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Abstract: This paper presents results from experiments that were carried out to study the effect
of porosity and grain orientation on flow resistance. Experiments were performed over three
rough surfaces; a water-worked gravel-bed, its non-porous facsimile (cast-bed) and the rotated
cast-bed (cast tiles rotated through 180◦). The first two beds were used to isolate the influence of
gravel-bed porosity on the bulk flow resistance and the rotated cast was used to study effect of the
grain orientation on the flow resistance. The results showed that the rotated cast-bed exerted
the highest flow resistance whereas the porous water-worked gravel-bed was, for comparable
hydraulic boundary conditions, characterized by slightly higher flow resistance than its non-porous
counterpart. The results from the bulk flow analysis were substantiated by a preliminary analysis of
flow velocity data.
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1. Introduction

Gravel bed rivers represent an important stream-type in the fluvial environment. Gravel beds
are, in general, characterized by a large roughness influencing hydraulic and fluvial processes, which
in turn govern the turbulent flow structure, flow resistance, sediment transport, and morphological
development. Although these processes have been in the focus of research for a long time, there is still
a lack of knowledge with regard to near bed flow structure, flow resistance (e.g., [1–3]) and exchange
processes between the main stream and groundwater flow (e.g., [4,5]). This is partly associated with
the fact that many studies have focused mainly on the determination of roughness coefficients as a
function of characteristic grain-sizes thereby neglecting the structure of gravel beds.

Traditional methods quantify flow resistance through Manning’s roughness coefficient n, Chézy’s
flow resistance factor C or Darcy-Weisbach’s friction factor f [6]. These are interrelated and can be
written as a function of the bulk velocity U, water depth h and energy slope Sf. As an example,
the Darcy-Weisbach friction factor f is defined as

f = 8
u∗2

U2 (1)

where u∗ denotes the shear velocity which, for uniform flow conditions, can be determined according
to u∗ = (ghSf)0.5 with g = gravitational acceleration. Gravel-bed roughness is often described by a
characteristic grain size of the bed material (e.g., d50, d84 or d90) and is linked to the friction factor via
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empirical or semi-empirical relationships (e.g., [6–10]). However, gravel-beds are characterized by a
high degree of irregularities (grain shape, orientation, packing pattern, etc.), multiple roughness
scales (e.g., small and meso-scale bedforms such as pebble clusters, steps, pools, etc. [11]) and
therefore roughness properties may vary independently of grain size [12]. Some studies suggested
that the standard deviation of bed-elevations may be used as characteristic vertical roughness
scale (e.g., [3,13–15]) and further studies focused on the determination of characteristic horizontal
roughness scales through the analysis of longitudinal profiles or digital elevation models, respectively,
using spectral analysis, correlation functions and structure functions (e.g., [12,13,16,17]). Despite the
application of surface structure analyses, there is still no consensus regarding the interpretation of the
results or the most appropriate measure of bed roughness [18,19].

Moreover, it has often been tacitly assumed in flow resistance studies that fluvial beds may be
considered as non-porous structures despite the fact that natural gravel-beds are typically composed
of a coarse surface layer and a porous subsurface layer. This assumption implies that a porous and
non-porous bed with an identical surface structure would be characterized by exactly the same flow
resistance. However, the flow over porous beds is characterized by mass and momentum exchange
across the sediment water interface due to the pressure gradients driving the flow in and out of the
bed [20–22]. The exchange processes, also known as hyporheic exchange, are assumed to have a distinct
effect on the near bed flow field and hence flow resistance. In fact, compared to flow resistance studies,
only few studies have focused on the influence of bed porosity on flow resistance (e.g., [23–26]). These
studies have shown that porous beds impose higher flow resistance than similar non-porous beds.

The present paper investigates this topic further by analyzing experimental data which was
acquired over a porous gravel-bed armor layer and its impermeable facsimile. In an additional
experimental series, the facsimile was rotated through 180◦ so that the bulk flow analysis could be
extended towards the investigation of the effect of grain-orientation on flow resistance. Within this
paper, we focus on the effect of bed porosity on bulk flow characteristics such as the friction factor f,
while more detailed considerations regarding the near bed turbulent flow pattern will be presented in
a follow up study. The manuscript is organized as follows: the next Section presents a brief review on
the significance of bed porosity for flow resistance; Section 3 describes the experimental setup and
methodology, and the results are presented and discussed in Section 4. Conclusions are drawn in
Section 5.

