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Abstract

In breaching of levees, sediment erosion is induced by high flow velocities. Due to the often continuously acceler-
ating flow, no equilibrium transport conditions are reached. The erosion rate is often described by the erosion
equation which linearly relates the erosion rate to the excess shear stress by means of a soil erodibility coefficient.
The soil erodibility is thereby often determined by means of the JET test. In the field of Dredging Engineering the
study of the behaviour of sand under high flow velocities has also been an area of interest. At Delft University, the
department of Dredging Engineering has performed several experiments on the behaviour of non-cohesive material
when subjected to high flow velocities. It was noted that the initial porosity, and permeability of the material are
important parameters to account for in the erosion process. This corresponds with observations that soil erodibility
is sensitive to variations in material texture, compaction moisture content and compaction energy. It was further-
more noted that soil no longer erodes due to the pick-up of individual particles but fails as entire layers when sub-
jected to high flow velocities. For shear failure to occur in non-cohesive soils the soil needs to dilate. The associat-
ed increase in pore volume causes an inflow of water into the soil. Based on the fundamental mass and momentum
balance equations that describe the process of dilation of a bed when subjected to shear, a new process based ero-
sion equation has been derived, which when validated against erosion measurements from the dredging industry
shows promising results. This paper compares the prediction of soil erodibility by means of a JET test to the out-
comes of the process based erosion equation. The paper highlights important differences and attempts are made to
explain these.

orders of magnitude as compaction water content and
compaction effort are varied. Soil on a slope is also

1 Introduction

Overtopping can cause levees to fail whereby the over-
flowing water starts to erode the soil and initiate a
breach. To assess the consequences of such an event
it is important to assess how rapidly such a breach
forms and expands. The rate of breach formation is of-
ten related to the soil erodibility which is considered to
be a function of soil properties. In the case of overflow-
ing levees soil properties change with time as the soil
saturates. This could indicate that the soil erodibility is
a dynamic process (Wang et al., 2014). Ezeabasili et
al. (2014) noted that soil erodibility depends on various
soil properties such as textures, soil aggregation, shear
strength, infiltration capacity, permeability, organic con-
tent, chemical content, soil profile, surface stoniness,
detaching/transportation force. Morris et al. (2008)
identified material texture, compaction moisture content
and compaction energy to most significantly affect soil
erodibility based on research over the last decade by
Hanson et al. (2001), Hanson and Cook (2004), Han-
son et al. (2005a, 2005b, 2005c), Hunt et al. (2005)
and Hanson and Hunt (2007). Hanson and Hunt (2007)
observed that soil erodibility can clearly vary by several

significantly more sensitive to erosion than soil on a flat
surface as indicated by the retreat of the landside slope
towards the water side slope during the early stages of
breach formation (Visser, 1998). Although the im-
portance of the factors affecting soil erodibility have
been identified, no mention is made as to how to inte-
grate these parameters into an erosion model (Morris
et al. 2008).

The rate of erosion is often predicted by the erosion
equation which states that the erosion rate is the prod-
uct of the soil erodibility and the excess shear stress
which is defined as the applied shear stress minus the
critical shear stress. For shear stresses, which far ex-
ceed the critical shear stress, the significantly higher
rates of erosion on the slope than on a flat surface
cannot be explained from the increase in applied shear
stresses on the slope. Consequently additional factors
are applied in the erosion equation to account for the
reduced stability of particles on the slope. The soil
erodibility in this equation is thereby difficult to predict.
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During breach formation flow velocities are high. The
empirical nature of the erosion equation thereby re-
quires ample data to be available for validation. Per-
forming erosion experiments whereby soil is subjected
to high flow velocities is however challenging due to
the volatile behaviour of the erosion process, leading to
a data shortage. This highlights the need for methods
to quantify erosion rates which are based on a pro-
found understanding of how soil surfaces respond
when subjected to high shear stresses.

In this paper a process based erosion relationship is
given which explains the effects of the moisture con-
tent, compaction energy, and slopes on the erosion
rates. Section 2 describes the method along which the
new relationship was derived, and Section 3 describes
the experiments that have been performed to identify
the soil erodibility.

