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STONE STABILITY UNDER STATIONARY NON-UNIFORM FLOWS

Remco Steenstra ' 2 Bas Hofland 3 # Alfons Smale 3

Andries Paarlberg ¢ Fredrik Huthoff "Wim Uijttewaal 8

ABSTRACT

A stability parameter for rock in bed protections under non-uniform stationary flow is derived.
The influence of the mean flow velocity, turbulence and mean acceleration of the flow are included
explicitly in the parameter. The relatively new notion of explicitly incorporating the mean ac-
celeration of the flow significantly improves the description of stone stability. The new stability
parameter can be used in the design of granular bed protections using a numerical model, for a
large variety of flows. The coefficients in the stability parameter are determined by regarding mea-
sured low-mobility entrainment rate of rock as a function of the stability parameter. Measurements
of flow characteristics and stone entrainment of four different previous studies and many config-
urations (uniform flow, expansion, contraction, sill) are used. These configurations have different
relative contributions of mean flow, turbulence and stationary acceleration. The coefficients in the
parameter are fit to all data to obtain a formulation that is applicable to many configurations with
non-uniform flow.

Keywords: Stone stability, Riprap, Turbulence, Acceleration

INTRODUCTION
Hydraulic structures like groins, breakwaters, bridge piers or pipeline protections are often

built on a subsoil of sand. The hydraulic loads on the bed are increased by the presence of these
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structures which can be the cause of erosion. The erosion of sand endangers the stability and the
functioning of these structures and therefore this needs to be prevented. A frequently used method
to do this is the use of granular bed protections. The weight of the stones that are used in the bed
protections has to be large enough to withstand the forces that are exerted on them by the flow in
order to maintain its function as bed protection.

The dimensions of hydraulic structures are often quite large which subsequently can lead to
large surface areas that need to be covered by bed protections. Because of this, accurate methods
of predicting the stability or damage to granular bed protections are desired.

A number of methods exists that can be used to predict the damage to granular bed protections.
Most of the methods use a stability parameter to describe the forces that act on the stone. The sta-
bility parameter is then related to a certain measure for the damage, so that the stability parameter
can be used to calculate the bed stability. The forces in the stability parameter are load caused by
the flow, but also forces caused by the weight and the position of the stones.

The existing stability parameters are often derived for a limited range of applications. Shields
(1936) derived a stability parameter for uniform flow, based on the bed shear stress. Other param-
eters (Maynord et al. 1989, for example) use the (near-bed) velocity to characterize the hydraulic
attack. Also stability parameters have been derived that focus on the explicit incorporation of tur-
bulence (Escarameia 1995; Jongeling et al. 2006; Hofland 2005; Hoan 2008; Hoffmans 2010).
Other stability parameters look at the effects of pressure gradients in the flow on stone stability
(Dessens 2004; Huijsmans 2006). If the above stability parameters are used outside their range of
application, then the scatter of the data points is large and the prediction of the damage is inaccu-
rate. Because of the inaccuracy in these design methods, in practice scale models are used to help
guide the design of bed protections.

The hydrodynamic attack is usually given in terms of flow velocity or shear stress. However,
the acceleration (or pressure gradient) in the flow also leads to a direct body force on bed material
(Hoefel and Elgar 2003, for example). As the acceleration also influences the turbulence charac-

teristics of the flow, both aspects have to be taken into account. In this paper several measurements
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of rock stability under a variety of stationary and non-uniform flow types are discussed. These
measurements, in which velocity, turbulence properties and pressure gradients are known in detail,
are used to determine a parameter that describes the influence of these flow characteristics explic-
itly and thus allow for a wider range of application as compared to the existing stability calculation
methods.

This paper first discusses a number of methods to assess the stability of granular bed protec-
tions from literature in section 2. Then, section 3 proposes a new stability parameter based on
the shortcomings of the stability parameters from literature. Section 4 gives an overview of the
available data sets after which section 5 uses this data to evaluate a number of stability parameters,
including the newly proposed stability parameter. Finally, this paper is concluded by a discussion

and the conclusions.