2. Background

The effect of bed porosity on flow patterns has been investigated in several studies based on
data acquired in laboratory and numerical experiments over beds composed of different artificial
roughness elements. Most of these studies have revealed that the flow resistance over permeable beds
is larger than the flow resistance exerted by their impermeable counterparts (e.g., [23–28]). Moreover,
various studies have indicated a dependency of the friction factor with the relative thickness of the
permeable layer and the Reynolds-number Re = Uh/ ν, where ν is the kinematic viscosity of the fluid
(e.g., [24,26,29]). The increase of flow resistance with Re has been associated with shear penetration
into the porous bed [26–28] and the associated exchange of momentum between the surface flow and
the flow in the porous medium which increases the Reynolds shear-stress in the near bed region and
hence the flow resistance [25,27,29]. In this context, Breugem et al. [25] found that flow resistance
increases with bed permeability or ReK =

√
Ku∗/ν, where K is the permeability, and Manes et al. [27]

showed that the characteristic length scale of the turbulent flow over a permeable wall can be defined
by the depth of shear penetration. This penetration depth is related to the zero-plane position which
may be determined from the velocity profiles above the bed [27].

Comparing flow patterns over a single layer of gravel grains and multiple grain layers,
Manes et al. [28] highlighted the dependency flow resistance considerations from the definition
of bulk parameters. Assuming that the effective hydrodynamic roughness is related to the thickness
of the interface, i.e., the region where the surface and sub-surface flow interacts, and not to the size
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of the grains composing the bed, the friction factors of the non-porous bed were determined using
the fixed channel bottom as datum for bulk flow parameters such as flow depth and velocity. On the
other hand, for the quantification of the friction factors over the porous beds, Manes et al. [28] used the
roughness crest as datum to account for the unknown spatial extent of the interface which depends
on flow characteristics. This means that the flow in the interfacial sublayer (the region between the
roughness crests and troughs) was intentionally neglected in the bulk analysis presented in the study
of Manes et al. [28]. Defining the roughness crest as datum for the determination of water depth will
result in larger values for the bulk velocities and smaller water depths compared to the case where
the roughness trough is defined as datum. Thus, the use of different datums will be associated with
different estimates of the friction factor. Moreover, the subsurface flow-rate is typically difficult to
measure in experimental studies and is often not considered separately, i.e., it is often assumed that
the discharge used in the experiments represents the surface flow rate, although a small portion of the
flow is conveyed through the subsurface layer. For lower discharges, this may hamper the analysis of
flow resistance data from bulk analyses.

Most of the aforementioned studies have focused on the analysis of data obtained over beds
composed of rather regular roughness elements of similar size, and studies with real gravel-beds
remain rare. However, such investigations are needed to account for the non-uniform porosity variation
from the crest of the gravel-bed layer to the undisturbed subsurface layer (see [30,31]). The recent
study of Cooper et al. [32] used a casting technique to reproduce a non-porous section of 0.4 m
length and width of a water-worked gravel surface that was created in a 8.2 m long and 0.6 m wide
flume. The flow patterns over the permeable and non-permeable test section were compared based
on velocity measurements obtained with Particle Image Velocimetry (PIV). Focusing on the near-bed
region, Cooper et al. [32] concluded that the flow resistance imposed by the non-porous surface was
higher than that by the porous water-worked gravel-bed, which is contrary to the previous findings.
Cooper et al. [32] explained their findings from the analysis of the flow velocity data acquired at the
roughness crest. They observed higher double-averaged velocities (velocities averaged in the time and
space domain) over the gravel-bed than over the reproduced section and hypothesized that the higher
efficiency in the momentum transfer and lower kinetic energy over the porous gravel-bed is a strong
indicator that less energy was extracted from the mean flow.

To summarize, all studies related to the effect of bed-porosity revealed that flow resistance is
altered by the porosity. More specifically, most studies found that a porous bed offers higher flow
resistance than a comparable impermeable bed. This has been associated with the shear penetration
and momentum exchange over the porous medium caused by large-scale vortical structures. On the
other hand, the study carried out by Cooper et al. [32] over a gravel-bed concluded that flow resistance
over a non-porous water-worked gravel-bed is larger than over its permeable counterpart. Some
possible explanations for these contradicting results are discussed in Section 4 of this paper, as the
experimental methodology of our study is similar to the one used by Cooper et al. [32]. It is worth
mentioning that experiments presented in the following section were already ongoing when the study
of Cooper et al. [32] was published. Thus, the results of the experiments can be used to shed more light
on the influence of bed gravel-bed porosity on flow resistance.

