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Systematic experiments were conducted to study differences in the threshold flow conditions for
initiation of motion of submerged objects (spheres and cylinders) resting on permeable and imper-
meable beds. The threshold flow conditions were characterized with the Shields parameter, which
was estimated with upstream flow velocity measurements obtained from Particle Image Velocimetry
(PIV) technique under conditions of unidirectional, open-channel flow in a laboratory flume. Flow-
bed interface geometries were maintained across both permeable and impermeable bed experiments.
Plotting the Shields parameter against the ratio of the particle size to bed roughness scale revealed
clear differences between permeable and impermeable beds, including a larger Shields parameter
value requirement to initiate motion on permeable beds than on impermeable ones, which is con-
nected with the lower lift force on a permeable bed. Neglecting the presence of bed permeability
can result in up to half an order of magnitude of variation in critical Shields parameter values.
Experimental results also show that greater Shields parameter values are required to initiate the
motion of a sphere than for a cylinder with identical diameter for large L/D ratio (L and D are
the length and diameter of the cylinder). As the L/D ratio decreases, the cylinder approaches the
sphere geometry and the critical Shields parameter value is similar.

∗ hengwu2@illinois.edu



2

I. INTRODUCTION

Sediment transport provides the critical connection between fluid dynamic processes and bed morphodynamics [1].
The importance of sediment transport ranges from small scale sediment particle-to-particle interactions to macroscale
bathymetric evolution, e.g., sand ripples and bars [2–5], and erosion/scour processes [6, 7]. All mechanisms of sediment
transport have incipient motion as their initial dynamic state, which is the instant at which a sediment particle resting
on a bed begins moving due to the flow forces exerted on it.
The incipient motion of non-cohesive sediment is particularly important since it defines the flow threshold for

sediment mobility [8–12] and is crucial in understanding and engineering many natural processes. Such is the case
for selecting armoring cobbles used for preventing scour around bridge footings [13], encouraging landscape evolution
through bed load transport in rivers [14, 15], determining the incipient motion and transport of underwater unexploded
ordnance [16], or understanding nutrient delivery in ecological systems, as in the case of salmon eggs that have been
laid in the hyporheic region of a river bed [17, 18]. The importance of understanding these natural systems has driven
extensive experimental study on incipient motion, culminating in the development of several theoretical models [19–
30].
Many different approaches can be taken to assess the threshold of incipient motion of a single particle [19–30].

The analysis of the threshold for incipient motion in general involves force or moment balance of the fluid forces
(drag and lift) exerted on the single particle and the submerged weight of the particle [31]. The approaches defining
the threshold of incipient motion are roughly categorized as the deterministic and stochastic approaches [32]. The
stochastic approach accounts for the significance of the fluctuations of the fluid forces arises from turbulence and
argues that incipient motion could occur even when the mean flow is below the threshold to entrain particles [33].
The stochastic approach includes the force balance models and impulse models and treats the incipient motion as
stochastic processes. The force balance models take the probability of particle entrainment as the probability of the
fluid forces exceeding the submerged weight of the entrained particle [29, 34–36]. Grass[30] considered the probability
distribution of the flow shear stresses and the critical shear stress of single grain movement and proposed that
the incipient motion occurs when the two probability distributions overlap. Lopez and Garcia [37] used a similar
approach to assess risk of sediment erosion by a turbulent flow. The impulse approach argues that the magnitude
of the instantaneous fluid forces exerted on the particle, combined with the duration of the fluids forces, dislodges
the particle [25, 26, 38]. The stochastic approach emphasizes the role turbulence events play in particle entrainment
[10, 39–43]
The deterministic approach considers the fluid flow properties that are temporally (and spatially) averaged as the

threshold for incipient motion. The models under deterministic approach are further categorized as the threshold flow
velocity models and threshold bed shear stress models. Commonly, a force or moment balance of the forces acting on
the object with respect to the contact point is performed to assess the threshold flow condition for incipient motion.
The threshold velocity approach uses the time average of some type of flow velocity, such as at the particle level or
depth averaged, as the threshold for incipient motion [28]. The threshold bed shear stress models were established by
Shields[27] and use a dimensionless bed shear stress as the threshold for initiation of motion [19–23].
In the present work we adopted the threshold bed shear stress with moment balancing, which allows for critical

