in dams. Addressing the soil erosion
phenomenon requires balanced interaction between the
hydraulic engineer and the geotechnical engineer. There is
sometimes the need for the structural engineer and the
hydrologist.

Large scale erosion processes can be witnessed in nature.
For example, the Niagara River flows from Lake Erie to Lake
Ontario and Niagara Falls exists because Lake Erie is higher
than Lake Ontario by about 100 m. The Falls, which are about
57 m high, used to be at the border with Lake Ontario about
12000 years ago; horizontal regressive erosion has taken place,
and the Falls have moved backward 11 km towards Lake Erie
at an average rate of 0.1 mm/hr. (Figure 2a and 2b). As another
example, the Grand Canyon is the result of 1.6 km of vertical
erosion by the Colorado River over the last 10 million years as
the Nevada plateau was uprising (Figure 3). In this case the
average erosion rate is 0.00016 mm/hr. which appears to be
negligible at first glance, yet one would then neglect the Grand
Canyon. This points out that it is not only the erosion rate which )
is important but also the amount of time over which that rate is -
applied.

This leads to an interesting question: If a faucet drips water
on a granite pebble for 10 million years, will there be a hole in
the pebble? The general opinion seems to be yes but then, if one
accepts that opinion, how is it possible for such a small water
stress to create a hole in a granite pebble? The possible answer
is that the concept of cyclic threshold does not exist and that the
only valid concept is the number of cycles to failure.

2 PHENOMENON AT THE PARTICLE LEVEL

Consider a soil particle at the bottom of a lake. That particle is
in static equilibrium under the gravity induced stresses at the
contact between particles, under the electromagnetic stresses

between particles if the particle is very small and under the : ‘ w
water stress which is positive (Figure 4a). That water stress is Figure 1. a. Building collapse during Hurricane Irma, 2017 (Daily
slightly higher under the particle than above the particle Mail Reporter, 2017).
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Figure 1. f. Schoharie bridge failure in April 1987, USA
(Zembrzuski & Evans, 1989)

(SBS News, 2020)
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Figure 2. a. Horizontal erosion of Niagara Falls (Annotated image
from Google Earth, 2006)
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Figure 1. c. Still frame from the Edenville Dam failure veo, captured
by Lynn Coleman and published by MLive on May 19, 2020 (as cited
in Petley, 2020).

Figure 2. b. Horizontal erosion of Niagara Falls (Annotated image

Figure 1. d. North Se'a levee breach, Germany December,1954 from Ontario Ministry of Tourism and Recreation, as cited in Taylor,
(Courtesy of Michael Heibaum, BAW) 1987)

Figure 1. e. Culvert failure, Maine USA, Sept 2008 . : bk \8
(Villl—mont Lo;JV Roads, 2012) P Figure 3. Vertical erosion of the Grand Canyon
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Figure 4. a. Soil particle in water
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Figure 4. b. Soil particle in water
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Figure 5. a. Erosion function for a sand
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Figure 5. b. Erosion function for a clay.

To measure the vertical and horizontal forces applied to soil
particles during the erosion process, the motion of larger soil
particles was video recorded through the window of the EFA
(Figure 6, Zhang, 2018). The horizontal and vertical motion ux
and uy of a target particle was measured using a tracking
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software. This gave the two displacements as a function of time.
By taking the second derivative of the displacement functions,
the acceleration in the horizontal and vertical directions ax and
ay were calculated. Then multiplying by the mass of the particle
gave the forces on the particle in the x and y directions: fx and
fy as a function of time t. Figure 7 shows those two forces as a
function of time for a 5 mm diameter Teflon particle under a
0.5 m/s flow velocity. The first observation is that the forces
fluctuate significantly over time including reversal. The second
observation is that the departure of the particle at 0.19 s occurs
when both forces surge and the vertical lift force is close to the
particle weight (1.41 mN, horizontal line in Figure 7b). This
was repeated and confirmed for five different gravelly soils.
Thus, it is clear that turbulence in the flow contributes critically
to the erosion process and that both drag and lift forces affect
the process significantly.

Figure 6. Tracking the erosion of a Teflon ball in the Erosion Function
Apparatus (Zhang, 2018).
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Figure 7. Figure 7. Forces on a 5 mm diameter Teflon ball particle in
the x and y directions (Zhang, 2018)
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3 WATER VELOCITY OR HYDRAULIC SHEAR
STRESS

The water represents the load on the soil particle while the soil
offers the resistance. Two common ways to quantify the action
of the water on the particle have been used: the flow velocity v
and the interface shear stress t (Figure 8). There are advantages
and drawbacks in using either one. The velocity v is easily
understood and gaged by the engineer; however, the velocity is
theoretically zero at the interface with the soil surface and
varies in the water column. As a result, the mean depth velocity
is typically used in erosion engineering, understanding that the
water depth has an impact. The hydraulic shear stress t at the
interface between the water and the soil is well defined, unique,
and theoretically satisfying unlike the water velocity. However,
the engineer does not have the same level of gaging when it
comes to the shear stress. Indeed, a velocity of 3 m/s is more
easily understood than a shear stress of 10 Pa. Note that the
relationship between the water velocity and the shear stress is
not unique as the water depth for example comes into play.
Indeed, for the same mean depth velocity, the shear stress
imposed on the soil surface for a shallow depth will be much
higher than that for a large water depth. In the end, an effort
should be made to use both the mean depth velocity and the
shear stress to gather the advantage of both options.
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Figure 8. Water velocity and shear stress profile for an open channel
flow.