LITERATURE

A commonly used method to describe the stability of a granular bed protections is by linking
the damage to the forces that act on the stones. Much of the knowledge on incipient motion of
granular bed protections is based on research on low mobility transport in gravel bed rivers. Bed
protections also differs from gravel beds in some ways, specifically the more uniform grading
and more angular shape of rock in bed protections, and at certain locations the higher level of
turbulence in flow. A number of definitions to describe the damage are available, like for example
the threshold of motion or the entrainment rate. To describe the forces that act on a stone a stability
parameter is used. This dimensionless stability parameter is the ratio between destabilizing and
resisting forces that act on the stones. Destabilizing forces are for example flow forces or gravity
forces on a sloping bed. Examples of resisting forces are gravity and the forces due to surrounding
stones. A lot of stability parameters have been derived over time, all with other purposes or derived
with different measurements. This section first discusses some of these stability parameters after

which different definitions of damage are discussed.
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Stability parameters for uniform flow

One of the most well-known stability parameters is the one proposed by Shields (1936). See
also the reviews of Buffington (1999), and Dey and Papanicolaou (2008). Shields (1936) assumed
that the stability of a stone on the bed is determined by the bed shear stress 7, and the submerged

weight of the stones:

2
T o (1

m pr— pr—
57 (ps — pu)gd  Agd

With 7, the bed shear stress, u, the friction velocity,A the relative stone density (A = (ps —
Pw)/Ps), ps the mass density of the stones [kg/m?], p,, the mass density of water, g the gravitational
acceleration and d the stone diameter [m]. A similar stability parameter was introduced by Izbash
(1935). In this parameter the numerator represents the square of the (local) mean velocity instead
of the shear velocity.

The Shields parameter is derived for uniform flow and is therefore strictly speaking not applica-
ble to non-uniform flow. It is possible to include the effects of turbulence in the Shields parameter
by using an influence factor, see e.g. Schiereck (2001). These influence factors are often empirical
relations based on specific flow situations resulting in a wide range of influence factors, lacking
general validity. For every new or unknown situation, a new relation for the influence factor has to
be derived. Another drawback is that the Shields parameter cannot predict the initiation of motion
at locations with zero mean velocity but large fluctuations, like in reattachment points behind a

backward-facing step.

Influence of the bed slope
The slope of the bed influences the initiation of motion of the rocks. Based on the force balance
on a particle, the change in critical shear stress can be incorporated in a stability parameter. For a

longitudinal bed slope this factor reads (Chiew and Parker 1994):
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With ¢ the angle of repose of the rocks and [ the angle of the longitudinal slope. This relation is

2)

also used for bed protections (Schiereck 2001) A more general equation for the influence of a both
longitudinal and transversal slope is also derived (Dey 2003, for example). In the present study

only longitudinal slopes were considered.

Stability parameters with explicit incorporation of turbulence

Jongeling et al. (2003) propose a method that takes the turbulence into account more explicitly.
The flow force (numerator) in this stability parameter is a combination of velocity and turbulence
evaluated in the water layer above the location where the bed stability is regarded. The effect of
turbulence is calculated as the square root of the turbulent kinetic energy k times an empirical
turbulence magnification factor . In this and the following stability parameters the stone diameter
d is represented by d,,50, the nominal diameter (equivalent cube size) that is exceeded by 50% of
the total mass of the stones.

Hofland (2005) proposed a similar stability parameter based on the assumption that large-scale
velocity fluctuations can reach the bottom via an eddying motion. The large-scale velocity fluctu-
ations at height z are assumed to be proportional to the square root of the turbulent kinetic energy
V'k. The fluctuations are part of a large rolling eddy so that the *maximum velocity’ at the bed can
be determined using a length scale. The maximum of the local instantaneous velocity (u + a\/E)
at a certain height z is weighed with the relative mixing length L,,/z, since it is likely that the
turbulent sources higher in the water column have less influence on the bed. Subsequently, the
moving average with varying filter length L,,, is taken of the weighted maximum velocity. Hofland
(2005) found that using the Bahkmetev mixing length distribution /,,, leads to the best results. The

Hofland stability parameter is described in equation 3.
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With @ the mean velocity, &k the turbulent kinetic energy, o an empirical turbulence magnifi-
cation factor, (...), the moving average with varying filter length [,,,, [, the Bahkmetev mixing
length (k2 M), h the water depth and ~ the Von Karman constant.

Comparable to the Hofland and Jongeling parameter, Hoan et al. (2011) proposed a stability
parameter in which the turbulence closer to the bed has a larger influence on bed stability than
the turbulence higher up in the water column. A weighting function is used to account for this.
Hoffmans (2010) proposed a stability parameter with the depth-averaged turbulent kinetic energy
added to account for the local turbulence. However, this stability parameter was not calibrated
for non-uniform flows, so its use is limited to uniform flows. The Rock Manual (CUR, CIRIA,
CETMEF 2007) describes the stability parameters of Pilarczyk (2001) and Escarameia (1995). To
take into account the turbulence, influence factors for the stone diameter of up to 2 and higher are
used in these stability parameters. These factors are case specific and difficult to estimate. Also,
in the Rock Manual it is shown that these two approaches are not consistent for higher turbulence

levels.