shear stress to be related with measurable physical factors such as the local flow conditions or the relative particle
size. The models implicitly assume impermeable beds and employ logarithmic velocity profiles although the presence
of the logarithmic nature of the profiles remains in question [44]. Natural streams, however, often exhibit some degree
of permeability and there is no laboratory experimental evidence that shows the differences in initiation of motion
that may arise due to the presence of bed permeability which is the most common condition in nature.
This study experimentally explores the differences of initiation of motion requirements of spheres and cylinders when

resting on a permeable versus an impermeable bed. In particular, focus is on the initiation of motion characterized by
the Shields parameter versus particle to bed-particle size ratio. In the following section, a brief review of the current
models for the initiation of motion of a single sphere is provided.

II. BACKGROUND

The mechanics of initiation of motion involve numerous of parameters, of which, the most important ones are the
fluid properties (density and viscosity), turbulent statistics of the flow (bed shear and turbulent stresses), particle
characteristics such as density and shape, and particle size with respect to bed roughness [10, 23]. The theoretical
treatment of initiation of motion is widely based on single grain analysis, which describes the initiation of motion of
a single sediment particle that rests on a bed with the remaining bed particles potentially having different particle
characteristics [19–22]. The mechanics of a precariously placed particle over a uniform bed involve an analysis of the
forces acting on the particle. The forces result from the flow stresses, gravitational pull, and the reactions due to the
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U(y)

FIG. 1: The forces acting on a submerged object, where U(y) is the streamwise flow velocity profile along the
y-direction, Fb is the Archimedean buoyant force, Fd is the fluid drag, Wi is the weight of the test object, D is the
diameter of the object, φ is the contact angle between the object and the neighboring bed particles, and k is the

length scale of the bed particles.

constraints posed by the bed topology [45, 46]. Three forces acting on the grain are depicted in Fig. 1, where the
initiation of motion occurs when the drag and lift force on the particle overcome the resistance effect of the immersed
weight. A commonly used theoretical approach for the treatment of initiation of motion assumes that the mechanism
of motion is driven by an imbalance of moments on a grain (e.g., a cylinder or sphere of diameter D) that pivots
around a contact point P [45], as shown in Fig. 1.

For the scope of the present work, only one length scale for the bed particles, k, is considered (since the bed consists
of spheres). The model formulation below is similar to that of Wiberg and Smith [21]. The drag force can be written
as

FD =
1

2
ρcDu

2

cAp (1)

where ρ is the density of the fluid, cD is the drag coefficient of the particle, uc is the flow velocity at the level of the
centroid of the particle, and Ap is the projected area.

The lift force can be expressed as

FL =
1

2
ρcL(u

2

T − u2B)Ap (2)

where cL is the lift coefficient of the particle, uT and uB are the flow velocity at the level of the top and bottom of
the particle.

The gravitational force, Fg, arises from the immersed weight, is given by

Fg =Wi − Fb = gV (ρs − ρ), (3)

where Wi is the weight of the object, Fb is the buoyancy acting on the object, g is the acceleration of gravity, V and
ρs are the volume and density of the object, respectively.

Considering their respective moment arms for each force, the balance of moments is given by

FDD cosφ = FgD sinφ− FLD sinφ, (4)

where φ is the contact angle between the object and the neighboring bed particles. Rearrange the terms and get

FD

Fg − FL

= tanφ (5)
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Scale the velocities at the level of the particle centroid, top, and bottom, with the shear velocity at the bed.

