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ABSTRACT OF THESIS 

 
 

CLOGGING OF FINE SEDIMENT WITIHIN GRAVEL SUBSTRATES: MACRO-
ANALYSIS AND MOMENTUM-IMPULSE MODEL 

 
An understanding of the clogging of fine sediments within gravel substrates is 

advanced through the use of dimensional analysis and macro-analysis of clogging 

experiments in hydraulic flumes.  Dimensional analysis is used to suggest that the 

dimensionless clogging depth can be collapsed using the original and adjusted bed-to-

grain ratios, substrate porosity, roughness Reynolds number, and Peclet number.  Macro-

analysis followed by statistical analysis of 146 experimental test results of fine sediment 

deposition in gravel substrates suggests that the dimensionless clogging depth can be 

collapsed using the substrate porosity and roughness Reynolds number reflecting the 

processes of gravity settling and turbulence induced fluid pumping between substrate 

particles.  In addition, a clear cutoff of fine sediment unimpeded static percolation and 

sediment clogging is found using the adjusted bed-to-grain ratio. 

 

Thereafter, a physics-based approach is used to predict the clogging depth of fine 

sediment in gravel and in turn approve upon the preliminary findings in the empirical 

analysis.  A momentum-impulse model that accounts for the critical impulse of a particle 

bridge is balanced with a fluid pulse resulting from turbulent pumping.  The momentum-

impulse model reduces the number of unknown parameters in the clogging problem and 

increases the model predictability as quantified using k-fold validation and model 

comparison with the empirical approach.  A nomograph derived from applying the 

momentum-impulse model is provided herein, which will be useful for stream restoration 
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practitioners interested in estimating embeddedness.  Also, prediction of the clogging 

profile is shown using the clogging depth predicted with the momentum-impulse model. 

 

KEYWORDS: Sediment Transport, Streambed Clogging, Porosity, Fluid Pumping, 

Particle Bridging 
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Chapter 1: Introduction  
 
 Streambed clogging is the process of fine sediment infiltration and impingement 

within the pore spaces of streambeds.  The clogging of fine fluvial sediment, defined as 

fine sands for our research, in a gravel bed substrate for hydraulically rough turbulent 

flow in open channels remains an important process to study due to its numerous 

environmental impacts.  Excessive infiltration of fine sediment into gravel beds can have 

deleterious effects on benthic organisms.  The clogging of salmonid redds can smother 

eggs due to a reduction in re-oxygenating intra-gravel flows (Wood and Armitage, 1997).  

Macroinvertibrates use the substrate for deposition of eggs, feeding, and shelter.  The 

clogging of substrate pores reduces the trapping of nutrients, limits the availability of 

oxygen, and decreases the amount of accessible pore spaces for macroinvertibrates (Bo et 

al., 2007).  Due to the large surface area associated with fine sediment, fine sediment can 

act as a sink for contaminants. The flux of fine sediment into porous gravel should be 

considered in assessment of contaminant transport (Krou et al., 2006).  Deposition of fine 

sediments in streambed substrates can also have a significant effect on aquatic ecosystem 

stability, hyporheic exchange of nutrients, and ecosystem carbon budgets (Ford and Fox, 

2014).  The process of fine sediment clogging in a gravel streambed is characterized by 

the deposition of fine particles to the top layer of the bed and intrusion of the fine 

particles into the pore spaces of the gravel substrate (see Figure 1).  Deposition of fines to 

the water-sediment interface occurs when the downward gravity and fluid pumping 

forces acting on fine particles exceeds the force associated with upward turbulent 

ejections (Fries and Trowbridge, 2003).  Upon transport below the water-sediment 

interface, the fine particles can infiltrate to the sediment intrusion depth, decelerate, and 

then coalesce to form stable multi-particle bridges across pores in the gravel substrate 

(Sakthivadivel and Einstein, 1970).  We refer to this relatively deep sediment intrusion 

depth with stable multi-particle bridges as the maximum clogging depth, ZC (see Figure 

1), and the focus of this thesis is prediction of ZC.  Experimental observations of gravels 

clogged with fine sand has shown that the fraction of sand deposit is maximized near the 

water-sediment interface referred to as a ‘surface seal’ and decreases exponentially to ZC 

(Dermisis and Papanicolaou, 2014). 
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Figure 1. Definition sketch of the clogging process showing (a) the fine sediment 
distribution with depth in the gravel and (b) multi-particle bridging at ZC. 

 

 This thesis will explore the physical processes governing the clogging of gravel 

substrates by fine sediment through a meta-analysis and dimensional analysis; then 

develop a physics-based model to predict the clogging depth of fine sediment in gravel.  

Chapter 2 advances the understanding of the clogging of fine sediments within gravel 

substrates through use of dimensional analysis and macro-analysis of previously-

conducted clogging experiments in hydraulic flumes.  Dimensional analysis via the 

Buckingham Pi Theorem is used to suggest that the dimensionless clogging depth can be 

potentially collapsed using the original and adjusted bed-to-grain ratios, i.e., ratio of 

substrate diameter to fine sediment diameter, substrate porosity, roughness Reynolds 

number and Peclet number.  Macro-analysis followed by statistical analysis is performed 

using 10 previously published studies that include a total of 146 different test conditions 

reporting noncohesive, fine sediment clogging or deposition in porous gravel-beds with 
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hydraulically rough turbulent open channel flow.  Thereafter, an empirical model is 

developed that predicts Zc, which is then used to estimate the clogging profile for fine 

sands in gravel substrate for the datasets.  Chapter 3 develops a  momentum-impulse 

model that accounts for the critical impulse of a particle bridge that is balanced with a 

fluid pulse resulting from turbulent pumping.  The momentum-impulse model is 

presented and applied for predicting the clogging depth of fine sand in gravel streambeds 

overlain by turbulent open channel flow.  The model was tested against the literature-

derived database of clogging depth detailed in Chapter 2.  A nomograph derived from 

running the momentum-impulse model is provided herein, which will be useful for 

stream restoration practitioners interested in estimating embeddedness.  Furthermore, we 

show prediction of the clogging profile using our clogging depth predicted with the 

momentum-impulse model. 
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Chapter 2: Dimensional Analysis and Macro-Analysis of Experiments in Hydraulic 
Flumes 

 

2.1 SUMMARY 

 

An understanding of the clogging of fine sediments within gravel substrates is 

advanced through use of dimensional analysis and macro-analysis of previously-

conducted clogging experiments in hydraulic flumes.  Dimensional analysis via the 

Buckingham Pi Theorem is used to suggest that the dimensionless clogging depth can be 

potentially collapsed using the original and adjusted bed-to-grain ratios, i.e., ratio of 

substrate diameter to fine sediment diameter, substrate porosity, roughness Reynolds 

number and Peclet number.  Macro-analysis followed by statistical analysis is performed 

using 10 previously published studies that include a total of 146 different test conditions 

reporting noncohesive, fine sediment clogging or deposition in porous gravel-beds with 

hydraulically rough turbulent open channel flow.  Results suggest that the adjusted bed-

to-grain ratio is a reliable predictor of the initiation of clogging with clogging occurring 

below 27 for the fine fluvial sediment clogging in a gravel bed substrate for hydraulically 

rough turbulent flow flumes considered.  The original and adjusted bed-to-grain ratios 

show little influence on the depth of clogging once the lower threshold for bed filling is 

reached.  Contrary to conventional wisdom, the bed-to-grain ratio is not used to predict 

the maximum depth of clogging.  Rather, results suggest that the dimensionless clogging 

depth can be collapsed using the substrate porosity and roughness Reynolds number 

reflecting the impact of the pore water velocity distribution on the dispersion of fine 

sediment into the gravel substrate.  The clogging depth results are used to estimate the 

clogging profile for fine sands in gravel substrate for the datasets. 

 

2.2 INTRODUCTION 

 
In depth study of the clogging problem has tended to focus on experimental 

investigation in the laboratory and has undergone a number of developmental stages in 

research.  Einstein (1968) pioneered the first fine sediment infiltration into gravel bed 

experiments in a recirculating, laboratory flume and found fine sediment infiltrates the 
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bed to unlimited clogging depth (ZC=∞) and proceeds to fill the gravel interstices upward.  

A second stage of research included a number of clogging studies under a range of 

sediment conditions which found that sediment can infiltrate to a finite depth (ZC<∞), and 

the occurrence of a finite ZC was attributed to the bed-to-grain ratio, defined as the ratio 

of the substrate gravel diameter to the fine sediment diameter (Beschta and Jackson, 

1979; Carling, 1984; Diplas and Parker, 1985).  A third stage of research has focused on 

detailed observation and modeling of the profile for the fine sediment deposit shown in 

Figure 1 for a range of hydraulic and sediment conditions (Wooster et al., 2008; Cui et 

al., 2008; Gibson et al., 2008; Gibson et al., 2010; Gibson et al., 2011; Dermisis and 

Papanicolaou, 2014). 

 

The previous mentioned studies have provided labor- and time-intensive 

experimental data of the clogging problem, and at the same time, advanced our 

understanding of the process to arrive at the clogging profile shown in Figure 1.  

However, critique of the literature suggests that there are a number of advancements 

needed for understanding and predicting the clogging of fine sediment in gravel beds, 

especially with emphasis on prediction of ZC.  First, a threshold for clogging (i.e., ZC=∞ 

or ZC<∞) has not be well established for the clogging of fine sand in gravel substrate 

overlain by hydraulically rough open channel flow.  Taken together, the prior 

experiments reinforce the control of the bed-to-grain ratio on the initiation of clogging 

and minimize the control of parameters such as the suspended sediment load and bulk 

Froude number upon an infinite or finite ZC (Beschta and Jackson, 1979; Carling, 1984; 

Diplas and Parker, 1985; Wooster et al., 2008; Gibson et al., 2008; Gibson et al., 2010; 

Gibson et al., 2011; Kuhnle et al., 2013).  A threshold for clogging remains unclear; 

macro-analysis of the prior studies has not been performed in an effort to find some 

generality of the previously published results of fine sediment clogging in gravel 

substrate.  Further, detailed discussion and analyses of the fundamental process likely 

responsible for the onset of clogging, i.e., multi-particle bridging within gravel pore 

spaces, has not been provided in the literature. 
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A second advancement needed for the clogging process is prediction of ZC based 

on hydraulic and sediment parameters for conditions in which the maximum clogging 

depth is finite (ZC<∞).  It is now recognized that the location of ZC is established 

temporarily early in the sediment intrusion and clogging process prior to establishment of 

the exponential fine sediment profile associated with filling up and sealing of gravel pore 

spaces near the water-sediment interface (Gibson et al., 2011).  The relatively early onset 

of ZC suggests a conceptual model for clogging that includes the downward dispersion of 

fine particles at the beginning stages of the process likely as a function of the pore water 

velocity distribution for the unclogged gravel pores.  Thereafter, the fine sediment front 

progresses and particles continue to infiltrate the gravel pores above the location of ZC, 

which in turn dampens the pore water velocity distribution throughout the gravels and 

allows bridging to occur closer and closer to the water-sediment interface.  Eventually, 

progression of the sediment front causes the upper gravel layers to be completely 

clogged, i.e., sealed, preventing fine particles from passing to the lower layers and 

effectively stopping the clogging process to produce the observed exponential profile.  