2 A process based erosion relationship

Current erosion relationships relate the erosion rate to
the force balance of a particle via the Shields parame-
ter (Van Rhee, 2010). A water flow over a soil induces
drag, shear, and lift-forces on soil particles at the sur-
face which are then transferred to the particles be-
neath. High flow velocities over a bed give high bed
shear stresses which are then transferred to the lower
lying layers. Van Rhee (2010) and Bisschop et al.
(2016) identified that under the high shear stress condi-
tions, that correspond with overflow velocities in excess
of approximately 1.5 m/s, the process of erosion can
be described by thin layers of soil being sheared off.
The shear resistance of soil increases with depth due
to an increase in contact pressures between particles.
The shear resistance of soil follows from Coulombs law
and is given by (Verruijt, 2001).

T,=c+o'tang 1

Here 7, [N/mz] is the critical shear stress or shear re-
sistance, defined as the shear stress above which soil
fails due to shear, ¢ [N/m? is the cohesion, ¢’ [N/m? is
the effective stress in the soil, and ¢ is the internal fric-
tion angle of soil. The effective stress ¢ [N/mz] in
Equation 1 consists of the soil pressures ¢ [N/mz] mi-
nus the pore water pressure W [N/mz]. Takahashi
(2009) noted that shear failures occur over the depth
over which the shear stresses exceed the critical shear
stress, denoted hereonwards by the shear depth d [m]
(See Figure 1).

When dilatant soils are subjected to shear, the pore
spaces in the soil increase over the shear depth. This
increase in pore volume is accommodated by an inflow
of water into the soil through the soil surface. A pres-
sure gradient is required for water to flow. At the soil
surface, water pressures are given by the hydrodynam-
ic boundary pressures. A pressure gradient conse-
quently only forms when the pore water pressures in
the top layer of the soil decrease. This gives a rise in
effective stresses o' [N/mz] and an increase in shear
resistance (See Equation 1).
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Figure 1. Stress strength relationship in non-dilatant
soil.

The shear depth d[m] at which the shear stresses
equal the critical shear stress consequently decreases
(See Figure 2).
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Figure 2. Stress strength relationship in dilatant soil.

Highly densified soils have a small initial pore space
and consequently require a high degree of dilation in
order to fail due to shear. Highly densified soils are al-
so less permeable (Bisschop, 2016). The combination
of the high inflow rates required for dilation and the low
permeability, leads to low pore water pressures in the
soil. The shear depth d [m] is therefore smaller than in
the case of less densified soils. When erosion can be
described by the continuous shear failure of thin layers
of soil (Van Rhee, 2010, Takahashi, 2009), then dila-
tancy must influence the erosion process. The initial
moisture content of the soil and the material texture re-
spectively influence the shear depth by influencing the
inflow rate and degree of dilatancy required for shear
failures to occur. This corresponds with the observa-
tion that soil erodibility depends on material texture,
moisture content, and compaction energy (Morris,
2008, Hanson and Hunt, 2007) Van Rhee (2010) noted
that in the case where the ratio between erosion veloci-
ty and hydraulic conductivity exceeds a factor 3, the in-
fluence of permeability cannot be neglected any more.
Although the impact of dilation has been identified,
quantifying what the effects of dilation are on erosion,
has been challenging. Winterwerp et al. (1992), Van
Rhee (2010), and Mastbergen & Van den Berg (2003)
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published sediment transport formulas for flow veloci-
ties up to several meters per second by trying to ac-
count for the drag experienced by the particles on the
soil surface during inflow of water in the soil. These
models give better predictions for the pick-up flux than
the original sediment transport equations but still have
a predominantly empirical nature (Bisschop et al.,
2016). To overcome the drawbacks associated with the
empirical nature of high speed erosion relationships the
general description of the effects of dilatancy on the
shear failure process has been extended into a pro-
cess based erosion relationship.