4 MEASUREMENT OF SOIL ERODIBIILTY

The erodibility of a soil is not a single number. It is defined here
as the relationship between the erosion rate and the mean depth
flow velocity or the erosion rate and the hydraulic shear stress.
As such, the erodibility of a soil is a function: the erosion
function. To measure this function at the element level for any
given soil, the erosion function apparatus or EFA was
developed starting in 1991 (Figure 9, Briaud et al., 2001). A
76mm diameter soil sample is pushed by a piston out of a thin
wall steel tube only as fast as the sample is eroded by the water
flowing over it. The water flows in a 1 m long 50 mm high 100
mm wide conduit and the water velocity is measured with a
flowmeter. The erosion rate is the advancing rate of the piston.
For each step, a velocity and the corresponding erosion rate are
measured and point by point the erosion rate vs. velocity or
erosion function is recorded. This erosion function is the
constitutive law for erosion that can be used for erosion
predictions. The shear stress at the interface between the water
and the sample is calculated from the water velocity by using
Moody’s chart (Moody, 1944) and Haaland equation (Halland,
1983) as follows:

v = fov? 1)
with

1 e/D 6.9
ﬁ = —18110g [(?)1'11 + R—e] (2)

where 1 is the hydraulic shear stress at the interface between the
water and the soil, f is the friction factor for the interface, p is
the water density, v is the mean depth water velocity in the
conduit, ¢ is the depth of the roughness on the soil surface, D is
the hydraulic diameter taken as 2ab/(a+b) where a and b are the
height and the width of the conduit cross section, Re is
Reynolds number defined as vD/v with v being the water
kinematic viscosity (10 m?/s at 20°C). The erosion function is

.
presented as erosion rate versus mean depth velocity (z vs. v,

Figure 5a) or erosion rate versus shear stress (2 vs. T, Figure
5b). Other common soil erodibility laboratory devices include
the jet erosion test or JET (Hanson, 1990) and the hole erosion
test or HET (Wan and Fell, 2002).

In situ erosion tests have been developed more recently.
The borehole erosion test or BET (Briaud et al., 2017) consists
of drilling a borehole by the wet rotary method to the desired
depth, withdrawing the drilling rods and running a mechanical
borehole caliper to obtain the initial borehole diameter profile
no.1, reinserting the rods and flowing the water down the rods
and up the annulus for a chosen time while recording the flow
rate and then reinserting the mechanical caliper to record the
eroded borehole diameter profile no.2 (Figure 10). The
difference between the no.2 diameter profile and the no.l
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diameter profile gives the erosion distance and then the erosion
rate as the change in radius divided by the flow time. The flow
velocity and shear stress profiles are calculated from the flow
rate information and the borehole dimensions (Shidlovskaya et
al., 2023). The BET is repeated for different flow velocities. In
a way, the BET is to erodibility profiling what the CPT is to
strength profiling; the BET is used for erosion resistance
profiling (Rivas et al., 2021, Van der Meere, 2023). Another
simple erodibility test is the Pocket Erodometer Test or PET
(Figure 11, Briaud et al., 2012). This test makes use of a water
pistol placed 50 mm from the surface of the sample, imparting
20 jet impulses perpendicularly on the sample surface with a
nozzle velocity of 8 m/s. The depth of the hole created in the
sample surface is measured and represents an erosion index.
The PET is to erodibility what the pocket penetrometer is to
strength indexing and is used for preliminary erodibility
evaluation (Watabe et al., 2021, Van der Meere, 2023). More
recently attempts have been made to use the Measurement
While Drilling technique (MWD) to infer erodibility.
Preliminary results indicate that the drilling fluid pressure may
be the best indicator of erodibility as it is typically higher in fine
grained soils than in coarse grain soils.
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Figure 9. Erosion Function Apparatus (EFA, Briaud et al., 2001)
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Figure 10. Borehole Erosion Test (BET, Briaud et al., 2017)
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Figure 11. The Pocket Erodometer Test (Briaud et al., 2017)

5 EROSION PROPERTIES, CORRELATIONS AND
CLASSIFICATION

Engineering judgment and erosion testing tell us that the
erodibility of a soil depends on its engineering properties (e.g.:
Figure 5). Yet no correlation equation has been widely accepted
in practice. The reason is that, while indeed the erodibility of a
soil depends on its engineering properties, the number of
common properties contributing and influencing the erodibility



of a soil is quite large. To name a few, one can reason that the
unit weight, the water content, the compaction level, the percent
fine, the percent clay, the plasticity index and more, all have an
impact on the soil erodibility. To complicate things further, the
water chemistry including salinity and pH also has an impact.
Furthermore, erodibility is not a number but a function so
correlating properties with a function is complex. In an effort to
bring the erodibility of a soil down to one number, Briaud
(2008, 2013) and later Shafii et al. (2023) organized a large
database of erosion test results together with corresponding
common engineering soil properties. This database of over
1000 erosion tests is called TAMU-Erosion and is available.
The authors presented the results in two erosion classification
charts, one velocity based (Figure 12a) and one shear stress
based (Figure 12b). On those charts, zones are identified
corresponding to the USCS classification dual symbols. In that
fashion, if one has the soil USCS classification symbol, the
zone within which the erosion function is most likely to be
located is given by the chart. This way, the erosion function is
brought back to one number: the erosion classification which
ranges from Category I (Very High Erodibility) to Category VI
(Non Erodible).

