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Abstract 

This thesis presents the main findings from laboratory experiments that were specially 

designed to study the effect of gravel bed porosity on the surface flow characteristics. 

The thesis also contains five primary and two secondary research papers in which the 

results are discussed in detail.  

In order to study the effect of porosity on flow resistance and near-bed turbulence, a 

non-porous counterpart of a water-worked gravel-bed surface was produced using a 

casting technique. The casting technique was also used to study the influence of gravel 

grain orientation on bulk flow resistance. The accuracy of the casting technique was 

evaluated, and the results indicated that the cast replicated the original 

surface accurately. The vertical distribution of porosity in the water-worked gravel-

bed was also investigated. Hydraulic measurements were performed over three 

different bed types: water-worked gravel-bed, cast-bed and rotated cast-bed (cast tiles 

were rotated 180 degrees). The rotated cast-bed imposed larger flow resistance on the 

flow, thus the grain orientation played an important role determining the flow 

resistance. Moreover, differences in flow resistance and turbulence characteristics 

between porous water-worked gravel-bed and non-porous cast-bed are discussed. 

The porous water-worked gravel-bed imposed slightly larger resistance on the flow 

than the non-porous cast-bed. The analysis of turbulence flow characteristics between 

water-worked gravel-bed and cast-bed revealed that a higher momentum flux 

occurred over the water-worked gravel-bed. Moreover, the form-induced stresses 

were higher over the cast-bed than over the gravel-bed. This was associated with a 

strong recirculation of the fluid over the cast-bed as fluid cannot infiltrate. In contrast, 

fluid can infiltrate into the subsurface of the water-worked gravel-bed, causing less 

recirculation in the water-sediment interface. 
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Preface 

This thesis is submitted to the Norwegian University of Science and Technology 

(NTNU) in Trondheim for partial fulfilment of the requirements for the degree of 

‘Philosophiae Doctor (PhD)’.  

This work is a result of a four-year PhD programme, which was conducted at the 

Department of Civil and Environmental Engineering. The research has been 

supervised by Professor Jochen Aberle and Associate Professor Nils Rüther. The PhD 

position was allocated to 75% research and 25% teaching. The teaching has included 

supervising master students, laboratory demonstrations and teaching partly the 

course TVM 5125 Hydraulic Design. 

In accordance with the guidelines of the Faculty of Engineering, this thesis comprises 

an introduction to the research that has resulted in five scientific papers.  
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1 
1. Introduction 

 

Gravel-bed rivers are an important stream type in mountainous environments. They 

are characterized by large to small scale morphological features such as step-pool and 

riffle-pool systems, bars, as well as static and mobile armour layers (Church, 2006, 

Hendrick et al., 2010). The morphological features of gravel bed rivers are directly 

related to sediment transport processes which in turn are governed by hydrological 

and geological boundary conditions, anthropogenic influences, near-bed hydraulics, 

slope and sediment size and composition. Gravel-bed rivers also provide habitat for 

flora and fauna (Beschta and Ripple, 2012; Boano et al., 2014; Marion et al., 2014; 

Forseth and Harby, 2014). Because of their significance for engineering and ecological 

applications, gravel-bed rivers have been in focus of research for a long time. For 

instance, hydropower production controls the dynamics of the hydrological regime of 

rivers (e.g. load fluctuations or hydro peaking etc.) and subsequently affects the 

exchange process between surface and sub-surface flows- the so-called ‘hyporheic 

exchange’ which is governed by hydrodynamic processes acting over different spatial 

and temporal scales of (e.g. Tonina and Buffington, 2007; Marion et al., 2014; Boano et 

al., 2014). An example of such exchange processes in gravel-bed rivers is ‘colmation’ 

or ‘decolmation’, i.e. the retention of fine particles clogging the pores in the armoured 

layer during low flow conditions (see Figure 1) or re-suspension of settled particles 

due to turbulence (Brunke, 1999; Francisco et al., 2016), respectively. Colmation 

reduces the porosity and subsequently affects the spawning areas for salmon and other 

organisms in the hyporheic zone (Sternecker et al., 2014).  
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Figure 1: Colmation (external) and decolmation in gravel-bed rivers. 

 

Despite the significance of gravel-bed rivers for engineering and ecological 

applications, there is still a lack of knowledge regarding the near-bed flow structure 

over porous gravel-beds in general, and the exchange processes between surface and 

sub-surface flows in particular. In fact, it is not clear how the gravel-bed porosity 

influences the surface flow characteristics such as turbulence and flow resistance, 

which in turn govern the transport mechanism across the sediment-water interface. 

The lack of knowledge in this topic is partly associated with the fact that many studies 

have focused only on the roughness characteristics or turbulent flow over rough 

impermeable walls or classical porous media flows (Pokrajac and Manes, 2009). Many 

studies have considered only the bed surface characteristics to study flow resistance 

thereby ignoring the sub-surface characteristics, i.e. beds were assumed to be non-

porous. In fact, only few studies have addressed the effect of porosity on the surface 

flow. In these studies, multiple or single layers of identical elements like spheres were 

used to simulate the porous and non-porous bed, respectively (e.g. Zagni and Smith, 

1979; Manes et al., 2009; etc). These studies revealed that the near bed surface flow 

characteristics over porous and non-porous beds are different and that a porous bed is 

characterized by larger flow resistance than its non-porous counterpart.  

 

The use of artificial elements in these studies was associated with the fact that specific 

experimental techniques are needed to accurately reproduce the complex surface 



3 
 

texture of natural gravel-beds to create an impermeable facsimile of a natural bed. In 

fact, this has been difficult for a long time, but novel techniques such as the casting 

technique described in Spiller and Rüther (2012) can nowadays be used to accurately 

reproduce natural bed structures. In addition, cast-beds offer the opportunity to 

investigate the influence of gravel-grain orientation on the flow resistance as well as 

turbulence characteristics, as will be described later in this thesis.  

 

In order to assess the importance of the porosity of water worked gravel-beds, the 

knowledge of its distribution over the depth of the sediment layer is a prerequisite. 

Aberle (2007) investigated the vertical porosity distribution of a water-worked gravel-

bed using the water displacement method (WDM), and this method has also been used 

by others to determine the porosity profile for uniform gravel-beds (e.g., Dey and Das, 

2012). Aberle (2007) found an absolute minimum porosity value at the level of 

roughness trough of a water-worked gravel-bed and speculated that the sediment 

transport processes and mixing of sediments in the active layer during armouring 

(water working the bed) caused this absolute minimum porosity. Aberle (2007) also 

pointed out that the absolute minimum porosity could be even smaller in armour 

layers in the field as finer sediments can typically be found in nature (e.g. wash-load) 

than in his laboratory experiments, in which the smallest particle size was 0.63 mm. 

Therefore, flow over gravel-beds is responsible for complex hydrodynamic processes 

that raise open questions with regard to the exchange of mass and momentum across 

the sediment-water interface.  

 

 

1.1 Scope and Aim 

The overall objective of this study is the quantification of the effect of bed-porosity on 

the near-bed hydraulics, surface flow characteristics, and hence flow resistance. In 

order to achieve this objective, the knowledge of the porosity distribution in gravel 

bed, as well as the accuracy of the casting technique is a prerequisite. Therefore, the 

objectives can be specifically defined as follows: 

- Quantification of the porosity distribution of a water-worked gravel-bed to 

verify results from the literature (e.g. Aberle, 2007) and to study the reason for 

the absolute minimum porosity at the roughness trough; 
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- Assessment of the accuracy of the casting technique in order to evaluate how 

accurate the cast surface replicates the original surface; 

- Quantification of the effect of the gravel-bed porosity on the flow resistance and 

near-bed turbulence characteristics; 

- Experimental quantification of the influence of grain orientation on the flow 

resistance in water-worked gravel-beds.  

 

1.2 Thesis outline 

This thesis is composed of five main chapters. The present chapter introduces the topic 

and describes the need and objective of the study. Chapter 2 presents the theoretical 

background of rough-bed flows and a literature review on the effect of porosity on the 

surface flow (also refer to Paper I). Chapter 3 describes the research methodology and 

gives an overview of the experimental work that is presented in the papers. In addition 

to the papers, Chapter 3 contains a description of the Particle Image Velocimetry (PIV) 

system used in the experiments along with the double-averaging methodology for the 

analysis of the velocity data. Chapter 4 summarises and discusses the results from the 

papers, specifically, the porosity distribution in the water-worked gravel, the accuracy 

of the casting technique and the effect of gravel-bed porosity on flow resistance. 

Subsequently, the influence of porosity on turbulence characteristics (not published at 

time of writing) is highlighted at the end of Chapter 4. Chapter 5 summarizes the 

findings of this study and outlines some suggestions for further research.  
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2 
2. Theoretical Background 

This chapter briefly reflects Paper I with an overview of rough-bed flows with definitions of 

different flow layers and flow types. A brief review on the literature is then presented within 

the context of porosity effect on surface flow. 

 

2.1 Rough bed flows 

The flow over rough gravel-beds can be split into three distinct regions, (i) surface flow 

region, (ii) sub-surface flow region and (iii) interface region where the surface flow 

interacts with the sub-surface flow (e.g. Nikora et al., 2001; Manes et al., 2009). These 

three main regions can further be classified into sub-layers. The region above the 

roughness crest can be split into three layers: outer layer, logarithmic layer and form-

induced sublayer (as shown in Figure 2; Nikora et al., 2007b). The interfacial sublayer 

is defined as the region where the roughness geometry function/porosity φ, varies 

from 1 (at the roughness crest, Zc) to an approximately constant value (from the level 

of the roughness trough, Zt and below). The porosity/roughness geometry function φ, 

is defined as 

 = f

t

V
φ

V
   (2.1) 

where Vf is the volume of fluid within the total volume Vt.  

The form-induced sublayer is the region just above the roughness crest, where the flow 

is highly three dimensional and affected by the form drag of the gravel grains, i.e. by 

form-induced stress due to flow separation from the gravel grains (Nikora et al., 2001).  

