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Abstract. This paper presents preliminary results from laboratory 
experiments which were specifically designed to determine the flow 
resistance over a water-worked gravel-bed and its impermeable counterpart 
(cast-bed). The technique used to create the cast-bed is introduced, followed 
by the description of the experimental setup and the procedure to quantify 
flow resistance over both the water-worked and cast-bed. The influence of 
the grain orientation on flow resistance was investigated in an additional set 
of experiments by rotating the cast-bed through 180° in the flume. The main 
focus of the paper is on the comparison of the bulk flow characteristics for 
the three different cases for which the beds are characterized not only by the 
same characteristic grain-diameter but also by an identical surface structure. 
The obtained results show that the porous, non-porous bed and rotated bed 
result in different flow resistance and that both bed porosity and grain-
orientation have a significant effect on flow resistance. 

1. Introduction
The quantification of flow resistance of rivers and stream rivers is of fundamental importance 
for fluvial geomorphology, river hydraulics, and ecology since it determines flow properties 
such as mean flow velocity, turbulence, and sediment transport as well as habitat conditions. 
Traditionally, the roughness of gravel-bed rivers has been associated with a characteristic 
grain size of the bed material (e.g., d50, d84, or d90) and flow resistance is parametrized by 
‘roughness coefficients’ or ‘friction factors’ such as Manning’s n, Chezy’s C and Darcy-
Weisbach’s f [e.g., 1-5]. All existing approaches have in common that the structure of the 
subsurface layer is not specifically taken into account; in fact, it is often tacitly assumed that 
porous and non-porous beds are characterized by the same flow resistance given that their 
surface geometry is identical. However, river beds with a porous sub-surface are 
characterized by mass and momentum exchange occurring across the sediment-water 
interface due to the pressure gradients that drive the flow into and out of the bed [6-8]; this 
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exchange may affect the hydraulic resistance. Some studies showed that porous beds impose 
higher flow resistance than their non-porous counterpart for the same flow conditions [e.g., 
9-12] and that the friction factors depend on the Reynolds number for a given relative 
submergence [13]. These studies were mainly based on investigations with artificial beds 
composed of, for example, single and multiple layers of spheres to mimic a non-porous and 
porous bed, respectively. On the other hand, a recent study [14] was using a casting technique 
to reproduce the non-porous counterpart of a gravel-bed surface and indicated that the non-
porous cast imposed higher flow resistance than its porous counterpart.  

To further explore these aforementioned issues, this paper presents preliminary results 
from experiments that were specifically designed to study the influence of the sub-surface 
porosity on flow resistance in gravel-bed rivers. Section 2 describes the preparation of the 
permeable and non-permeable test surfaces and the experimental program. The results of the 
measurements are presented and discussed in Section 3. The paper is concluded with a 
summary of the main findings and an outlook to future research in this field. 

2. Methodology  

2.1. Preparation of gravel and cast surfaces 

Experiments were carried out in a 12.5 m long, 1 m wide and 1 m deep tilting flume at the 
hydraulics laboratory at the Norwegian University of Science and Technology (NTNU) 
Trondheim, Norway. In a first step, a 0.2 m high layer consisting of well-mixed gravel 
mixture, with the grain size distribution as shown in Figure 1, was screeded at a length of 
10.61 m. In the next step, a stable armor layer was produced by water-working the bed with 
a steady discharge of 0.2 m3/s and quasi-uniform flow conditions (the water surface slope 
equaled the bed slope of S = 0.0027). Following the creation of the static armor layer, porosity 
measurements were performed using the water displacement method [see 15,16 for details] 
to determine the vertical distribution of the porosity of the gravel-bed, which was in average 
 = 0.31.  