Despite the large number of influencing factors,
correlation efforts have been made. These efforts start with the
identification of a few parameters describing the erosion
function. The first is the critical velocity vc or the critical shear
stress Tc. This is the threshold at which erosion is initiated.
Actually, this threshold does not truly exist if you think back at
the puzzle of the water dripping on the pebble and accepting
that after many years there would be a hole in the pebble;
indeed, in this case there is no erosion threshold. Nevertheless,
ve and 1c are convenient concepts used in engineering practice,
but they require a definition. They are defined here as the
velocity and shear stress at which the erosion rate measured in
the EFA is 0.1 mm/hr (Figure 5). The second erosion parameter
is the slope of the erosion function. Because of the parallel with
the modulus obtained from the beginning of a stress strain
curve, we will call it the erosion modulus Ey and E-. Since the
erosion function is not often linear, the definition of the erosion
modulus needs to be precise; we will define the erosion
modulus as the initial slope of the erosion function on normal
scale with the velocity based erosion modulus Ey as E, =
Az/Av and the shear stress based erosion modulus E: as E, =
Az/At. With these definitions and the large database, many
combinations of correlations were attempted, and each one was
evaluated according to several statistical measures of fit. Details
on these correlations can be found in Briaud et al. (2019). I
would not use any of them in practice. Nevertheless, three
positive outcomes can be cited.

The first positive outcome has to do with general
observations on soil properties and their impact on erosion. An
increase in the mean particle size (Dso) leads to an increase in
the erosion resistance for soils with Dso > 0.3 mm. On the other
hand, an increase in Dso leads to a decrease in the erosion
resistance of soils with Dso < 0.3 mm. In fine grained soils (Dso
< 0.074 mm), a decrease in the coefficient of curvature or
coefficient of uniformity (Cc and Cy) leads to an increase in the
soil erosion resistance. In both fine and coarse-grained soils, an
increase in percent clay leads to an increase in erosion
resistance. An increase in the plasticity index (PI) in general
leads to an increase in the erosion resistance in both coarse-
grained and fine-grained soils (especially soils with Dso < 0.3
mm); however, there are a few exceptions to this statement. An
increase in the plastic limit (PL) leads to an increase in erosion
resistance in fine grained soils. In many cases, the wet unit
weight (y) and the undrained shear strength (Su) (for soils with
Dso0 < 0.3 mm) showed to be directly proportional to the erosion

47

resistance. An increase in the water content (WC) seemed to
have a positive impact on the erosion resistance of finer soils in
general. However, WC alone is poorly correlated with the
erosion resistance. The second positive outcome is the database
itself called TAMU-Erosion. This database can be addressed
and measured erosion test results can be accessed for a specific
soil type. One can select from the database, soils with similar
soil properties and gather erosion parameters for that subset of
the database. This is a better way to use the data than rely on
regression equations. TAMU-Erosion is available for free.
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The third positive outcome is the expansion of a critical velocity
ve versus particle size Dso chart and a critical shear stress Tc
versus particle size Dso chart (Figure 13 and 14) after Briaud
(2008). As can be seen, vc and 1c are clearly related to Dso for
coarse grain soils with the following equations:

ve(m/s) = 0.315(Dso(mm))° ©)

7. (Pa) = Dso(mm) )
However, for fine grain soils, vc and tc are not related to Dso
and it is only possible to bracket the data within the following
equations:
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Figure 13. Soil erosion threshold versus particle size: a) critical
velocity (Briaud et al., 2019)
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Figure 13. Soil erosion threshold versus particle size: b) critical shear
stress (Briaud et al., 2019)

6 ROCK EROSION

Many authors have contributed to our knowledge on rock
erosion. Among them are Annandale (1995), Bollaert and
Schleiss (2001), Keaton et al. (2010), and more recently Wisse
et al. (2023). Rocks and Intermediate Geo-Materials (IGM)
erode through various mechanisms including undercutting,
plucking, weathering, dissolution, cavitation and abrasion.
Rock cliffs erode by undercutting or horizontal decompression
of the rock mass leading to mass collapse. Weathering weakens
the rock mass over long time periods. Limestone, dolostone,
gypsum and salt are soluble in water, and the dissolution can
lead to caves and sinkholes. Dissolution takes time and should
be compared to the design life of the project. Cavitation is
associated with high velocity flow, as in dam spillways, which
creates shock waves eroding rock surfaces. Plucking and
quarrying is caused by pressure differentials and turbulent
eddies leading to rock block uplif and detachment. Abrasion
occurs when soil particles in a sand laden flow for example,
impact the rock surface. For sheet flow erosion, plucking seems
to dominate the erosion process.

Simple experiments in the EFA demonstrated the plucking
mechanism; associated numerical simulations confirmed the
experiments (Ali, 2025). Figure 14 shows four 22 mm cubes
separated by 2 mm joint gaps. The cubes are subjected to
horizontal water flow (left to right in Figure 14) and are plucked
upward and away when the water velocity reaches 2.3 m/s. Note
that this critical velocity vc is slightly higher than the value of
ve given by the chart of Figure 13a where it is suggested that,
for coarse soils and riprap: ve(m/s) = 0.315 (Dso (mm))®> (ve =
0.315 x 22%% = 1.5 m/s). This phenomenon was confirmed by
numerical simulations of an experiment where a 46.6 mm cube
was plucked upward and dragged away at a velocity of 3.8 m/s.
Figure 15a shows the pressures on the top and bottom of the
cube in the no flow hydrostatic condition and Figure 15b shows
the pressures on the cube obtained by numerical simulations. At
3.8 m/s the pressure on the top of the cube has reversed from
compression to suction and the pressure difference between the
top and bottom of the cube becomes sufficient to overcome the
weight of the block. The numerical simulations further
indicated that the width of the gap between blocks impacts the
value of vc with vc increasing when the gap width increases
(Figure 16). As the joint width increases the pressure difference
between the top and bottom of the block reduces, and a higher
velocity is necessary to uplift the block.