Together with the interfacial sublayer, the form-induced sublayer is defined as the 

‘roughness layer’.  
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Figure 2: Flow layers and flow type classification over rough permeable beds (adapted from  
Nikora et al., 2007b) 

 

The flow velocities in the logarithmic layer can be described by the logarithmic 

formula, i.e. the ‘law of the wall’. The log-layer extends from the upper boundary of 

the roughness layer (ZR) to the lower boundary of the outer layer (ZL). The law of the 

wall is valid up to approximately 20% of the water depth (Nezu and Nakagawa, 1993; 

Jiménez, 2004) and the flow is less spatially heterogeneous in this region compared to 

the roughness layer.  

The outer layer is defined above the logarithmic layer in which the time-averaged flow 

velocities are basically equal to the spatially-averaged flow velocities as the bed 

roughness (and hence form-induced stresses) has almost no influence.  

The existence of the different flow layers over rough beds depends on the relative 

submergence (ratio between the flow depth, h and the roughness height, k). Based on 

the relative submergence, as shown in Figure 2 (Nikora et al., 2007b), different flow 

types can be defined. Flow type I corresponds to flows with large relative 

submergences and is, for porous beds, characterized by the existence of all five 

aforementioned flow layers. In case of a non-porous bed the subsurface layer will 

disappear, but the other four layers will still exist for flow type I. Flow type II 

corresponds to flows with intermediate relative submergence, h/k (e.g. h/k < 10) and is 

characterized by the existence of the subsurface layer, the roughness layer and the 

logarithmic layer. It needs to be highlighted that the log-profile does not necessarily 

develop for flow type II; however the velocity distribution in this sublayer has often 

been parametrized using the logarithmic function (e.g. Koll, 2006) or through the 
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mixing layer theory (e.g. Katul et al., 2002). Flow type III is characterized by small 

relative submergences where the free surface corresponds to the upper boundary of 

the roughness layer. The shape of the velocity profile is similar to that for flow type II 

up to the upper boundary of the roughness layer, i.e. in the region with large spatial 

flow heterogeneity. Flow type IV is characterized by relative submergences h/k < 1, i.e. 

the roughness elements are partially submerged, and the water level defines the upper 

boundary of the interfacial sublayer. The velocity profile for flow type IV depends on 

the roughness characteristics and its shape can be derived based on the vertical 

distribution of the roughness elevations (Nikora et al., 2004), i.e. the velocity 

distribution within the interfacial sublayer is linear for gravel-beds 

 

 

2.2 The effect of bed porosity on the surface flow 

While the surface flow characteristics over gravel-beds have been investigated in many 

studies (e.g. Mohajeri et al., 2016, Stewart, 2014, Sarkar and Dey, 2010, Aberle et al., 

2008, Kironoto et al., 1994 etc.), only few studies have focused on the effect of bed 

porosity on surface flow characteristics (e.g. Zagni and Smith, 1979; Zippe and Graf, 

1983; Jiménez et al., 2001; Manes et al., 2009; Manes et al., 2011a; Cooper et al., 2018; 

Fang et al., 2018). In order to study and quantify the effect of porosity on the surface 

flow characteristics, an identical surface roughness texture is required for a porous bed 

and its non-porous counterpart. Therefore, in most of the aforementioned studies, 

rough beds were composed of identical elements such as spheres (e.g. Zagni and 

Smith, 1979; Breugem et al., 2006; Manes et al., 2009; Fang et al., 2018). These studies 

revealed that porous beds impose higher flow resistance than non-porous beds and 

that flow resistance depends on the Reynolds number, Re = Uh/ν (Zippe and Graf, 1983; 

Kuwata and Suga, 2017), where U and ν denote the bulk velocity and the kinematic 

viscosity of the fluid, respectively. The larger flow resistance over the porous bed was 

also found to be dependent on the relative thickness of the porous layer (Manes et al., 

2011b). The increase of flow resistance with Re was associated with the shear 

penetration (Manes et al., 2009, Manes et al., 2011a, Manes et al., 2011b) and 

momentum exchange between the surface and subsurface flow which increases the 

Reynolds shear stress in the near-bed region, hence the flow resistance (Breugem et al., 

2006; Manes et al., 2011a; Kuwata and Suga, 2017). The momentum exchange was 
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associated with (i) pressure differences in the pore space in the interfacial sublayer, 

causing upward and downward movement of fluid and (ii) energetic sweeps 

penetrating into the pores (Pokrajac and Manes, 2009). Detailed studies to determine 

the porosity-effect of natural beds (like gravel-beds) on surface flow characteristics are 

rare, because reproducing a gravel-bed surface requires special experimental 

techniques. Recently, Cooper et al. (2018) reproduced a gravel-bed surface to study the 

effect of porosity on near-bed flow turbulence and concluded that the bulk flow 

resistance is lower over the porous water-worked gravel-bed than over its non-porous 

counterpart. This finding was contrary to previous findings and possible reasons for 

this discrepancy are explained in Paper IV. Moreover, Cooper et al. (2018) showed that 

the turbulence over the water-worked gravel-bed was more organised and less intense 

compared to the turbulence over the non-porous counterpart. It should be noted that 

the study of Cooper et al. (2018) was published while the experiments of the present 

study were in progress. However, both the scale of cast production and 

implementation of the casting technique in Cooper et al. (2018) differed from the 

present study, which is described in Paper IV. 
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 3 
3. Research Methodology 

This study was based primarily on a wider experimental program at the hydraulics laboratory 

at the Norwegian University of Science and Technology (NTNU) in Trondheim. This chapter 

presents a brief overview of all key experimental techniques involved in the program (see listed 

papers for details) and provides additional information that is not explicitly given in the papers.  

 

The experiments were carried out in a 12.5 m long, 1 m wide and 1 m deep glass-sided 

recirculating flume (Figure 3). The flume was equipped with two centrifugal pumps 

that can supply a discharge up to 0.45 m3/s (capacity of each pump was 0.225 m3/s), 

and an electrical jacking system for tilting. For the experiments, the inlet tank of the 

flume was modified to condition the flow by installing an array of vertical PVC 

(polyvinyl chloride) rods of 20 mm diameter, followed by a honeycomb panel that 

served as flow straightener. A 2.19 m long bed section after the honeycomb panel was 

manually paved by coarse gravel particles and stones to prevent scouring at the inlet 

(Figure 3).  

The porous bed consisted of a well-mixed gravel mixture (0.64 mm < d < 64 mm) which 

was surface compacted to a height of 0.20 m and screeded at a length of 10.31 m to 

ensure that the bed surface was parallel to the flume bottom. After installation of the 

initial bed, the flume was tilted to a slope of S = 0.0027 and the gravel was water 

worked with a discharge of 0.20 m3/s and a water depth of 0.24 m. The water working 

was done to create a static armour layer of the gravel-bed. The flow rate was measured 

by Euromag MUT1000 EL inductive flow meters mounted in the recirculating pipes 

(accuracy of 0.1% of the measured value). The water depth was adjusted by both a weir 

installed at the downstream end of the flume and by adding or draining the water 

from the flume using drain valves. The water levels were measured using four 

pressure taps located at the bottom of the flume or, dependent on the experiment, eight 

ultrasonic sensors. The first pressure tap was located 6.875 m from the start of the 
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working section and the spacing between the pressure taps was 1.25 m. The eight 

ultrasonic sensors were located within the same stretch and the spacing between them 

varied from 0.4 – 0.7 m.  

For the tests with the water-worked gravel-bed, the water level/surface slopes were 

determined using the aforementioned pressure taps. For the tests with the cast-bed, 

the solid cast bottom prevented such pressure measurements and the water surface 

slopes were determined from water level readings using the ultrasonic sensors. 

Additional measurements were performed to compare the two different methods for 

determining the water level/surface slope. In these measurements, a water surface 

slope was recorded 10 times using both techniques. The mean slopes measured by the 

pressure tubes and acoustic sensors were 0.041 % and 0.042 % respectively, whereas 

the standard deviations of the measured values were 0.0021 % and 0.0024 % 

respectively. The standard deviation corresponded to approximately the same 

deviation from the mean i.e. 5.1 % and 5.3 % for the pressure tubes and acoustic 

sensors, respectively. Thus, both systems gave the same water surface slope with the 

same order of magnitude of deviation from the mean. Moreover, the means of the 

water depth measured from both systems were comparable.  

 

 

Figure 3: Isometric view of the 3D drawing of the recirculating flume (the pumps, which are 
located below the inlet tank, are not shown). All units are in [mm] 
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3.1 Porosity measurements 

The water displacement method (WDM) was used to determine the vertical porosity 

distribution of the gravel bed. This method is based on a stepwise addition of water in 

the gravel-bed and measurement of the corresponding increases in the water level in 

upstream and downstream basins of known dimensions (Figure 4). A detailed 

description of the test is reported in Paper II. The porosity measurements were carried 

out before and after water-working the gravel-bed. 

 

 

 

Figure 4: Sketch of the experimental set-up for WDM.  

 

3.2 Cast bed production 

As mentioned in Chapter 1, to isolate the influence of porosity on the near-bed 

turbulence, reproducing the same surface structure of the water-worked gravel-bed in 

an impermeable form was a prerequisite. Therefore a large portion of the water-

worked gravel-bed was artificially reproduced using the casting technique described 

in Spiller and Rüther (2012). The artificial reproduction of the water-worked gravel-

bed involved two main processes; (i) making the silicon mould (negative imprint of 

the surface) and (ii) casting of the bed using polyurethane. The details of the cast-tile 

production and their placement in the flume are described in Paper IV. Figure 5 (a-f) 

shows some additional images taken during the casting production, whereas Figure 6 

shows a close visual comparison of the water-worked gravel surface and its non-

porous facsimile.  
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In addition to large-scale production of the cast-bed (non-porous counterpart of the 

water-worked gravel-bed), small-scale cast surfaces were produced to assess the 

accuracy of the casting technique. The small-scale casting included a small piece of 

sand paper (grade P60; average sand grain diameter of 269 microns) and a small area 

of a golf ball bed (0.2 m x 0.5 m section; golf ball diameter = 42 mm). The details of the 

casting and the accuracy assessments are presented in Paper III. 