Our conceptual model for the temporarily early onset of clogging enabled us to 

hypothesize that ZC will show dependence upon parameters impacting the pore water 

velocity distribution such as the friction velocity and roughness at the water-sediment 

interface and the porosity and permeability of the substrate. 

 

The objective of this chapter was to advance our understanding of the clogging of 

fine sediments within gravel substrates through use of dimensional analysis and macro-

analysis of previously-conducted clogging experiments in hydraulic flumes.  After 

conducting a dimensional analysis of the parameters controlling clogging, we performed 

a macro-analysis of 10 studies that included a total of 146 different test conditions 

reporting fine sands and silts clogging or deposited in porous gravel-beds with 

hydraulically rough turbulent open channel flow.  Through this analysis, this thesis 

provides two major advancements to the clogging problem.  First, an adjusted bed-to-

grain ratio provides a clear cutoff of the threshold of clogging under fine sediment and 

gravel substrate conditions for the 146 tests considered.  Second, a new dimensional 

analysis provides a dimensionless clogging depth that is predictable using substrate 
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porosity and roughness Reynolds number, which in turn reflect the processes of fluid 

pumping in porous gravel bed and the formation of multi-particle bridges at ZC. 

 

2.3 DIMENSIONAL ANALYSIS 

 

In this section, we provide results of dimensional analysis to arrive at a dimensionless 

number for ZC as well as dimensionless parameters that might be useful in: (i) predicting 

a threshold for clogging for ZC=∞ or ZC<∞; and (ii) predicting ZC for conditions in which 

ZC<∞.  To this end, clogging of fine sediment within porous gravel substrate is 

hypothesized to be a function of both the pore space geometry at which the multi-particle 

bridging within gravel pore space will occur and the pore space velocity responsible for 

transporting fine sediments deeper into the bed. 

   

Multi-particle bridging within gravel pore space will be expected to show dependence 

upon fine sediment and gravel substrate physical characteristics including dfs and dss 

defined as the geometric mean diameter of the fine suspended sediment and substrate 

sediment, respectively.  The influence of dfs and dss upon multi-particle bridge formation 

has been well established in fundamental particle bridge studies (Valdes and 

Santamarina, 2008), in more general filtration and porous media transport studies 

(McDowell-Boyer et al., 1986; Wu and Huang, 2000; Fries and Trowbridge, 2003), and 

empirical clogging studies specific to fine sands in gravel substrate overlain by 

hydraulically rough open channel flow (Beschta and Jackson, 1979; Carling, 1984; 

Diplas and Parker, 1985; Wooster et al., 2008; Gibson et al., 2008; Gibson et al., 2010; 

Gibson et al., 2001; Kuhnle et al., 2013).  A secondary parameter of the gravel substrate 

physical characteristics expected to show dependence upon bridging was the geometric 

standard deviation of the substrate sediment (σss).  As σss increases, the bed material 

becomes more well-graded, the potential exists for macropores to be filled with smaller 

particles within the substrate mixture and thus reduce the substrate porosity and thus pore 

size for bridging (Sohn and Moreland, 1968; Dexter and Tanner, 1972; Wakeman, 1975).   
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The dependence of ZC upon the pore space velocity responsible for dispersing and 

transporting fine sediments deeper into the gravel bed is hypothesized to be significant.  

While experimental results of the pore water velocity distribution have not been reported 

for conditions of the previously reported clogging studies, a number of parameters 

impacting the pore water velocity distribution have been reported in the turbulent open 

channel flow literature.  The pore water velocity has long been considered a function of 

the fluid shear velocity (u*) at the fluid-substrate interface (Nagaoka and Ohgaki. 1990; 

Shimizu et al., 1990), which reflects the pulsation of turbulent eddies at the streambed.  

Furthermore, the roughness height (ks) of substrate sediment protruding into the flow 

field has now been reported to impact the turbulent structure and fluid transport to the 

subsurface associated with turbulent diffusion on the lee side of protruding grains 

(Reidenbach et al., 2010); and isolated large roughness elements have been reported to 

impact the fine sediment intrusion depth due to downwelling at the stoss (Dermisis and 

Papanicolaou, 2014).  Within the pore spaces of the gravel substrate, the dissipation of 

the pore water velocity distribution to Darcian velocity is expected to be a function of the 

pore space volume and the fluid properties.  The former can be expressed using the 

porosity of the substrate sediment (φ) or specifically the streambed permeability (K) 

which impact the subsurface velocity (Wu and Huang, 2000) while the latter are reflected 

in the properties of fluid viscosity (μ) and density (ρ). 

 

With the above discussion of mechanisms and governing parameters in mind, Zc was 

expected to potentially show dependence upon the following sediment and fluid variables 

 ܼ௖ = ݂݊൫݀௙௦, ݀௦௦, ,௦௦ߪ ߮, ,ܭ ݇௦, ,∗ݑ ,ߩ  ൯ .      (1)ߤ

 

Equation (1) provides a functional dependence between ZC with emphasis on predicting a 

threshold for clogging (ZC=∞ or ZC<∞) and predicting ZC for conditions in which ZC<∞.  

As previously mentioned, a number studies have suggested the importance of the 

substrate median particle size and fine sediment median particle size, or bed-to-grain 

ratio, 
ௗೞೞௗ೑ೞ, as a parameter controlling the threshold of clogging mechanism (Beschta and 

Jackson, 1979; Carling, 1984; Diplas and Parker, 1985; Wooster et al., 2008; Gibson et 
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al., 2008; Gibson et al., 2010; Gibson et al., 2001; Kuhnle et al., 2013).  More 

specifically, it has been suggested that 
ௗೞೞௗ೑ೞ is a potential metric for predicting the initiation 

of clogging where an upper threshold of 
ௗೞೞௗ೑ೞ exists at which fine sediment passes through 

the substrate pores.  This non-clogged scenarios is referred to as transport via unimpeded 

static percolation and under this mechanism intra-gravel pore spaces are sufficient to 

allow fine sediment to fall between bed clasts to the bottom of the bed substrate 

(Sakthivadivel and Einstein, 1970; Gibson et al., 2008; Gibson et al., 2010).  Various 

studies have reported threshold values for separation of clogging and unimpeded static 

percolation predicted with 
ௗೞೞௗ೑ೞ.  For example, Sakthivadivel and Einstein (1970) suggest 

that for 
ௗೞೞௗ೑ೞ > 20 minimal clogging of porous media exists. Gibson et al. (2008, 2010) 

suggests that for 
ௗೞೞభఱௗ೑ೞఴఱ > 15.4, unimpeded static percolation will occur, where dss

15 is the 

diameter of substrate of which 15% is finer than and dfs
85 is the diameter of fine sediment 

of which 85% is finer than.  Macro-analysis of many studies might provide some 

generality to the threshold 
ௗೞೞௗ೑ೞ value for clogging.  But also, we suggest that adjusting the 

bed-to-grain ratio to include the influence of σss as 
ௗೞೞௗ೑ೞఙೞೞ	might improve our prediction of 

the initiation of clogging in order to account for the potential of macropores to be filled 

with smaller particles within the substrate mixture and thus reduce the size of the pore 

spaces.  Due to the potential influence of σss, we test both 
ௗೞೞௗ೑ೞ  and 

ௗೞೞௗ೑ೞఙೞೞ for their ability 

to predict clogging. 

 

Using the above arguments, Equation (1) is updated as 

 ܼ௖ = ݂݊ ൬ௗೞೞௗ೑ೞ , ௗೞೞௗ೑ೞ,ఙೞೞ , ߮, ,ܭ ݇௦, ,∗ݑ ,ߩ  ൰,      (2)ߤ

 

where 
ௗೞೞௗ೑ೞ, ௗೞೞௗ೑ೞ,ఙೞೞ and	߮	are dimensionless. We performed dimensional analysis via the 

Buckingham PI Theorem using the remaining variables with dimensions in Equation (2) 
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and treated ݑ∗,  as repeating variables to produce five dimensionless parameters as ߤ and ߩ

follows 

 ௓೎௨∗ఘఓ = ݂݊ ൬ ௗೞೞௗ೑ೞఙೞೞ , ߮,			 ௞ೞ௨∗ఘఓ 	 , ௄బ.ఱ௨∗ఘఓ ൰.      (3)  

 

Equation (3) shows the functional dependence of the newly defined dimensionless 

clogging depth (ܼ஼∗), defined as 

 ܼ஼∗ = ௓೎௨∗ఘఓ   ,           (4) 

 

upon the bed-to-grain ratio, adjusted bed-to-grain ratio, bed porosity, and the 

recognizable roughness Reynolds number, defined as 

 ܴ݁∗ = ௞ೞ௨∗ఘఓ   ,           (5) 

 

and the recognizable Peclet number, defined as 

 ܴ݁௄ = ௄బ.ఱ௨∗ఘఓ   .          (6) 

 

Equation (3) can be equivalently and concisely written using the symbols for 

dimensionless parameters in Equations (4), (5) and (6) as 

 ܼ஼∗ = ݂݊ ൬ௗೞೞௗ೑ೞ , ௗೞೞௗ೑ೞ,ఙೞೞ , ߮, ܴ݁∗, ܴ݁௄	൰.       (7) 

 

The result in Equation (7) tends to agree well with the literature surrounding 

solute and fine sediment transport within porous gravel-beds.  For example, the bed-to-

grain ratio has been commonly used in previous clogging studies, the porosity is well 

recognized as controlling in solute transfer, and both the roughness Reynolds number and 

Peclet number are commonly included in macro-analysis of filtration processes and 
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solute transfer (Fries and Trowbridge, 2003; O’Conner and Harvey, 2008; Wooster et al., 

2008).  In this manner, the dimensionless numbers in Equation (7) offered the potential of 

predicting a threshold for clogging (ZC=∞ or ZC<∞) and predicting ZC for conditions in 

which ZC<∞ due to the parameters ability to capture mechanisms of the multi-particle 

bridging within gravel pore space and the pore space velocity responsible for dispersing 

fine sediments deeper into the bed.  Our interest was to test the ability of the 

dimensionless parameters in Equation (7) to provide any generality and thus collapse 

reported measurements of ܼ஼∗ .  We performed macro-analysis of existing reported values 

for clogging depth and statistical analysis to meet this goal.  

 

 

2.4 MACRO-ANALYSIS AND STATISTICAL ANALYSIS 

 

In order to test the results of the dimensional analysis in Equation (7) for predicting a 

threshold for clogging for ZC=∞ or ZC<∞ and predicting ZC for conditions in which 

ZC<∞, we performed a macro-analysis and compiled experimental results of previous 

clogging studies.  Our focus was to include studies that allow inference of processes 

including multi-particle bridging within pore spaces and the turbulence and subsurface 

geometry’s impact on the pore water velocity distribution that in turn result in the 

location of ZC.  To this end, we chose published studies with the following 

characteristics: (i) experiments in laboratory hydraulic flumes where hydraulic and 

sediment conditions can be highly controlled and the occurrence of ZC and its 

approximate location is measureable; (ii) clogging experiments defined as fine sand 

intruding into porous gravel substrate initially void of fine material which would allow 

multi-particle bridges to be formed within gravels or unimpeded static percolation to the 

bottom of the flumes; (iii) hydraulically rough turbulent open channel flow over gravel 

bed which would be expected to produce turbulent structure in the vicinity of protruding 

roughness elements that could enhance fine sediment dispersion into the bed; (iv) open 

channel flow ranging from subcritical to critical conditions that will be free of 

pronounced surface waves that might penetrate fine sand deeper into the gravel bed and 

further complicate the process; and (v) substrate conditions in which gravels are 
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immovable which could cause secondary settling of fines deeper into the gravel substrate 

and confound the initial ZC hypothesized to occur due to fine sand dispersion associated 

with the pore water velocity distribution. 