It is proposed that a conservative estimate of the critical
velocity of a rock or IGM be obtained from the chart on Figure
13a with a D50 value equal to the joint spacing of the rock. For
example, if a rock mass has a joint spacing of approximately 1
m, a conservative estimate of the critical velocity would be ve =
0.315 x 1000%°~ 10 m/s. Then the erosion function for that rock
can be estimated from the chart on Figure 12a.

48

Figure 14. Rock block plucking in EFA (Alj, 025)
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Figure 15. Pressure difference on top and bottom of the rock block.
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7  SOIL EROSION MODELS

A soil erosion model links the load action to the resistance. The
load in this case is the water (velocity, shear stress) and the
resistance is the soil erodibility (critical velocity, critical shear
stress, erosion rate). Much like the stress strain curve is the
constitutive law for mechanical loading problems, the erosion
function is the constitutive law for erosion problems. The
erosion function links the erosion rate experienced by the soil
to the hydraulic shear stress in excess of the critical shear stress
imposed by the water or the flow velocity in excess of the
critical velocity. The simplest models are linear:

z=E,(v—-v,)

0
®)

where 7 is the erosion rate, Ev and E: are the erosion modulus
in terms of velocity and shear stress respectively, v and v. are
the flow velocity and the critical velocity respectively, and t
and 7. are the hydraulic shear stress and the critical shear stress
respectively. Recognizing that the erosion function is not linear,
power law models have been proposed:

7= E.(t—1.)

z=a(-v,)" ©)
z=a(t—1,)P (10)
z=da (Vi)b )



Where a, b, a, §, a’, b’ are parameters depending on the soil
properties. The shortcoming of the models of Egs. 9 and 10 is
that they make use of the mean velocity and mean shear stress
and do not include the influence of the turbulence intensity in
the water flow. Including the influence of turbulence on the
erosion rate requires additional terms in the model such as:

c= () () e ()

or z= a(t — )P +nk?

(12)
(13)

where p is the water density, At is the root mean square of the
shear stress fluctuations around the mean shear stress, Ac is the
root mean square of the normal stress fluctuations around the
mean normal stress, k is the fluid kinetic energy, and a, B, ¥, 6,
€, ¢, M, A are parameters depending on the soil properties. The
models in Egs. 12 and 13 are theoretically satisfying as they do
include the influence of turbulence on the erosion rate as well
as the influence of the normal stress, but they have the drawback
of involving more parameters to be determined by advanced
soil erosion testing. The most common model is the model of
Eq. 10. where a and B can be determined by EFA testing for
example.

8 QUANTIFYING TURBULENCE IMPACT ON
EROSION

A set of EFA tests were performed in an effort to quantify the
influence of turbulence on the erosion function. The turbulence
was induced by placing a rough plate ahead and around the
sample location (Figure 17). This rough plate was created by
gluing 10 mm and then 2 mm gravel particles on a thin metal
plate. EFA tests were performed with a smooth EFA conduit
bottom then with the 2 mm gravel rough plate bottom and then
with the 10 mm gravel rough plate bottom. The soil was a soft
human-made low plasticity silt. The results are shown on Figure
18 (Bravo, 2011). They clearly indicate that the erosion
resistance of the soil decreases with an increase in the plate
roughness and thus the turbulence intensity. This is more
pronounced for the critical velocity than for higher velocities.

To further study the influence of turbulence on soil
erosion, a 25 mm diameter cylindrical pier was placed just in
front of the sample (Figure 19). The goal was to recreate the
level of turbulence which exists behind bridge piers. The
erosion function obtained in this case for the same soft low
plasticity silt is shown in Figure 18; it indicates that the level of
turbulence behind a pier is larger than the one created by the 10
mm gravel size rough plate for the critical velocity but becomes
less impactful at larger velocities.

To quantify even further the impact of turbulence on the
erosion process, a simulation using the CFD-MM technique
(see next section) was undertaken. In a first simulation, the
erosion model was one that only used the mean shear stress (Eq.
10); this led to the predicted scour hole cross section shown in
Figure 20a. In a second simulation, the erosion model was one
that included the mean stress as well as the turbulent kinetic
energy (Eq. 13). As can be seen, the mean shear stress only
model predicts a scour depth ahead and around the pier where
the mean shear stress dominates the erosion process but does
not predict any scour hole behind the pier where the mean shear
stress is small. The model including the mean shear stress and
the turbulent kinetic energy does predict a scour hole in front
and around the pier where the mean shear stress dominates but
also a scour hole behind the pier where the turbulent energy is
significant while the mean shear stress is small (Figure 20b).
An experiment was conducted for a cylindrical pier in clay
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(Figure 21) and showed that there is a scour hole in the front
and in the back of the pier. This confirms that turbulence has an
impact on erosion and should be included in future models.

Figure 17. Rough bottom made of gravel particles ahead of the sampe
location in the EFA.
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Figure 18. Erosion function for different roughness ahead of the sample
in the EFA (Bravo, 2011)
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Figure 20. Numerical simulation of bridge scour: a) mean shear stress
model, b) model with turbulent kinetic energy added.

Figure 21. Bige sééur experiment: a) sor hole in front ofpler, b)
scour hole in the back.