The flow induced shear forces acting on the soil cause
for the soil to be accelerated in the direction of the flow.
Momentum is thereby transferred between the flow and
the soil. To quantify the effects of infiltration and accel-
eration these processes have been described by the
mass and momentum balance equations for the situa-
tion of an infinitely large soil surface which is subjected
to an external shear stress. The soil surface is thereby
denoted by the X — § plane. The positive Z-coordinate
direction has been defined normal to the surface point-
ing into the soil. The %-coordinate direction is assumed
to coincide with the direction of the shear stress which
is applied to the surface (See Figure 2). The process
of erosion has been accounted for by rewriting the re-
sulting mass and momentum balance equations in
terms of a moving coordinate system. The origin of the
coordinate axes thereby moves along the 2--axis at a
rate v [m/s] equal to the rate of displacement of the soil
surface due to erosion. The resulting equations have
then been integrated over the failure depth d [m] to re-
late the rate of erosion v [m/s] to the depth over which
the shear stresses exceed the shear strength.

The volume balance equations now state that the rate
of erosion v [m/s] is related to the relative velocity of
the particles in the soil w, [m/s] with respect to the pore
water w,, [m/s] during dilation or,

(nloose - no)
_Vl_— = nloose(ww - Wp)lo
Nioose
The right hand side of Equation 2 thereby equals the
specific discharge at the soil surface (Verruijt, 2006).
The fraction on the left hand side of Equation 2 indi-
cates the degree of dilation that is required for the soil
layers to shear over each other. Here n,. is the criti-
cal porosity at which the shearing of soil layers is pos-
sible, and n, is the in situ porosity of the dilatant mate-
rial. The shear resistance is largely determined by the
pore pressures which follow from the momentum bal-
ance equation for the pore water in the direction per-
pendicular to the soil surface. Subtracting the pore
pressures from the soil pressures gives the effective
stresses. Substituting these in Equation 1 gives the fol-
lowing expression for the critical shear stress
7.4 [N/m?] at the shear depth d [m], as a function of
the shear depth, and erosion velocity v [m/s].

Tolg = c+tang [(ys — y) cos(a) d + 3
de (nloose - no)
(U * vmin) ZKS 1- Nygose

Where v,,;, is the minimum inflow required to balance
gravity induced shear stresses in the case of 0 < a <
¢. This minimum inflow velocity follows from

v _ 27sKs 1 —Nyppse sin a 4
min —
Yw  Myoose — Mo

Equation 3 shows that the critical shear stress .|,
[N/m?] is governed by the effects of gravity and the ef-
fects of friction experienced during dilation. « is here
the angle that the bed slope makes with the horizontal.
Hence, for an increase in bed slope the contribution of
the weight of the particles to the shear resistance de-
creases. Furthermore, y; [N/m3] is the specific weight of
sail, y,, [N/m3] is the specific weight of water, and K
[m/s] is the saturated hydraulic conductivity. The shear
stress at the shear depth 7|, [N/mz] has been ex-
pressed in terms of the erosion rate v [m/s] and the
bed shear stress 1|, [N/mz] by integrating the horizontal
momentum balance equation over the shear depth,
leading to

Tld = TlO -+ vmin)[(l - no)Ppup|o + nopwuwlo] S)

where the effects of slope gradients on the shear
stress, shear strength and momentum exchange have
been accounted for via the use of v,,;;, [m/s] in Equa-
tions 3 and 5. In the case of an unstable bed due to
high surface shear stresses, a slope therefore contrib-
utes to erosion due to additional inflow required to
counteract the shear forces due to gravity.

Here p, [kg/m®] is the particle density, and p, [kg/m’] is
the density of water. Similarly u,, [m/s] and w,, [m/s] are
respectively the velocity component of the particles and
water in the direction of the main flow at the bed.
These have been estimated by the shear velocity,
whereby u, =u, =/7/p, . fy =1 indicates the ab-
sence of a groundwater flow parallel to the sloping bed;
fi = 0 indicates the presence of a groundwater flow
parallel to the bed slope. The last two terms in Equa-
tion 5 account for the momentum required to acceler-
ate the particles and pore water. Equations 3 and 5
show that both the shear stress 7|, [N/mz], and shear
resistance .|, [N/mz] depend on the erosion rate v
[m/s] and shear depth d[m]. A theoretical horizontal
stress balance is obtained between the active and re-
sisting forces for different combinations of the erosion
rate v [m/s] and the shear depth d [m]. In order to ar-
rive at an erosion relationship an extra expression is
required to determine the most likely combination of
the shear depth and erosion rate.