3. Experimental Setup and Procedure

3.1. Experimental Facility

Experiments were conducted in a 12.5 m long 1 m wide and 1 m deep closed-circuit tilting flume in
the hydraulics laboratory at the Norwegian University of Science and Technology (NTNU), Trondheim,
Norway. The flume, schematically shown in Figure 1, has a 12.5 m long glass-sided working section
and a 2 m long inlet section consisting of a head tank and flow-conditioning section. In the experiments,
the flow was recirculated by two centrifugal pumps and the flow rate was regulated by electronic
motor speed controllers and the valves at each pump. The flow rate was measured by Euromag
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MUT1000 EL inductive discharge meters (IDM) with an accuracy of 0.1%, installed at the pipes leading
from the pumps to the inlet tank. The maximum flow rate of each pump was 0.225 m3/s resulting
in a maximum discharge capacity of 0.45 m3/s. Polyvinyl chloride (PVC) rods with a diameter of
20 mm were installed in the inlet tank to condition the flow, and the inlet tank was separated from
the flume channel by a honeycomb panel which served as flow straightener. The water depth could
be adjusted by both a weir installed at the downstream end of the flume and by adding or draining
water from the flume using drain valves. Dependent on the experiment, water levels in the flume
were determined from pressure measurements using 4 pressure taps located at the flume bottom or
from water surface elevation measurements using 8 Microsonic ultrasonic sensors (accuracy of 1%).
The distance between the static pressure taps was 1.25 m with the first tap being located 6.875 m from
the beginning of the working section. The ultrasonic sensors were installed in the same flume reach
where the static pressure tubes were located. The spacing between the acoustic sensors varied from
0.4 m to 0.7 m to avoid acoustic interferences of the signals emitted from adjacent sensors.
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below the inlet tank, are not shown). All units are in [mm].

3.2. Bed Types

The first series of measurements was carried out over a water worked gravel-bed armor layer
with a porous subsurface. For the generation of the armor layer, a 0.20 m high and 10.31 m long gravel
layer consisting of a well-mixed sediment mixture (0.64 mm < d < 64 mm; see Figure 2 for the grain-size
distribution) was placed in the flume. The sediment mixture was similar to the one used in the study
by Aberle and Nikora [16]. The bed was screeded flat and surface compacted to ensure that the bed
slope was parallel to the flume slope. The gravel layer was retained by a L-shape perforated sill at its
upstream and downstream end to allow for subsurface flow during the experiments. The 2.19 m long
flume section between the gravel-bed and the upstream flow straightener was formed by coarse gravel
to prevent scouring (Figure 1).

The gravel layer was water-worked with quasi-uniform flow conditions for a discharge of
Q = 0.2 m3/s, a bed and water surface slope of Sb = Sw = 0.0027, respectively, and a water depth
of h = 0.24 m. The eroded sediment was collected in a basket placed downstream of the gravel layer
and the surface was considered to be armored when the sediment transport rate became less than
2.0 kg/h/m, i.e., the same criterion was used as in Aberle et al. [33]. After the armoring, the bed
topography was scanned over a total length of 7 m using an Acuity AR200-100 laser displacement
meter attached to a traversing system spanning the flume length. The diameter of the footprint of the
laser beam ranged between 55 and 250 µm dependent on the distance of the laser to the bed surface,
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and the accuracy of the bed elevation measurements was 30.5 µm. The coordinate system had its origin
x, y, z = (0, 0, 0) at the beginning of working section, the span wise direction y = 0 was at the right glass
wall of the flume and the vertical coordinate z = 0 at the plastic channel bottom (see Figure 1). In total,
660 longitudinal profiles were recorded at a span wise step distance of ∆y = 1 mm. The scanned section
did not include the topography near the glass walls (approx. 170 mm on either side) due to the setup
of the traversing system. Each longitudinal profile was recorded with a sampling frequency of 100 Hz
and a traverse speed of 2000 mm/min resulting in a longitudinal resolution of ∆x = 0.33 mm. Spikes in
the scanned data were removed manually during the post processing and the final data were used to
produce digital elevation models (DEM) of the gravel and the cast surfaces, respectively. The scans
will be analyzed in Section 4.1.

Porosity measurements were carried out before and after armoring using the water displacement
method (WDM) to obtain the vertical distribution of the porosity of both the initial and water-worked
gravel-bed (see [31] for details). In addition to the WDM, the porosity distributions were also derived
from the laser scans. The corresponding results will be presented in Section 4.1.
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In order to study the effect of the bed subsurface porosity on the flow, a 7 m long section of the
armored gravel-bed was reproduced using the casting technique reported in Spiller and Rüther [34],
Navaratnam et al. [35] after completion of the hydraulic measurements over the gravel-bed (the latter
are described below in Section 3.3). For the preparation of the molds, a thin steel plate was vertically
inserted 1 cm into the gravel layer at both ends of the 7 m long section (at x = 3250 mm and 10,250 mm,
respectively; see Figure 3) and a bi-component silicon mixture was poured layer-by-layer onto the
section. The initial layer was very thin so that the silicon did not alter the grain orientation and did not
penetrate the sub-surface. This facilitated the removal of gravel grains from the silicon-mold. It was
also ensured that the silicon seeped enough into the interstices in the roughness layer, i.e., into the
pore space between the roughness crest and trough. All silicon layers were poured before the initial
layer solidified completely to guarantee bonding between the layers. The last silicon layer submerged
the highest grain elevation by 2 cm enabling the proper handling of the mold. The final silicon-body
was screeded horizontally and allowed to cure for one day. After solidification of the silicon, the two
steel plates were removed, and the silicon mat was cut in half and removed from the flume with the
help of a crane. The two resulting silicon mats were manually cleaned from sediment particles.