Stability parameters with incorporation of the pressure gradient

Dessens (2004) and Tromp (2004) give a stability parameter that includes the pressure gradient.
Depth-averaged velocities and accelerations are used in the stability parameter, which is given in
equation 4. Note that the acceleration term includes an extra stone diameter. This is because the
force due to acceleration is a body force that acts on the volume (o< d®), while the drag and lift

forces act on an area (o< d?).

TGz, + Cndag,
Agd

“)

Uy =
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With %4, the mean depth-averaged velocity, a4, the mean depth-averaged acceleration, C}, the
combined drag and lift coefficient and C), the added mass coefficient.

Dessens (2004) studied stationary acceleration in a contraction while Tromp (2004) studied
time-dependent acceleration in waves. Dessens (2004) found values for C, of 0.10 to 0.14 and for

Cof3.9t05.6.

Damage

There are a number of methods available in theory to assess the stability of granular bed pro-
tections. The most well-known are the threshold of motion and the stone transport concept. In the
first concept it is assumed that there is a certain condition at which incipient motion occurs and
that stones start to move when this condition is exceeded. A critical value of the stability parameter
is derived from measurements and used in the design of bed protections. The most well-known
method that uses this concept is the one of Shields (1936). Jongeling et al. (2003) also gives a
method that uses the threshold of motion in the design of bed protections.

The condition at which the threshold of motion occurs is rather subjective, since movement
of stones can be interpreted in different ways. To partly overcome this problem, Breusers and
Schukking (1971) defined 7 transport stages that go from no movement at all to general transport
of the grains. Because of the irregularities in natural stones, the exposure of the stones and the
irregular deviations from the mean flow characteristics due to turbulence, one general threshold of
motion for the entire bed does not exist. Another disadvantage of the threshold of motion method,
is that there is no information about the behaviour of the bed when the critical stability parameter is
exceeded. This makes this method not usable for the design of for example maintenance programs
for bed protections.

Another way to describe the stability of granular bed protections is in terms of stone transport.
Here, the flow forces acting on the stones (written as a stability parameter V) are linked to the bed
response (as a dimensionless transport indicator ). The main advantage of this method is that it

describes the behaviour of the bed after it becomes unstable. The general form of this relation is

® = f(U).
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The dimensionless transport parameter ¢ should represent the damage to the bed properly. Two
ways of defining the transport of particles are distinguished. First there is the (volume) entrainment
rate, this is the number of pick-ups per unit time and area. Second, the bed load transport can be
used. This is the number of particles that is transported through a cross-section per unit time.
Paintal (1971) provided a formula for low-mobility transport rates, also for dimensionless shear
stresses under the ‘critical’ value of ¥ = (0.05.

Hofland (2005) states that because of the dependence of the bed load transport on upstream
hydraulics (the stones passing a certain cross-section is a function of all the entrained stones up-
stream) the bed load transport is a non-local parameter. The entrainment rate, however, is com-
pletely dependent on local hydrodynamic parameters. The stability parameter W also is a local
parameter (solely depending on local flow characteristics). Hence here the entrainment rate is used
to define and quantify the stability of the bed. The time dependence should be included in the
entrainment rate, because due to turbulent fluctuations a stone moves sporadically and thus more
stones are entrained during a longer period of time. The (volume) entrainment rate is described by

equation 5.

nd3

E=—
AT

®)

In which F is entrainment rate, n the number of stones picked up, d the stone diameter, A the
surface area and I’ the duration.

To describe the relation between the dimensionless transport parameter ¢ and the stability
parameter W, often a power-law is used. The relation found by Hofland (2005) by using data
from Jongeling et al. (2003) and De Gunst (1999) is shown in 1. The assumption was made that
the initiation of motion is best described by a stability parameter where the correlation between a
stability parameter W and the dimensionless entrainment rate @y is largest. This method is also
applied presently. For a large variety of flow types the coefficients in the stability parameter are

chosen such that the maximum correlation between ¥ and ® 5 is found.
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PROPOSED STABILITY PARAMETER

In this paper, a new stability parameter is proposed that combines the effects caused by turbu-
lence and the effects caused by the pressure gradient in stationary accelerating flows. The Hofland
parameter is used for the influence of the velocity and turbulence and a pressure gradient is added
to this parameter. The pressure gradient in accelerating flow can be approximated in different
ways. Froehlich (1997) uses an expression based on buoyancy force that results from a water level
gradient. Hofland (2005), Dessens (2004) and Huijsmans (2006) use an aproximation based on the
Euler equation, which states that a, ~ — g—g. Hence, building upon the expression in equation 3 the
newly proposed stability parameter is given by equation 6, now including a pressure term.