 

With the above hydraulic and sediment conditions in mind, our macro-analysis 

included 10 previously published studies.  Table 1 compiles 146 test conditions for 10 

studies that report results of clogging and unimpeded static percolation of fine fluvial 

sediment in a gravel bed substrate for hydraulically rough turbulent flow in open channel 

flumes, including Einstein (1968), Beschta and Jackson (1979), Dhamotharan and Shirazi 

(1980), Carling (1984), Diplas and Parker (1985), Wooster et al. (2008), Gibson et al. 

(2008), Gibson et al. (2010), Gibson et al. (2011) and Kuhnle et al. (2013).   

 

Our macro-analysis was performed in two stages.  First, the 146 test conditions for 

the 10 studies were used to predict a threshold for clogging for ZC=∞ or ZC<∞.  Second, 

experimental tests for which ZC<∞ were used to predict ZC with the dimensionless 

parameters.  In the second stage, the studies of Einstein (1968), Carling (1984) and 

Kuhnle et al. (2013) are not included because ZC=∞ for all of the experimental tests 

reported in these papers.  Also, the results of Beschta and Jackson (1979) are not included 

in the second stage of investigation because their results reported only a sealing depth and 

did not provide enough information to estimate ZC from the results. 

 

Table 1 includes values for dfs, dss, σss, φ, K, ks, u*, ν, ZC, Fr, Re* and ReK compiled 

from the 10 published studies (see Appendices).  Fluid used in all studies was water in 

hydraulic flumes.  Fine sediment in all studies were sand-sized grains with the exception 

of Einstein’s (1968) study which used silt-sized grains.  Gravel-beds ranged in size from 

approximately 2 to 90 mm.  The majority of the studies were subcritical flow with some 

studies at or near critical conditions.  All studies were hydraulically rough as indicated by 

Re* greater than 100.  Many of the parameters compiled in Table 1 were reported in the 

papers, however, some parameter were not directly reported and were approximated as 

follows.  The standard deviation of the substrate gravel diameters was estimated using the 

reported grain size distribution curves as 
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௦௦ߪ = 	ටௗೞೞఴఱௗೞೞభఱ .         (8)  

 

where dss
85 and dss

15 are the diameters of substrate sediment of which 85% and 15% are 

finer, respectively.  The bed roughness height was approximated as		݀௦௦଼ହ, which has been 

shown both experimentally and semi-theoretically to be responsible for dominant 

roughness conditions in gravel bed flumes and rivers (Belcher and Fox, 2011).  

Approximation of the shear velocity was calculated as  

∗ݑ  = 	ඥ݃(9)         .  ܵܪ 

 

where g is gravitational acceleration, H is gravel bed depth, and S is the bed slope.  As 

needed, gravel bed porosity was estimated using the empirical equation provided by 

Wooster et al. (2008) which was developed for gravel-beds with 0.004 m < dss < 0.018 m 

as 

 ߮ =  ௦௦ି଴.଺ହଽ    .                               (10)ߪ0.621	

 

While some previous researchers provided a porosity value for their substrates, they did 

not indicate how these porosities were determined.  Bed permeability was estimated 

using the widely known Kozeny-Carmen equation (e.g., Chapuis and Aubertin, 2003) as 

ܭ  = 0.0056݀௦௦ଶ ఝయ(ଵିఝ)మ     .        (11)  

 

Dhamotharan et al. (1980), Wooster et al. (2008) and Gibson et al. (2008, 2010 

and 2011) provided infiltrating fine sediment profiles.  In order to estimate ZC for the 

datasets, a linear regression line via least squares error minimization was optimized to 

each dataset in these papers, and the location where the linear regression line crossed the 

depth axis was used to approximate ZC.  While it is recognized that the clogging profile 

has been observed to reflect an exponential decay, the linear regression approach was 

justifiable because we found that the linear regression technique provided a repeatable, 
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quantitative method for predicting ZC at near zero fine sand fractions that remained 

constant with greater depths.  For the Diplas and Parker (1985) study, the maximum 

sediment intrusion depth was used as an estimate of ZC.  Beschta and Jackson (1979) 

stated that the seal depth occurred in the top 5 cm for their lowest Froude number 

condition, the top of the 5-10 cm layer for their moderate Froude number condition, and 

deeper intrusion into the 5-10 cm layer occurring for their highest Froude number 

condition.  Average seal depth for these conditions was estimated as 3, 6 and 9 cm 

corresponding to the low, moderate and high Froude numbers.  Because Beschta and 

Jackson (1979) only reported a seal depth, their datasets were not used in the 

dimensionless ZC analyses. 

 

 The relationships between dimensionless clogging depth and the potential 

explanatory parameters were tested and statistically analyzed to determine dependence.  

Each of the dimensionless parameters were individually plotted against dimensionless 

clogging depth and a linear regression analysis via least squares error minimization was 

performed.  This process was performed a second time with the exclusion of several 

leverage points, which is further discussed in the results.  Thereafter, combinations of 

dimensionless parameters were iterated, optimized and statistically analyzed in order to 

provide the best collapse of dimensionless clogging depth. 

 

 

2.5 RESULTS 

 

After analyzing the 10 studies and 146 experimental tests, we found a clear cutoff 

between the initiation of clogging (ZC<∞) and unimpeded static percolation of fine 

sediments to the bottom of the experimental flumes (ZC=∞).  
ௗೞೞௗ೑ೞఙೞೞ separated the 

experimental tests with a threshold value of 27 (see Figure 2).  Experimental tests in 

which the adjusted bed-to-grain ratio was greater than 27 resulted in unimpeded static 

percolation of fine sediments to the bottom of the experimental flumes (ZC=∞).  

Experimental tests in which the adjusted bed-to-grain ratio was less than 27 resulted in a 

fine sediment clogging at some depth above the bottom of the experimental flume 
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(ZC<∞).  Similar results were found for use of the traditional bed-to-grain ratio, 
ௗೞೞௗ೑ೞ.  The 

ௗೞೞௗ೑ೞ separated the experimental tests with a threshold value of 37.  Experimental tests in 

which the bed-to-grain ratio was greater than 37 resulted in static percolation to the 

bottom of the flume (ZC=∞).  Clogging occurred (ZC<∞) when the bed-to-grain was less 

than 37.  Two tests performed by Gibson et al. (2010) had 
ௗೞೞௗ೑ೞ equal to 46 suggesting 

unimpeded static percolation; however, the experiments resulted in clogging and thus 

showed a lack of prediction for the bed-to-grain ratio for these conditions.  For this 

reason, the adjusted bed-to-grain ratio is suggested as a better predictor of the threshold 

of clogging as compared to the traditional bed-to-grain ratio for the experimental 

conditions investigated in this macro-analysis. 
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Figure 2. Figure 2a shows comparison traditional bed-to-grain ratio and adjusted bed-to-
grain ratio.  Figure 2b shows unimpeded static percolation while figure 2c on the right 

shows particle bridging.  
 

We removed the results defined as unimpeded static percolation and then statistically 

analyzed the remaining results from the experimental tests where clogging did occur in 

order to test the ability of the dimensionless parameters in Equation (7) to provide any 
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generality and thus collapse reported measurements of ܼ஼∗ .  Linear regression using the 

individual dimensionless parameters as predictors and ܼ஼∗  as the response variable 

showed that φ was the single best predictor of ܼ஼∗  followed by ReK and Re* as good 

predictors (see Figure 3 and Table 2).  Empirical ܼ஼∗  for the single predictors were 

optimized as 

 ܼ஼∗ = 	5.8 × 10ସ߮ + 1.8 × 10ସ,        (12) 

 ܼ஼∗ = 	6.0	ܴ݁∗ + 398  and        (13) 

 ܼ஼∗ = 	220	ܴ݁௄ + 1243 .        (14) 

 

where R2 was equal to 0.72, 0.65 and 0.67, respectively, for the macro-analysis in Figure 

3a, b and c.  
ௗೞೞௗ೑ೞఙೞೞ and 

ௗೞೞௗ೑ೞ were the weakest predictors (see Table 2).  Through multi-

parameter statistical analysis, we found that coupling φ and Re* produced the best 

collapse of the experimental tests in prediction of ܼ஼∗  (see Figure 3d), and the coupled 

parameter indicates statistical significance (see Table 2).  The two parameter equation for ܼ஼∗  was optimized as 

 ܼ஼∗ = 	2.3 × 10ସ	߮଴.଺ܴ݁∗଴.ଵ + 2.0 × 10ସ ,       (15) 

 

where R2 was equal to 0.85 for the macro-analysis in Figure 3d. 
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Table 1. ࡯ࢆ∗  statistical dependence upon single and multiple dimensionless parameters. 

Parameter R2 
p-Value 

Slope R2 

dssdfs
-1 0.0004 0.449 0.999 

dssdfs
-1σss

-1 0.23 0.003 0.464 
Re* 0.65 <10-4 0.119 
ReK 0.67 <10-4 0.107 
φ 0.72 <10-4 0.079 

φ0.6Re*0.1 0.85 <10-4 0.027 

 

 

Figure 3. Dimensionless clogging depth collapse using dimensionless parameters. (a.) 
shows the linear relationship of the dimensionless clogging depth plotted with: (a) 
porosity, (b) the Reynolds roughness number, (c) the Peclet number, and (d) the 
optimized dimensionless clogging parameter. 
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2.6 DISCUSSION 

 

The results in Figure 2 suggest the adjusted bed-to-grain ratio as a threshold 

parameter for initiation of clogging of fine sand within gravel substrate for hydraulically 

rough open channel flow over a gravel-bed.  Our results suggest that fine sand transport 

over gravel streambeds with  
ௗೞೞௗ೑ೞఙೞೞ less than 27 will experience clogging at some depth 

leaving the lower extents of the gravel substrate void of sand while stream conditions 

with  
ௗೞೞௗ೑ೞఙೞೞ greater than 27 will experience fine sand transport to the lower extent of the 

gravel substrate and filling available void spaces.  The fundamental reason that the 

adjusted bed-to-grain ratio is a threshold for clogging can be explained by the fact that 

sand particles form multi-particle bridges within the pore spaces of the gravel substrate 

(Sakthivadivel and Einstein, 1970).  When 
ௗೞೞௗ೑ೞఙೞೞ  is large, i.e., greater than 27 for the fine 

sand and gravel substrate conditions of this study, bridges do not form and unimpeded 

static percolation of sand particles occurs to the bottom of the experimental flumes 

(Gibson et al., 2010).   