9 NUMERICAL SIMULATION OF EROSION
PROCESSES

Two common categories of numerical simulation techniques for
erosion processes are Computational Fluid Dynamics coupled
with Mesh Morphing (CFD-MM) and Computational Fluid
Dynamics coupled with the Discrete Element Method (CFD-



DEM). There are other methods such as Smoothed Particle
Hydrodynamics (SPH) and Lattice Boltzmann Method (LBM)
but CFD-MM and CFD-DEM are the two main ones. CFD is
involved in both techniques and will not be reviewed here. In
the CFD-MM technique, the soil is considered as a continuum.
The method consists of using the CFD to calculate the shear
stress at every location along the eroding surface, using the
erosion function to find the erosion rate corresponding to that
shear stress, calculating the erosion movement due to that
erosion rate by multiplying the erosion rate by the time step,
adjusting the mesh by removing the eroded soil mass during
that time step (mesh morphing), and proceeding in time by
repeating this process at every location and for many time steps.
An example of the results by the CFD-MM technique is shown
in Figure 22.

In the CFD-DEM technique, the water is considered as a
continuum, and the soil is considered as a particulate medium.
The method consists of assembling many soil particles into a
volume and eroding the particles by flowing water on or
through it. The particles have weight and are subjected to
gravity and other forces. They interact with each other through
interaction springs quantifying the effect of normal and shear
stresses on the movement of the particles (Cundall, 1971). The
equation of motion for each particle in the particulate phase is
determined using the conservation of linear and angular
momentum. The Hertz-Mindlin contact model is used to
describe the interaction between particles and between the
particles and the walls (Johnson, 1987). Newton's second law
of motion is applied based on the force and momentum to obtain
the movement of each solid particle. Finally, the velocities and
positions of all particles are updated accordingly as the solution
advances through time. The interaction between the fluid phase
and the particulate phase is determined using the drag force
model and void fraction method. The drag force model (Schiller
and Naumann 1933) calculates a drag force based on the
particle Reynolds Number, which affects the particle's motion.
The void fraction method includes identifying the
corresponding cell for each particle in the CFD mesh,
computing the volume fraction and mean particle velocity in
each cell, and solving the fluid flow while considering the
momentum exchange terms. The fluid forces acting on the
particles are also calculated by this method. Ultimately, the
velocity distribution of particles based on their motion is
determined, and the interaction between the fluid and
particulate phases is simulated through the void fraction method
(Siemens, 2017). Figure 23 shows a flow chart synthesizing the
process followed in the CFD-DEM method. Figure 24 shows an
example of results obtained by the CFD-DEM simulation.

The advantage of the CFD-MM method is that it is
relatively simple and efficient; the drawback is that it does not
simulate the soil as a particulate medium which it is. The
advantage of the CFD-DEM method is that it does simulate the
soil as a particulate medium; the drawback is that it is
computationally intensive which limits the number and size of
particles that can be simulated. One can optimize the simulation
by selecting the most appropriate simulation method for a given
application.
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Figure 22. Scour depth contours by CFD - Mesh Morphing simulation
of scour around a bridge (Chen, 2002).
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10 EFFECTIVE STRESS COHESION AND EROSION
RESISTANCE

Numerical simulations using the CFD-DEM were conducted to
investigate the influence of the effective stress cohesion
intercept ¢’ on the erodibility of a fine grain soil. The CFD-
DEM was first calibrated by matching the erosion function
obtained in the EFA (Bahmani, 2021). Then the value of ¢’ was
gradually increased and the results of Figure 25 were obtained.
As can be seen, ¢’ has a direct influence on the erodibility of
fine grain soils particularly on the critical shear stress c. The
critical shear stress tc obtained in the CFD-DEM simulations
was plotted against the effective stress cohesion intercept; this
graph is presented in Figure 26. The dependency is linear and
infers that, for fine grain soils, the cohesion ¢’ has a significant
influence on the erosion critical shear stress, much more so than
the particle weight. These results were included in the critical



shear stress vs. particle size graph of Figure 13 to suggest a
classification including cohesion ¢’ (Figure 27).
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11 BRIDGE SCOUR

Scour is the erosion of soil around bridge supports. There are
about 600,000 bridges in the USA and 85% of them are
overwater. Bridge scour is the number one cause of bridge
failure in the USA with 60 % of all failures (Briaud, 2006,
Figure 28). The bridge supports that can be undermined by
scour include the piers in the river (pier scour), and the
abutments at the riverbank (abutment scour) (Figure 29). The
bridge supports can also be scoured by the general lowering of
the riverbed due to contraction of the river at the bridge opening
(contraction scour). In design, it is necessary to estimate the
depth of scour to know what depth of foundation will be
exposed and lose capacity during a flood. The first step is to
choose the design flood. Remember that the 100-year flood has
a 53% probability of occurring during the 75-year design life of
a bridge. More generally, the probability of occurrence P is
given by:

P=1—(1—%)L (14)
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Where T is the return period (e.g.: 100 for the 100-year flood)
and L is the design life of the structure. Choosing a return period
which minimizes the probability of occurrence is essential in
design. Once the return period is selected, the flow velocity v is
calculated. This requires to, first, estimate the flow Q in the
river from river flow gages records or rain fall records for
example. This flow Q corresponds to the chosen return period.
Then the water velocity v is obtained from the flow Q using
software like HEC-RAS (2016). Once the flow velocity at the
approach to the bridge is known, the scour depths can be
estimated.