ûc =
uc
u∗

(6)

ûT =
uT
u∗

(7)

ûB =
uB
u∗

(8)

By substituting (1), (2), (3), and the scaled velocities into (5), the Shields parameter ψ can be determined as

ψ =
ρu2

∗

(ρs − ρ)gD
=

V

ApD

2

cD

1

ûc
2

sinφ

cosφ+ cL
cD

u2

T
−u2

B

u2
c

sinφ
. (9)

The ratio V
ApD

is a factor based on the object shape and is 2/3 for spheres and π/4 for cylinders. Assume small

contact angle and simplify the above equation to get

ψ ∼ tanφ =
k/D

√

1 + 2k/D
. (10)

For small k/D, the Shields parameter scales as ψ ∼ k/D, which corresponds to the power law for an ideal system of
spheres [23]

Previous pivoting models assumed logarithmic velocity profiles

U(y)

u∗
=

1

κ
ln
y

k
. (11)

Evaluate the velocity at the particle level, y = D/2, and transforms equation 9 to

ψ =
ρu2

∗

(ρs − ρ)gD
=

V

ApD

2

cD

κ2

(ln (D/2k))2
sinφ

cosφ+ cL
cD

u2

T
−u2

B

u2
c

sinφ
. (12)

where κ is the von Karman constant and equals to 0.40. The equation matches with the one presented by Wiberg
and Smith [21] assuming negligible bed slope.

The analysis described above is the fundamental form of a precariously placed single particle exposed to the flow
on a fixed uniform bed. Pivoting models focus on various aspects of pivoting. James [23] included more detail on
the acting forces and extends the Shields parameter scaling (mentioned above) to an empirical equation with defined
coefficients. Such detailed analysis is not restricted to spherical particles but also extends to particles of different
shapes and angularity [20, 23, 45]. Most pivoting models account for the effect of pivoting behavior on a bed with
non-uniform grain sizes. In addition, turbulence can be accounted for, albeit in a crude way, by introducing the Ω
parameter defined as the ratio of the flow velocity at the particle level to the instantaneous velocity at the onset of
initiation of motion [20]. The moment balancing modeling approach of a single grain is known as a pivoting model.
Alternatively, initiation of motion can be modeled as a sliding mechanism. For the sliding model, a force balance,
rather than moments, is performed and the reaction force opposing the initiation of motion is modeled as a frictional
force with a friction angle. Both pivoting and sliding models are commonly used and offer good theoretical predictions
[20–23]. However, the sliding model is preferred on a slope bed [47]. For the present study, the moment balance for a
single grain on a uniform bed was employed.

Motivation Regarding the aforementioned models and experiments, no systematic study has been conducted to
explore the impact of the presence of bed permeability on initiation of motion. Turbulence statistics show that the
presence of bed permeability plays a fundamental role [48]. Several studies show trends in frictional drag (a non-
dimensional form of the bed shear stress) at the flow-bed interface are clearly distinct for permeable and impermeable
cases [49, 50]. The well-established fully-rough regime, where frictional drag is independent of Reynolds number
[51], is expected to occur for large Reynolds number for impermeable rough walls. However, experimental work
to date on permeable beds shows that for large Reynolds numbers, the frictional drag continues to increase with
increasing Reynolds number, and therefore, no fully-rough regime exists [49, 50]. The differences in frictional drag
and turbulence statistics between permeable and impermeable beds have been recently confirmed and further analyzed
[48]. In addition to the drag and mean velocity profile differences, permeable bed yields lower lift force on objects close
to them than impermeable beds due to the excess static pore pressure in the permeable bed [52]. Experiments for
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FIG. 2: Illustration of experimental setup for the impermeable bed condition: (left image) profile view of the facility.
The PIV measurement window is denoted as the shaded box. (middle image) cross section view of the flume. The
test object on the bed is a cylinder in the illustration. (right image) a close top view of the test section, showing the

positioning of the laser sheet.