 

 

 

Figure 5: (a) Silicon moulding in the flume; (b) silicon mould in the form work for the casting; 
(c) resin poured over the mould, (d) a piece of cast, (e) cast installation in the flume; (f) flume 
with cast-bed installed. © C. U. Navaratnam 
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Figure 6: Visual comparison between (a) water-worked gravel-bed surface and (b) its non-
porous facsimile.  

 

(a) 

(b) 
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3.3 Scanning of the bed 

The water-worked gravel-bed and cast-beds were scanned to determine the roughness 
characteristics and subsequently to study the accuracy of the casting technique. Two 
different laser scanners, Acuity AP820-120 (Figure 7a) and Acuity AR200-100 (Figure 
7b), were used in the tests. The former is a two-dimensional (2D) laser scanner that 
projects a laser sheet vertically downwards, which forms a red line that contains 290 
individual dots, on the surface. A CCD (Charge-Coupled Device) sensor in the laser 
scanner detects the dots in the line in a perspective angle and measures the distance of 
each dots from the sensor. The accuracy of this device was ±72 μm. The main 
disadvantage of this sensor was that the surface behind larger roughness elements 
could not be measured because of the perspective arrangement of the CCD-sensor. 
Therefore, this scanner was used only for small rough surfaces (e.g. sand paper) that 
were used to investigate the accuracy of the casting technique.  
 
In order to scan the water-worked gravel-bed and cast-bed, the Acuity AR200-100 
sensor was used. This sensor emits a single laser beam which makes a small dot on the 
surface (the size of the laser dot varied from 55 to 250 μm depending on the distance 
of the transmitter to the bed). The accuracy of the distance measurement with this 
sensor was 30.5 μm. Unlike in the 2D scanner, the CCD sensor in the 1D scanner was 
located closer to the laser transmitter enabling also distance measurements behind 
large roughness elements. The laser sensor was attached to an automated traversing 
system that could move along the flume through given coordinates. Metal bars 
spanning the flume width were placed at both ends of the laser scanning section as 
additional reference for the scanning (Figure 8). The laser scanning data were used to 
produce the digital elevation models (DEMs) of the surfaces, which were subsequently 
used to compare the surfaces (see Paper III and Paper IV).  
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Figure 7: (a) Acuity AP820-120; (b) Acuity AR200-100 laser scanners.  

 

Figure 8: The set-up of the laser scanning 

 



16 
 

3.4 Hydraulic Measurements 

The hydraulic measurements were taken over three different bed types, 

 (i) water-worked gravel-bed 

 (ii) cast-bed (non-porous counterpart of the water-worked gravel-bed) 

(iii) rotated cast-bed (cast tiles were rotated through 180 degrees, see Paper IV 

for details) 

The experiments with bed types (i) and (ii) were designed to isolate the effect of the 

gravel-bed porosity on flow resistance and near-bed turbulence. The experiments with 

bed type (iii), i.e. the rotated cast, were designed to study the effect of grain orientation 

on flow resistance. The hydraulic boundary conditions for the tests are summarised in 

Table 1. In general, the relative submergences, h/k varied from 3.4 to 9.3, and the flows 

were classified as ‘intermediate relative submergence’ and corresponded to flow type 

II as described in section 2.1. It should be noted that the roughness height, k was 

defined as the distance between the roughness crest and trough. The roughness height 

was determined through the laser scan data as the difference between Z99 and Z01, i.e. 

k = Z99-Z01, where Z99 and Z01 are the 99th and 1st percentiles of bed elevations 

respectively.  

 

In total, seven different boundary conditions (BC1-BC7) were established for all the 

bed types. In order to compare the hydrodynamics, the relative submergence h/k 

should be kept constant (Cooper et al., 2013, Cooper et al., 2018) and uniform flow 

conditions should prevail. Despite the efforts made to obtain uniform flow conditions 

for a pre-defined h/k, it was difficult to match the water surface slope exactly with the 

bed slopes as they were very small slopes. Therefore, the shear velocity was derived 

from the St.Venant equation (equation 3.1) for non-uniform flow (Graf and Song, 1995).  

 ( )( )b b wu ghS gh S S Fr
0.5

2
* 1 = − − −    (3.1) 

where, u∗ is the shear velocity, h the water depth, Sb the bed slope, Sw the water surface 

slope, and Fr the Froude number that is defined as Fr U gh/= .  
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Table 1: Hydraulic boundary conditions for the measurements over three different 
beds; (a) water-worked gravel bed; (b) Cast-bed; and (c) rotated cast-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] 
(a) Water-worked gravel-bed       

BC1 0.0018 0.00134 0.137 3.6 0.056 0.41 0.35 55890 0.043 

BC2 0.0015 0.00103 0.178 4.7 0.076 0.43 0.32 76270 0.043 

BC3 0.0015 0.00103 0.236 6.2 0.121 0.51 0.34 120787 0.050 

BC4 0.0020 0.00159 0.215 5.7 0.124 0.58 0.40 124107 0.059 

BC5 0.0013 0.00083 0.293 7.7 0.156 0.53 0.31 156412 0.050 

BC6 0.0010 0.00051 0.353 9.3 0.168 0.48 0.25 167987 0.043 

BC7 0.0015 0.00098 0.319 8.4 0.200 0.63 0.35 199883 0.057 

          

(b) Cast-bed       

BC1 0.0018 0.00135 0.139 3.6 0.056 0.40 0.35 56060 0.044 

BC2 0.0015 0.00103 0.179 4.6 0.074 0.41 0.31 73520 0.043 

BC3 0.0015 0.00099 0.239 6.2 0.121 0.51 0.33 121120 0.049 

BC4 0.0020 0.00147 0.215 5.6 0.125 0.58 0.40 124988 0.057 

BC5 0.0013 0.00079 0.293 7.6 0.162 0.55 0.33 162370 0.049 

BC6 0.0010 0.00051 0.353 9.1 0.172 0.49 0.26 172170 0.043 

BC7 0.0015 0.00105 0.319 8.3 0.207 0.65 0.37 207080 0.059 

          

(c) Rotated cast-bed       

BC1 0.0017 0.00138 0.138 3.4 0.053 0.38 0.33 53162 0.044 

BC2 0.0014 0.00105 0.179 4.4 0.071 0.40 0.30 70886 0.044 

BC3 0.0014 0.00103 0.239 5.9 0.115 0.48 0.32 115267 0.050 

BC4 0.0019 0.00162 0.216 5.3 0.118 0.55 0.38 118303 0.059 

BC5 0.0012 0.00089 0.293 7.2 0.158 0.54 0.32 157601 0.052 

BC6 0.0009 0.00053 0.353 8.7 0.170 0.48 0.26 170468 0.044 

BC7 0.0014 0.00103 0.321 7.9 0.195 0.61 0.34 195140 0.058 
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3.4.1 Particle Image Velocimetry (PIV) measurements 

3.4.1.1 Stereo PIV 

Particle image velocimetry is an image-based velocity measurement technique 

commonly used to study the turbulent flow field with high spatial resolution. For PIV 

measurements, the water is seeded with tracer particles having almost the same 

density as the water. The tracer particles are illuminated by the laser and subsequently, 

particle images are captured using high speed cameras. The PIV system used in the 

present study was from TSI and it could be configured as (i) classical two-dimensional 

(2D) PIV with single camera, (ii) stereo PIV with two camera and (iii) volumetric three 

component velocimetry (V3V) with three cameras (Adrian and Westerweel, 2011). 

 

The velocity measurements over the water-worked gravel-bed and its impermeable 

counterpart (cast-bed) were carried out using stereo PIV. In Stereo PIV (SPIV), two 

cameras view the same plane at different angles meeting the Scheimpflug condition to 

get the third velocity component (Figure 9). The Scheimpflug condition occurs when 

the cameras’ lens plane, object plane and image plane intersect in a single point. This 

was achieved by adjusting the camera body with respect to the lens to ensure that the 

particles within the camera field of view were in focus. The SPIV system consisted of, 

a double pulsed Nd:YAG (neodymium-doped yttrium aluminium garnet) laser that 

can fire up to 50Hz, two POWERVIEW cameras (4 mega pixel) that can capture up to 

180 frames per second, a synchronizer to control the timing of the captures and 

computer that controls all the components through the ‘Insight 4G’ software from TSI. 

Polyamid particles of 55 μm diameter were used as seeding/tracing particles. These 

particles were mixed with a small amount of soap to minimize the sticking effect of 

particles due to surface tension. A dual plane dual side (DPDS) calibration target 

gridded with white dots, was used to relate the spatial scale to the image pixels. A 

special advantage of the DPDS calibration target was that the traversing of the target 

was not necessary as the white dots on both planes of DPDS give information on the 

distance normal to the target plane (transverse direction in the present case). An 

automapping built in tool in Insight 4G corrected any misalignment of the calibration 

target and the laser sheet. In all the tests, images were sampled at a frequency of 20 Hz 

for a sampling period of 150 seconds resulting 3000 image pairs in each camera. 

Particle images were processed using Insight 4G in three steps; pre-processing, 

processing, and post-processing.  Pre-processing was performed to improve the 
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particle raw images in terms of the particle clarity. The processing is an important step 

where many parameters are defined i.e. size of the interrogation window, percent of 

overlapping of interrogation windows etc. Instantaneous velocity fields were obtained 

through the statistical cross correlation between the images taken at very short time 

interval, ‘delta t (∆t)’.  Finally, the post-processing was performed to polish the vector 

field by replacing the bad vectors (poorly-correlated particles) with interpolated 

vectors that are produced using neighbouring good vectors.  