For the preparation of the cast surface, the two silicon mats were further subdivided into two
mats of 2.3 m and 1.2 m length, respectively, resulting in a total of 4 molds which originated from
Sections 2–5 in Figure 3. Each mold was placed inside a wooden frame and levelled horizontally to
avoid the introduction of artificial slopes in the cast. The cast consisted of polyurethane resin mixed
with a filling powder (ATH-Aluminum trihydrate) in a volume ratio of 1:2.5 (resin:filler). The filler
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powder reduced the heat emission from the exothermal reaction during curing so that the shrinkage of
the cast was limited to 1%. The edges of the cast pieces were polished to remove irregularities due to
leakage and small irregularities in the wooden frame.

The final cast pieces were placed in the flume so that tiles 2–5 were accurately reproducing the
original gravel surface. Copies of the 1.2 m long tiles (tiles 1, 6 and 7 in Figure 3; marked in orange)
were cut to the required length and placed at the upstream and downstream end of the bed so that all
parts of the bed were completely immobile. Small gaps between the tiles and between the tiles and the
glass wall, respectively, were filled with silicon and clay to make it water tight. Both, the upstream
and downstream end were sealed to avoid flow development under the cast. After its installation,
the cast-bed was scanned using the laser displacement meter.

The third bed configuration was installed following the completion of the hydraulic measurements
over the cast-bed to investigate the effect of grain orientation on hydraulic roughness. For this purpose,
the cast pieces (except pieces 1, 6 and 7) were rotated through 180 degrees and, after sealing the gaps,
the bed was scanned again.
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3.3. Hydraulic Measurements

Hydraulic measurements were carried out over each of the three surfaces for a total of seven
different hydraulic boundary conditions. Three different shear velocities were achieved and the
range of relative submergence h/k in the gravel-bed tests varied between 3.6 and 9.3 (see Table 1).
The roughness height k was derived from the laser scan data and corresponded to the difference
Z99–Z01, where, Z99 and Z01 denote the 99th and 1st percentile of the distribution of bed elevations,
respectively; the datum for the water depth h was at the mean bed elevation.

For the gravel-bed tests, the water surface slope was determined using the data from the four
pressure taps at the flume bottom. For the cast-bed, the solid bottom prevented the measurements
from pressure taps and the water surface slopes were determined using the data from the 8 ultrasonic
sensors. Additional tests in which multiple measurements were taken for a particular water surface
slope indicated that the results from both measurement systems gave the same mean slope with the
same order of magnitude of the deviation from the mean. Although uniform flow conditions were
targeted, it was difficult to match the water surface slope exactly with the bed slope due to the mild
slopes and the discrete nature of the water surface slope measurements. Both slopes were similar,
but still showed some differences so that the St. Venant equation was used to determine the friction
velocity [36]:

u∗ = [ghSb − gh(Sb − Sw)(1− Fr2)]
1/2

(2)

where h denotes the water depth and Fr the Froude number which is defined as Fr = U/(gh)0.5.
Equation (2) represents a simplified version of the St. Venant equation which is obtained by assuming
that the slopes are very small. In the tests over the impermeable facsimiles (cast), the discharge was
adjusted to ensure the same water surface slope and water depth as in the testes over the permeable bed.
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Table 1. Hydraulic boundary conditions applied for the measurements over the water-worked
gravel-bed. The bulk flow velocity was determined from the equation of continuity U = Q/A where
A = hb denotes the cross-sectional area with b = flume width (1 m).