. <max [<ﬂ + a\/E> L—m} 2) — Cin/Ch 2

Lm
new __ 6
Ob KBAgd ( )

In this equation, £ is the turbulent kinetic energy, Lm the Bakmetev mixing length, z the height
above the bed, u the mean (i.e. time-averaged) velocity, d the nominal stone diameter, d,50, Kg
the correction for the bed slope in the flow direction.

In the proposed stability parameter, the following three unknowns are present:

Cy the bulk coefficient. Representing the relative importance of the force caused by
velocity and turbulent velocity fluctuations. This parameter is a combination of
the effects due to the drag, lift and shear forces.

« an empirical turbulence magnification factor. This is the value of the turbulent
velocity fluctuations represented by /% relative to the mean velocity.

Ch the added mass coefficient. This coefficient represents the force caused by the

pressure gradient relative to the force due to the quasi steady forces.

The remainder of this article focuses on finding the unknowns in equation 6 and formulating
an equation that predicts the dimensionless entrainment rate as function of the new dimensionless

stability parameter. The relation that is used is a power law of the form &y = a - U? The

new:*
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unknowns are found by means of a correlation analysis. Further on, the unknowns C),, and C}, will
be combined into one parameter C,,, /C, and the new stability parameter V,,.,, will be defined as
v* ./Cy. Measurements of flow characteristics (velocity, turbulent kinetic energy and pressure
gradient) are coupled to the simultaneously measured entrainment rate. Before the correlation
analysis is discussed, the next section first mentions the available data sets after which an evaluation

is made on the usability of each data set.

DATA

This section discusses the data sets that are used in this paper. The data sets represent mea-
surements of initiation of motion of coarse, angular bed material (hydraulically rough beds) under
low transport conditions (entrainment rates corresponding to values of the Shields parameter well
under the critical Shields factor for transport), and with detailed velocity measurements in the ver-
tical above the location where the stone entrainment has been measured. As stone entrainment and
the flow characteristics are measured at several locations for a single test setup, several data points,
with varying mean flow, turbulence and acceleration characteristics are typically obtained for one
flow configuration. This section first describes the data sets that have been used, after which an

evaluation is made on the possibility to use the data sets in this research.

Data Used

The data that have been used are obtained at Deltares and the Delft University of Technology
over the last decade. As not all data has been published yet in peer-reviewed journals, much of the
data is re-analyzed presently. Table 1 summarizes the measurements that have been used in this
paper.
Jongeling data

Jongeling et al. (2003) did measurements in a flume at Deltares with a length of 23 m, a width

of 0.50 m and a height of 0.70 m for the following flow configurations, i.e.:

e Flow over a flat bed;

e Flow over a sill with a short crest;

10
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e Flow over a sill with a long crest;

Bed material was used with a stone diameter of d,,50 = 0.062 m, a grading width of d,,g5/d,15 =
1.51, and a submerged relative density of A = 1.72. This was applied in a 4 cm thick layer on the
flume floor. The bed was divided in coloured strips of 0.1 m length.

For the flat bed case, measurements were done over a 5.6 m long section, which was located
behind a 13.6 long roughened initial section, to create uniform flow conditions. Water depths of
about 0.25, 0.375, and 0.5 m were applied, with corresponding bulk mean velocities of respectively
0.7, 0.63 and 0.68 m/s. The short sill had an upstream slope and downstream slope of 1:8, a crest
height of 0.12 m, and a crest width of 0.1 m. Measurements were made on the upstream slope
(1 location), crest (2 locations), downstream slope (1 location), and downstream of the sill (6
locations). The long sill had an upstream slope of 1:8 and a downstream slope of 1:3, a crest height
of 0.12 m, and a crest width of 2 m. Measurements were done on the crest (2 locations), and
downstream of the sill (8 locations).

The velocity was measured by a combination of a 6 mW, forward scatter, Laser Doppler Ve-
locimeter (LDV) and an Electro Magnetic velocity Sensor (EMS). The LDV measured the stream-
wise (u) and vertical (w) velocity components in a measurement volume with a 1 mm diameter
and 10 mm transversal length, and the EMS measured the streamwise and transversal (v) velocity
components in a roughly 1*1*1 cm measuring volume. The EMS measures a lower energy content
as the velocity is averaged over a larger area, therefore k£ was determined by using the LDV results
for the v and w components, and to correct v measured by the EMS by the ratio of the standard
deviations of the longitudinal velocity components of LDV and EMS, o (uypv)/o(yems)-

The discharge was measured by an electromagnetic device in the return flow, and the water
levels were measured by a resistive type gauge.