 

 

Figure 9: (a) Camera arrangement in the stereo PIV, (b) Picture of the illuminated particles in 
the laser sheet 

 

3.4.1.2 Volumetric 3-Component Velocimetry (V3V) 

The V3V is a three-dimensional three component (3D-3C) velocity measurement 

technique from TSI. For this setup, three cameras are mounted in triangular pattern on 

a single body that is specially designed for V3V (Figure 10). A special calibration 

procedure is followed prior to the measurements. A calibration target with a high 

precision grid of dots is traversed in steps through the entire measurement volume 

and cameras take images of the dots in each step (plane). Subsequently, the calibration 

images are processed with the ‘Insight V3V 4G’ software. This process produces a series 

of triangles corresponding to each calibration plane and vertices of triangle represent 

the centre of the calibration target seen from each camera. The size and shape of the 

triangles determine the particle position and alignment of the cameras respectively. 

The cameras capture the particles illuminated by the laser that is in the form of a cone 

unlike laser sheet in the SPIV. One capture of V3V consisted of 6 images (3 image 

pairs). Particle images were processed using Insight V3V 4G and processing involved 

(b) (a) 
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four main steps; (i) 2D particle identification based on the particle intensity in the 

images; (ii) 3D particle identification or triplet search using the volumetric calibration 

as described above; (iii) 3D particle velocity vectors obtained from the 3D particle 

tracking of successive image pairs, and (iv) obtained particle velocity vectors were 

interpolated in a grid (Pothos et al., 2009). The V3V system can produce a velocity field 

in a volume up to 140 mm x 140 mm x 100 mm (streamwise x vertical x spanwise). The 

V3V technique was used in the tests described in Paper III and SP I.  

 

 

Figure 10: Single body camera mount for V3V 

 

3.5 Double-Averaging Methodology (DAM) 

The obtained velocity data from the PIV were analysed on the basis of double-

averaging methodology. As mentioned in section 2.1, the time-averaged flow in the 

near-bed region of a rough bed is highly spatially heterogeneous, and spatially 

heterogeneous flows can be described by DAM (Nikora et al., 2007a). Within the 

double averaging methodology, the Reynolds Averaged Navier-Stokes (RANS) 

equations are averaged in space (areal or volume averaging over spatial domain 

parallel to the bed) to obtain Double-Averaged Navier-Stokes (DANS) equations as 

shown in equation 3.2. In the present study, double-averaged variables were obtained 
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by spatially averaging time-averaged quantities within layers parallel to the mean bed 

elevation.  
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where, ui is the velocity component, gi the gravitational acceleration , xi the coordinate 

in i direction, t the time, ρ the density of fluid, p the pressure, Vo the total volume of 

the averaging domain, ni the unit vector normal to the bed, Sint the extent of interfacial 

region bounded by the averaging domain and u’ is the velocity fluctuation in i 

direction obtained from Reynolds decomposition of the instantaneous velocity as 

shown in equation 3.3.  

  '( ) ( )= −u t u t u  (3.3) 

In the above equations, overbar and angular bracket denote the time-averaged and 

spatially averaged variables respectively and overbar with ‘s’ denotes the superficial 

time averaging. The superficial time averaging accounts for mobile bed and for fixed 

beds this becomes normal time averaging (intrinsic time averaging). Moreover, the 

wavy overbar (tilde) denotes the form-induced variable which is the spatial variation 

of the time-averaged variables. The form-induced variables are derived in similar to 

the Reynolds decomposition for turbulent fluctuations:  

 u u u= − 〈 〉   (3.4) 

For steady, uniform and two-dimensional flow, the total fluid stresses above the 

roughness crest can be derived from equation 3.2 as follows, 
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where, τf  is the total fluid stress and z the vertical coordinate. Equation 3.5 shows that 

the total fluid shear stress is the sum of Reynolds, form-induced and viscous shear 

stresses. Table 2 summarizes the turbulence parameters that are used in this thesis for 

the analysis of turbulent characteristics above different bed types.  

 

Table 2: Different turbulence parameters 

Parameter Equation 

Turbulent intensity 
0.5

2'u uσ =  

Reynolds shear stress ' 'τ = −uw u w  

Turbulent kinetic energy 
(TKE) ( )2 2 21

2 u v wK σ σ σ= + +  

Form-induced intensity 2
,f u uσ =   

Form-induced stress f uwτ =    

Turbulence correlation 
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4 
4. Results and Discussions 

In the following sections, the main findings of the research study are discussed. The sections 

are divided by main outcomes of this research study and the published papers corresponding to 

each outcome are identified below each heading.  

 

4.1 Porosity distribution of water-worked gravel-bed 

[Paper II]  

 

Paper II has its distinctive focus on the porosity distribution of the water-worked 

gravel-bed. The main objective of this paper was to verify the results from Aberle 

(2007) and investigate further about the absolute minimum of porosity found just 

above the roughness trough in the study of Aberle (2007). Figure 11 shows the vertical 

distribution of the gravel-bed porosity for the present study (before and after water-

working) using WDM along with the porosity distributions obtained through the 

analysis of the laser scans for all three bed types. The porosities obtained from WDM 

vary from φ=1 at the roughness crest to an absolute minimum at the level of roughness 

trough. Below the roughness trough, the porosities reach an approximately constant 

value and increase to φ ≈ 0.75 just above the flume plastic bottom. In Paper II, it was 

shown that the absolute minimum just above the roughness trough was associated 

partly with the capillary action as well as the settlements of small particles which 

produce a ‘sealing’ effect during water working. Small-scale tests were also carried out 

using different bed materials and beds prepared in different ways, i.e. surface 

compacted, layer compacted etc., in order to study the cause for the absolute 

minimum. The results of the small-scale tests also showed an absolute minimum 

porosity close to the surface. This revealed that the settlement of small particles (as 

hypothesised in Aberle, 2007) was not exclusively causing the absolute minimum 
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porosity. Thus, it was concluded that the absolute minimum porosity was associated 

with the combined effect of capillary action and the small particle settlement in the 

active layer during water working despite the individual contributions of these effects 

were not quantified. 

Larger porosities observed close to the plastic bottom of the flume were associated 

with the combined effect of capillary action and poor sorting of gravel at the bottom 

(Figure 11). Paper II concludes that the capillary action in the WDM can influence the 

porosity close to the gravel-bed surface and the bottom and the porosities determined 

through WDM, may be under or over estimated. Moreover, the porosities obtained 

through WDM and laser scan data are in good agreement between the roughness crest 

and trough (Figure 11). Porosity obtained from laser scan at the roughness trough is 

zero, because laser can only measure the elevation between roughness crest and 

trough. Thus, the information below the gravel grains could not be captured by the 

scan. 

 

 

Figure 11: Porosity distribution of different bed types; H is the total height of the bed 
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4.2 Accuracy of the casting technique 

[Paper III, IV and SP II] 

 

The accuracy of the casting technique was thoroughly tested as it was a key 

prerequisite for the present study. The accuracy has been evaluated for small scale 

production (Paper III) to large scale production (Paper IV). For small scale production, 

two different surfaces were tested; (i) a small area (20 cm wide x 50 cm long) of a bed 

composed of golf balls of diameter 42 mm, and (ii) a piece of sand paper of grade P60 

(mean sand grain diameter of 269 microns). The accuracy of the casting technique was 

assessed geometrically and hydraulically. For the geometrical assessment, DEMs 

derived from the laser scanning data were compared and the results showed a very 

good agreement between the original and the cast surface. In fact, the first four 

statistical moments (mean, standard deviation, skewness, and kurtosis) of the 

elevations of the original and cast surface were comparable, whereas minor differences 

were found in the first four statistical moments of the elevations of the original and 

cast golf ball surface. Slight differences were associated with the uncertainty in the 

laser scanning (for example ‘shadow effect’ as described in Section 3.3). For the 

assessment of the hydraulics over the original and reproduced golf ball bed, the 

velocity measurements obtained over the original and reproduced golf ball bed using 

V3V, were compared. The results revealed that there was no significant difference in 

the mean velocities and the turbulence characteristics between the original and 

reproduced golf ball bed. However, minor differences in the turbulence characteristics 

were observed near the bed. These differences were attributed to the uncertainty in the 

velocity measurement near the bed. Moreover, the minor differences in the surface 

flow characteristics may partly be associated with the solid bottom of the cast surface. 

This may slightly change the porosity of the reproduced golf ball bed causing a slightly 

different porosity than the original golf ball bed. 

The accuracy of the large-scale cast production is reported in Paper IV. For the 

evaluation of the accuracy of the large-scale cast production, 4.65 m long DEMs of 

water-worked gravel-bed and cast-bed obtained from laser scanning were compared. 

The results showed that the cast-bed replicated the water-worked gravel-bed with an 

accuracy of ±5 mm. Moreover, the first four statistical moments were directly 

comparable and fell into the typical range for armoured gravel-bed surfaces as defined 

by Coleman et al. (2011). The accuracy of the cast production was also verified in terms 
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of the roughness geometry function/porosity, φ (Figure 11). Figure 11 shows a very 

good agreement of φ between the water-worked gravel-bed and cast-bed. The beds 

were also compared based on 2D-second order structure functions (2DSSF) as reported 

in Qin et al. (2018). The spatial correlation maps produced from 2DSSF showed in 

Figure 7 in Paper IV also confirmed that the cast-bed reproduced the water-worked 

gravel-bed accurately.  

 

4.3 Flow resistance 

[Paper IV and V] 

 

In addition to the geometrical comparison of the beds, the analysis of the effect of 

porosity on the bulk flow resistance is reported in Papers IV and V. The casting 

technique also allowed the investigation of the effect of grain orientation on the flow 

resistance. Cast tiles were rotated through 180 degrees to study the effect of grain 

orientation on the bulk flow resistance (see Paper IV for details). The bulk flow 

resistance was calculated based on the Darcy-Weisbach friction factor (f = 8⋅u∗2/U2) and 

compared for the different bed types for similar boundary conditions (relative 

submergence and shear velocity were kept approximately constant for tests over each 

bed). Figure 12 shows the variation of (8/f)0.5 with the relative submergence while 

Figure 13 shows the variation of the friction factor, f with the Reynolds number, Re. 