The scour depth develops over time as the water flows past
the obstacle. If the flood lasts long enough, the maximum scour
depth zmax for that flow velocity v is reached; this is typically
the case when a river flood lasts a few days, and the soil is fine
sand. This may not be the case for the same flood if the soil is
a more erosion resistant soil such as clay. In this case, the scour
depth is called the final scour depth zsna and is calculated by
considering the time effect. Table 1 presents the equations
developed by Briaud and his team for znax. More details on the
parameters entering into the zmar equations can be found in
Briaud (2015a). The procedure to calculate zfna is presented
separately in Briaud (2015b) and an example result is shown on
Figure 30. The precision of the zmax scour depth predictions is
not great (Figure 31). Figure 31 shows the predicted versus
measured scour depth at many bridge sites using a database
collected by the USGS (Benedict and Caldwell, 2014). This
lack of precision is due in part to the lack of reliable data for the
flow velocity associated with the measured scour depth and for
the critical velocity of the soil. Two observations can be made
about Figure 31: the first one is that the predictions are very safe
on average, the second one is that the scatter is very large.

Another approach called the shear stress decay curve
approach was proposed by Briaud and his team (Li et al., 2002,
Figure 32); it consists of following the decay of the shear stress
at the bottom of the scour hole. Indeed, as the scour hole
deepens, the hydraulic shear stress imposed by the flowing
water at the bottom of the scour hole decreases because the
cross section flow area becomes larger. Then the scour hole
stops increasing when the hydraulic shear stress at the bottom
of the hole becomes equal to the critical shear stress of the soil.

In the design of pile foundations, the Load and Resistance
Factor Design (LRFD) is often used. In the case of scour around
deep foundations for bridge supports, the load factor is
unchanged, but the resistance factor is impacted. Indeed, the
uncertainty on the pile length depends in part on the uncertainty
on the predicted scour depth. Briaud et al., (2014) addressed this
issue and came to the following findings. The plot of predicted
vs. measured scour depths exhibits both scatter and
conservatism. For scour depths that are relatively small
compared to the pile length (less than 20% of pile length),
conservatism dominates the process and there is no need to
change the resistance factor (Figure 33). However, for scour
depths larger than 20% of the pile length, it is necessary to
decrease the resistance factor (Figure 33) as the scatter
dominates the process and induces increased uncertainty in the
pile capacity prediction.

The scatter shown on Figure 31 is significant. To remedy
this situation, a completely different way to approach this
prediction problem was required. The Observation Method for
Scour (OMS) was developed for that purpose (Briaud et al.,
2018). It consists of four steps:

1. During bridge inspection, observe the maximum scour
depth at the bridge zmo

2.  Find out the observed maximum flood recurrence interval
Rl that the bridge has been subjected to, based on flow



gage data (Figure 34). Convert the Rl value into the flow section (zone 1) before the contracted

ratio Omo/Q100 and then the velocity ratio Vio/Vioo. zone, Frmz is the Froude Number for the
3. Extrapolate the field measurements to predict the future main channel at the bridge in the

scour depth Zsut / Zino = F (Ve / Vimo) (Figure 35) contracted zone (zone 2), Frmc is the
4. Ensure that the future scour depth is tolerable by critical Froude Number for the main

comparing the future scour depth to the foundation depth channel at the bridge.
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Figure 32. Shear decay curve approach. a) Shear stress decay curve vs.
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Figure 34. Using flow gages to map the recurrence interval of an area
like Texas.
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Figure 36. Predicted vs. measured scour depth at 11 bridge sites. b)
Observation Method for Scour (OMS).

12 LEVEE OVERTOPPING

When water overtops a levee, it erodes the levee surface on the
dry side of the levee. This can be due to wave overtopping or
continuous sheet flow overtopping. Both can lead to erosion
and contribute to a levee breach. The question is to know if the
levee surface can resist the water flow and for how long. Figure



37 shows two levees that were overtopped during Hurricane
Katrina: one resisted well to about two hours of overtopping;
the other was completely obliterated. Hurricane Katrina
devastated the city of New Orleans on 29 August 2005 in one
of the largest disasters in American history. Samples from the
levees were collected after the disaster and tested in the EFA.
The erosion functions from those samples are shown in Figure
38a which indicates that the levees are made of soils with very
varying erosion resistance. Figure 38b shows the erosion
functions for the soils of the levees which had been overtopped
and were breached and for the levees which had been
overtopped and resisted well. This led to a chart (Figure 39) to
decide on the basis of the erosion function what soils are likely
to resist 2 hours of overtopping. Indeed 2 hours was the
approximate time that the hurricane overtopped the New
Orleans levees in 2005. Further work was done for a major river
flood in June 2008 for the levee overtopping disaster on the
Mississippi River near St. Louis (Bernhardt et al, 2011). Levee
overtopping due to river floods typically last a lot longer, say 2
days, than hurricane overtopping, say 2 hours. As such the levee
soil must be much more erosion resistant for river floods than
for hurricane defense. An approach similar to the 2005 New
Orleans study was used for the 2008 Mississippi river flood and
led to extending the chart of Figure 39 to include 2 days of
overtopping.

Figure 37. Levee overtopped. a) comle erosion
(Wooten et.al, 2009)
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Figure 38. Erosion function of New Orleans levee soils: a) all soils.
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13 MEANDER MIGRATION

Rivers often meander laterally and, in the process, impact
infrastructure elements including roadway embankments,
bridges, levees, and other structures. It is important to predict
the magnitude of the meander movement vs. time as an input to
decisions on countermeasures and possible replacement of the
infrastructure element. The Observation Method for Meanders
(OMM) was developed for that purpose (Briaud, Montalvo,
2017). Very large laboratory experiments of meander
migrations were conducted at Texas A&M University to study
the evolution of meanders in sand and in clay (Figure 40). Then
the steps of the OMM were developed to predict the future
movement of an existing meander as follows.