 

Applicability of the threshold for clogging found in this macro-analysis of 

experimental results relies on the ability of the laboratory streambed conditions to fully 

allow clogging.  Specifically, one may ask: would clogging have eventually occurred if 

the gravel substrate in the flume was much deeper?  We argue that the experiments with ௗೞೞௗ೑ೞఙೞೞ  > 27 would not have clogged with a deeper gravel streambed depth due to the fact 

that the pore spaces between gravel particles would have been too large to allow the 

building of multi-particle bridges.  In order to support this claim, we use the 

trigonometric Heron’s Formula (see Figure 4) to estimate the pore size, do, between three 

gravel particles with unequal diameters, d1, d2 and d3, as 

 [݀ଵ݀ଶ݀ଷ(݀ଵ + ݀ଶ + ݀ଷ)]଴.ହ = [݀ଵ݀ଶ݀௢(݀ଵ + ݀ଶ + ݀௢)]଴.ହ+[݀ଵ݀ଷ݀௢(݀ଵ + ݀ଷ +݀௢)]଴.ହ+[݀ଶ݀ଷ݀௢(݀ଶ + ݀ଷ + ݀௢)]଴.ହ  (Lauck, 1991).    (16) 
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The pore diameter in Equation (16) can be compared with the fine sediment diameter, dfs, 

to calculate the pore space diameter to fine sediment ratio, do:dfs, which has been used in 

a number of fundamental particle bridging studies.  do:dfs was estimated for all fine 

sediment and gravel substrate test conditions reported in Table 1.  For each test condition, 

the implicit Heron’s Formula was solved for 1000 separate realizations based draws from 

the gravel bed particle size distributions and do:dfs was calculated.  Application of 

Heron’s Formula assumes the gravel substrate particles can be treated as spheres to 

estimate do.   

 

Figure 4. Heron’s Formula for estimating the spherical pore size between three spheres 
with unequal diameters. 

 

Figure 5 shows the pore throat analysis for the experimental tests in Table 

1 macro-analysis.  As can be seen, a cutoff occurs at do:dfs equal to 5.5 in which 

experiments less than or equal to 5.5 had the occurrence of clogging in the gravel 

substrate.  Most tests with do:dfs greater than 5.5 did not have the occurrence of 

clogging and unimpeded static percolation of sand particles occurred to the 
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bottom of the experimental flumes.  The cutoff do:dfs result equal to 5.5 is 

remarkably similar with fundamental study performed by Valdes and Santamarina 

(2008), who found that stable multi-particle bridges will not form for pore spaces 

that are 4 to 5 times the fine particle diameter.  The study by Valdes and 

Santamarina (2008) used perfectly spherical, uniform glass beads as the clogging 

material in spherical slots.  Thus, the slight differences between do:dfs equal to 5.5 

in our approximation and do:dfs to 4 to 5 in the Valdes and Santamarina (2008) 

study can be in part be attributed to the estimation of do.  The actual pore size of a 

gravel bed framework can be particularly difficult to determine given the pore 

space size is dependent upon substrate particle size, shape, angularity and 

roughness; and it is recognized that streambed gravels are not perfectly spherical, 

smooth particles.  Particle shape, angularity and roughness were not reported in 

the original papers considered in this study.  The exception to the 5.5 cutoff value 

for do:dfs was tests W-3 and W-23 by Wooster et al. (2008).  Clogging did occur 

in the W-3 and W-23 tests even though do:dfs was equal to 7.0 for both tests; thus 

showing disagreement with the 5.5 cutoff for do:dfs.  A possible explanation of the 

result is the gravel substrate size of the W-3 and W-23 test, which was equal to 16 

mm and were the largest gravel substrate for which clogging occurred in the 

meta-analysis.  Past work has shown that sphericity of gravel decreases as particle 

size increases (Peronius and Sweeting, 1985; Zou and Yu, 1996; Cho et al., 2006), 

and therefore perhaps the spherical assumption of Heron’s Formula does not hold 

true for this condition.  Nevertheless, in general the pore size analysis in Figure 5 

supports the validity of the threshold for clogging results in Figure 2 and supports 

the idea that the gravel substrate in the experimental tests were in fact deep 

enough and clogging would likely have not occurred if the gravel substrate in the 

flume was much deeper.  Our additional analysis supports the validity of the 

threshold for clogging as 
ௗೞೞௗ೑ೞఙೞೞ equal to 27 for studies with fine sand within gravel 

substrate for hydraulically rough open channel flow over a gravel-bed with 

hydraulic and sediment conditions similar to those reported here. 
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Figure 5. Threshold of clogging dependent upon the calculated pore space and fine 
sediment diameter. 

  

Taken together, the ܼ஼	∗ results of the dimensionless predictor analysis (Re*, φ, and 

ReK in Figure 3) support our hypothesis that the maximum clogging depth (ZC) is 

associated with the downward dispersion of fine particles at the beginning stages of 

clogging and that ZC shows dependence upon the pore water velocity distribution of the 

unclogged gravel.  Corroboration of the hypothesis can be explained due to the fact that 

Re*, φ, and ReK have been used as predictors of the pore water velocity and subsurface 

transport.  A number of studies have used u*, φ, and ReK to predict the pore water velocity 

(Nagaoka and Ohgaki, 1990; Shimizu et al., 1990; Fries, 2007), and Nagaoka and Ohgaki 

(1990) use dss, which is correlated ks, in their parameterization of pore water velocity.  In 

the previously published pore water velocity equations, increases in Re*, φ and ReK result 

in the increased magnitude of the pore water velocity and extent of non-Darcian pore 

water deeper into the gravel substrate (Nagaoka and Ohgaki, 1990; Shimizu et al., 1990; 

Fries, 2007).  Our significant dependence of ܼ஼	∗ upon Re*, φ and ReK in Figure 3 suggests 

a process where the fluid pore water velocity carries and disperses fine sediment particles 

deep into the gravel substrate.  The dependence of ܼ஼	∗ upon Re*, φ and ReK for the deep 

clogged sediments support the hypothetical model by Gibson et al. (2011) that the 
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deepest multi-particle bridges likely occur temporarily early in the clogging process prior 

to arrival of the sediment front and filling of gravel pores near the water-sediment 

interface.  For these conditions, the pore water velocity would be expected to reflect 

unclogged gravel conditions and thus show dependence on the Re*, φ and ReK parameters 

which do not account for the influence of the fines.  The non-Darcian pore water velocity 

is initiated at the water-sediment interface due to upwhelling and downwelling, i.e., fluid 

pumping, at the stoss and lee side of large roughness grains (Reidenbach et al., 2010).  

The turbulent mechanism at the water-sediment interfaces diffuses in the downward 

vertical as fluid is transported through the pore spaces of gravels, interacts with gravel 

particles, and fluid energy is dissipated until the pore water velocity reaches the 

background Darcian velocity.  Our results suggest that during this downward fluid 

process, fine sediments are transported downward vertically, disperse, decelerate, and 

then form multi-particle bridges.   

 

Support of our hypothesis that ZC is associated with the downward dispersion of 

fine particles in the beginning stages of clogging and is dependent upon the pore water 

velocity distribution of the unclogged gravel is also corroborated by the results of a 

number of related clogging and filtration studies, although the studies tend to have 

slightly different experimental setups and sediment conditions than those used in this 

study (Sakthivadivel and Einstein, 1970; Wu and Huang, 2000; Fries and Trowbridge, 

2003; Dermisis and Papanicolaou, 2014).  The pioneering laboratory column study by 

Sakthivadivel and Einstein (1970) observed the dependence of seepage fluid velocity in 

the substrate to vertically deepen the location of multi-particle bridges, suggesting an 

influence of pore water velocity on ZC.  The column studies by Wu and Huang (2000) 

also supported the influence of seepage fluid velocity upon clogging of fine sand in 

gravels with a larger quantity of fines depositing deeper into the gravel columns as the 

seepage velocity increased.  The work of Fries and Trowbridge (2003) focused on the 

deposition of fines to the water-gravel interface and showed an enhancement of 

deposition as a function of Re*.  The Fries and Trowbridge (2003) result supports the 

pore water velocity hypothesis and that turbulent structure associated with large 

roughness elements has the potential to propel fine sediment into the gravel pore spaces.  
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Perhaps the most compelling result that agrees with our hypothesized dependence of ZC 

upon pore water velocity is the recent paper Dermisis and Papanicolaou (2014), which 

focuses on the influence of boulders, i.e., isolated large roughness elements, in the 

streambed on sediment clogging.  Dermisis and Papanicolaou (2014) show that the 

presence of boulders promote sediment intrusion of sand particles with the total amount 

of the infiltrated sand to be 44% greater when boulders were present.  The presence of the 

boulders are expected to have increased the downwelling velocity at the water-sediment 

interface, thus increasing the pore water velocity distribution and transporting fines 

deeper into the streambed. 

 

Somewhat surprisingly, the traditionally defined and adjusted bed-to-grain ratios 

(
ௗೞೞௗ೑ೞఙೞೞ and 

ௗೞೞௗ೑ೞ) were weak predictors of ܼ஼∗  for the experimental test results analyzed (see 

Table 2) despite the fact that the bed-to-grain ratio is the most widely discussed 

parameter in terms of the general clogging phenomena (Beschta and Jackson, 1979; 

Carling, 1984; Diplas and Parker, 1985; Wu and Huang, 2000; Fries and Trowbridge, 

2003; Wooster et al., 2008; Cui et al., 2008; Gibson et al., 2008; Gibson et al., 2010; 

Gibson et al., 2011).  The macro-analysis results suggest that the bed-to-grain ratio adds 

little to the prediction of ܼ஼∗  for this class of noncohesive fine sediments and gravel-bed 

substrate so long as the experimental tests conditions are below the threshold for 

unimpeded static percolation (ZC<∞).  The weak empirical dependence shown by  
ௗೞೞௗ೑ೞఙೞೞ 

and 
ௗೞೞௗ೑ೞ upon ܼ஼∗  can be partially attributed to the fact that dss can inversely control φ, with 

the latter being the single best direct predictor of ܼ஼∗ .  dss tends to be inversely 

proportional to φ as shown in Equation (10) as well as in the more general porosity 

equation for sands and gravel by Wu and Wang (2006) extended from the work of 

Komura (1963).  We also emphasize that the tests for which ZC<∞ encompassed a fairly 

narrow range for dfs from 80 to 630 µm.  We do expect that dfs plays a substantial role in 

the clogging processes due to its influence on multi-particle bridging (Valdes and 

Santamarina, 2008), however the empirical macro-analysis did not elucidate the role of 

the fines in this study.  To this end, additional physics-based analysis of the bridging 

process is suggested in future research. 
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Empirical scaling of ZC shows that φ and Re* best collapse ܼ஼∗  for the datasets 

tested in this analysis (see Figure 3d).  The empirical result removed ReK as a predictor, 

however φ is still represented in the result and accounts for the influence of gravel 

permeability.  The collapse of the experimental tests resulting from the dimensional and 

statistical analyses of φ and Re* offers promise in prediction of ܼ஼∗ .  By including the 

dispersion of the fine particles early in the clogging process, the dependence of the pore 

water velocity distribution can be accounted leading towards a better conceptual model of 

the clogging process.  However, scatter remains in our data collapse shown in Figure 3.  