The lowest values of (8/f)0.5 (i.e. larger friction factors, f) were found over the rotated 

cast-bed for h/k < 6. For relative submergences h/k > 6, the difference in (8/f)0.5 between 

the rotated cast-bed and the cast-bed becomes smaller, which may be attributed to the 

increasing relative submergence. Figure 13 reveals that the friction factors are higher 

for rotated cast-bed for all Re values. However, the friction factor for the rotated cast-

bed and the gravel-bed are approximately the same for Re ≈ 170000. The lower value 

of f for the rotated cast-bed can be associated with the uncertainty in the water surface 

slope measurement as this condition (BC6) was characterized by the lowest water 

surface slope (Sw ≈ 0.05%). For all other tests, the higher friction factors f for the rotated 

cast-bed mean that the rotated cast-bed exerted larger resistance on the flow than the 

water-worked gravel-bed or cast-bed (Figure 12 and Figure 13). This confirmed that 

the grain orientation plays a vital role in the flow resistance. Moreover, the higher flow 

resistance exerted by the rotated cast revealed that the water working creates a 
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hydraulically effective bed configuration (e.g. Leopold and Langbein, 1962). In fact, 

during water working, small grains settled in the less turbulent zones such as lee areas 

(behind the big stones). For the rotated cast, these small grains in lee areas became 

exposed to the flow and imposed additional resistance, because they could not be 

eroded further as they were part of the immobile bed. 

 

 

Figure 12: (8/f )0.5 as function of relative submergence (h/k). 

 

The comparison of flow resistance over the water-worked gravel-bed and the cast-bed 

allows for the evaluation of the effect of gravel-bed porosity on the flow resistance. 

The water-worked gravel-bed showed slightly higher resistance than the cast-bed 

except for the first two boundary conditions for which the cast-bed exerted higher 

resistance to the flow (Figure 12 and Figure 13). The lower flow resistance over the 

water-worked gravel-bed for boundary conditions BC1 & BC2 can partly be explained 

by the low relative submergence and low discharge. Unlike for the cast-bed, a certain 

amount of water was conveyed through the subsurface of the water-worked gravel-

bed. As shown by Table 1, the difference in discharge between the tests with the water-

worked gravel-bed and the cast-bed for BC1 and BC2 was 0 and 0.002 m3/s 

respectively. If a subsurface flow of 0.001 – 0.002 m3/s is assumed for the water-worked 

gravel-bed test and deducted from the measured bulk discharge, the water-worked 
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gravel-bed would result in higher or approximately equal friction factor for BC1 and 

BC2 respectively. For h/k ≥ 5.7 (Re ≥ 100,000), the water-worked gravel-bed shows 

higher friction factors than the cast-bed as the significance of the subsurface flow 

decreases with increasing discharges (Figure 12 and Figure 13). However, the water-

worked gravel-bed and the cast-bed show approximately equal flow resistance for Re 

≈ 170,000. As mentioned above, this condition was characterized by the lowest water 

surface slope (≈ 0.05%), and thus by the highest uncertainties in the slope 

measurements. Moreover, the higher flow resistance over the permeable gravel-bed 

validates the results reported in the literature. 

 

 

Figure 13: The variation of bulk friction factors with Re for the tested bed surfaces 

 

Figure 14 shows exemplarily the vertical profile of the double-averaged longitudinal 

velocities obtained for BC4 (Table 1). The vertical elevation z = 0 was set at the mean 

bed elevation and double-averaged velocities were normalized with the shear velocity. 

It should be noted that the local roughness crest (roughness crest within the PIV 

window) was at z = 8 mm. The double averaged velocities above the crest (z > 8 mm) 

are smaller over the water-worked gravel-bed than over the cast-bed whereas the 

velocities over the rotated cast-bed are smaller than over the cast-bed for up to z ≈ 80 
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mm and they are approximately equal above z ≈ 80 mm (Figure 14). The smaller 

velocities over the porous water-worked gravel-bed than over the non-porous cast-

bed are additional evidence that the water-worked gravel-bed exerts higher resistance 

than its impermeable counterpart. It is interesting to note that in the interfacial 

sublayer (z < 8 mm), flow velocities were slightly larger over the water-worked gravel-

bed than over the cast-bed. This can be explained by the ‘no slip’ condition for the 

impermeable cast-bed and sub-surface flow for the permeable gravel-bed. For 

different boundary conditions, the double-averaged velocity profiles (normalized with 

shear velocities) over the cast-bed did not collapse on a single line and slightly 

deviated from each other (see Figure 10 in Paper IV). In order to cross-check this 

discrepancy, the velocity profiles were integrated over the depth to calculate the 

respective discharges which were then compared with the measured discharges. The 

results showed that the calculated and measured discharges were approximately 

similar. 

 

Figure 14: The double-averaged streamwise velocity profiles. 

 

4.4 Turbulence Characteristics 

The obtained velocity data were analysed further to study the turbulence 

characteristics over different bed types. These additional results have not yet been 

published in the listed papers. Figure 15 (a), (b), and (c) show exemplarily the 
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normalized streamwise, vertical turbulence intensities as well as the normalized 

Reynolds shear stress profiles. The vertical distance was normalized with the water 

depth. It is apparent from the plots that the turbulence intensities and Reynolds 

stresses over the rotated cast are much different than over the gravel-bed and cast-bed. 

This is mainly due to the fact that, as mentioned above, the flow is spatially 

heterogeneous and largely influenced by the roughness elements. In fact, cast tiles 

were rotated 180 degrees so that the gravel grains in the downstream of the PIV 

measurement window became located upstream for the rotated cast. Therefore, the 

upstream area of the velocity measurement was characterized by different roughness 

elements for the rotated cast-bed than for the gravel-bed or cast-bed. However, the 

shape of the turbulence intensity and shear stress profiles are validated through the 

theoretical and experimental evidence, for example, the Reynolds stress linearly 

increases with the decreasing elevation until it reaches a maximum in the proximity of 

the bed surface and then decreases towards the bed surface.  

 

While the turbulence characteristics over the rotated cast-bed greatly differ from that 

over the gravel-bed or the cast-bed, the turbulence characteristics over the water-

worked gravel-bed and cast-bed are comparable. Figure 15 shows that the streamwise 

and vertical turbulence intensities are slightly higher over the cast-bed than over the 

gravel-bed. On the other hand, the Reynolds shear stresses are slightly higher over the 

water-worked gravel-bed than over the cast-bed for z/h > 0.1, and smaller for z/h < 0.1. 

The normalized elevation z/h ≈ 0.1 corresponded to the global roughness crest (the 

roughness crest of the whole scanning section, i.e. 4.65 m x 0.66 m). This means that 

above the global roughness crest, the Reynolds shear stresses are higher over the 

water-worked gravel-bed than over the cast-bed. This further validates that the water-

worked gravel exerted larger resistance on the surface flow than the cast-bed. The flow 

statistics at the roughness crest for all three beds are summarized in Table 3. The 

roughness crest was chosen for the flow statistics, because roughness crest is the height 

where the maximum fluid exchange occurs in the sediment-water interface (Mignot et 

al., 2009; Cooper et al., 2018). The turbulence correlation coefficient (Figure 15d) was 

slightly higher (∼ 5%) for the water-worked gravel-bed than for the cast-bed. Despite 

the smaller turbulence intensities found over the water-worked gravel-bed than over 

the cast-bed, slightly higher turbulence correlation coefficient over the gravel-bed than 

the cast-bed reveals that higher momentum flux occurs as the turbulent flow is more 
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coherent in the temporal domain. A similar behaviour was also found by Cooper et al. 

(2018) and Breugem et al. (2006). 

 

 

Figure 15: (a) Streamwise turbulent intensity, (b)Vertical turbulent intensity, (c) Reynolds 
stress distribution, (d) Turbulence coefficient 

 

The vertical profiles of streamwise and vertical form-induced stresses are plotted in 

Figure 16. The profiles validate the typical form-induced intensity/stress profiles, i.e. 

the form-induced stresses are negligible from the water surface to the upper boundary 

of the form-induced sublayer (z/h ≈ 0.15 here). They increase to a maximum below the 

crest and subsequently reduce to a small value within the interfacial region (e.g., 

Aberle et al., 2008). 

(a) (b) 

(c) (d) 
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Figure 16: (a) Streamwise form-induced intensity, (b) Vertical form-induced intensity, (c) 
Form-induced stress 

 

The cast-bed shows higher streamwise and vertical form-induced intensity than the 

other two beds. At the level of the roughness crest, the streamwise and vertical form-

induced intensities are 57% and 50% lower over water-worked gravel-bed than over 

the cast-bed, respectively. This finding is consistent with the results of Cooper et al. 

(2018) who found a similar behaviour and the same order of magnitude difference. It 

is apparent that the impermeable effect for the non-porous cast-bed (or the solid 

bottom of the cast-bed), prevents the fluid infiltration into the bed, causing a strong 

recirculation of the fluid within the roughness layer. This strong recirculation is more 

stable with time and has strong contribution to the spatial heterogeneity in the time-

averaged flow in streamwise and vertical direction, thus the non-porous cast-bed 

produces larger form-induced stress. Moreover, the absolute value of form-induced 

(a) (b) 

(c) 
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stresses was smaller than the Reynolds shear stress over the water-worked gravel-bed. 

Therefore, form-induced stress contributes only a small amount to the momentum 

transfer compared to the momentum transfer due to the Reynolds shear stress for the 

water-worked gravel-bed. The flow statistics at the roughness crest over different bed 

types are summarized in Table 3. In general, the difference in the flow statistics values 

are smaller than what was presented in Cooper et al. (2018). This may partly be 

associated with the difference in experimental set-up /procedure and the range of 

shear velocity tested in the present study and i.e. shear velocities are smaller than what 

was used in the study of Cooper et al. (2018).  