During erosion the surface shear stresses are trans-
ferred to the soil layers below causing the soil to dilate.
The transfer of the horizontal stresses between the soil
particles in the bed is optimum for a situation for which
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the average effective stresses in the bed are maxi-
mum. This corresponds with a situation for which the
shear depth averaged shear resistance is maximum.
An expression for the averaged shear resistance fol-
lows from assuming that the degree of dilation over the
shear depth is constant. The flow rate consequently
decreases linearly over d, is maximum at the soil sur-
face, and O at the shear depth d [m]. The contributions
of the pore water pressures and soil weight to the
shear depth averaged shear resistance are given by
Equation 5.

1 1
T,=c+tan¢d 5 (vs — vw) cos(a) + Eyssin(a)
M (nloose - no)
3Ks 1- Nioose

The shear depth d [m] in Equation 6 has been deter-
mined from Equations 3 and 5 by setting t'|; = .|4.
The variations in average shear resistance 7, [N/mz] as
a function of the rate of displacement of the soil surface
due to erosion v [m/s] have been displayed in Figure 3
which clearly shows that a unique combination of d [m]
and v [m/s] gives a maximum in average shear re-
sistance.
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Figure 3. Average shear resistance as a function of the ero-

sion rate. The values are given for 7, = 100N/m?, K, =

2.5E — 4 mls, nyese = 0.5 and ny, = 0.4. The maximum indi-

cates the point where the average shear resistance is opti-

mum.

3 Evaluation of the process based erosion
relationship

The hypothesis that the erosion rate is given by the
rate of displacement for which the average shear re-
sistance is maximum has been evaluated using the ex-
perimental data provided by Bisschop et al. (2016), by
evaluating the sensitivity of the input parameters based
on generic observations, and by evaluating the results
against the outcome of JET erosion tests.

3.1 Comparison against erosion tests under high
flow velocities

Bisschop et al. (2016) performed erosion tests under
high flow velocities on a horizontal bed (a = 0; v, =
0) of Geba sand with a d;y of 92 um, a ds, of 125 pm,
and a dgy of 145 pm. The permeability of the Geba
sand was determined for various porosities. For a po-
rosity n = 0.4 the permeability was approximately 5E-5
m/s (Bisschop et al. 2016). The hydraulic conductivity
was found to increase logarithmically for an increase in
porosity leading to a hydraulic conductivity of respec-
tively 1E-4 m/s for n = 0.45 and 5E-4 m/s for n = 0.5.
The maximum and simultaneously critical porosity was
found to be 0.506, whereas the minimum porosity was
0.37. The initial densitg/ of the sand was between 1850
kg/m® and 1900 kg/m®. Errors in the prediction of the
shear stress varied between 10 and 80%. The predic-
tion of the erosion rates were expected to vary be-
tween 20 and 40% (Bisschop et al. 2016).

For those tests for which Bisschop et al. (2016) provid-
ed the bed shear stress v[m/s] those erosion rates v
[m/s] were determined the average shear resistance is
maximum. The predicted erosion rates were converted
into a pick-up flux by multiplying them with the density
of the bed which was 1900 kg/m3. Figure 5 shows the
comparison between the predicted and measured pick-
up flux (Bisschop et al. 2016).
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Figure 4. Measured versus predicted (Pred) values for the
erosion rate under high flow velocities. The boxes indicate
the error bars, after Bisschop et al. (2016).

The predictions show the same trend as the measure-
ments. The corresponding proportionality between the
shear stress and erosion rates thereby falls within the
range of values for dilatancy reduced pickup functions
identified by Bisschop et al.(2016).