Following the hydraulic measurements, which are described in detail in the next section, 
an impermeable facsimile of a 7 m long section of the water-worked gravel was produced 
using the bed casting technique described in [17, 18]. The bed reproduction technique 
consisted of two steps; silicon moulding and casting of the non-porous surface using a 
synthetic resin. Since it was not possible to cast the 7 m long section in one piece, four smaller 
sized casts had to be produced (lengths of 1.2 and 2.3 m, two pieces each). Due to their 
weight, the cast pieces were placed in the flume with the help of a crane. We note that the 
upstream section of the 10.61 m long gravel-bed which was not reproduced was replaced by 
a copy of the cast forming the middle section of the flume surface. Both the gravel and cast-
beds were scanned using an Acuity AR200-100 laser measurement sensor to obtain digital 
elevation models (DEMs) of the surfaces. The resolution of the scanned data was 0.3 mm x 
1 mm (longitudinal x transverse directions). The DEMs were used to assess the accuracy of 
the casting technique and to verify how accurate the cast tiles were placed with respect to the 
original gravel surface (see below).  

The use of the casts also allowed for an additional investigation regarding the effect of 
grain orientation on the flow resistance. For this purpose, each cast tile was rotated through 
180 degrees after the measurements over the initially placed cast surface. Thus, hydraulic 
measurements were carried out over three different surfaces types: i) water-worked gravel-
bed, ii) impermeable cast-bed and iii) impermeable rotated cast-bed. Figure 2 shows photos 
of the water-worked gravel surface and its non-porous cast surface and Table 1 presents the 
geometrical properties of the three surfaces in terms of the mean bed elevation (from the 
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flume bottom), the standard deviation of the bed elevations as well as skewness and kurtosis. 
The presented values, especially the mean value and the standard deviation, show that the 
water worked bed could be well reproduced by the cast. The observed minor differences in 
the statistical parameters for the different bed-types can be associated with the placing of the 
cast-tiles and the reproduction technique.  

 
Fig. 1. Grain size distribution of the gravel-mixture 

 

 
Fig. 2. Left: Water-worked gravel surface, Right: Non-porous counterpart of gravel (cast)  

 

Table 1. Statistical details of the bed surfaces 

Bed Surface Mean (from flume 
bottom) [mm] 

Standard Deviation 
[mm] 

Skewness Kurtosis 

Gravel 182.0 7.6 0.76 1.03 
Cast 182.1 8.0 0.50 0.66 
Cast180 (Rotated Cast) 180.5 8.5 0.56 0.49 
 

2.2. Hydraulic Measurements 

Hydraulic measurements over the three bed types were carried out for seven different 
hydraulic boundary conditions (BCs) which are summarised in Table 2. The discharge was 
measured using inductive flow meters mounted on the recirculation pipes in the flume. In the 
experiments with the gravel-bed, water surface slopes and water depths were determined with 
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four static pressure tubes located at the flume bottom. For the cast measurements, the pressure 
tubes could not be used as the subsurface was sealed off. Instead, 8 ultrasonic sensors were 
used to measure the water surface elevations and water surface slope. From these 
measurements, the mean water depth was determined using the mean bed elevation as datum. 
Additional tests carried out with the two measurement systems (not shown here) showed that 
both gave the same water depth and water surface slope so that the results from the 
experiments carried out over the different surfaces are directly comparable. Although care 
was taken to carry out the measurements with uniform flow conditions, it was difficult to 
exactly match the bed slope with the water surface slope. To account for the differences 
between the bed and water surface slope, the St. Venant equation for non-uniform flow was 
used to determine the friction velocity [19]:  

                                     𝑢𝑢∗ = [𝑔𝑔ℎ𝑆𝑆𝑏𝑏 + (−𝑔𝑔ℎ 𝜕𝜕ℎ
𝜕𝜕𝜕𝜕) (1 − 𝐹𝐹𝐹𝐹2)]

1/2
                                  (1) 

where, 𝑢𝑢∗  is the friction velocity, 𝑔𝑔 is the gravitational acceleration, ℎ, the water depth, 𝑆𝑆𝑏𝑏 is 
the bed slope, 𝜕𝜕ℎ/𝜕𝜕𝜕𝜕 is the water depth variation in longitudinal direction and 𝐹𝐹𝐹𝐹 is the 
Froude number. Equation 1 can be simplified for small slopes as in the present experiments:  
                                      𝑢𝑢∗ = [𝑔𝑔ℎ𝑆𝑆𝑏𝑏 − 𝑔𝑔ℎ(𝑆𝑆𝑏𝑏 − 𝑆𝑆𝑤𝑤)(1 − 𝐹𝐹𝐹𝐹2)]1/2           (2) 
where, 𝑆𝑆𝑏𝑏 is the bed slope and 𝑆𝑆𝑤𝑤 is the water surface slope. The bulk friction factors were 
determined using the Darcy-Weisbach friction factor  