 

Table 3: Flow statistics at the roughness crest 

Parameter Gravel-bed Cast-bed Rotated-Cast 

*/u u〈 〉  5.97 7.11 6.10 

*/u uσ  1.54 1.73 1.58 

*/w uσ  0.77 0.84 0.95 

- 2
*' ' /u w u  0.48 0.57 0.65 

 uwr  0.41 0.39 0.43 
2

*/TKE u   2.44 3.14 2.84 
2 2

*/u u  0.03 0.07 0.19 
2 2

*/ uw  0.01 0.02 0.03 
2

*/uw u   0.005 0.011 0.042 
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5 
5. Conclusions and Recommendations 

 

This thesis presented the results from five primary papers and two secondary papers 

(SP) (refer to List of Papers) related to research work specifically designed to study the 

effect of bed porosity on the flow resistance and the near-bed turbulence. Firstly, the 

porosity distribution in a water-worked gravel-bed was investigated and it was found 

that the porosity profiles obtained from the water displacement method were similar 

to what was reported in the literature (e.g. Aberle, 2007). However, it was shown that 

the capillary action influenced the results which means that the absolute minimum 

porosity found at the level of roughness trough was not only associated with the small 

particle entrainment during the water working, but also due to the capillary action. 

Similarly, the large porosity values found close to the plastic bottom of the flume 

originated from the combined effect of poor sorting of the gravel grains at the bottom 

as well as the effect of capillary action in the water displacement method (Paper II).  

 

Secondly, the accuracy of the casting technique was investigated for small and large 

scale of cast bed production. The small-scale cast production consisted of small rough 

surfaces such as fine sand paper and a section bed composed of golf balls. The accuracy 

was evaluated based on the geometry and hydraulics over the original and cast 

surfaces. The results showed that the cast duplicated the original surface with high 

accuracy (Paper III). Moreover, the non-porous counterpart of the water-worked 

gravel-bed was, for the first time, produced in large-scale using the casting technique. 

The accuracy of the cast production and placement showed that the cast-bed replicated 

the water-worked gravel-surface with an accuracy of ±5 mm. The accuracy of the cast-

bed was also verified through the 2D-second order structure function which confirmed 

that both porous gravel-bed and its non-porous counterpart (cast-bed) can be 

characterized by the same characteristic roughness length scale (Paper IV, V). 
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In order to study the effect of gravel bed porosity on the flow resistance and near-bed 

turbulence characteristics, hydraulic measurements were performed over the porous 

water-worked gravel-bed and non-porous cast-bed. In addition, cast tiles were rotated 

180 degrees (‘rotated cast-bed’) and hydraulic measurements were taken for similar 

hydraulic conditions (the same relative submergence and water surface slope). The 

experiments with the rotated cast-bed were performed to study the influence of gravel 

grain orientation on the flow resistance and surface flow characteristics. The results 

showed that the rotated cast imposed larger flow resistance on the surface flow than 

the water-worked gravel-bed or cast-bed. This result implies that the bed roughness 

cannot solely be described by a characteristic grain size and both grain orientation and 

surface structure play an important role in the determination of flow resistance. 

Furthermore, for lower discharge and lower relative submergence, the sub-surface 

flow became significant when determining the flow resistance over the water-worked 

gravel-bed and the significance of the sub-surface flow decreased with the increasing 

discharges. Therefore, for higher relative submergences and higher discharges (higher 

Re), the water-worked gravel-bed offered slightly higher resistance than its non-

porous counterpart and confirmed the findings in the literature.  

 

Turbulence characteristics over three bed surfaces have been analysed. The results 

showed that the turbulence characteristics over the rotated cast greatly differed from 

those over the gravel-bed or cast-bed. These differences were due to the fact that the 

upstream area of the velocity measurement for the rotated cast-bed was characterized 

by different roughness elements than for the gravel-bed or cast-bed. Slight differences 

in turbulence characteristics were found over the water-worked gravel-bed and cast-

bed. Slightly larger shear stresses and turbulence correlation coefficients over the 

water-worked gravel-bed than over the cast-bed revealed that momentum transfer 

occurred across the sediment-water interface as the turbulence was more coherent in 

the temporal domain. The form induced stresses were smaller than the Reynolds shear 

stresses over the water-worked gravel-bed. Therefore, the Reynolds shear stresses 

contributed more to the total stresses and subsequently to the momentum transfer. The 

higher form-induced intensity for the cast-bed revealed that a strong recirculation of 

the fluid due to the non-porous effect causing a larger spatial heterogeneity on the 

flow. Moreover, the turbulent flow statistics at the roughness crest have been 

compared with the flow statistics in the study of Cooper et al. (2018). It was found that 
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the differences in the flow statistics values between the water-worked gravel-bed and 

the cast-bed were smaller in the present study than in Cooper et al. (2018). This may 

partly be associated with the small shear velocities used in the present study than in 

Cooper et al. (2018), and difference in the experimental set-up/procedure between 

these two studies.  

 

Recommendations 

Some recommendations for future work can be formulated based on the experiences 

and results obtained in the present study.  

• Firstly, more detailed analysis of the coherent structure is recommended in 

order to obtain more knowledge about the spatial flow structure and transport 

mechanism of momentum.  

• Secondly, similar tests to what is reported in the present study can be performed 

for a wide range of shear velocities or Reynolds number so that the difference 

in the turbulence characteristics between the porous and non-porous beds 

would become more distinguishable.  

• Thirdly, it would be interesting to measure the subsurface flow to study the 

exchange process and couple it to the surface flow measurements to get a 

complete insight into the hyporheic exchange.  
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Sammendrag
Denne artikkelen presenterer en litteraturstudie 
på strømningstyper og -lag over elveleier av grov 
grus, og hvilken innvirkning bunnens porøsitet 
har på strømningens karakteristika. Strømnings-
typer og -lag er definert i henhold til relativ 
dybde. Viktigheten av utvekslingsprosesser 
mellom overflatestrøm og strømning i grusen er 
diskutert. Litteraturstudien viser at effekten av 
elveleiets porøsitet på strømmingsforholdene 
nær bunnen enda ikke er fullstendig forstått, og 
at en porøs bunn viser større strømningsmot-
stand (friksjon) enn en ikke porøs bunn med 
identisk ruhet. Videre beskriver artikkelen et 
pågående forskningsprosjekt ved NTNU som har 
som mål å kvantifisere effekten av bunnens porø-
sitet på strømningens karakteristika.

Summary
This paper provides a brief literature review on 
flow types and layers over rough gravel beds 
which is extended towards the effect of bed poro-
sity on surface flow characteristics. Dependent 
on the relative submergence, different flow layers 
and types are defined and the significance of 
exchange processes between surface and sub-sur-
face flows is highlighted. The literature review 
shows that the effect of bed porosity on near bed 

flow hydraulics is not yet completely understood 
and that porous beds impose higher resistance to 
flow than non-porous beds with an identical 
roughness texture. Moreover, the paper briefly 
describes an ongoing research project at NTNU 
aiming to quantify the effect of gravel bed poro-
sity on surface flow characteristics. 

Introduction
Gravel bed rivers represent an important stream-
type in the fluvial environment and are the domi-
nating river type in mountainous areas. They are 
characterized by a variable morphology ranging 
from step-pool-systems through braided chan-
nels to static and mobile armor layers (e.g. 
Church, 2006). The occurrence of morphological 
features in gravel-bed rivers is directly linked to 
dynamic fluvial processes which depend on a 
number of parameters such as hydrology, near-
bed hydraulics, sediment size and composition, 
slope and anthropogenic influences. Moreover, 
gravel bed rivers play an important role in regard 
to ecological considerations as they provide habi-
tat for fauna and flora, which in turn dynamically 
interact with the aforementioned parameters and 
hence the morphology of gravel-bed rivers (e.g., 
Beschta and Ripple, 2012, Boano et al., 2014, 
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Marion et al., 2014, Hauer et al., 2016, Forseth 
and Harby, 2016). Consequently, gravel bed 
rivers have been in the focus of research for a 
long time due to their importance for many engi-
neering and ecological applications.

The present paper focuses on flow features 
associated with armoured gravel beds by provi-
ding a brief overview of the state-of-the-art of 
rough bed hydrodynamics. Following a brief 
introduction into the double-averaging metho
dology for the analysis of spatially variable flows, 
an overview of different flow types and flow 
layers over rough gravel beds is given. The review 
is then extended towards the effect of the porous 
subsurface on near bed surface flow characteristics 
in order to discuss exchange processes between 
the surface and subsurface flows (hyporheic 
exchange). The paper is concluded by a brief des-
cription of an ongoing research project at the 
Norwegian University of Science and Techno-
logy (NTNU) aiming at an experimental quan-
tification of the significance of hyporheic 
exchange processes on surface flow characteri
stics over armour layers. 

Double-averaging methodology 
(DAM)
Although the hydrodynamics of rough bed flows, 
in general, and of gravel bed rivers, in particular, 
has been investigated extensively in the past, 
there are still many problems awaiting clarifica-
tion. Most of these are associated with the spatial 
flow heterogeneity in the near bed region due to 
low relative submergences (ratio between the 
water depth and roughness height) and the asso-
ciated complex interaction of the flow with large 
roughness elements and the bed-surface texture 
(e.g., Nikora et al.., 2007a, b, Cooper et al.., 2013). 
Until today, the flow structure in the near-bed 
region of rough beds has mainly been investiga-
ted based on the Reynolds equations, i.e., 
time-averaged Navier-Stokes equations.  These 
equations have served for both experimental data 
interpretation and modelling although the time 
averaged flow field of rough bed flows is highly 
three-dimensional which makes the application 
of the solely time-averaged momentum equations 

rather impracticable (Nikora et al.., 2001, 2004, 
2007a, b, Aberle et al., 2008). 