3.2 Evaluating the sensitivity of the input
parameters

To further evaluate the hypothesis that the erosion rate
is given by the rate of displacement for which the aver-
age shear resistance is maximum, the impact of the
slope and hydraulic conductivity on the erosion rate

Comparing soil erodibility predictions against the fundamental understanding of erosion 4



3" International Conference on Protection against Overtopping, 6-8 June 2018, UK

have been evaluated, whereby ny = 0.4, and Niyese =
0.5. Figure 5 shows that the erosion rate significantly
increases for an increase in bed slope angle and/or
hydraulic conductivity. The water level is thereby as-
sumed to follow the bed slope. Unlike the empirical
erosion equation, the method provided here gives sig-
nificantly higher predictions for the erosion rate on a
slope than on a flat surface. This is in line with the ob-
servations that under equal shear stress conditions the
erosion rates on a slope are significantly higher than on
a flat surface (Visser, 1998).
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Figure 5. Erosion rates as a function of the bed shear stress
for several values for the hydraulic conductivity and bed gra-
dient.

Both the hydraulic conductivity and the degree of dila-
tancy required for shear failures to occur, depend on
the porosity. Consequently the erosion rate predictions
are sensitive to the values for the initial porosity com-
pared to the critical porosity of the material, which
agrees with observations made by Van Rhee (2010)
and Bisschop et al. (2016). The porosity and hydraulic
conductivity of soil are influenced by the compaction
energy and compaction moisture content, which Morris
et al. (2001) identified to be important factors that in-
fluence soil erodibility. In the new theory presented
herein the effects of the moisture content and compac-
tion energy are hence explained and accounted for via
the hydraulic conductivity and porosity. Consequently,
the relationship between the erosion rate and the ex-
cess shear stress is assumed to be non-linear whereby
the power coefficient is smaller than 1. This conflicts
the observations made during Jet Erosion Tests which
are therefore discussed below.

3.3 Comparison against Jet Erosion Tests.

Riteco (2017) performed jet erosion tests with a sub-
merged jet to determine the soil erodibility of sand
(Sang et al., 2015). The experimental setup consisted
of a large tank made of acrylic glass to allow for visual
observations. The construction is based on the infor-
mation given by Hanson and Cook (2004) and the
ASTM standard D5852 (2003). The tank has two
equally spaced compartments. The first compartment

was used as experiment tank and the second com-
partment as collection tank. From the experiment tank
water can overtop into the collection tank through
which a constant water level was maintained (See Fig-
ure 6). Connected to the tank is a water inlet, a water
outlet from the collecting tank and a water outlet from
the experiment tank which was used to regulate the
water pressure at the bottom of the sand layer. This al-
lowed for the effects of infiltration on soil erodibility to
be evaluated. On top of the tank the JET equipment
was installed to measure the erodibility of the sand.
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Figure 6. Schematic overview of the test tank used for the Jet
Erosion Tests after Riteco (2017).

A schematic of the complete set-up is shown in Figure
6. Sand with grain diameters between 0.2 mm and 0.8
mm was chosen. The porosity of the sand was 41.8%.
The erosion tests were conducted with jet head set-
tings of respectively 795 mm and 450 mm resulting in
different bed shear stresses. The development of the
scour hole over time was monitored with a video cam-
era. Since the equilibrium scour depth is reached ra-
ther quick each test had a duration of only around 45
seconds. Each experiment was repeated three times to
identify outliers. The effects of infiltration on the erosion
rate were found to be negligible for high stress condi-
tions induced during the higher jet head and just after
initiating the jet on the undisturbed sand bed.

The erodibility of the sand was determined with both
the Blaisdell solution of Hanson and Cook (2004) and
the scour depth method by Daly et al. (2013) under the
assumption of a linear relationship between the excess
shear stress and the erosion rate. The results are given
in Tables 1 and 2.

Table 1. Results measurements for a head of 795mm

Blaisdell method | Scour depth method

Mean Std. Mean Std.
Kq[m°/Ns] | 0.0033 | 0.0006 | 0.0158 | 0.0029
T, [N/m°] |0.7181 |0.1535 | 2.3586 | 0.0727
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During the experiments the hydraulic head was varied
but the sand properties were kept the same and the
height of the nozzle over the undisturbed sand bed was
kept at 112 mm. Since the erodibility and critical shear
stress are soil parameters, the results in Table 1 and
Table 2 should be identical. However, especially in the
case of the scour depth method the difference in pre-
diction is significant.