The velocity was measured at different heights at a number of locations in the length of the
flume, leading to a number of velocity profiles with their corresponding bed response. The stones
at the bed that were located in a certain strip and had a certain colour. In this way, one could count

how many stones moved and from what strips they originated. It should be mentioned that stones
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that move within their own strip are neglected when this method is used. Hofland (2005) suggested
a correction factor for this, based on the probability distribution of the displacement length of the
stones (see appendix D in Hofland (2005)). This correction is used on all the counted stones in this

research.

Hoan data

Hoan et al. (2011) investigated the effect of increased turbulence on stone stability by analyz-
ing measurements in an open-channel flow with symmetric, gradually expanding side walls in a
laboratory flume. The flow width increased from 0.35 to 0.50 m. Three different expansions (3°, 5°
and 7° for both side walls) were used to create different combinations of velocity and turbulence.
No flow separation occurred at the side walls. Just as for the Jongeling data, flow velocities and
the number of picked-up stones are measured.

The measurements were carried out at the Delft University of Technology in a flume with a
width of 0.50 m and a height of 0.70 m. For the flow conditions a similar type of LDV was
used. As only two velocity components (u and w) are available, the turbulence kinetic energy was
approximated by assuming that o(v) = o(u)/1.9. The discharge was measured using an orifice
plate in the inflow pipe.

Angular stones having a density of 2.700 kg/m?, a nominal diameter of d,50 = 0.08 m, and
dnss/d,15 = 1.27 were placed at the horizontal flume bottom. The flow velocity during the experi-
ments was too low to displace these natural stones. To examine stone stability, the top two layers
of rock were replaced by uniformly coloured strips of artificial light stones at designated locations
(0.1 m long by 0.2 m wide) on the flume axis before and along the expansion. These artificial
stones were made of epoxy resin with densities in the range of 1,320 to 1,971 kg/m?, mimicking
shapes and sizes of natural stones. They had a nominal diameter of d,,50 = 0.082 m and d,,s5 /d.,15

=1.11.

Dessens and Huijsmans data
Dessens (2004) and Huijsmans (2006) both investigated the effect of stone stability in acceler-

ating flow by doing measurements in the same type of configuration. The same flume as in Hoan

12
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et al. (2011) was used, and a local contraction was created. Both used the same measurement
instruments as Jongeling et al. (2003) and measured velocities, water levels and discharges. The
stone transport was measured in the same way as Hoan et al. (2011). Different contraction angles
were used, creating different combinations of velocities and accelerations.

Stones with a density of 2.680 kg/m? and two different stone sizes were used. One with a nomi-
nal diameter of d,,5, = 0.02 m and the other with d,,55 = 0.0082 m. The last 0.40 m of the contraction

was covered with 0.10 m wide strips of coloured stones to measure the stone entrainment.

Discussion of the data sets

To be able to evaluate the parameters, the data sets have to contain the following information:

velocity;

turbulent kinetic energy;
e pressure gradient (or the stationary acceleration);

entrainment rate.

The data sets of Hoan (2008), Dessens (2004) and Huijsmans (2006) can directly be used
for the purposes of this article. In these data sets the pressure gradient was obtained from the
measured free-surface slope. The data set of Jongeling et al. (2003), however, did not contain
enough information for determining the pressure gradient dp/dz. Hence, a numerical model was
created to determine the missing dp/dx at several measurements. The open source numerical
solver OpenFOAM version 1.6-ext, see OpenFOAM Foundation (2012), has been used for this
(Steenstra 2014).

Besides the additional numerical calculations for the Jongeling et al. (2003) data, the measured
mean velocity and turbulence kinetic energy for all the different data sets have been calculated
anew from the raw measurement data using the same processing script, in order to assure a uniform

processing method.

ANALYSIS
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The previous section discussed the data sets that are used in this research. These measurements
will now be used to calculate a number of existing stability parameters and plot them against the
measured dimensionless entrainment rate. After that, the unknowns in the proposed new stability
parameter are determined by means of a correlation analysis. When these unknowns are deter-

mined, an analysis of the performance of the new stability parameter is made.