Test Sb Sw
h

[m]
h/k
[-]

Q
[m3/s]

U
[m/s] Fr Re u*

[m/s]

BC1 0.0018 0.00134 0.137 3.6 0.056 0.41 0.35 55 890 0.043
BC2 0.0015 0.00103 0.178 4.7 0.076 0.43 0.32 76 270 0.043
BC3 0.0015 0.00103 0.236 6.2 0.121 0.51 0.34 120 787 0.050
BC4 0.0020 0.00159 0.215 5.7 0.124 0.58 0.40 124 107 0.059
BC5 0.0013 0.00083 0.293 7.7 0.156 0.53 0.31 156 412 0.050
BC6 0.0010 0.00051 0.353 9.3 0.168 0.48 0.25 167 987 0.043
BC7 0.0015 0.00098 0.319 8.4 0.200 0.63 0.35 199 883 0.057

Velocity measurements were taken using the TSI stereoscopic particle image velocity system (SPIV;
2-dimensional 3-component velocimetry). The PIV measurements were carried out at x ≈ 8000 mm
and y ≈ 500 mm, i.e., in the centerline of tile number 4 (see Figure 3). The laser sheet was formed
by a Nd:YAG (neodymium-doped yttrium aluminum garnet) double-pulsed laser and was aligned
normal to the bed surfaces and parallel to the flume walls. The flow was seeded with polyamide
particles of 55 µm diameter. Two high speed 4 Mega Pixel CCD (Charge-coupled device) cameras
captured the particle images at a frequency of 20 Hz for a period of 150 s, producing 3000 image pairs
per camera i.e., 12,000 images in total. The images were post-processed and analyzed using the TSI
Insight 4G software. An interrogation area of 32 × 32 pixels with 50% overlapping was set to increase
the probability that the seeding particles close to the edges of the interrogation area correlated well.
The resulting grid size of the vector field was 16 × 16 pixels which corresponded to a spatial resolution
of 1.56 mm × 1.56 mm in streamwise and vertical direction respectively.

4. Results and Discussions

4.1. Comparability of the Surfaces

The vertical distributions of the porosity for initial gravel (surface-compacted), water-worked
gravel, cast and the rotated cast are presented in Figure 4. For the water-worked gravel-bed, the porosity
obtained from the WDM measurements decreased from φ = 1 at the roughness top to an absolute
minimum just above the roughness trough before reaching an approximately constant value in the
sub-surface. The increase in porosity close to the plastic bottom of the flume was associated with the
combined effect of capillary action and poor sorting of gravel at the bottom [31]. The bulk porosity
of the water-worked gravel-bed was φ = 0.31 whereas the bulk porosity of the surface compacted
gravel was φ = 0.26; this difference was due to the larger height of the interfacial sublayer of the
water-worked bed compared to the surface compacted bed. Note that the porosity values φ > 1 for
the WDM measurements in Figure 4 are associated with the large spatial scale of the measurements
(spanning the whole gravel-bed) and the accuracy of the measurements (see also [30]). The porosity
distribution of the water-worked gravel-bed obtained by the WDM measurement matched the porosity
distribution derived from the laser scans gravel-bed from the roughness crest (z/H = 1) to z/H ≈ 0.85,
where H denotes the height of the bed measured from the flume bottom. Below z/H ≈ 0.85, the results
from the two methods deviate since the laser scan could not capture the pore space in the subsurface
layer, i.e., the measurement range of the laser scan was restricted to the distance from the roughness
crest to the roughness trough so that φ = 0 at the roughness trough for these measurements.

For the cast-beds, the porosity varied from φ = 1 at the roughness top to φ = 0 at the roughness
trough. These distributions were solely obtained from the analysis of the laser scan data as the
non-porous structure of the bed prevented the use of the WDM. The comparison of the porosity
distributions derived from the laser scan measurements nearly collapse on a single line which is a first
indicator of the accurate reproduction of the bed surface. However, a difference can be observed for
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the rotated cast just above the roughness trough and φ < 0.2. This is associated with the placement of
the tile and is described below in some more detail.
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bottom and H, the total height of the bed.

The digital elevation models of the surfaces obtained from the laser scan, shown in Figure 5, were
used to compare the geometrical properties of the three bed configurations and to ensure accurate
placement of the cast pieces. The following analysis focuses on the 4.65 m long section over which the
water surface slope was measured (tiles 3 to 5 in Figure 3) and which contained the PIV-measurement
area. For the analysis, the DEMs were detrended and the origin of the vertical coordinate corresponds
to the mean bed level.

The visual comparison of the permeable gravel-bed (Figure 5a) with its impermeable counterpart
(cast; Figure 5b) indicates a good agreement between the two surfaces. The only visible difference
is at the transitions between the tiles in Figure 5b at x = 6750 mm and 9050 mm. The match of the
cast-bed with the water worked gravel-bed can be analyzed by comparing the distributions of the bed
elevations (Figure 6a) as well as the histogram of the observed differences in vertical elevations at each
DEM grid point between the gravel and cast-bed (Figure 6b). The histograms shown in Figure 6a reveal
a good agreement between the gravel and cast-bed, and the histogram of bed elevation differences
(Figure 6b) indicates that most of the values characterizing the deviation of the two surfaces are within
the range of ±5 mm. It is worth noting that the histogram in Figure 6b includes, besides the effects
of shrinkage and the joints between the tiles, the tile-alignment as it was based on the subtraction of
the two DEMs. The good match of the gravel-bed with the cast-bed can further be substantiated by
the statistical moments of the surfaces which are presented in Table 2. The standard deviation of bed
elevations σ, skewness and kurtosis are directly comparable and fall into the typical range for armored
gravel-bed surfaces as defined by Coleman et al. [3].