                                                           𝑓𝑓 = 8 ∙ 𝑢𝑢∗2

𝑈𝑈2                                                             (3) 
where the 𝑈𝑈 is the cross-sectionally averaged flow velocity. It should be noted that the 
relative submergence was kept as constant as possible for each boundary condition and that 
the discharge was adjusted to achieve the required water surface slope to have comparable 
conditions.  
 

Table 2. Hydraulic boundary conditions for gravel-bed surface, k is defined as roughness height (z99-
z01), where z99 and z01 are  99th and 1st percentile of vertical elevation of the bed surface respectively.   
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BC1 0.0018 0.00134 318.4 0.137 3.6 0.056 0.41 0.35 55890 0.043 

BC2 0.0015 0.00103 359.9 0.178 4.7 0.076 0.43 0.32 76270 0.043 

BC3 0.0015 0.00103 418.2 0.236 6.2 0.121 0.51 0.34 120787 0.050 

BC4 0.0020 0.00159 397.1 0.215 5.7 0.124 0.58 0.40 124107 0.059 

BC5 0.0013 0.00083 474.6 0.293 7.7 0.156 0.53 0.31 156412 0.050 

BC6 0.0010 0.00051 535.2 0.353 9.3 0.168 0.48 0.25 167987 0.043 

BC7 0.0015 0.00098 501.3 0.319 8.4 0.200 0.63 0.35 199823 0.057 
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3. Results and Discussion 
Figure 3 shows the variations of the bulk friction factor f with the Reynolds-number 
Re = Uh/ for the three bed-types (  denotes the kinematic viscosity). The figure reveals that 
the rotated cast exerted higher resistance to the flow than the other two bed surfaces for all 
boundary conditions except for Re ≈ 170,000, for which the friction factor of the rotated cast 
was slightly lower than that of the gravel-bed. This may partly be associated with the 
uncertainties in the water surface slope measurements for this boundary condition which was 
characterized by the lowest water surface slope (approx. 0.05%). The higher flow resistance 
exerted by the rotated bed shows that the grain orientation has significant influence on the 
flow resistance and indicates the effectivity of the flow to create a bed imposing less 
hydraulic roughness (e.g., [20]); the grains for the rotated cast are oriented in the opposite 
direction compared to the other two surfaces. This result is hence also a strong indicator that 
the bed roughness cannot be solely described by a characteristic grain diameter and that the 
surface structure and the orientation of the grains to the flow direction play an important role 
[4, 5, 21].  

 
Fig. 3. The variation of bulk friction factors with Re, for different surfaces 

The water-worked gravel surface exhibited higher flow resistance than the cast surface 
for Re>100,000. However, for the two runs with Re<100,000 (i.e. for the lowest discharges 
used), a lower friction factor was obtained for the water-worked gravel-bed than for the cast-
bed (discussed below). The higher friction over the water-worked gravel-bed can be 
associated with the momentum transfer in the porous gravel-bed, as the solid bottom of the 
cast prevents momentum transfer. The effective hydraulic roughness over a porous surface 
is generally related to the thickness of the interface region [13], i.e. the region of the flow 
where the surface flow interacts with the porous medium. The interface region is larger for 
the porous gravel-bed than for the non-porous cast for which it is restricted from the 
roughness crest to the roughness trough, i.e. in this case it does not include parts of the 
subsurface layer. Defining the relative submergence as the ratio of water depth to the height 
of the interface region, the relative submergence will be, for a given water depth, lower for 
the water-worked gravel-bed than for the cast. This implies a higher friction factor for the 
flow over the gravel surface compared to the flow over the cast. It should be noted that the 
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depth of momentum penetration is limited by the thickness of the porous layer. If the depth 
of momentum penetration occupies the whole porous layer, the flow resistance can be 
assumed to be independent of relative submergence. 