Table 2. Results measurements for a head of 450mm

Blaisdell method | Scour depth method

Mean Std. Mean Std.
Kq[m*/Ns] |0.0041 | 0.0009 | 0.0203 0.0045
7. [N/m?] [ 05933 [0.1150 | 1.6917 | 0.1522

The process based erosion equation presented in Sec-
tion 2 indicates a relationship between the shear stress
and the erosion rate given by = K,;t° , where b<1 (See
Figure 5). Here K4 denotes a soil erodibility parameter.
This non-linear relationship was evaluated by relating
the erosion rates, measured immediately after initiating
the jet on the undisturbed horizontal sand bed, to the
shear stresses applied by assuming that K4 and b are
constants. Working out this relationship gives

E795 _ Esso 6

b ~ b
T795  Tas0

Where E refers to the measured erosion rate, and 7 re-
fers to the bed shear stress. The subscripts refer to the
jet head in mm. For 7,5 = 6.84 N/m? and Tys0 = 3.93
N/m? |, E,qs = 45.6 mm/s and E,s, = 34.0 mm/s, Equa-
tion 6 gives b = 0.5. This value for b corresponds well
with the process based erosion relationship derived in
Section 2. It should thereby be noted that any critical
shear stress is not accounted for. Including a critical
shear stress gives a further reduction in the power co-
efficient b. The resulting value of this power coefficient
corresponds with the measurements performed by
Bisschop et al. (2016), and the theoretical relationship
described in Section 2.

As the scour hole develops, the flow follows the con-
tours of the scour hole. As the scour hole deepens the
curvature of the flow lines along the wall of the scour
hole increases. A change in direction of the flow re-
quires a reaction force from the soil on the flow. This
reaction force induces a normal force on the bed. Fur-
ther up the slope the soil profile is quite steep whereby
the effects of gravity work in opposite direction of the
main flow. Once a stable scour hole is developed the
degree of dilation of the particles at the bed is 0 and
the soil profiled must consequently be in a geotechnical
equilibrium. Riteco (2017) performed a geotechnical
stability analysis of the scour hole showing that it is ge-
otechnically stable. For a parallel flow past a bed, the
flow lines are straight indicating that the critical shear
stress is lower than follows from the Jet Erosion Tests.

Hence, the results of the Jet Erosion Test may be used
to further evaluate the power relationship. Further tests
with an ever higher jet power are thereby recommend-
ed.

4 Discussion

This paper shows that the erosion rate can be ex-
plained by means of the fundamental principles of soil
mechanics by accounting for the effects of the momen-
tum exchange and dilation. The erosion rate follows di-
rectly from the combination of shear depth and pick-up
flux for which the average shear strength over the
depth of failure is maximum. The erosion rate is there-
by a function of the difference between the initial poros-
ity and the critical porosity, the hydraulic conductivity,
and the slope gradient. The predicted erosion rates
agree well with experimental data (See Figure 4). The
influence of the slope gradient, is thereby substantial
(See Figure 5). This is in line with the observations that
under equal shear stress conditions the erosion rates
of material on a slope are significantly higher than for
material on a flat surface (Visser, 1998). The material
type, compaction efforts, and compaction moisture
content all influence the initial and critical porosity of
the dilatant bed material, and the hydraulic conductivity
of the material. The effect of these parameters is
thereby thus fundamentally explained and accounted
for leading to more accurate erosion predictions. Vali-
dation of the erosion predictions against measure-
ments on slopes is recommended.

5 Conclusions

This paper offers a process based erosion equation
which provides a fundamental explanation of the ef-
fects of compaction and material type on erosion. Un-
like any other erosion relationship used in the field of
breaching this far, the method given here also explains
the higher rates of erosion observed on a slope than on
a flat surface. The method has been validated against
experimental data. A need for a new method of evalu-
ating the output of the Jet Erosion Test has thereby
been highlighted as the current method does not ex-
plain the differences in soil erodibility observed when
changing the jet head. Extension of this method to co-
hesive soils is recommended. In order to further refine
the process based erosion equation described in this
paper further experiments to the erosion rate under
high flow velocities, and steep slopes are recommend-
ed.
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