The distribution of bed elevations for the rotated cast differs slightly from the distribution of
the cast. Strictly speaking, both surfaces should be characterized by identical histograms, however,
the observed differences in Figure 6a can be associated with very small transverse slopes induced
when replacing the cast sections and due to discontinuities between the tiles. The latter were more
pronounced for the rotated cast than for the cast and led to an increased number of measurement
errors with the laser displacement meter due to its measurement principle. Despite these differences,
Table 2 indicates still a good agreement of the statistical moments of the rotated bed with the ones for
the original and cast-bed.
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Figure 6. (a) Histograms of the vertical elevation of all three surfaces; (b) histograms of the difference
in the vertical elevations between gravel and cast surface.

Table 2. Statistical moments for the three surfaces.

Bed Surface Roughness Height, k
[mm]

Standard Deviation σ
[mm]

Skewness
[-]

Kurtosis
[-]

Gravel 38.1 7.57 0.76 1.03
Cast 38.6 7.96 0.50 0.66

Rotated Cast 40.6 8.52 0.56 0.49

The beds were also compared on the basis of normalized 2D-second order structure functions
(2DSSF). For this purpose, the filtered normalized 2DSSF were determined according to the
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method described in detail in Qin et al. [17]. In brief, filtered 2DSSFs show only values in
areas which are characterized by statistical significant correlations. The latter are determined
by subdividing the surface in small tiles of a certain length scale and reshuffling them to create
new surfaces. For these new surfaces, 2DSSF are calculated and used for statistical significance
testing. The method is based on Monte Carlo simulations (see [17] for details) and for the present
analysis, the reshuffled quadratic sub-areas were characterized by a side length of d84 of the original
gravel-bed. The statistical significance testing carried out here was based on a significance level 5%
and 100 Monte-Carlo simulations.

Figure 7 shows the filtered 2DSSFs for the three surfaces and the sub-plots reveal areas of high
spatial correlation at small spatial lags (the minimum value of 0 indicates perfect spatial correlation
and a value of 1 a lack of spatial correlation). The area of high correlation for small spatial lags are
characterized by a central ellipse, and the spatial extent of the main axes of the central ellipses can
be interpreted as characteristic length scales in the horizontal plane [19]. The benefit of the filtered
2DSSF is that these length scales can be clearly defined and the resulting values of 100 mm (96 mm for
the rotated bed) for the long and 40 mm for the short axis (for all three beds) substantiates the high
accuracy that was achieved when reproducing the bed.
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Figure 7. The 2D second-order structure function of the surfaces filtered by the upper 5% confidence
limit, values lower than the upper 5% confidence limit are preserved. The greyscale corresponds
to the values of the normalized structure function which ranges from 0 to 1, where the value of
0 defines perfect spatial correlation. Sub-figures (a–c) correspond to gravel, cast and rotated cast
surfaces respectively.
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The 2DSSFs can also be used to investigate the mean alignment of larger particles on the bed.
For the present case, the orientation of the long axis of the ellipses deviates 5 degrees from the flow
direction indicating that most of the larger particles are nearly aligned with their long axis in flow
direction. This is in agreement with previous studies investigating the surface structure of stable
armour layers [16]. Note that the patterns at larger spatial lags in Figure 7 reflect grain structures
larger than individual grains. However, despite the fact that they are statistically significant, their
value indicates only a low spatial correlation so that these patterns should not be interpreted [17].

4.2. Flow Resistance

The good agreement between the geometry of the original bed with its counterparts is a
prerequisite for the detailed analysis of differences in hydraulic resistance. Figure 8 shows (8/f )0.5