initiation of motion models have not systematically taken into consideration the differences in pivoting thresholds that
may arise due to the presence of bed permeability [20–23]. Only one study, to the authors knowledge, has involved
modeling that considers how turbulent pressure fluctuations that originate in the permeable bed affect initiation of
motion [24].
The turbulence model makes use of the fully-rough, mean velocity profile equation which contradicts the results that

show no fully-rough regime exists with a permeable bed [49, 50]. Since frictional drag is a key term in the quantification
of pivoting, the differences in the non-dimensional turbulence statistics (e.g., mean velocity profile) and frictional drag
between permeable and impermeable beds indicate there is a need to investigate the variations in initiation of motion
thresholds between permeable and impermeable beds. The existing differences in the non-dimensional mean velocity
profile and frictional drag are keys to quantification of pivoting and warrant a closer examination.
The presented study is the first set of systematic experiments to address the effects of the presence of bed perme-

ability on the initiation of motion of idealized submerged objects (i.e., cylinders and spheres). As the first comparative
experimental study to assess the effects of the presence of permeability on thresholds for initiation of motion, an ideal
system was implemented, consisting of a fixed bed of uniform spheres on top of which free-moving particles (spheres
and cylinders) were positioned. The experimental setup for this work is described in the following section.

III. EXPERIMENTAL SETUP AND PROCEDURE

Experiments were performed in a recirculating open channel with zero slope and a rectangular cross-section of
0.35 m wide and 0.60 m high, known as the hyporheic flume [53, 54]. The permeable bed was comprised of six
cubically packed layers of uniform spheres (diameter k = 3.8 cm). The spheres were rigidly fixed on stainless steel
rods to prevent motion of the bed during the experiments. The impermeable bed was created by placing a false PVC
sheet on top of the permeable bed. Rows of hemispheres were glued to the false bottom to match the flow-bed interface
geometry between permeable and impermeable conditions. The diameter of the hemisphere for the impermeable bed
was equal to the diameter of the spheres in the permeable bed condition (k = 3.8 cm) [53, 54]. The permeability of
the bed was estimated with the Kozeny-Carman equation [44]

K =
k2(1 − ǫ)3

180ǫ2
. (13)

where ǫ is the solid volume fraction of the bed. The Kozeny-Carman equation estimates the permeability of the bed
to be 3.28×10−6 m2.
The tested idealized particles included 10 spheres and 20 cylinders of various sizes and densities. For the idealized

spherical particles, two different materials were used, acrylic PMMA and acetal, with densities of 1.19 g/cm3 and
1.40 g/cm3, respectively. For each material, five different diameters of spherical particles were manufactured (1.9
cm, 2.5 cm, 3.8 cm, 5.1 cm, and 6.3 cm), resulting in a total of ten spheres being tested for initiation of motion. In
addition to the spheres, 20 cylinders were also tested. Cylinders were fabricated using the same two materials and
five diameters used for the spheres. The 20 cylinders can be grouped into two sets. The first set comprised of 10
cylinders having constant length with five different diameters for each of the two materials. The second cylinder set
consisted of 10 cylinders having five different lengths for each of the five different diameters to maintain a constant
L/D ratio (2.7). For each sizes, cylinders of two different materials (acrylic PMMA and acetal) were tested. Refer to
Table 1 for detailed test particle characteristics.
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D (cm) ρs (g/cm3) D/k L (cm) L/D
cylinder set 1

1.9 1.19 0.50 30.48 16.0
1.9 1.40 0.50 30.48 16.0
2.5 1.19 0.67 30.48 12.0
2.5 1.40 0.67 30.48 12.0
3.8 1.19 1.00 30.48 8.00
3.8 1.40 1.00 30.48 8.00
5.1 1.19 1.33 30.48 6.00
5.1 1.40 1.33 30.48 6.00
6.3 1.19 1.67 30.48 4.80
6.3 1.40 1.67 30.48 4.80

cylinder set 2
1.9 1.19 0.50 5.72 3.00
1.9 1.40 0.50 5.72 3.00
2.5 1.19 0.67 6.99 2.75
2.5 1.40 0.67 6.99 2.75
3.8 1.19 1.00 10.16 2.67
3.8 1.40 1.00 10.16 2.67
5.1 1.19 1.33 13.97 2.75
5.1 1.40 1.33 13.97 2.75
6.3 1.19 1.67 17.15 2.70
6.3 1.40 1.67 17.15 2.70

sphere
1.9 1.19 0.50 - -
1.9 1.40 0.50 - -
2.5 1.19 0.67 - -
2.5 1.40 0.67 - -
3.8 1.19 1.00 - -
3.8 1.40 1.00 - -
5.1 1.19 1.33 - -
5.1 1.40 1.33 - -
6.3 1.19 1.67 - -
6.3 1.40 1.67 - -