This scatter can in part be attributed to the estimation of porosity.   Porosity can be 

particularly difficult to constrain given the non-monotonic behavior of porosity’s 

dependence upon substrate particle size, shape, angularity, roughness, and wall effects.  

Streambed gravels are not perfectly spherical, smooth particles.  Thus, we must rely on 

empirical porosity models to estimate this parameter when it was not directly measured. 

Although these empirical models tend to agree qualitatively, different simulation 

techniques and experimental methods may cause measurable differences.  Another source 

of scatter can perhaps be attributed to the stochastic nature and measurement of clogging 

depth.  Wooster et al. (2008), and Gibson et al. (2008, 2010, 2011) used a core sampling 

technique where cores were driven into the bed to remove a section of the clogged 

substrate. Even with careful precision, any movement of the substrate could cause further 

penetration of the fine sediment.  For example, Beschta and Jackson (1979) tried using a 

core sampling technique but noted that inserting the core disturbed the gravels causing 

sand to move downwards and re-deposit.  These problems associated with clogging depth 

measurement could be reflected in some of the scatter shown in Figure 3.  Finally, further 

elucidating the explicit role of dfs upon multi-particle bridging will be expected to further 

improve prediction of clogging.  In the present study, dfs did not prove to strongly 

influence the clogging depth, however, we caution the reader that our results should not 

be extrapolated to higher or lower values of dfs, given that they are empirically based. 

 

As a final point of discussion, we show how the empirical prediction of ZC can be 

used to estimate the fine sand clogging profile within gravel bed substrate.  The fine sand 
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clogging profile has been reported to decay exponentially from a maximum saturated fine 

sand fraction at the water-sediment interface to highly dispersed fines approach zero 

percent at depth in the streambed (Wooster et al., 2008; Dermisis and Papanicolaou, 

2014).  Based on these observations and results, we specify the fine sand fraction, f, in the 

clogging profile as 

 ௙௙ೞ = ݁ି஼೐ೣ೛	௭,           (17) 

 

where fs is the saturated fine sediment fraction and represents the maximum expected fine 

sediment fraction at the water-sediment interface and is a function of the gravel and sand 

porosity.  Cexp is the coefficient for the exponential decay of the fine sediment fraction 

with depth in the profile and will be a function of ZC.  We estimate an fs as 

 

௦݂ = ߮൫1 − ߮௙௦൯,          (18) 

 

where φ is the gravel porosity as specified in Table 1 and φfs is the porosity of the fine 

sand estimated using the porosity collapse of Wu and Wang (2006).  We specify the 

coefficient for the exponential decay using the predicted clogging depth for the different 

experimental tests as 

௘௫௣ܥ  = ௟௡ቀభ%೑ೞ ቁ௓೎ ,           (19)  

 

where we have approximated that the fine sand fraction decays to 1% at the predicted 

clogging depth.  We provide comparison with the clogging profile estimated using the 

research of Wooster et al. (2008) where the profile was estimated as 

 ௙௙ೞ = exp ൜−0.0233	ߪ௦௦ ൤ln ൬ௗೞೞఙೞೞௗ೑ೞ ൰ − 2.44൨ ቀ ௭ௗೞೞ − 2ቁൠ,     (20) 

 

where  fs was parameterized using theory and their experimental data as 
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௦݂ = ଴.଺ଶ(ଵି଴.଺ଶଵఙ೑ೞషబ.లఱవ)ఙೞೞషబ.లఱవଵି଴.଺ଶଵమ൫ఙೞೞఙ೑ೞ൯షబ.లఱవ ∗ [1 − exp ൬−0.0146 ௗೞೞௗ೑ೞ + 0.0117൰]  .  (21) 

 

In Figure 6, we show parameterization of the clogging profile using Equations 

(17), (18) and (19) and the predicted clogging depth that includes the influence of pore 

water velocity on dispersion of particles to ZC.  The clogging profiles visually fit well 

with the measured experimental tests for which a clogging profile was reported, and 

visually tend to show an improved fit relative to the Wooster et al. (2008) Equations (20) 

and (21), especially for the Gibson et al. (2008, 2010 and 2011) datasets.  The approach 

in Equations (17), (18) and (19) show an alternative approach to that of Wooster et al. 

(2008) with the former including the influence of pore water velocity on dispersion of 

particles to ZC.  The Wooster et al. (2008) approach has the advantage of being based 

solely on the substrate and fine sediment particle size distribution, however does not 

account for the dispersion processes early in clogging.  The present approach in 

Equations (17), (18) and (19) empirically accounts for the pore water velocity influence 

however relies on additional parameters that must be estimated in analysis including the 

friction velocity and porosity. 
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Figure 6. Exponential clogging profile using the approach in the present study as well as 
the approach in Wooster et al. (2008). 
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2.7 CONCLUSIONS 

 

The meta-analysis results suggest that the adjusted bed-to-grain ratio is a reliable 

predictor of the initiation of clogging with clogging occurring below 27 for the fine 

fluvial sediment clogging in a gravel bed substrate for hydraulically rough turbulent flow 

in open channel flumes considered in this study.  The original and adjusted bed-to-grain 

ratios show little influence on the depth of clogging once the lower threshold for bed 

filling is reached.  Contrary to conventional wisdom, the bed-to-grain ratio is not used to 

predict the depth of clogging.  Rather, results suggest that within this class of fines and 

gravel substrate sediments, the dimensionless clogging depth can be better collapsed 

using the substrate porosity and roughness Reynolds number reflecting the influence of 

pore water velocity upon fine sediment dispersion deep into the gravel pores.  As a final 

step, the clogging depth results are used to estimate the clogging profile for fine sands in 

gravel substrate for the datasets. 

 

A few comments are needed regarding use of the analysis and results presented here.  

First, the collapse of the dimensionless clogging depth is applicable to gravel substrate 

with fine sediment defined primarily as fine sand- and sand-sized particles.  While one 

study included silt-sized grains, extension of the results to cohesive sediments resulting 

from particle size or organic matter content is cautioned.  Cohesive sediment 

characteristics associated with chemical, biological and electromagnetic particle 

interaction could greatly impact the clogging of fines as could biofilm development 

within benthic substrate.    

 

Second, all of the studies are performed in the laboratory and field verification of the 

dimensionless clogging depth is needed.  We point out that datasets from field studies 

that measure clogging depth of fine sediment in gravel substrate have not been performed 

and future research of this topic is needed.  With field studies in mind, we point out that 

the clogging depth is perhaps only one component of the clogging problem.  Likely, 

streambed clogging is impacted by subsequent high water and sediment discharge events 

whereby the streambed clogged layers are mobilized and flushed.  Thereafter, the 
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streambed could be re-clogged during subsequent low and moderate flow discharge 

events.  These circumstances highlight the potential importance of low, moderate and 

high sediment transport events to the clogging problem and require further inclusion of 

the clogging processes into sediment transport modeling that considers mixed-grain sizes. 

 

Finally, our results suggest that clogging depth prediction should shift from emphasis 

upon the bed-to-grain ratio to emphasis upon substrate porosity.  To this end, we 

recognize that some scatter remains in the dimensionless clogging depth prediction via 

porosity (see Figure 3), and we suggest that further research should better constrain bed 

porosity in mixed-grain sediment transport studies.  The main factors influencing porosity 

are grain size distribution and shape distribution, including shape, size, angularity, and 

roughness.  There has been both theoretical and empirical porosity prediction models 

developed over the years. Unfortunately, due to the complexity introduced by particle 

shape variability, most of the research and developed models have been largely empirical.  

Although these empirical models tend to agree qualitatively, different experimental 

methods may cause quantitative differences.  To this end, many researchers in other 

fields that focus on flow through porous media (e.g., industrial engineering) are using 

computer simulation to study and apply the properties of particle packing.  There have 

been recent advances in 3D visualization, animation tools, and computational mechanics 

algorithms for porosity prediction (Latham et al., 2002).  In order to better constrain 

streambed clogging for mixed-grain sediments, a more universally accurate, probability-

based model of porosity might be developed and then verified with 3D computer 

simulations as well as traditional experimental measurements. 
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Chapter 3: Momentum-Impulse Model of Fine Sand Clogging Depth in Gravel 
Streambeds for Turbulent Open Channel Flow 

 

 

3.1 SUMMARY 

 

A momentum-impulse model that accounts for the critical impulse of a particle bridge 

that is balanced with a fluid pulse resulting from turbulent pumping is presented and 

applied for predicting the clogging depth of fine sand in gravel streambeds overlain by 

turbulent open channel flow.  The model was tested against the literature-derived 

database of clogging depth with conditions defined by hydraulic flume experiments 

characterized by fine sand infiltrating into gravel substrates, with hydraulically rough 

open channel flow ranging from subcritical to critical conditions. Results show the 

efficacy of the momentum-impulse model application and support the hypothesis that 

particle bridging and intra-gravel flow due to fluid pumping control.  Model results show 

improvement over previous empirical modeling of the clogging depth phenomena due to 

the reduction of unknown parameters from four coefficients to one coefficient and an 

increase in model predictability as quantified using k-fold validation and model 

comparison.  A nomograph derived from running the momentum-impulse model is 

provided herein, which will be useful for stream restoration practitioners interested in 

estimating embeddedness.  Also, we show prediction of the clogging profile using our 

clogging depth predicted with the momentum-impulse model, which is an additional 

application our work. 

 

 

3.2 INTRODUCTION 

 

Clogging of gravel streambeds is the process by which fine sands infiltrate and 

become lodged, i.e., clogged, within the pore spaces of gravel streambeds.  The clogging 

of gravel bed rivers is characterized by an overlying hydraulically rough turbulent flow 

that acts to transport fine sediments and episodically pump them into the gravel 

interstices.  Clogging of gravel bed rivers remains an important environmental process 
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for which prediction is currently needed due to its impacts on hyporheic exchange of 

nutrients for benthic ecosystem processes (Ford and Fox, 2014), fine clogged sediment 

can act as a sink for contaminants (Krou et al., 2006), and excessive infiltration of fine 

sediment into fish habitats, e.g., salmonid redds, can  reduce oxygen supply to sustain life 

(Wood and Armitage, 1997). 

 

Investigation of the clogging process has focused on experimental exploration and 

testing, typically in gravel-bed flumes in the hydraulics laboratory.  Two early papers 

published in ASCE’s Journal of the Hydraulic Division later renamed the Journal of 

Hydraulic Engineering, including Einstein (1968) and Sakthivadivel and Einstein (1970), 

were pivotal to providing a detailed description and conceptual model of the mechanisms 

controlling the clogging of gravel bed rivers.  Einstein (1968) pioneered the first fine 

sediment infiltration into gravel beds experiments in a recirculating, laboratory flume in 

an effort to understand the mechanisms controlling excessive sediment infiltration.  In his 

experiments, the channel bed was filled with gravel initially void of fine sediment, fine 

quartz was fed into the flume, and all of the fine sediment was observed to infiltrate to the 

bottom of the flume and proceeded to fill the gravel interstices upward.  Sakthivadivel 

and Einstein (1970) investigated the spatial and temporal variation of fine sediment 

accumulation in a series of porous column experiments for a constant sediment input rate 

and flow through the column.  Their results indicated that experiments with a smaller 

bed-to-grain ratio (dss/dfs=6.35) fine sediment particles were deposited on top of the 

porous substrate, unable to infiltrate into the pores.  When 7 < dss/dfs < 15, fine sediment 

completely infiltrated and clogged the porous medium over varying lengths of time.   