The proper assessment of near bed hydro
dynamics requires the consideration of the flow 
field over a certain spatial scale, and a metho
dological approach for this purpose is the Double-
Averaging Methodology (DAM). The termino
logy double-averaging is related to the averaging 
of the Navier-Stokes equations in both the tem-
poral and spatial domain, or in other words by 
spatially averaging the Reynolds equations. The 
DAM-approach provides a solid theoretical 
background for the assessment of the spatial 
flow variability of the time averaged flow field 
based on form-induced stresses describing the 
spatial correlation between time-averaged velo
city components within the averaging domain 
(Nikora et al., 2007a, b). The theoretical back-
ground of DAM and various applications can be 
found in the recent scientific literature (e.g., 
Nikora et al.., 2001, 2004, 2007a, b, 2013, Nikora 
and Rowinski, 2008, Dey and Das, 2012, Cooper 
et al.., 2013, and references therein) and will not 
be repeated here.

Vertical flow field of rough bed 
flows
The DAM-approach allows for a classification of 
rough-bed flow types with respect to the flow 
submergence. Figure 1a shows these flow types 
and corresponding flow layers as defined by 
Nikora et al. (2007a, b). Before discussing the 
flow types and layers in more detail below it 
should be noted that the flow depth is defined as 
the distance from the free water surface, zws, to 
the roughness trough, zt, and the roughness 
height as the distance from roughness tops, zc, to 
roughness trough, zt. 

Flow layers
The subsurface layer occupies the flow in the sub-
stratum (i.e. in the pore space between granular 
particles) and its upper boundary may be defined 
as the location where the bed porosity f does not 
significantly change with depth (i.e. df/dz ≈ 0). 
Physically measured vertical porosity-profiles of 
an armoured gravel bed are shown in Figure 1b. 
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These profiles were obtained using the so-called 
water displacement method in a laboratory flume 
(e.g., Aberle, 2007) and indicate a monotonically 
decrease of porosity from the roughness tops 
towards the troughs. Note that the minimum-
value of porosity in the region of the roughness 
trough may partly be caused by an artefact from 
the measurement technique (capillary action 
during the measurements; Navaratnam et al., 

2017) or the depth of the active sediment layer 
during armouring (Aberle, 2007). In general, it 
may be expected that the porosity will be approx-
imately constant just below the roughness trough 
within the undisturbed subsurface layer (see the 
range form 0.2 < h/H < 0.6 in Figure 1b). As a 
rough approximation, the upper boundary of the 
subsurface layer may therefore be assumed to 
correspond to the elevation of the roughness 

Figure 1. (a) Flow layers and flow type classification over rough permeable beds (adapted from Nikora 
et.al 2007b). (b) Vertical distribution of porosity f, where h is distance from the flume bottom and H 
is the total bed height (the porosity distributions for water-worked beds 1 and 2 were obtained in the 
NTNU-experiments presented later; see also Navaratnam et al., 2017).

(a) 

(b)  
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trough zt. For completeness, it should be menti-
oned that the increase of porosity for h/H < 0.2 
in Figure 1b can be associated with the solid 
flume bottom (Aberle, 2007, Navaratnam et al., 
2017). 

The interfacial sublayer occupies the region 
between the roughness troughs and crests, i.e. 
the region from zt to zc which is occupied by 
roughness elements. In this layer, the porosity 
changes from the subsurface-porosity value to f 
= 1 just above the roughness crest zc (Figure 1b). 
The flow in this region is highly three dimen
sional and affected by form drag of the roughness 
elements. The so-called form-induced sublayer 
is found above the roughness crests (extending 
from zc to zR) and is affected by form-induced 
stresses arising due to flow separation from the 
roughness elements (e.g., Nikora et al., 2001). 
The combination of the form-induced and inter-
facial sublayer is also called the roughness layer. 
An example of the spatial flow heterogeneity in 
the roughness layer is shown in Figure 2 presen-
ting 48 velocity profiles measured at different 

locations over a rough permeable gravel bed 
using Laser-Doppler Anemometry. The velocity 
data were acquired in the study described by 
Aberle et al. (2008) and highlight the large varia
tion of flow velocities around the mean value 
(indicated by the bold red line). In fact, the 
variability of flow velocities increases below the 
roughness crest (interfacial sublayer) and nega-
tive values of flow velocities can be observed in 
wake zones behind larger cobbles. Above the 
roughness crest (form-induced sublayer), the 
spatial heterogeneity is not as pronounced but 
still clearly visible. Note that flow velocities 
could only be measured up to z = 0.15 m due to 
experimental peculiarities.  

The upper boundary of the roughness layer, 
zR, is the lower boundary of the logarithmic 
layer, in which the vertical distribution of the 
flow velocity can be described by the logarithmic 
formula arising from the law-of-the-wall (e.g., 
Gersten and Schlichting, 2006). The logarithmic 
layer occupies the flow region above the form 
induced sublayer up to zL, corresponding to 

Figure 2. 48 vertical velocity profiles measured at different locations over a rough permeable gravel 
bed using a Laser-Doppler Anemometer in the study of Aberle et al. (2008). The data stem from an 
experiment carried out in a 0.9 m wide flume with a flow discharge of Q = 180 l/s and a slope of  
S = 1%. The extent of the interfacial sublayer was 0.075 m (from zc to zt; note that zt denotes the origin 
of the vertical axis) and the mean water surface elevation corresponded to 0.22 m. The horizontal line 
indicates the elevation of the roughness crest and the bold red line indicates the averaged velocity 
profile. 
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approximately 20% of the water depth (Nezu 
and Nakagawa, 1993, Jiménez 2004). Compared 
to the roughness layer, the flow in this layer is 
not affected by form-induced fluxes and the 
spatial flow heterogeneity becomes therefore 
negligible. In general, this layer is similar to the 
logarithmic layer for flows over hydraulically 
smooth beds. An important prerequisite for the 
existence of this layer is that the water depth is 
much larger than the roughness height (large 
relative submergence).

The outer layer is located above the logarith-
mic layer and extends to the water surface, zws. It 
is, as the logarithmic layer, not affected by 
form-induced fluxes. As a consequence, the spa-
tially averaged equations are identical to the 
time-averaged equations. In general, there are 
few distinct differences in the hydraulics of the 
logarithmic and outer layer due to the influence 
of the free surface (for details see Nikora et al., 
2001, Nikora et al., 2007b). 

Flow types
If all the aforementioned flow layers exist in a 
flow, the water depth will be much larger than the 
roughness height (Flow type I; Figure 1a). The 
velocity distribution will have the classical shape 
with larger velocities in the outer and logarithmic 
layer and reduced velocities in the near bed 
region due to roughness effects. Flow type II 
(Figure 1a) is characterized by an intermediate 
relative submergence (e.g., below 10) and consists 
of the subsurface and roughness layer along with 
an upper flow region which does not necessarily 
manifest a logarithmic velocity profile, as the 
relative submergence is not large enough (Nikora 
et al.., 2004). Note that such a case is shown in 
Figure 2. Nonetheless, the corresponding velocity 
profile has often been parameterized in the upper 
flow region of this flow type using the logarith-
mic function (see also Koll, 2002) or alternatively 
in analogy to the mixing layer theory (e.g., Katul 
et al., 2002). 

Flow type III corresponds to flows with small 
relative submergence where the roughness layer 
extends to the free surface. The shape of the flow 
velocity distribution for this flow type will be 

similar to the distribution for flow type II, i.e. 
larger velocities above the roughness crests and 
spatial heterogeneous velocities in the interfacial 
layer (see Figure 2). Flow type IV describes flow 
situations over partially inundated beds and the 
velocity distribution for this flow type depends 
significantly on roughness characteristics 
(Nikora et al., 2004). Dependent on the vertical 
distribution of the roughness, different theore-
tical velocity profile shapes can be derived 
within the interfacial sublayer ranging from 
constant velocity over depth (no vertical varia-
tion of roughness characteristics– e.g., cylinder-
arrays) through exponential (e.g., well submer-
ged roughness elements with low variability in 
roughness geometry over depth while the over-
lying layer is the dominant source of momen-
tum) to linear velocity distributions (monotoni-
cally decrease of porosity – e.g. sediment beds), 
as described in detail in Nikora et al. (2004). 

The above review focused on surface flow 
processes, i.e. flows that can be directly seen, but 
it needs to be extended towards effect of flow 
processes within the subsurface layer for which 
relevant information may be found in textbooks 
(e.g., Bear, 1979) or the scientific literature. The 
following section focuses on how subsurface-
layer characteristics can affect the hydraulics of 
surface flow. For this purpose, we will briefly 
highlight exchange processes between the main 
stream and groundwater flow from a hydraulic 
point of view. 

Effect of subsurface 
characteristics on surface flow
Hyporheic Exchange
The exchange of mass, energy and momentum in 
the water-sediment interfacial region, i.e. bet-
ween surface and subsurface flow, is also known 
as hyporheic exchange. Hyporheic flow itself is 
controlled by hydrodynamic processes operating 
across a range of spatial and temporal scales (e.g., 
Boano et al.., 2014, Marion et al.., 2014, Tonina 
and Buffington, 2007). Moreover, in case fine 
particles are transported by the surface flow, 
hyporheic exchange can lead to the entrainment 
of these fine particles into the subsurface layer. 
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This process can lead to an accumulation of fine 
sediment around coarse-bed grains which is also 
known as colmation (Brunke, 1999) or embed-
dedness (Boano et al. 2014), and which can result 
in the formation of a thin seal disconnecting the 
surface water from hyporheic water. Such a seal 
can thus hinder exchange processes and degrade 
aquatic habitat. An example for the latter is the 
degradation of spawning areas of lithophilic fish 
species such as salmon (Sternecker et al., 2014). 
The reverse process, i.e. the entrainment of fine 
particles from the subsurface layer into the sur-
face flow, is known as decolmation (Brunke,1999, 
Huston and Fox, 2015). This process can be asso-
ciated with pressure fluctuations in the bed 
(Detert and Parker, 2010).