TABLE I: The dimensions and densities of the test objects. In the table, D is the diameter, ρs is the density, k is
the diameter of the bed sediment, and L is the length of the cylinders

A two-dimensional Particle Image Velocimetry (PIV) system was implemented to measure the upstream streamwise
and wall-normal flow velocities [55]. The PIV system was comprised of a New Wave Gemini Nd:YAG laser and a TSI
610035 synchronizer. The image pairs were acquired by a Power View 4MP Plus CCD camera with a resolution of
2048 × 2048 pixels and a field of view of approximately 20 cm × 20 cm. The time lapse between straddling frames
ranged between 1000-3000 micro-seconds (depending on the experimental flow conditions) but was fixed for each trial.
The laser sheet was oriented into the test section through a transparent visor on the top of the open channel (see
Fig. 2). The visor prevented free surface waves from interfering with the laser sheet and the flow disturbances were
minimized due to the hydrodynamic edge on both upstream and downstream sides. Silver-coated hollow glass spheres
with a mean diameter of 10 µm and an average specific gravity of 1.70 were used as seeding.
The following experimental procedure was used for each trial:

1. The idealized particle was placed in the test section without constraint on its motion.

2. Starting from a quiescent flow, the flow rate was gradually increased. At each flow rate, the reaction of the test
object was observed for a few minutes.

3. Depending on the reaction of the object to the flow:
Case a: if the object did not move (even when it wobbled), the flow rate was further increased by a small
increment.
Case b: provided the object wobbled and then displaced by the flow, the flow rate was reduced, the object was
repositioned to the initial position, and the flow rate was iterated to refine the threshold flow rate.
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4. After determining the threshold flow rate, the object was fixed in place and PIV measurements of the flow field
were acquired.

The velocity fields contained the streamwise (u) and wall-normal (v) components on a vertical plane perpendicular
to the lateral direction, as shown in Fig. 2. The velocity fields were measured at two lateral positions. One passed
through the top of the bed particles and the centerline of the flume. The other slice at the valley of the bed particles
with an offset to the centerline of the flume of one radius of the bed particle.
For each experimental trial, 2500 image pairs were acquired at 7.25 Hz. Image processing to obtain the instantaneous

velocity fields was accomplished using the TSI software Insight 4G. Within Insight 4G, a square grid was applied to
the images to divide the images into interrogation windows. In the interrogation windows, the particles between the
image pairs were correlated and the average displacement of the particles in each window was determined in pixel
units. Immediately after acquiring the images in one trial, the image units were converted to physical displacements
(meters) by using the standard TSI PIV calibration target. Lastly, knowing the time separation of the instantaneous
velocity fields of each image pair, the flow velocities were obtained (m/s). A sample of the mean streamwise velocity
field is showed in Fig. 3(a).
To calculate the Shields parameter, the bed shear stress was approximated by the sum of Reynolds stress τR,

form-induced shear τf , and viscous stress τν at the tangent surface of the bed with the double-averaging method [56],

τb = τR + τf + τν . (14)

The Reynolds stress τR, form-induced shear τf , and viscous stress τν are defined as

τR = −ρ〈u′v′〉 (15)

τf = −ρ〈ũṽ〉 (16)

τν = ρν〈
∂u

∂z
〉 (17)

where u′ and v′ are the velocity fluctuations

u′ = u− u; v′ = v − v (18)

the angle brackets denote the spatial average in the x-z plane, and the overbar denotes the temporal average. The
tilde denotes the spatial velocity fluctuation

ũ = u− 〈u〉; ṽ = v − 〈v〉 (19)

To obtain the shear stress profile, the spatial average in the streamwise direction was over a width of one bed particle
diameter which is located three bed particle diameter (11.4 cm) upstream of the test object. The spatial average in
the lateral direction is a direct average of the top and valley slice. The bed shear stress was approximated as the total
shear stress at the tangent surface of the bed. A sample of the Reynolds stress field from the slice passing through
the top of the bed particle and profiles of the three components of the shear stress is shown in Fig. 3(b) and (c).