Existing stability parameters
Below, the measurements are used to calculate the Shields parameter, the Hofland parameter
and the Dessens parameter. These parameters are subsequently plotted against the dimensionless

entrainment rate derived from the measurements

Shields parameter
Figure 2 shows the Shields parameter plotted against the dimensionless entrainment rate. The
shear stress velocity u, is calculated with equation 7 at the first data point located at a level z;
above the bed.
u-K
Ur = T 1521 (7)

ln (dnSO)

The coefficient of determination R? (obtained through lineair regression) is 0.24 showing that
much scatter is present. Especially the higher turbulence data points (like the long sill, short sill
and the expansion) show a large deviation from the other data points.

For the flat bed only a few cases are included in the data sets. For these cases, the relationship
between Vg and @y appears approximately linear (on the log-log scale). It can be seen that the
data represent very low mobility with values of W g between 0.02 and 0.03, which is well below the
initiation of motion criterion of Shields of 0.055. It is also still just below the first of 7 stages of in-
creasing bed mobility: “displacement of grains, once in a while”, which coincides with ¥ g ~ 0.03
for coarse grains (Breusers and Schukking 1971), but within the range of low-mobility transport
as measured by Paintal (1971).

Along the contraction the shear stress gets larger. According to the Shields parameter the bed
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shear stress is a destabilizing force and increasing bed shear stress causes increasing entrainment.
Figure 2 clearly shows this behaviour in the accelerating flow (contraction) where for the same
contraction, the entrainment rate increases with increasing Shields parameter. However, the data
points in a contraction with a small side wall angle have, for equal entrainment, a larger Vg than
the contraction with a larger angle, indicating that the effect of acceleration itself (aside from
the increased bed shear stress in accelerating flow) is not incorporated correctly in the Shields
parameter.

For the expansion case with decelerating flow, very low correlation is seen between Vg and ® .
Because of the decreased (shear) velocity in decelerating flow, Wg decreases in decelerating flow
and a decreasing entrainment rate would be expected. Figure 2 shows totally different behaviour.
The entrainment rate in decelerating flow is rather uncorrelated to the Shields parameter. This
can be attributed mainly to the absence of explicit incorporation of the turbulence in the Shields
parameter.

The above shows that the bed shear stress is not a sufficient measure for predicting the damage

to bed protections in non-uniform stationary flows.

Hofland parameter

The next existing stability parameter that is evaluated is the stability parameter Wy, from
Hofland (2005).The parameter Wy, is defined in equation 3. Both Hofland and Booij (2006) and
Hoan et al. (2011) determined the coefficients in this parameter. Hofland and Booij (2006) used
the Jongeling et al. (2003) data set and found a value for the turbulence influence factor « of 6.0.
Hoan et al. (2011) used his data of the expanding flows and found an « of 3.0. A relation between
V1., and ® g, using the values for the constants as derived by Hofland and Booij (20006), is plotted
in figure 3. Using the constants as fitted by Hoan yields a similar graph.

The data points with relatively high turbulence and the data points of the flat bed simulation
collapse well. The data points from the configurations with high accelerations show, for equal
W 1., much higher entrainment rates than those of the other cases, indicating that the entrainment

rate is influenced by the pressure gradient in acceleration flows.
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The Hofland stability parameter ¥, was designed to incorporate the effects of turbulence ex-
plicitly. Figure 3 shows that the parameter does this correctly, also for the newer data of Hoan et al.
(2011). This confirms the findings of Hofland (2005), in which the behaviour of ¥y, was anal-
ysed more extensive for the configurations of Jongeling et al. (2003). However, for the data points
with a larger acceleration Wy, does not predict the entrainment rate accurately. Both Hofland
(2005) and Hoan (2008) parameters will underestimate the entrainment in the contractions. This
underestimation is attributed to the direct destabilizing effects of the pressure gradient on the stone

stability.

Dessens parameter

Figure 4 shows the stability parameter proposed in Dessens (2004) (equation 4) plotted against
the dimensionless entrainment rate. Remember that the effect of turbulence is not incorporated
explicitely in this equation.

Figure 4 shows that using W ,;s leads to even larger scatter than using the Shields parameter
Ug. The value of R? is 0.028 for the entire set of used data in this article. This is almost a factor
10 smaller than the R? from the Shields parameter.

In contrast to figure 2, the contraction data points collapse well, which is not a coincidence
because these are the data sets for which W ,,¢ was derived. The flat bed and part of the sill data
points also collapse onto these data.