Effect of porosity on surface flow 
characteristics
Hyporheic exchange, colmation and decolmation 
depends on many boundary conditions such as 
near-bed turbulence characteristics, the inte-
raction of the flow with irregularities of the 
streambed such as gravel particles or bedforms, 
subsurface layer characteristics and hydraulic 
conductivity of the subsurface layer. As indicated 
in the above review, the hydraulics of gravel bed 
rivers has mostly been classified in regard to sur-
face flow characteristics. For example, rough-
beds have often been simulated by gluing a single 
layer of rough particles onto an impermeable 
bottom (e.g., Koll, 2002 and references therein) 
but there exist also many studies in which turbu-
lent flows over porous beds have been investi-
gated in both laboratory and field conditions 
(e.g., Mohajeri et al. 2016, Stewart, 2014, 
Pechlivanidis et al.., 2012, Aberle et al. 2008, 
Kironoto et al.., 1994). 

However, only few studies exist in which the 
influence of bed-porosity on surface flow chara
cteristics has been directly addressed and quan-
tified. These studies revealed significant differ-
ences between f lows over permeable and 
non-permeable beds in regard to bulk flow 
characteristics such as the friction factor, near 
bed turbulence characteristics and the shape of 
velocity profile. In fact, numerical simulations 

as well as laboratory studies carried out over 
beds with artificial roughness elements (e.g., 
spheres) revealed that the friction factors for 
permeable beds are higher than for impermeable 
beds with the same roughness texture (Zagni 
and Smith, 1979, Zippe and Graf, 1983, Jiménez 
et al.., 2001, Prinos et al.., 2003, Breugem et al. 
2006, Manes et al. 2009, 2011, Sparrow et al. 
2012, Keramaris 2016). Moreover, these studies 
provide evidence that the friction factor for 
permeable beds depends on the Reynolds 
number even for the hydraulically rough regime 
(e.g., Manes et al. 2011, Sparrow et al. 2012). 

The difference in friction factor has been 
associated with the shear penetration within the 
permeable bed, i.e. with a more efficient energy 
dissipation as a consequence of the momentum 
exchange between the surface and subsurface 
flow (Zagni and Smith, 1979, Manes et al. 2009, 
2012). In this context, Keramaris (2016) found 
for two beds with identical porosity but different 
subsurface texture a lower surface flow velocity 
for the bed which was characterized by a larger 
penetration depth. Further studies have addres-
sed differences in near bed turbulence characte-
ristics and coherent flow structures in much 
more detail, or investigated the pressure fluctua-
tions in the hyporheic zone and their effect on 
sediment entrainment (e.g., Vollmer et al.., 2002, 
Smart and Habersack 2007, Detert et al. 2010, 
Keramaris 2016).

Most of the aforementioned studies were 
based on beds composed of artificial elements 
and a detailed quantification of the effect of bed 
porosity on surface flow characteristics in gravel 
beds is therefore still lacking. To the best of our 
knowledge, there exists only one study which 
directly addressed this issue. Ockelford et al. 
(2013) conducted hydraulic measurements over 
a number of water-worked gravel bed surfaces as 
well as impermeable facsimiles of the porous 
beds created using a casting technique. However, 
the corresponding results have so far only been 
reported in a conference abstract indicating that 
the results observed over artificial beds are also 
valid for gravel beds. Moreover, the study of 
Ockelford et al. (2013) indicates the effect of bed 
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porosity depends also on surface topography 
characteristics. 

Current research at NTNU
An ongoing study at the Department of Civil and 
Environmental Engineering at NTNU aims at the 
quantification of the effect of bed porosity on the 
near-bed flow turbulent flow field in gravel bed 
rivers. In order to study the effect of bed porosity 
on the near-bed flow turbulence, an armoured 
gravel bed surface created in a hydraulic flume 
will be reproduced with high accuracy (Figure 3) 
using a novel bed casting technique (Spiller and 
Rüther, 2012, Spiller, 2014, Navaratnam et al., 
2016). Hydraulic experiments will be performed 
over both the initial armoured gravel bed and its 

impermeable counterpart by acquiring velocity 
data for a range of relative submergences by 
means of 2D - 3C PIV technique (2 Dimension 
– 3 Component Particle Image Velocimetry). 
Figure 4 shows exemplarily a time-averaged velo-
city field of the longitudinal velocity component 
over an armored gravel bed which can be captu-
red by this measurement technique. Within the 
study, the spatially and temporal high-resolution 
velocity data will be used to determine differen-
ces in friction factor, turbulence characteristics 
and spatial flow heterogeneity in the near bed 
region between the permeable and impermeable 
bed based on the DAM-approach. Such a study 
is also required in regard to further development 
of experimental techniques as the technological 

Figure 3. Photographs of a) gravel bed armour layer and b) its artificially reproduced counterpart 
without porous subsurface. 

Figure 4. The time-averaged velocity field over an armoured-gravel bed.
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development allows nowadays for the printing of 
3D surfaces (e.g., Bertin et al. 2014) but not yet 
for the accurate reproduction of subsurface 
characteristics.

Conclusions 
This paper reviewed flow features over rough 
gravel bed surfaces and addressed additionally 
the significance of bed porosity on the hydro
dynamics of such flows. Dependent on the rela-
tive submergence, different flow layers and flow 
types have been defined in accordance with 
recent literature. The literature review revealed 
also that permeable beds impose higher resis-
tance on the flow than the impermeable beds due 
to the flow penetration into the porous medium 
and that the friction factor for permeable beds 
depends on the Reynolds number. The paper 
concluded with the brief introduction to an 
undergoing research project focusing on the 
quantification of the effect of the gravel bed poro-
sity on the near-bed flow turbulence.
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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.

Keywords: flow resistance; roughness; gravel-bed rivers; casting technique

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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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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Figure 2. Grain size distribution curve of the gravel mixture.

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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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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to determine the vertical distribution of the porosity of the gravel-bed, which was in average 
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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 

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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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 

 

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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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 

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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Experimental hydraulics on fish-friendly trash-racks: an ecological approach 
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Abstract: The obstruction of fish migratory routes by hydroelectric facilities is 

worldwide one of the major threats to freshwater fishes. During downstream 

migration, fish may be injured or killed on the trash-racks or in the hydropower 

turbines. Fish-friendly trash-racks that combine both ecological and technical 

requirements are a solution to mitigate fish mortality at a low operational cost. This 

study presents results from an experimental investigation of head-losses and the 

hydrodynamic performance of six angled trash-rack types with 15mm bar spacing, 

varying bar-setup (vertical-streamwise, vertical-angled and horizontal bars) and bar 

profiles (rectangular and drop shape) under steady flow conditions. The trash-racks 

were positioned at 30° to the wall of the flume and combined with a bypass at their 

downstream end. The impact of the different trash-rack types on the upstream flow 

field was characterized using Image based Volumetric 3-component Velocimetry 

(V3V) and at the bypass-entrance using an Acoustic Doppler Velocimeter (ADV). The 

results show that trash-racks with vertical-streamwise and horizontal oriented bars 

with drop-shape profiles have similar head-losses (13% difference), while trash-racks 

with vertical-angled bars provide 3–8 times larger head-losses compared to the 

remaining configurations. The velocity measurements showed that the highest flow 

velocities occurred for configurations with vertical-angled bars (0.67ms−1 and 0.81ms−1 

on average, respectively). Turbulence related parameters (e.g. Reynolds shear stresses 

and Turbulent kinetic energy) were also investigated to evaluate the performance of 

the alternative trash-racks from both, engineering and ecological perspectives. 

  



Geometric and hydraulic assessment of the accuracy of a bed moulding technique 

Christy Ushanth Navaratnam, Jochen Aberle, Stephan Spiller 

IAHR World Congress 2015, The Hague, The Netherlands. 

 

Abstract:  This paper presents preliminary results from an experimental study aiming 

at the investigation of the significance of bed porosity on surface flow characteristics 

in gravel beds. In order to quantify this influence, hydraulic measurements need to be 

conducted over permeable beds and their impermeable counterparts having the 

identical surface structure. Recent developments in experimental techniques have 

resulted in innovative casting methods which can be used to reproduce such surfaces 

with high accuracy. In the present study, we used a liquid two-component silicone 

rubber to manufacture a negative imprint of granular and artificial beds. The 

corresponding surfaces were subsequently reproduced from the silicon form using a 

two-component pouring resin. The accuracy of the applied moulding technique is 

evaluated based on a geometrical analysis of the surface structures of the prototype 

surfaces and their moulded counterparts. Moreover, preliminary results from 

hydraulic measurements using a 2D-Particle Image Velocimetry (PIV) system are 

presented for a surface consisting of a layer of original and duplicate golf balls. The 

corresponding measurements were, using identical hydraulic boundary conditions, 

carried out for two water depths. The obtained data are analyzed using the double 

averaging methodology and are used to investigate the accuracy of the moulding 

technique in hydraulic terms by comparing the near bed flow structure and turbulence 

characteristics over the original and artificially reproduced surface, respectively. 



C 
Statements from co-authors 

 

















 

NTNU Encl. to app- 
lication for 
assessment of 
PhD thesis 

 

STATEMENT FROM CO-AUTHOR 
(cf. section 10.1 in the PhD regulations) 

 

Name of candidate 
 
 

title 
 
 

- *) The statement is to describe the work process and the sharing of work and approve that the article may be 
used in the thesis. 
*) 
Statement from co-  

 
 
 
 
 
 
 
 

  
Place, date Signature co-author 

 
 
 
 

Signature co-author Place, date 

*) 
Statement from co-  

 

Christy Ushanth Navaratnam

I hereby declare that I am aware that the article mentioned above, of which I am co-author, will form part of 
the PhD thesis by the PhD candidate Christy Ushanth Navaratnam who made a major contribution to the work in 
the experiment, data analysis and writing phase. 


River Flow 2016, St. Louis, Missouri, USA

The effect of bed porosity on turbulent flow in gravel-bed rivers