IV. RESULTS AND DISCUSSION

The Shields parameter, ψ, was plotted as a function of the particle-size ratio, D/k, for the cases of permeable and
impermeable bed with spheres and cylinders. Fig. 4(a) illustrates the relationship between the Shields parameter and
the ratio of the particle size to bed roughness scale, D/k, for spherical particles. The relationship is an inverse power
law, which follows the trend of previous observations [23]. Although the present arrangement of the idealized bed
particles was different herein (i.e., cubic packing) from prior random packing experiments [23], there is no significant
differences in the trend between the results. In addition, Fig. 4(a) shows the Shields parameter for the spherical
particles on a permeable bed was higher compared to the impermeable bed.
Similarly, in Fig. 4(b) and 4(c), the Shields parameter for cylindrical objects is plotted against the ratio of the

particle size to bed roughness scale, D/k. The inverse power law relationship between the Shields parameter and D/k
still persists. As observed with the spherical test particles, the Shields parameter was lower under the condition of an
impermeable bed than that of a permeable bed.
The effect that particle shape (spheres and cylinders) and bed permeability have on the thresholds for initiation

of motion can be experimentally obtained by examining the relationship between the Shields parameter, ψ, as a
function of D/k. For fixed interface topology, Fig. 4 illustrates that greater values of Shields parameter are required
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FIG. 3: (a) The mean velocity field measured at the top of the bed particles, (b) the Reynolds stress field measured
at the top of the bed particles, and (c) viscous stress, τν , Reynolds stress τR, form-induced shear τf , and total stress
τt profiles (define the origin of y-axis at the tangent surface of the bed) for the case of the sphere with a diameter of

6.1 cm and specific density of 1.40 on a permeable bed.

to initiate the motion of an idealized particle when it is resting on a permeable bed versus an impermeable bed.
Initially, the result seems counter-intuitive since a permeable bed tends to have higher wall shear stress for a fixed
interface roughness [49]. Under the aforementioned consideration, the increase in bed shear can result in the particle
initiating motion earlier on a permeable bed than an impermeable bed. However, results show that permeable beds
present a higher Shields parameter than impermeable ones. We suspect the trend is due to the lift force created
by the flow around the idealized particle. Prior literature has shown that permeable beds yield a lower lift force on
objects close to them than impermeable beds due to the excess static pore pressure in the permeable bed [52]. The
lift force originates from the flow velocity difference across the particle and scales as (u2T −u2B) (equation 2) where uT
is the double-averaged upstream flow velocity at the level of the top of the object and uB was approximated by the
double-averaged upstream flow velocity at the tangent surface of the bed. To compare the lift exerted on an object

at incipient motion on permeable and impermeable beds, the ratio
u2

T−u2

B

u2
∗

was plotted against the bulk Reynolds

number, Re = DU∞

ν
, where U∞ denotes the free stream flow velocity, in Fig. 5. The plot shows that the

u2

T−u2

B

u2
∗

ratio is higher for objects resting on an impermeable bed under the same bulk Reynolds number. The lower
u2

T−u2

B

u2
∗

ratio across an object on an permeable bed can be attributed to the non-zero flow velocity inside the permeable bed
underneath the object while the impermeable bed imposes a no-slip boundary condition at the bed. Thus, an object
experiences larger lift force when resting on an impermeable bed than on a permeable one. This results in a lower
shear stress required to initiate motion of an object on an impermeable bed and, therefore, yields a lower threshold
Shields parameter.