The measurement points that had high turbulence deviate a lot from the data points of the
contraction. For these data points the entrainment rate is highly underestimated by the relation
of Dessens (2004), which is derived for relatively small turbulence. The entrainment rate in the
expansion shows almost no correlation with the stability parameter. The fact that these data points
deviate from the trend for the accelerating flows can be explained by the fact that Dessens (2004)
did not use an explicit formulation for the turbulence. Hence the influence of the turbulence was
implicitly added to the drag/lift coefficient Cj,. This ratio is apparently only applicable for the
contraction and the flat bed cases.

The Dessens stability parameter W ,,g performs reasonably for situations with relatively small
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turbulence, such as in uniform or accelerating flows. As soon as there is increased turbulence, and
there is no correction formula present for the change in relative turbulence, ¥ ,,;s does not predict

the bed damage correctly at all.

Evaluation of the new stability parameter

The unknowns in equation 6 are determined by finding the combination of unknowns that
lead to the highest correlation between the calculated stability parameter and the dimensionless
entrainment rate. To minimize the number of unknowns it is chosen to combine the constants C},
/Ch.

and C,, into only one constant (see equation 8) and to define V,,.,, as ¥

new

Cin

CYm:b = Fb

®)

Instead of the absolute value of C, and C),,, now just the ratio between the two is calculated.
For establishing a relation between V,,.,, and ® g, this is sufficient.

The steps that are taken in the correlation analysis are:

1. Set values for o, Cp.p,
Calculate V,,.,, with equation 6
Find a and b in ®5 = a¥° through linear regression

Calculate the coefficient of determination R =1— " (¢ — a\I/fleW)2 /> (Pr — <I>_E)2

A

Repeat steps 1 to 5 for a number of values of « and Cyy,.y,

For « values of 0 to 7, with a step of 0.25 have been used. For C\,; values of 0 to 40, with a
step of 1.0 have been used. Executing the method described above leads to the correlations shown
in figure 5. The thick black line indicates the local maximum of R? for every C,,,,. The square
dot indicates to absolute maximum with a R? of 0.80 with o = 3.75 and C,,,., = 23. However,
it should be mentioned that for values of C\,,, larger than approximately 15.0 (and o = 3.0), the
value of R? remains approximately equal, with values around 0.79.

Equation 9 gives the final definition of the stability parameter V,,.,. The first term in the
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nominator includes the forces that are caused by the velocity and the turbulent fluctuations that
reach the bed. The second term accounts for the force caused by the pressure gradient due to
acceleration.

(max [<ﬂ + Oz\/E> LT"L] 2) - Om:b%dnBO

Lm
Voew = )
Kﬁ - Agdpso

The values for a and b in the power law &5 = a¥’_  result from the regression analysis.
Equation 6 gives the relation between the stability parameter and the bed response. The plot of this
relation and the associated data points are given in figure 6.

The relation between the new stability parameter V,,.,, (for « = 6 and C,,;, = 23) and the

dimensionless entrainment rate ¢ is given in equation 10 and plotted in figure 6 on log-log scale,

and in figure 7 on a semi-log scale.

dp=3.95-10720>% for 0.9 < U,,.,, < 4.3 (10)

new

Table 2 gives some statistical quantities that followed from the regression analysis. These
quantities can be used in for example probabilistic calculations. In the table the mean and standard
deviation of the constants in & = W’ are given. Note that the @ in this equation is not the
acceleration.

From the analysis of the existing stability parameters it followed that the existing stability
parameters were correlated to the dimensionless entrainment rate for the type of flow they were
developed for, but that they did not perform for other types of stationary flows. The proposed
new stability parameter V,,.,, from equation 10 includes, besides the influence of the mean flow
velocity, both the influence of the (mean) pressure gradient as well as the explicitly described
influence of the turbulence.

The correlation parameter for the relation between the Hofland stability parameter Wy, (with
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a = 3.0 and Cy, = 0) and P, for the selected data sets, was 0.27. Using V,,.,, (wWith o = 3.75
and Cpp, = 23.0 leads to a &2 of 0.80. For the data sets used in this research, adding the effects of
the pressure gradient in accelerating flow gives a considerable increase in correlation.

Table 3 gives the values for Cy, and C}, from other sources. The value from “theory” is based on
the classic case of a sphere in a uniform flow. Here the drag coefficient is 0.4 (or somewhat higher
if it is a blunt body) and the inertia coefficient is 2.0, such that C,,., = 5.0. This value can change
with the shape of the rocks, but still seems rather small. This difference can be explained by the
fact that the drag only acts on the top part of the rock (typically the rocks protrude 20% from the
theoretical bed level), while the pressure gradient penetrates the bed to a much larger extent. This
could make the relative influence of the inertia in the order of five times larger, which will yield
values of C,,;, in the same order as those found in the correlation analysis.