When the bed-to-grain ratio was greater than 15, fine sediment completely infiltrated 

through the porous column without being deposited within the porous substrate.  Their 

results suggested that for 7 < dss/dfs < 15, a “bridging” mechanism was causing fine 

sediment particles to effectively clog the porous columns, while smaller fines passed 

through.  Bridging occurs when multiple fine sediment particles collectively clog a pore 

space.  Furthermore, Sakthivadivel and Einstein (1970) found that the probability of 

bridging to occur decreased linearly with an increasing vertical intra-gravel flow. 
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A series of clogging studies followed the early Journal of the Hydraulic Division 

papers.  These later papers were published throughout the stream biology and water 

resources literature and heavily emphasized evaluations for the thresholds for clogging to 

occur as well as hydraulic and sediment factors impacting the clogging processes.  

Beschta and Jackson (1979) introduced the idea of the bed-to-grain ratio as being a 

controlling factor in the clogging process, which was further supported by a number of 

later papers (Carling, 1984; Diplas and Parker 1985; Wooster et al., 2008).  Gibson et al. 

published a series of papers in (2008), (2010), and (2011) that focused on sand infiltration 

into gravel beds and observed that the bed-to-grain ratio greatly influenced the vertical 

trends of fine sediment in the gravel bed and suggested a threshold conditions for the 

bed-to-grain ratio that separates unimpeded static percolation from a definitive clogging 

depth.  Chapter 1 of this thesis performed a meta-analysis of the existing studies and 

showed that an adjusted bed-to-grain ratio, 
ௗೞೞௗ೑ೞఙೞೞ, is a reliable predictor of the initiation of 

clogging for hydraulically rough turbulent flow in open channel flumes considered in the 

previous studies.  After analyzing 146 experimental tests, we found a clear cutoff of 
ௗೞೞௗ೑ೞఙೞೞ 

= 27 for the initiation of clogging (below 27) and unimpeded static percolation of fine 

sediments to the bottom of the experimental flumes (above 27).  The result emphasized 

the dependence of porosity on clogging, particularly the dependence on the size of the 

pore space (Sakthivadivel and Einstein 1970; Valdes and Santamarina, 2006; Valdes and 

Santamarina, 2008).   

 

While the threshold for clogging in gravel beds appears to be converging upon 

prediction with the adjusted bed-to-grain ratio, much ambiguity exists with regards to 

prediction of the clogging depth for conditions when the adjusted bed-to-grain ratio is 

less than 27.  The process of fine sediment clogging in a gravel streambed is 

characterized by the deposition of fine particles to the top layer of the bed and intrusion 

of the fine particles onto the pore spaces of the gravel substrate (see Figure 1). Deposition 

of fines to the water-sediment interface occurs when the downward gravity and fluid 

pumping forces acting on the fine particles exceeds the force associated with upward 

turbulent ejections (Fries and Trowbridge, 2003).  Upon transport below the water-
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sediment interface, the fine particles can infiltrate to the sediment intrusion depth, 

decelerate, and then coalesce to form stable multi-particle bridges across pores in the 

gravel substrate (Sakthivadivel and Einstein, 1970).  We refer to this relatively deep 

sediment intrusion depth with stable multi-particle bridges as the maximum clogging 

depth, Zc (see Figure 2).  Experimental observations of gravels clogged with fine sand has 

shown that the fraction of sand deposit is maximized near the water-sediment interface 

referred to as a “surface seal” and decreases exponentially to Zc (Dermisis and 

Papanicolaou, 2014). 

 

An early study by Beschta and Jackson (1979) suggested that Zc showed a slight 

dependence on Froude number (Fr), however the later work of Carling (1984) found 

similar results over a range of Froude numbers, which tended to minimize the control of 

the bulk parameter upon Zc.  A number of studies have investigated the impact of the fine 

sediment input rate upon Zc, and their results have minimized the influence of the fine 

sediment input rate upon Zc (Diplas and Parker, 1985; Wooster et al., 2008).  Huston and 

Fox (2014) investigated Zc empirically using results of the previous studies and found 

that the dimensionless Zc is best explained using the bed porosity (φ) and roughness 

Reynolds number (Re*).  Conceptually, the empirical results of Chapter 2 tend to agree 

well with the early description of clogging mechanisms highlighted in the early Journal 

of the Hydraulic Division papers by Einstein (1968) and Sakthivadivel and Einstein 

(1970) including the porosity’s influence upon formulation of particle bridges within pore 

spaces of gravel beds and the porosity and Reynolds number’s influence upon the intra-

gravel velocity of the water to propel sand particles downward.  However, there remains 

a lack of a physics-based prediction model of Zc that simulates particle bridging and 

turbulent pumping to predict Zc.  The motivation of this chapter is formulation and testing 

of a physics-based model to predict Zc for fine sand clogging of gravel substrate in 

turbulent open channel flow. 

 

A particle bridge is a multi-particle structure characterized by the joining of two or 

more particles during the deposition process in a porous media in which each particle 

reaches a mutually stable configuration (Pugnaloni and Barker, 2004).  Bridging may 
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occur following a number of different overlapping mechanisms: one being that an 

infiltrating sediment particle is retained in a pore by straining, effectively reducing the 

pore size, and another particle arriving at the pore combines with the previously retained 

particle to form a bridge across the pore throat;  and secondly  a fine sediment particle 

passing through a pore throat might be slightly retarded due to drag forces, and then a 

subsequent particle infiltrating behind it at a greater velocity may collide and form a 

bridge (Sakthivadivel and Einstein, 1970).  In the case of particle bridging without the 

presence of water flow, bridge formation and stability are controlled by relative pore size-

to-grain ratio, do/dfs, bridge particle compression associated with skeletal forces, and 

particle shape (Sakthivadivel and Einstein, 1970; Valdes and Santamarina, 2006; Valdes 

and Santamarina, 2008).  Fine sand clogging in gravels has been found to occur if do/dfs is 

less than 5.5 when an overlying turbulent open channel flow is present. Valdes and 

Santamarina (2008) perform an experimental study and suggest that a ratio of do/dfs less 

or equal to 4 to 5 will result in pore space clogging for spherical beads.  The results from 

our meta-analysis as well as the fundamental work by Valdes and Santamarina (2008) 

emphasizes the concept that the clogging process is dependent upon the formation of 

particle bridges across substrate openings. 

 

The particle bridging and hence clogging processes become more complex in the 

presence of a moving fluid (Sakthivadivel and Einstein (1970).  In the case of turbulent 

open channel flow over a porous gravel bed, particle bridge formation and stabilization is 

expected to be impacted by the fluctuating velocity pulses associated with separation 

processes in the vicinity of particles within the turbulent boundary layer.  Fluid pulses or 

pumping refers to the upwelling and downwelling at the stoss and lee side of grains due 

to its measure of the grain protrusion into the turbulent core of the flow.  These 

protruding roughness elements along the streambed surface cause disruptions within the 

viscous sublayer to create pressure fluctuations near the sediment-water interface which 

result in fluid pumping (Li et al., 1994; Hutchinson & Webster, 1998; Reidenbach et al., 

2010). This can form coherent eddies within the flow, which enhances the transport of 

fluid and suspended sediments to and from the sediment-water interface through the 

ejection of low momentum fluid from near the bed and the sweeping of high momentum 
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fluid toward the bed (Reidenbach et al., 2010).  It has also been observed that flows over 

bed roughness have the potential to drive particles deeper with increasing roughness 

element size (Hutchinson and Webster, 1998; Fries and Taghon, 2010; Huettel and 

Rusch, 2000).  Reidenbach et al. (2010) found that an increase in bed roughness 

substantially enhanced mass flux due to altering bed shear stresses. Furthermore, isolated 

large roughness elements have been reported to impact the fine sediment intrusion depth 

due to downwelling at the stoss (Dermisis and Papanicolaou, 2014). 

 

Founded on the early principles published in in the early Journal of the Hydraulic 

Division papers by Einstein (1968) and Sakthivadivel and Einstein (1970), we 

hypothesized that the process of bridge formation and stability as well as fluid pumping 

during hyporheic exchange is closely related to and controls Zc. We introduce a physics-

based model that makes use of the momentum-impulse concept to estimate Zc where the 

critical impulse of a particle bridge is balanced with a fluid pulse resulting from turbulent 

pumping.  To this end, an increase in fluid pumping will result in an increased Zc.  The 

location of Zc is established temporarily early in the sediment intrusion and clogging 

process prior to establishment of the exponential fine sediment profile associated with 

filling up and sealing of gravel pore spaces near the water-sediment interface (Gibson et 

al., 2011).  It was also considered that an increase in fluid pumping may also cause the 

destabilization of particle bridges or decreases the probability of their formation.  Based 

on the above conceptual model of particle bridging and turbulent pumping in turbulent 

open channel flow with fine sand and gravel bed, our objective was to formulate and test 

the physics-based model for estimating Zc.  The following steps were undertaken to meet 

our goal: (1) we  formulate a physics-based model for Zc based the momentum-impulse 

processes impacting fine sediment bridge formation in a gravel substrate; (2) we test the 

model against the literature-derived database of Zc and their corresponding sediment 

profiles described in Chapter 2; (3) we provide comparison of the physics-based model 

with a purely empirical model for Zc and sediment profiles; (4) we provide a first 

nomograph that will be useful for estimating Zc; and (5) we discuss advances in sediment 

transport needed to further develop the physics-based clogging model provided here. 
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3.3 MOMENTUM-IMPULSE MODEL FORMULATION 

 

The momentum-impulse concept is used to combine the processes of particle 

bridging and turbulent bursting to impact the fine sand clogging in gravel beds overlain 

by turbulent open channel flow.  The model is based on the concept that the momentum-

impulse of a turbulent burst pulses down into the streambed, ܫ௣.  In order for clogging to 

occur, the turbulent pulse must be less than the bridging structure’s critical impulse, ܫ௖௥, 

as 

௣ܫ  <  ௖௥  .              (22)ܫ

 

In this manner, Equation (22) provides the threshold condition for particle bridging, and 

thus clogging, as impacted by a turbulent pulse into the streambed.  To model the coupled 

process, ܫ௖௥ and	ܫ௣ are expressed using structural analysis of the bridge and fluid analysis 

of the turbulent pulse, respectively. 