The model from (9) was plotted in Fig. 4 for comparison. In (9), the value of û2c and
u2

T−u2

B

u2
c

was from direct

measurement in the experiments. The drag coefficient for the spheres was considered to be a constant of 0.47 because
the flow was fully turbulent and the range of the Reynolds number was narrow. For the cylinders, the drag coefficient
depends strongly on the length to diameter ratio, L/D, where L is the length of the cylinder. For the L/D ratio of
the tested cylinders, the drag coefficient ranged from 0.70 to 0.89 [57, 58]. The cL/cD ratio bears a wide range of
values from 0.17 to 2.39 due to the difficulties in measuring the lift force [59–63]. In this study, the cL/cD values was
estimated to be between 1.22 and 2.39 depending on the protrusion of the object out of the bed for the permeable
bed condition [63]. Experiments showed that the lift force is higher on an impermeable bed than on a permeable one
due to the absence of the excess pore pressure in a permeable bed. The increase in lift force on an impermeable bed
causes the cL/cD ratio to be 1.24 to 1.42 times higher than that on a permeable one [52]. Here we approximated the

cL/cD on an impermeable bed to be 1.24 times that of a permeable one. In Fig. 4, differences in the
u2

T−u2

B

u2
c

ratio

and the magnification of the cL/cD ratio on an impermeable bed separated the curves for the Shields parameter on
permeable and impermeable beds. The prediction from (9) agreed with the Shields parameter from the experiments.
Including the lift force in the form of equation 2 into the model and combining the lower lift coefficients on permeable
beds gave a good estimation of the discrepancy of the Shields parameter of the Shields parameter on a permeable bed
from an impermeable one.
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FIG. 4: For (a) spheres, (b) cylinder set 1 (constant length), and (c) cylinder set 2 (constant L/D ratio), the
threshold Shields parameter was plotted against the particle-size ratio, D/k, value, compared with James[23]. Open
and filled symbols stand for permeable and impermeable condition, respectively. The solid and dashed line are the
entrainment equation (equation 9) corresponds to impermeable and permeable condition, respectively. The dashed
light gray line with a minus one slope is superimposed for comparison. Refer to Table I for the specifics of the

objects.

Another significant feature was found in the relationships between ψ and D/k. For the same D/k ratio, the Shields
parameter value is greater for spheres than it is for cylinder set 1, which have larger L/D values, see Fig. 6. This
is persistent across the two particle densities (acrylic PMMA and acetal) and the permeable and impermeable beds.
The increase in Shields parameter values for spheres when compared to constant length cylinders is attributed to
differences in the surface shape of the objects. The flat sides of the cylinders induce flow separation earlier than for
the case of spheres. Also, the drag coefficient for a cylinder is larger than that of a sphere, e.g., 0.47 for a sphere
and 0.70 to 0.89 for a cylinder when away from a solid boundary. Consequently, a sphere requires larger stresses to
initiate motion than a cylinder, resulting in a cylinder perceiving more drag than a sphere for a given flow rate. Fig.
6 depicts that the Shields parameter of cylinder set 2 (L/D fixed at 2.7) is comparable to the spheres, suggesting
that the L/D ratio influences the threshold for initiation of motion. The effect of the L/D ratio is illustrated in Fig.
5 as the Shields parameter is plotted with respect to L/D.
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FIG. 6: For (a) permeable and (b) impermeable cases , the threshold Shields parameter for cylinders and spheres
were plotted for different values of the ratio of the particle size to bed roughness scale, D/k. See Table I for the

specifics of cylinder sets 1 and 2.

In Fig. 5, the Shields parameter increases as the L/D ratio decreases. The trend should be attributed to that for
smaller L/D ratios the shape of a cylinder is closer to a sphere in terms of the projected area. The inverse relationship
between the Shields parameter and the L/D ratio is especially apparent for the impermeable bed case. This should
be associated with the higher lift of the object on impermeable beds. The drag and lift coefficients depend strongly
on the L/D ratio [57, 58]. With higher lift imposed on an object resting on an impermeable bed, the L/D ratio will
be more influential than on permeable beds. In addition to the effect of L/D ratios, Fig. 5 shows that the Shields
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FIG. 7: For (a) impermeable and (b) permeable cases, the Shields parameter for cylinder are plotted against the
length over diameter ratio, L/D, for different ratio of the particle size to bed roughness scale, D/k. See Table I for

the specifics of cylinder sets 1 and 2.

parameter, ψ, increases with D/k, indicating that initiation of motion of cylinders with smaller diameters requires
higher flow rates for similar L/D ratios due to the hiding effect of smaller particles. Furthermore, the L/D ratio also
affects the variation in the Shields parameter due to the presence of bed permeability.