The value of C\,, = 23.0 is roughly the average of the values found by Dessens (2004) and
Tromp (2004). It also seems to be in the order of theoretical values. For now it is concluded that
Cmp = 23.0 is a plausible value for C\,, because it is within the rangeof previously found values
and it predicts the effects of acceleration correctly in the stability parameter.

However, it should be mentioned that for values with a C\,, larger than 15.0, and their cor-
responding smaller «, the correlation remains approximately equal. Choosing a smaller C',, and
thus a smaller « can lead to less uncertainty in stability calculations since a/k is usually a large

uncertainty if the output from a numerical model is used.

An example calculation from Steenstra (2014) shows that in the contraction (with most notable
pressure gradient) the acceleration term increased the required rock size by approximately a factor
2 (so the weight by a factor 8). Contrary to this, in cases with decelerating flow the calculated
rock size will be smaller when V,,.,, is used because the stabilizing effect of the adverse pressure
gradient is included. This indicates that the acceleration has a significant influence on the required

rock size in practice.
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For design purposes a fixed value of ® 5 might be used as ‘critical’ value. For a uniform flow
the ®, corresponding to a critical Shields factor of ¥ ~ 0.03, is ®z ~ 10~8 (Hofland 2005), see

figure 2. According to figure 6 this corresponds to a value of the new parameter of W,,.,, . ~ 1.2.

DISCUSSION

Some possible inaccuracies and limitations of the method are discussed next. A force gen-
erating mechanism that is not included in W, are the turbulent wall pressures. Turbulent wall
pressures (i.e. fluctuating accelerations due to turbulence) can also entrain stones (Hofland 2005;
Smart and Habersack 2007). This effect is not included explicitly in the stability parameter.
The entrainment rate is prone to scatter, as only several stones move per experiment, and the trans-
port within a coloured strip has to be estimated. Moreover, the advective acceleration is used as
approximation for the pressure gradient over the stone. This approximation can introduce errors.

Including both the effects of turbulence and the pressure gradient in the stability parameter
greatly increases the range of application of the stability parameter compared to the already existing
ones. However, the proposed stability parameter and its relation with the bed response is derived
only for stationary acceleration. The effect of time-dependent acceleration (e.g. waves) should be
investigated further before the proposed formulation can be used for that case. In wave action the

value of the coefficient becomes a function of the wave period (acceleration period).

CONCLUSIONS

The stability of stones in bed protections is influenced by the quasi-steady forces, turbulent wall
pressures and pressure gradients due to acceleration. Existing stability assessment methods do not
incorporate all of these forces and are usually derived for only part of these forces. In this paper, a
stability parameter is proposed that includes the influence of the mean flow velocity, turbulence and
stationary acceleration in equation 9. Measurements of stone entrainment in a wide range of flow
conditions and geometries are used to calibrate the constants in the proposed stability parameter.
Missing data on pressure gradients were reconstructed by means of a computational model in the

software package OpenFOAM.
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The performance of several existing stability parameters was checked. It can be concluded
that these parameters mainly can be used to obtain a relation between the stability parameter and
the dimensionless entrainment rate (i.e. predict damage) for the flow type for which they were
developed.

The proposed stability parameter W, shows the right behaviour for uniform, accelerating and
decelerating flow, and thus has a wider range of application than the investigated existing stability
parameters. The values of the derived o and C\,, are within the range of values that are derived
in earlier research.A maximal correlation was obtained for o = 3.75 and C\,, = 23. The newly
proposed stability parameter W ., can be used in the design of bed protections to recognize the
areas where larger (or smaller) stones are required, which can result in more efficient design of bed

protections.
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TABLE 1. Summary of the measurements that have been used in this paper



o oon o
3.95-1079 | 6.3470 -10~19
5.89 0.2044

a
b

TABLE 2. Statistical quantities of the relation in equation 9
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Research Cn/Cy

Theory (e.g. (Dean and Dalrymple 1991)) | 2.0/0.4 =5

(Dessens 2004) 39.2-39.6
(Tromp 2004) 4.85-9.375
This paper 23.0

TABLE 3. Values for Cy,/Cy, from other sources.
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FIG. 5. R? plotted against Cy,.,. The colored lines are the 1? for different values of
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FIG. 6. ¥, plotted against ¢, for all the data sets on log-log scale
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FIG.7. V., plotted against ¢ for all the data sets on semi-log scale
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