 

The critical impulse, ܫ௖௥, allowable by the bridged particles reflects the total 

potential energy of the structure at an unstable equilibrium point at which buckling can 

occur (Simitses and Hodges, 2005) and can be expressed as 

௖௥ܫ  = ௖ܲ௥݀(23)            ,  ݐ 

 

where ௖ܲ௥ is the critical load upon the structure and ݀ݐ is the time over which the 

momentum-impulse interacts with the structure.  Failure and collapse of fine sized 

particles in bridges has been found to be initiated by a single particle that is located away 

from the centerline of the bridge structure (Valdes and Santamarina, 2008).  Collapse 

occurs when a single particle rotates, becomes disconnected from its neighboring 

particles, and then slides in the downward vertical direction out of the bridge, which in 

turn causes the rest of the particles to collapse (see Figure 7a).  The experimental findings 

of the failure mechanism of particle bridge collapse is consistent with the mechanics of 

compression-type arch bridge collapse (see Figure 7b).  Arch bridges collapse by folding 
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up whereby an offset load produces cracking on the inner and outer curves of the arch’s 

ring (Harvey, 2000).  When the critical load is reached, the cracks act as hinges and the 

arch bridge is in a state of unstable equilibrium whereby the increase in the moment 

associated with the critical load causes rotation about the hinge at the bridge’s base.  

Rotation is followed by sliding downward of the bridge sections at the crack where the 

critical load is located and thereafter folding up and collapse of the bridge occurs.   

 

 
Figure 7. (a, top) Collapse of the particle bridge occurs when a single particle slides 

downward, out of the bridge. (b, bottom) Collapse of the particle bridge occurs when a 
critical load is reached which causes rotation about the hinge at the bridge’s base. 

 

Due to the similarities of the particle bridge and arch bridge processes, the particle 

bridge collapse can be expressed as occurring when a critical moment produced from the 

critical load rotates a single particle that then becomes dislodged and slides in the 

downward vertical direction.  Using these failure mechanics, the critical load is estimated 

using the critical moment to cause rotation of the particle as  
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௖ܲ௥ = ଵௗ೎ೝ  ௖௥  ,          (24)ܯ

 

where ݀௖௥ is the critical moment arm from the location of the offset critical load where 

particle rotation is initiated to the base of the bridge where the largest moment will occur 

(see Figure 8), and ܯ௖௥ is the critical moment to rotate the particle.  In order to express ݀௖௥ that is associated with bridge collapse, we consider a fairly stable class of bridges that 

minimize the interparticle angle between adjacent bridged particles and produce bridges 

that aligns along a semicircle that ends normal to the base of the structure (Valdes and 

Santamarina, 2008).  Using the structure’s geometry, ݀௖௥ can be calculated as a function 

of the diameter of the fine particles within the bridge,	݀௙௦, and the number of particles in 

the bridge, n, as 

 ݀௖௥ = ݀௙௦ ቆ ଵ୲ୟ୬వబ೙ − ଵଶ sin ଵ଼଴௡ ቇ .        (25) 

 

From the bridge geometry in Figure 8, ݀௖௥: ݀௢ is the ratio of ݀௖௥ relative to the bridge 

span, ݀௢, and will increase with n.   

 

Figure 8. Geometric relationship between dcr, do, and dfs. 
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 ௖௥ in Equation (24) is the critical moment that the particle-to-particle connectionܯ

can withstand and considers the fact that the connections between adjacent particles must 

be able to absorb a structural moment for the bridge to be stable.  The ability of the 

particle-to-particle connections to absorb a moment reflects the non-spherical nature of 

angular sand grains, which allow planar connectivity between particles, as opposed to 

pure moveable hinges.  The moment that the particle connections can withstand will be 

proportional to the product of the moment arm from the edge of the face-to-face 

connection to the compression force between particles.  We estimate the moment arm to 

be equal to the radius of the sand particle at the connection and the compression force to 

be equal to the half weight of the bridge structure given that rotation is initiated at the 

base of the bridge.  In this manner, the critical moment associated with the structural 

connections is calculated as  

௖௥ܯ  = ௙௦ݎ ௡ଶ ௣ܹ  ,              (26) 

 

where ݎ௙௦ is the radius of the sand particle at the connection and ௣ܹ is the particle weight 

expressed as 

 

 ௣ܹ = ௦݃ߩ గ଺ ݀௙௦ଷ           (27) 

 

where ߩ௦	is the particle density and g is gravitational acceleration.   

 

In analysis of the structure’s stability in Equation (23), the structure’s potential 

ability to dampen, and thus its potential to withstand, the impulse force is also assessed 

through the critical impulse time, ݀ݐ.  Theoretically, the potential exists for the structure 

to withstand a theoretical ideal impulse force, i.e., impact, ቀ݀ݐ → ଵஶቁ that excites all 

vibrational modes of the structure (Gambhir, 2004).  More realistically, we cannot 

produce an ideal impulse force numerically, and we need to apply a load over a discrete 

amount of time.  In this manner, ݀ݐ is governed by the maximum mode frequency of the 
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structure that is expected to potentially cause disequilibrium, which can be expressed 

using the structure’s maximum mode frequency ( ௠݂௔௫) as   

ݐ݀  = ଵଶ଴௙೘ೌೣ  ,                (28) 

 

The ௠݂௔௫ of the structure is dependent on the overall complexity of the structure, and in 

the case of bridged particles the vibrational mode frequency is parameterized by 

considering the number of free (non-fixed) hinges that may oscillate as 

 ௠݂௔௫ = ݊ − 1  .              (29) 

 

The result in Equation (29) suggests that higher number particle structures have potential 

for higher modal vibration and thus a lower governing ideal impulse time step and lower 

potential critical impulse for the same load.  For example, the critical impulse of a four 

particle bridge is 70% that of a three particle bridge for the same critical load.   

 

The momentum-impulse of a turbulent associated burst will decay during fluid transport 

deeper into the bed.  A turbulent burst in gravel beds produces a downwelling mass of 

fluid due to the sweeping of high momentum fluid to the streambed by coherent eddies in 

the flow (Reidenbach et al., 2010).  Directly beneath the sediment-water interface the 

intra-gravel flow becomes non-Darcian due to periodic pressure fluctuations induced by 

coherent turbulent vortices near the streambed, e.g., turbulent pumping.  These turbulent 

fluctuations induce a slip velocity at the sediment-water interface that has been found to 

decay exponentially with depth until it reaches Darcy velocity deep in the gravel bed.  

Experimental results, while limited, have measured velocity profiles and vertical mass 

transport in a porous medium beneath free surface flows (Shimizu et al., 1990).  Shimizu 

et al. (1990) provided data and a model describing the exponential decay of vertical fluid 

velocity with depth after an initial velocity pulse at the sediment-water interface.  Using 

the data of Shimizu et al. (1990), the velocity of the pulse has been parameterized using 

an exponential velocity decay of the slip velocity at the boundary with the exponential 

coefficient showing dependence upon the bed porosity, friction or slip velocity, frictional 
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characteristics of the fluid and substrate, and empirical calibration coefficients (Nagaoka 

and Ohgaki, 1990; Shimizu et al., 1990; Leonardson, 2010).  We use a similar approach 

herein to estimate the velocity pulse at depth in the gravel substrate. 

 

The net momentum-impulse associated with the turbulent burst that will interact 

with a particle bridge is formulated as 

௣ܫ  = ݉௙(ݖ)ݑ௣ ,           (30) 

 

where ݉௙ is the mass of the fluid pulse and (ݖ)ݑ௣ is the velocity of the pulse, which is 

dependent upon the vertical depth (ݖ) into the gravel substrate.  The fluid mass of the 

pulse is expressed based on the projected size of the bridge that is impacted by the fluid 

pulse times the relative volume of the void through which the pulse is being transported 

as 

 ݉௙ = ݊)௙߮ߩ − 1) గ଺ ݀௙௦ଷ   ,         (31) 

 

where ρf is the density of the fluid, φ is the porosity, n is the number of particles in the 

bridge, and dfs is the diameter of the fine sand particle.  We approximate the velocity 

pulse at a depth in the gravel substrate as  

௣(ݖ)ݑ  = ௦ݑ) − ݌ݔ݁(ௗݑ ቀ−ܿ௣ ఔఙೞೞఝ௨∗  ቁ  ,           (32)ݖ

 

where ݑ௦ is the slip velocity at the substrate sediment-water interface that decays with 

depth into the substrate, ߥ is the kinematic viscosity of the fluid, ߪ௦௦ is the geometric 

deviation of the substrate sediment particle size distribution, ݑ∗ is the fluid friction 

velocity, and ܿ௣ is an empirical coefficient.  ݑ௦ can be expressed using a relationship 

between slip velocity and interfacial diffusion (υb) developed by Ruff and Gelhar (1972) 

as  
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௦ݑ) ௗ)ଷݑ	− +	ସଷ ቀ௔௕ + ௗቁݑ2	 ௦ݑ) ௗ)ଶݑ	− = 2 ௨∗ర௕ఔ್   ,                                                       (33) 

 

where  

 ܽ = 	 ఔ௄ ,                                                                                                                            (34) 

 ܾ = 	 ଵ௖√௄  ,                                                                                                                        (35) 

 

and c is a coefficient set to 1.8 for sediment beds.  Furthermore, Fries (2007) developed 

an empirical relationship between υb and the Peclet number (Rek) as 

௕ߥ  =  ிܴ݁௞஻ಷ  ,                                                                                                             (36)ܣߥ	

 

where 

ிܣ = 	ቐ1.49 + ଴.ହଶି଴.ଷଽ 					݂݅	0.01 < ܴ݁௞ < 11.65 + ଴.ହ଼ି଴.ସଷ 					݂݅	1 < 	ܴ݁௞ < 50            , and                                                 (37) 

ிܤ  = 	 ൜2.7 ± 0.1					݂݅	0.01 < 	ܴ݁௞ < 11.6 ± 0.1			݂݅	1 < 	ܴ݁௞ < 50           .                                                              (38) 

 

The vertical component of Darcy’s law is expressed as, 

ௗݑ  = ܭ−	 డ௛డ௭                                                                                                                    (39) 

 

where K is the hydraulic conductivity of the gravel bed, and ∂h/∂z is the pressure head.   

 

 The model formulation in Equations (22) through (39) can be used to solve for the 

critical Zc that provides the threshold condition for particle bridging in Equation (22).  In 

this manner, we equate the momentum-impulse from the turbulent pulse and the critical 
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impulse of the particle bridge and solve for the unknown depth into the substrate, z=Zc.  

Model application relies on hydraulic and sediment inputs including dfs, dss, σss, φ, K, u*, 

ν, ZC, Re* and ReK.  Model calibration and validation relies on adjusting a single 

unknown constant coefficient, namely ܿ௣ in Equation (32).  ܿ௣ is unknown due to the lack 

of experimental data for decay of the velocity pulse within the gravel substrate.  That is, 

Shimizu et al. (1990) and Nagaoka and Ohgaki (1990) investigated substrates that were 

larger in diameter and different in shape and smoothness than the gravel beds used in 

previously reported clogging studies. 