To quantify the effect of the presence of a permeable bed on initiation of motion thresholds of the test objects, the
permeability variation for each object was computed as

∆ = (ψpermeable − ψimpermeable)/ψpermeable (20)

where ∆ is the variation in Shields parameter due to the permeability, ψpermeable and ψimpermeable are the Shields
parameter of an object resting on a permeable and impermeable bed, respectively. The variation, ∆, is plotted against
L/D in Fig. 8, which illustrates a clear trend of increasing ∆ with increasing L/D ratio. The results suggest that
the L/D ratio is a crucial factor in the drag and lift coefficients of a cylinder since the variation in Shields parameter
can reach as high as half an order of magnitude if the presence of bed permeability is not accounted for. Although
the L/D ratio is typically not defined for spheres, a value of L/D ∼ 1 was assigned to sphere experiments to better
illustrate the increasing variation, ∆, with the L/D ratio.

For comparison, the Shields diagram (Fig. 9) was also plotted with the theoretical predictions using James [23]
and other experimental data [64, 65] for incipient motion on beds comprised of uniform size spheres. The two semi-
empirical model prediction curves correspond to the model for incipient motion of a single bed particle resting on
beds composed of uniform sized spheres and natural mixed size sediments [23]. In Fig. 9, only the data corresponds
to D/k equals to one was plotted since the Shields diagram is for initiation of motion of a well sorted sediment
bed. The model prediction of the Shields curve associated with mixed size natural sediment is higher than that of
a uniform sized sphere bed, which is connected with the sediment grain being less exposed [23]. The data points
associated with impermeable bed for spheres and cylinder set 2 match well with the theoretical curve as it assumed
logarithmic velocity profile that is only valid for impermeable rough bed. The Shields parameter for cylinder set 1
(larger L/D) on an impermeable bed is much lower than the theoretical value because the shape of the object deviates
from a sediment grain due to its large L/D value. From the plot, for comparable shear Reynolds number, the Shields
parameter corresponds to the case of permeable bed is clearly greater than that for the impermeable case.

V. SUMMARY

Prior experimental work has been conducted to explore differences between flows over permeable and impermeable
beds [48]. However, there is a knowledge gap when assessing how the presence of bed permeability impacts initiation
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FIG. 9: Comparison of experimental results and the theoretical Shields curve for a single sphere on a bed of uniform
spheres [23]. The square and triangular symbols denote cylinder sets 1 and 2, respectively. The spheres are denoted
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of motion of a single particle. Detailed laboratory experiments were conducted in which comprised of two-dimensional
PIV measurements to resolve the flow field upstream of the submerged spheres and cylinders for the threshold flow
condition at the initiation of motion. The Shields parameters for the idealized submerged objects were estimated
from bed shear stresses and compared between different shapes on permeable and impermeable beds. The bed shear
stresses were approximated by the sum of the Reynolds stress, form-induced stress, and viscous stress at the tangent
surface of the bed with double averaging method [56]. Experimental results show that larger Shields parameters are
required to initiate motion of an object placed on a permeable bed compared to an impermeable bed. The increased
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Shields parameter can be connected with differences in the lift coefficient exerted on the particle. In addition to the
effect of the presence of bed permeability, results illustrate that greater Shields parameter is required to initiate the
motion of a sphere than for a cylinder with identical diameter for large L/D ratios. As the L/D ratio decreases, the
cylinder approaches the sphere geometry and the Shields parameter value is similar. Finally, experiments show that
neglecting bed permeability can result in up to half an order of magnitude of variation in Shields parameter values
for threshold of motion.
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