1. Obtain the movement of the meander over prior years of
migration,

2. Obtain representative samples of the soil bank,

Quantify the erodibility of the soil (EFA tests),

4.  Obtain the velocity hydrograph for the period of observed
migration,

5. Match observed past migration with predicted past
migration using TAMU-OMM software (Montalvo, 2013)
and 3 and 4 above,

6. Construct a future hydrograph,

7. Predict the average future migration using the fitted soil
erosion model obtained in 5 above and the future
hydrograph from step 6,

8. Option: perform a probabilistic prediction to obtain the
probability that the river meander will migrate to a certain
position or further.

W

The example of the Navasota River meander at State
Highway 105 in Texas is described next to illustrate how the
method works (Briaud Montalvo, 2017). The Navasota River
bend has moved over 200 m laterally since 1951 (Figure 41 and
42a). The observed process at that site starts with an
undercutting at the base of the riverbank followed by sloughing
of the soil overhang, followed by erosion of the soil mass that



falls into the flow. The boring of Figure 42b, performed from
the top of the outside riverbank, shows an 8 m thick layer of
clay underlain by a fine sand layer where the lateral erosion is
much more rapid; the erosion of the fine sand layer undermines
the overhanging clay layer and precipitates the failure. Note that
the flow is helical in the river bend and tends to bring any
material from the eroding bank inward to the opposite side
where a sand bar forms. Step 1 of the OMM is illustrated in
Figure 43 where the plan view movement of the Navasota River
is documented from 1995 to 2013. Figure 44 shows the
movement of the riverbank along a selected direction indicated
by the arrow on Figure 43. As outlined in step 2, representative X
samples of the riverbank were collected and tested in the EFA Figure 41. Navasota River at SH105. a) site photo.
to satisfy step 3. For step 4 a nearby flow gage was used to
obtain the flow vs time and then HEC-RAS was used to convert ot e foemmEme
the flow quantity into the flow velocity at that location (Figure 0 100 200 300 400 500 800
45). Comparing Figure 44 and 45 shows that the big flood 0 : : : : : I
events make the largest contribution to the meander movement e
while smaller events do not contribute because the hydraulic 10 - \ J/| | | ﬂ\
!
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Undercutting

shear stress is smaller than the critical shear stress. For example,
during the period 2007-2008 several major flood events
occurred and, correspondingly, the meander moved 27 ?f
significantly while from 2005 to 2007 no movement occurred. E——— st Protis

In step 5, the observed meander movements (large square dots 30 NOT TO SCALE
in Figure 44) are matched using the erosion function of step 3. Figure 42. a) Measured movement 1951-2006.

The matching process consists of modifying the erosion
function while keeping it consistent with the measured erosion To Navasota (East) To Brenham (West)
function (Briaud, Montalvo, 2017). In step 6, a future - -
hydrograph is selected. This can be done by either randomly Erodibiity

sampling the distribution of past floods or by simply choosing Category

a design flood and applying it for a selected duration. If a V IVITIE D)
randomly generated future hydrograph approach is selected,
many equivalent randomly generated future hydrographs can be
produced, and a probability distribution of the movement can o R
be created. This gives the ability to predict the probability that 0
the meander will move to a certain position or further (Figure ory Doree Broum
46). By including the value of the consequences associated with

that movement, a risk based decision can be made. Very Dense Sand(SP)

Hard Brown Clay

131

15.0

2006 Profile

Figure 42. b) Soil boring on outer bank of Navasota River at SH 105.
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Figure 43. Navasota River at SH105: measured mender movement
from 1995 to 2013.
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Figure 40. Large scale meander migration experiments: b) in clay.
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Figure 45. Navasota River at SH105: hydrograph from 1995 to 2013.

Figure 46. Probabilistic prediction of meander migration.

14 EARTH DAM OVERTOPPING AND INTERNAL
EROSION

Large earth dams are very costly geotechnical structures which
can have devastating economic and fatality consequences if
they fail. From the point of view of erosion, the global
erodibility of an earth dam can first be generated by the
following process. This consists in selecting a horizontal line
across the dam near its base, attributing the erosion category for
each one of the dam zones and calculating the average erosion
category for the dam. This is done for the Teton Dam in Figure
47 (Chedid et al, 2018, Shidlovskaya, 2021). Then, this average
erosion category characterizing the global erodibility of the
dam can be shown on the erosion chart (Figure 48). The failure
of the Teton dam would indicate that an acceptable threshold
for a dam would be to the right of the Teton dam line on the
erosion chart. Based on experience in erosion, a threshold is
suggested (Figure 48).

Resistance to overtopping is associated with the erosion
resistance of the surface layer over which the water will flow.
If an earth dam is 100 m high, and if it is assumed that the
potential energy of the flowing water (mgh) will convert into
kinetic energy (0.5mv?), then the velocity at the bottom of the
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downstream face of the earth dam would approach 45 m/s. A
soil definitely cannot resist erosion under such a velocity. The
roughness of the downstream face of the earth dam will absorb
some of the potential energy and the velocity at the bottom of
the earth dam is likely to be smaller than 45 m/s but even 20
m/s would create rapid and significant erosion. This is why the
downstream face of earth dam must be covered with riprap if
that slope is to be designed to resist overtopping erosion. Figure
13 indicates that very large riprap blocks will be needed to
protect the downstream face against erosion.