as a function of relative submergence (h/k) for the three surfaces. The lowest values of (8/f )0.5, i.e.,
a higher Darcy-Weisbach friction factor f, was observed for the tests over the rotated bed for relative
submergences h/k < 6. For relative submergences h/k > 6, the difference in (8/f )0.5 between the
rotated bed and the cast became smaller which may be due to the increasing submergence. Moreover,
the uncertainty associated with the water surface slope measurements increased for the highest
submergence for which Sw was rather small (~0.05%). On the other hand, in all tests with the rotated
cast-bed it was necessary to decrease the discharge to obtain the same water levels as in the tests with
the cast-bed (discharge reductions of up to 6% were required; the average was 4%). The higher flow
resistance exerted by the rotated cast-bed shows that the orientation of the grains on the surface has a
significant influence on flow resistance, i.e., the water working results in a more hydraulically efficient
bed configuration (e.g., [37]). For example, rotating the fixed cast-bed means that the lee-areas of
grains, where small grains typically settle during armoring, become exposed to the flow. Rotating the
cast-bed, these particles are directly exposed to the flow but cannot be eroded as they are part of the
cast. As a consequence these areas are characterized by a less hydrodynamic shape than comparable
frontal areas of real water-worked beds as the associated drag coefficient changes with the shape and
orientation [38]. Consequently, the rotated cast-bed imposes a higher resistance on the flow than the
cast-bed. This result thus implies that bed roughness cannot solely be described by a characteristic
grain size and that both surface structure and grain orientation play a vital role for the determination
of flow resistance [14,18,19].

Figure 8 further reveals small differences in flow resistance between the porous gravel-bed and
its impermeable counterpart. For the two lowest submergences (h/k = 3.6 and 4.7), (8/f )0.5 is larger for
the porous gravel-bed than for the impermeable cast-bed while for the larger relative submergences
this trend is reversed. This means that, for the two lowest submergences, larger friction factors were
obtained for the cast-bed than for the porous gravel-bed. These two experiments were carried out
with discharges of Q = 0.056 m3/s and 0.076 m3/s, respectively, for the gravel-bed and Q = 0.056 m3/s
and 0.074 m3/s respectively, for the cast-bed to obtain identical water depths h. Noting that a certain
amount of the flow is conveyed through the subsurface in the porous-bed tests, the discharge used
for the calculations of the bulk values in Table 1 should, strictly speaking, be reduced to account for
subsurface flow. The experimental setup did not allow for the measurement of the subsurface flow
rate but assuming a flow rate of approx. 0.001–0.002 m3/s, computations indicated that for these
two cases the flow resistance of the porous gravel-bed would be slightly larger than for the cast-bed
(h/k = 3.7) or approximately equal (h/k = 4.7). The significance of subsurface flow rate gradually
decreases with increasing discharge (and hence increasing relative submergence) so that the results for
the experiments carried out with h/k ≥ 5.7 (discharges Q ≥ 0.121 m3/s; Table 1) are less affected, i.e.,
in these tests the flow resistance of the porous bed was larger than for the cast-bed.

The literature review revealed that flow resistance over porous beds depends on Re (e.g., [24]),
and therefore f is plotted as a function of Re in Figure 9. Regarding the comparison of f obtained for
the experiments over the cast-bed and the rotated cast-bed, Figure 9 yields the same conclusions as
before; the rotated bed is characterized by higher flow resistance for all boundary conditions except
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for Re ≈ 170,000 corresponding to the test which was carried out with the lowest water surface slope
(~0.05%). For Re > 100,000 (h/k ≥ 5.7), Figure 9 reveals again that the porous gravel bed showed a
higher resistance to the flow than its non-porous counterpart. In fact, for the experiments over the
cast-bed the discharge had to be increased for h/k ≥ 5.7 to obtain the same water depth and shear
velocity as in the porous-bed experiments, which confirms the observed trend. The deviation of the
friction factors for the tests carried out for the lowest Re values would be mitigated if subsurface flow
would be accounted for (see above).
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The above discussion regarding the differences in friction factors needs to be extended regarding
the surface properties. For example, the cast-bed was characterized by slightly larger k-values and
standard deviations σ than the porous bed (Table 2). These values indicate that the cast-bed may be
slightly ‘rougher’ in geometrical terms than the gravel-bed, and this may contribute to the observed
trend at lower submergences (and hence low Re). Similarly, the rotated cast-bed was characterized by
larger k- and σ-values than the cast-bed, which in turn means that the rotated cast-bed was already
rougher due to its placement. However, the differences in k and σ are rather small (less than 2 mm for
k and 0.56 mm for σ) so that it can be hypothesized that this effect is negligible.

The comparison of the porous and non-porous bed can be further investigated by a preliminary
and qualitative analysis of the double averaged longitudinal velocity distributions (i.e., time-averaged
PIV-velocities, which were then spatially averaged in planes parallel to the mean bed elevation).
Figure 10 shows exemplarily the velocity distributions, normalized with the shear velocities obtained
by Equation (2), for three different boundary conditions (BC2, BC3 and BC4) corresponding to the
three different shear velocities (Table 1). The origin of the vertical axis (z = 0) in Figure 10 corresponds
to the mean bed elevation. The global roughness crest (i.e., the roughness crest of the scanned section)
was 23 mm above the mean bed elevation whereas the local roughness crest (i.e., the roughness crest
of the shorter PIV section) was only 8 mm above the mean bed level.