In order to elaborate this issue further, data from [13] are plotted in Figure 4. The shown 
friction factors were obtained in experiments over a porous gravel-bed (f1) and a non-porous 
gravel-bed (f) (a single layer of gravel grains) for a range of relative submergences. However, 
the friction factors for the porous and non-porous surfaces were determined in slightly 
different ways. For the non-porous surface, the datum for the analysis was the flume bottom 
whereas for porous bed, the datum was located at the roughness top. Thus, the friction factor 
over the porous bed was slightly underestimated as the relative submergence would be higher 
compared to the non-porous bed. The level of underestimation is increasing with increasing 
Re as the depth of momentum penetration is also increasing; as Figure 4 shows, the porous 
bed imposes higher resistance to the flow than the non-porous bed for a given ratio of water 
depth to particle diameter d. In fact, [13] concluded that the flow resistance in porous beds 
increases with increasing Re for a given relative submergence. In our study, the relative 
submergence was kept approximately constant for a given boundary condition enabling the 
comparison of friction factors between the three-different surfaces, and the higher friction 
over the water-worked gravel-bed confirms basically the results of [13]. The observed lower 
friction over the water-worked gravel-bed for the first two boundary conditions may be 
explained could be associated with the placement of the cast surfaces, because the standard 
deviation of the bed elevation is slightly higher for the cast than for the gravel which in turn 
may affect hydraulic roughness, especially for the lowest discharges. On the other hand, the 
differences in f may also be related to the fact that the subsurface flow rate for the porous-
bed test was not explicitly measured; i.e. it was not accounted for in the calculation of the 
bulk-parameters. Preliminary test-computations showed that, considering a subsurface flow 
rate of 2 l/s, larger f-values would be obtained for the porous bed than for the cast-bed.  

 

 
Fig. 4. The variation of friction factors with Re, obtained from [13] 

The results of the presented experiments were also compared to the results of the recent 
study of [14], which was based on a similar experimental method. In this study, it was found 
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The results of the presented experiments were also compared to the results of the recent 
study of [14], which was based on a similar experimental method. In this study, it was found 

that the bulk flow resistance exerted by a non-porous cast section was higher than the flow 
resistance exerted by the porous gravel-bed which is not in agreement with the finding of this 
study (except for two BCs) as well as the aforementioned studies. A possible explanation for 
this deviation may be that only a small gravel-bed surface section was reproduced in the study 
of [14] which corresponded to about 5% of the total water-worked gravel-bed area. In other 
words, a small section of a cast tile was placed in the middle of a long porous gravel-bed 
section. As far as the bulk flow resistance is concerned, a larger section of porous gravel-bed 
(≈95%) interacts thus with the flow. In contrast to the experiments carried out by [14], the 
experiments presented in this paper were carried out over a complete non-porous cast-bed 
and ensured that there was no flow under the cast by sealing off the gaps and joints of the 
cast tiles. Moreover, about 70% of the water-worked gravel-bed surface was reproduced in 
this study and accuracy was verified as reported in the previous section.    

4. Conclusion 
This paper presented preliminary results from an investigation focusing on the bulk flow 
resistance of three different surfaces; porous water-worked gravel, non-porous facsimiles of 
gravel (cast) and rotated cast (each cast piece was rotated through 180 degrees). It was shown 
that the porous gravel-bed exerts higher flow resistance on the flow than its non-porous 
facsimiles. This was due to the momentum penetration in the porous bed which is dependent 
on Re for a given relative submergence. A practical implication of this result is that the 
colmation process (the settling of fine particles in the hyporheic zone), may change the 
porosity of the sub-surface, and hence flow resistance, or vise versa. The results also revealed 
that the rotated cast imposed higher friction on the flow than the other two surfaces which 
demonstrates that grain orientation has significant influence on flow resistance. Thus, it can 
be concluded that a complete description of gravel-bed roughness requires not only 
information on the surface structure and on the grain-size distribution of the surface layer, 
but also information on the sub-surface layer. This issue will be in the focus of our subsequent 
analyses using flow velocity data acquired with Particle Image Velocimetry over the different 
beds. 
 
 
The authors thank Dr. Costantino Manes for providing the data from his study which helped to discuss 
the findings in this paper. 
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