Internal erosion occurs when the smaller soil particles are
entrained downflow by the seepage force and discharged
downstream of the dam; this is often called suffusion. This is
why dam leaks that carry soil particles are initial signs of
potential problems. Gap graded soils are particularly
problematic as they may lead to suffusion (Figures. 49 and 50).
Using CFD-DEM, Bahmani (2020) found that suffusion of gap
graded soils was worse when the ratio of the larger over the
smaller particle sizes bounding the gap was more than 3.
Properly designed filters between zones in earth dams are
extremely important to prevent internal erosion. Without filters
the smaller particles will continue to erode away creating
internal pipes. Many filter criteria have been proposed
(Istomina 1957, Kezdi 1969, Kenney and Lau 1985 and 1986,
Burenkowa 1993. Li and Fannin). Terzaghi and Peck (1967)
were among the first to propose filter criteria. If a fine layer
needs to be protected from erosion through a coarser layer the
following criteria are relevant. The piping criterion aims to
minimize the amount of fines which flow through to the coarser
material. The permeability criterion aims to ensure sufficient
permeability for water to flow through without creating excess
porewater pressures. The gradation criterion aims to provide
some compatibility of gradation between the two layers. Note
that the subscript F and C will be used for the fine and coarse
layers respectively.

Piping criterion Dis¢c <5Dgsp  (15)
Permeability criterion Dis¢ = 5D¢5F (16)
Gradation criterion Dso ¢ <25Dg0p  (17)

where Disc, and Dsoc are the grain size of the coarse layer
corresponding to 15, and 50 percent finer by weight while Dsr,
Dsor, and Dssr are the grain size of the fine layer corresponding
to 15, 50, and 85 percent finer by weight. More details can be
found in USBR (2011). Bahmani (2020) using CFD-DEM
found that the Terzaghi criteria worked well.

The force necessary to move a soil grain can be estimated
as follows. The driving force is the seepage force expressed per
unit volume as the product of the hydraulic gradient i times the
unit weight of water yw. The resisting force is the critical shear
stress Tc times the particle contact area 4.

(18)

where V, is the volume associated with the particle. If the
volume is considered to be a cube with a side dimension d, then
the equation for the critical gradient i becomes:

YwVp =14,

. T
le = Yol (19)

For example, and according to this reasoning, the critical
hydraulic gradient i. to entrain a particle of sand with d = 1 mm
(Figure 13) is 0.1 but the critical hydraulic gradient to entrain a
particle of silt with d = 0.001 mm (Figure 13) is 100 pointing
out that the critical gradient depends on the critical shear stress.

Inspection of earth dam for erosion often consists of
checking for leaks downstream of the dam. However, from a
countermeasure point of view, it is difficult to remedy
downstream leaks or leaks on the downstream face. It is easier
to remedy and repair leaks if they can be found on the upstream
face of the dam. It is suggested that this can be best



accomplished with an underwater drone equipped with a flow
meter roaming in the reservoir on the upstream face of the dam
(Figure 51).
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Figure 47. Global erosion category for an earth dam.
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Figure 48. Dam erosion category situated on the erosion chart.

100

—=—G151-2-6 mm (9.6%)&6-30 mm (30.4%)
615226 mm (10.5%)&10-35 mm (89.5%)
90 6153-2-6 mm (14.1%)&20-40 mm (85.9%)
6154-2-6 mm (16.8%):30-40 mm (83.2%)
80 |- - 6251-2-6 mm (9.8%)&6-30 mm (90.2%)
——6252-2-6 mm (10.5%)10-35 mm (89.5%)
——6253-2-6 mm (14.1%)8&20-40 mm (85.9%)
—66254-2-6 mm (15%)830-40 mm (85%)
----- 6351-2-6 mm (18%)&6-30 mm (82%) /
—+—6352-2-6 mm (17.9%)&10-35 mm (82.1%) | /
~ - 6353-2-6 mm (23.2%)8:20-40 mm (76.8%) |/
——6354-2-6 mm (20.4%)830-40 mm (79.6%) |/

D N
o o

Percent Passing (%)
N W b WU
o O O o

=
o

o

1 10
Diameter (mm)
Figure 49. Gap graded soils for CFD-DEM simulations (Bahmani,
2020).
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Figure 50. Sample of simulated gap graded soil using DEM (Bahmani,
2020).
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Figure 51. Inspecting the upstream face of an earth dam for leaks.

15 CLIFF EROSION

In the case of cliffs, a common erosion process consists of the
waves undercutting the base of the cliff mass. When the caverns
that are created at the cliff base by the relentless pounding of
the waves become deep enough, the overhanging rock mass
fails in cantilever (Figure 52). These failures can be analyzed to
give a good estimate of the tensile strength of the rock mass
which can then be compared to the intact rock mass tensile
strength. The 25 m high limestone cliffs at Pointe du Hoc in
Normandy, France have been eroding at an average rate of 1.67
m every 10 years. The joints in the rock mass are nearly
horizontal and vertical with a joint spacing varying between 1
and 2 m. The tensile strength of the intact rock was measured
to vary between 3 and 5 MPa (Briaud, 2018). It was observed
that the cliffs would fail when the caverns were approximately
4 m deep. A finite element method simulation (Figure 52)
showed that the tensile stress developing along the vertical
failure plane averaged 40 kPa or about 100 times less than the
intact tensile strength measured on rock cores. Part of the
remedial measure in that case was to backfill the caverns and to
recommend regular maintenance.

Figure 52. Cliff erosion at Pointe du Hoc. a) Numerical simulation.

Figure 52. Cliff erosion at Pointe du Hoc. b) mass failure (Briaud,
2018).