The three normalized velocity profiles over the gravel-bed tests (open symbols in Figure 10) nearly
collapse on a single line and show the expected logarithmic shape above the roughness crest. The three
profiles over the cast-beds (solid symbols) deviate slightly, especially the profile for BC2. Note that
the dip in the velocity profile for BC2 at z ≈ 160 mm is due to a plastic glass which was placed at the
water surface to avoid the refraction of laser sheet caused by surface waves. In order to cross-check
the data, the velocity profiles were integrated to estimate the discharge and for all presented profiles,
the calculated discharge was similar to the discharge used in the experiments.Water 2018, 10, x FOR PEER REVIEW  14 of 16 
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The comparison of the profiles over the gravel-bed with the ones over the cast-bed shows that, for
the same boundary condition, the velocities above the crest in the near-bed region (8 mm < z < 80 mm)
are larger over the cast-bed than over the porous bed. While the aforementioned cast-bed profile for
BC2 shows larger velocities than the gravel-bed profile up to z ≈ 80 mm, the velocity profiles for BC3
and BC4 show higher values for the cast-bed up to z ≈ 140 mm before nearly matching the velocities
over the gravel-bed.

The smaller velocities over the crest of the water-worked gravel-bed in the near-bed region are
additional evidence that a porous water-worked gravel-bed imposes higher flow resistance. It is
interesting to note that in the interfacial sublayer (i.e., z < 8 mm), the flow velocities are partly larger
over the water-worked gravel-bed than over the cast, especially below the mean bed elevation (z < 0).
This can be explained by the ‘no slip’ condition for the non-porous cast-bed while, due to the porosity of
the subsurface layer, such a condition does only exist at the gravel-particle surfaces over the gravel-bed.
Note that due to the limitations of the PIV-setup, the velocity profiles could not be measured to the
roughness trough. Nonetheless, these preliminary results of the PIV data further confirm the results
from the bulk-flow analysis that the flow resistance over the porous gravel-bed is larger than over
the cast-bed.

The presented results together with the results of the qualitative analysis of the double-averaged
velocity profiles can be used to discuss the different results regarding the influence of porosity reported
by Cooper et al. [32]. The present study is based on experiments carried out over a casted surface
which covered nearly the entire flume area. On the other hand, the length and width of the cast-bed
in [32] was limited, corresponding roughly to about 5% of the total water-worked area, and the control
of the sub-surface flow was not clearly stated by Cooper et al. [32]. Moreover, the cast tile was placed
in the middle of the water-worked gravel and hence the transition from the gravel-bed to the cast-bed
could affect the flow patterns; however, here we can only speculate about this effect. On the other
hand, it is interesting to note that the range of relative submergence (h/k) in Cooper et al. [32] varied
between 3.1 and 4.6 with Re ranging between 64,000 and 84,000. The results presented in Figures 8
and 9 indicate that for comparable relative submergences and Re-values the cast-bed is ‘rougher’ which
coincides with the findings of Manes et al. [28], Cooper et al. [32] although the behavior of the velocity
profiles deviates from the one reported by Cooper et al. [32].

5. Summary and Conclusions

The present study presents results from an experimental program aiming at the investigation
of the effect of gravel-bed porosity and grain orientation on bulk flow resistance. Experiments were
carried out over three different surfaces; a water-worked gravel-bed, its non-porous counterpart
(cast-bed), and the rotated cast-bed. The quality of the reproduced beds was shown and discussed
based on laser-scan data and statistical parameters. Focusing on the analysis of bulk-flow parameters,
the results showed that the rotated cast exerted the highest flow resistance which yielded to the
conclusion that not only the surface structure but also its alignment regarding the flow direction (i.e.,
grain orientation) has a major influence on flow resistance. The results also confirmed the findings
from studies carried out over artificial beds that a porous gravel-bed imposes higher flow resistance
than its non-porous counterpart for comparable relative submergences. In the analysis of the data, the
importance of subsurface flow-rates was briefly highlighted, especially for low relative submergences
and hence slightly reduced surface flow rates. The subsurface flow rate has often been neglected in
flume studies dealing with the determination of flow resistance, and this can hamper the comparability
of results from experiments which were carried out over impermeable beds. The results of the present
study have practical implications. For example, colmation processes, i.e., the settling of fine particles
in the hyporheic zone, can change the porosity of the sub-surface, and hence the flow resistance (or
vice versa). Having analyzed bulk flow characteristics in this paper, we will use the PIV-data for the
detailed analysis of flow patterns over the three beds to investigate the effect of porosity on the near
bed turbulent flow field and turbulence characteristics in our upcoming analyses.
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