 

 

3.4 MODEL TESTING 

 

We applied the momentum-impulse model for available clogging data in literature 

obtained in the meta-analysis from Chapter 2 for clogging of fine fluvial sediment in a 

gravel bed substrate for hydraulically rough turbulent flow in open channel flumes. The 

meta-data was obtained from hydraulic flume experiments where hydraulic and sediment 

conditions can be controlled and Zc measured.  The experiments where characterized by 

fine sand depositing into clean porous gravel substrate and infiltrating until multi-particle 

bridging within the gravels or unimpeded static percolation occurred; hydraulically rough 

open channel flow ranging from subcritical to critical conditions, free of pronounced 

surface waves that could drive fine sand particles deeper into the bed; and free of 

mobilizing the gravel substrate which could result in the destabilization of multi-particle 

bridging causing further infiltration of fine sand particles into the gravel substrate.  Of the 

146 experimental tests investigated in Chapter 2 only 52 of these tests reported a clogging 

depth, i.e., the other 76 test were above the threshold condition for clogging. It is 

important to note that because Beschta and Jackon (1979) only reported a seal depth, 

their datasets of 18 experiments were not used in the model testing.  Hydraulic and 

sediment conditions of the 52 tests are compiled in Table 1 including values for dfs, dss, 

σss, φ, K, u*, ν, ZC, Re* and ReK.   
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The earliest research to report gavel bed clogging was performed by Beschta and 

Jackson (1970). They conducted flume tests with single size sand intruding a single 

gravel bed under varied water discharge, flume gradient, and fine sediment input rates.  

As previously discussed, Beschta and Jackson  (1970), reported a seal depth and not Zc 

(see seal depth in Figure 1).  Diplas and Parker (DP) (1985) performed clogging 

experiments with two sizes of fine sand in a single gravel bed flume and varied the fine 

sediment input rate across a broad range.  Wooster et al. (W) (2008) performed clogging 

experiments in a hydraulic flume across a wide range of gravel substrate conditions for a 

single sand size.  Gibson et al. (G) published a series of papers in (2008), (2010), and 

(2011) that include ranges for sand size, gravel size and hydraulic conditions.   

 

Fine sediment in all 52 studies compiled in Table 3 were fine sand to sand-sized 

grains.  Gravel-beds ranged in size from approximately 2 to 17 mm.  The majority of the 

studies were subcritical flow with some studies at or near critical conditions.  All studies 

were hydraulically rough as indicated by Re* greater than 100.  Most of the parameters 

compiled in Table 3 were reported in the papers, however, some parameter were not 

directly reported and were approximated as described in Chapter 2.  

The empirical coefficient Cp was optimized using the k-fold cross validation technique.  

The dataset, i.e. 52 tests in Table 3, was randomly divided into ten groups with seven 

tests in each group.  Nine groups were used for training and one for testing.  The training 

groups were plotted and fit with a linear regression line, which was optimized by 

adjusting the empirical coefficient Cp. The adjusted model was then ran to estimate Zc for 

the testing data set and a root mean square error (RMSE) was calculated to ensure 

optimization, being minimum for the adjusted Cp..  This process was repeated nine times, 

until each group was used as both a training and a testing group, resulting in ten Cp 

values.  An average Cp was calculated and used in the clogging model.  

 

3.5 RESULTS AND DISCUSSION 

 

Simulations of the modeled Zc of fine sand in gravel-bed substrates via the 

momentum-impulse model were compared to the measured Zc values collected by others 
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and compiled in the meta-analysis performed in Chapter 2 (see Figure 9).  Due to the lack 

of experimental data for decay of the velocity pulse within the gravel substrate, a single 

empirical coefficient, Cp, was calibrated to a value of 18.8 using the k-fold validation 

technique.  As a result of the cross validation, we found an R2 = 0.79 when a linear 

regression line is fit to the modeled Zc versus measured Zc (see Figure 9).  The result 

indicates that the momentum-impulse model reasonably predicts the clogging depth of 

fine sand in gravel substrates. 

 

 

Figure 9. Momentum-Impulse Model vs. Measured Values of Zc 

 

The significance of Cp = 18.8 was investigated by comparing Equation (32) to 

measured subsurface velocity profiles provided by Shimizu et al. (1990).  Shimizu et al. 

(1990) measured the vertical velocity profile of varying free surface flow conditions 

using a pitot tube inserted at various depths within the porous substrate. Equation (32), 

with Cp =18.8, was used to calculate the vertical velocity profiles for the Shimizu et al. 

(1990) test conditions and then compared to the measured velocity profiles.  This 

comparison indicates a similar exponential decay of subsurface velocity with depth, 

however, the measured slip velocities from Shimizu et al. (1990) were significantly larger 

than those predicted by Equation (32) for their experimental parameters.  Hence, while 

the measured velocity profiles showed a similar exponential decay with depth, the 

velocities at the surface-water interface were larger than predicted by Equation (32).  This 

discrepancy can be attributed to the fact that the substrate particles used by Shimizu et al. 
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(1990) were glass spheres with a diameter of 30 mm, which are larger than the gravel 

particles used to calibrate the momentum-impulse model. These larger particles may 

induce larger fluid pumping at the sediment-water interface, resulting in a larger slip 

velocity.  Furthermore, it can be concluded that the momentum-impulse model may only 

be applicable for gravel substrates of sizes ranging from 2 – 17.5 mm. 

 

 The momentum-impulse model uses the combined processes of particle bridging 

and turbulent bursting to estimate Zc of fine sand in a gravel bed overlain by turbulent 

open channel flow. This physical-based model is an improvement to the purely empirical 

Zc model described in Chapter 2.  While the empirical model was able to capture the 

essence of the two major processes that govern gravel bed clogging, i.e. particle bridging 

and turbulent bursting are represented by φ and Re*, the momentum impulse model is 

able to estimate clogging based on a more physically-based approach.  In Figure 10, we 

compare the momentum-impulse model results to an empirical model derived from the 

scaling in Chapter 2.  The coefficient of variance, R2, revels a better linear regression fit 

for the momentum-impulse model results than the empirical model with an R2 of 0.79 

and 0.75 for the physical and empirical models, respectively.  Hence, the momentum-

impulse model shows an improvement with the amount of variance when fitted with a 

linear regression line.  Similarly, both models show similar error due to bias.  Model bias 

is the difference between simulated and measured values (Bullied et al., 2014) and when 

normalized by 10 cm, is calculated as follows, 

ݏܽ݅ܤ	݈݁݀݋ܯ  = 	 ଵ௡ ∑ (ܼ௖(݈݉݁݀݋) −	ܼ௖௡௜ୀଵ )/10	ܿ݉.                                (44) 

 

The error due to model bias is 1% and 02% for the empirical model and momentum-

impulse model, respectively.  While the momentum-impulse model shows improvement 

to model accuracy when compared to the empirical model, it also decreases the number 

of empirical parameters from four to one, a notable improvement.  The advancement is a 

major step towards the development of a purely theoretical model of the fine sand 

clogging of gravel bed streams overlain by turbulent open channel flow. 
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Figure 10. Shows comparison between the empirical model and the impulse model. 
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Gibson et al. (2008, 2011) used a core sampling technique where cores were driven into 

the bed to remove a section of the clogged substrate.  This process could easily dislodge 

fine sediment particles destabilizing the particle bridges, and result in further infiltration.  

To this end, Beschta and Jackson (1979) reported that core sampling disturbed the gravel 

substrate causing sand to infiltrate further and re-deposit.  These problems associated 

with clogging depth measurement could be reflected in the discrepancy between the 

model’s results and observed values.   

 

 With the development of a physics-based model for Zc based on the momentum-

impulse processes impacting fine sediment bridge formation in a gravel substrate, we 

used the validated model to show the behavior and prediction of Zc under a range of 

hydraulic and sediment conditions that are well within the ranges investigated in this 

paper.  The various sediment and hydraulic conditions investigated include dss, φ, u*, and 

σss.  dss was applied over the range 2 mm to 17 mm, by 1 mm increments.  The remaining 

variables were varied to coincide with the median ± one standard deviation of the meta-

data used to calibrate the momentum-impulse model.  A nomograph was developed by 

modeling 432 different combinations of dss, φ, u*, and σss. (see Figure 11).  As can be 

seen from the nomograph, Zc increases with φ and u*, and decreases with σss.  The dashed 

vertical line represents the threshold for unimpeded static percolation shown in Figure 2.  

It is important to note that these nomographs were developed using a single dfs equal to 

0.35 mm, the average fine sediment size of the meta-data.   
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Figure 11. Nomographs developed from the impulse model. 
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It is believed that excessive fine sediment is the leading cause of impairment for 

streams and rivers in the United States, the Zc nomograph provide a first estimate for 

stream restoration scientists and engineers.  Excessive fine sediment can have a number 

of negative impacts on gravel bed stream and river systems.  In particular, these excessive 

fine sediments can degrade salmon spawning habitats through the clogging of salmonoid 

redds.  As fine sediment infiltrates and forms a clogging layer in a gravel bed deposit 

dissolved oxygen and hyporheic exchange of nutrients subsequently decreases, and 

effectively smothers salmon eggs (Suttle et al. 2004).  Gravel beds also serve as shelter, 

feeding habitat, and spawning habitat for macroinvertibrates.  Excessive fine sediments 

decrease the availability of pore spaces within the substrate, decreasing suitable habitat 

for macroinvertibrates.  An increase in clogged fine sediment decreases the amount of 

nutrients deposited and retained in the substrate, limiting macroinvertibrates food supply 

(Bo et al., 2007).    To this end, the Zc nomograph can be incorporated into sediment 

transport models used in future stream restoration projects to estimate the environmental 

impact of fine sediment pulses into gravel bed systems due to land-use changes such as 

nearby construction or dam removal.  Understanding the stream system’s response to fine 

sediment loads, especially the depth to which fine sediment will clog in gravel beds, will 

help stream restoration scientists and engineers estimate the stream’s embeddedness, 

which is measure of the degree to which substrate gravels are buried in fine sediment 

(Rosgen, 1996).  A stream’s embeddedness is one of the criteria used to biologically 

assess a stream’s quality.  Hence, knowing the clogging depth associated with certain 

hydraulic and sediment conditions can allow stream restoration scientists and engineers 

to quickly estimate a stream’s embeddedness in response to potential increases in fine 

sediment loads. 

 

 Similar to Chapter 2, we show how the momentum-impulse modeled Zc can be 

used to estimate the fine sand clogging profile within gravel bed substrate.  The fine sand 

clogging profile has been reported to decay exponentially from a maximum saturated fine 

sediment fraction at the sediment-water interface to highly dispersed fines approach zero 

percent at depth in the streambed (Wooster at al., 2008; Gibson et al., 2008; Gibson et al., 

2010; Gibson et al., 2011; Dermisis and Papanicolaou, 2014).  Based on these 
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observations and results, we specify the fine sediment fraction, f, in the clogging profile 

as 

 ௙௙ೞ = 	 ݁ି஼೐ೣ೛௭,           (45)   

where fs is the saturated fine sediment fraction and represents the maximum expected fine 

sediment fraction at the sediment-water interface and is a function of the gravel and sand 

porosity. Cexp is the coefficient for the exponential decay of the fine sediment fraction 

with depth in the profile and will be a function of Zc.  We estimate an fs as 

 ௦݂ = 	߮(1 − ߮௙௦),          (46) 

 

where φ is the gravel porosity as specified in Table 3 and φfs is the porosity of the fine 

sand estimated using porosity collapse of Wu and Wang (2006).  We specify the 

coefficient for the exponential decay using the predicted clogging depth for the different 

tests as 

௘௫௣ܥ  = 	 ୪୬	(య%೑ೞ )௓೎  ,          (47) 

 

where we have approximated that the fine sand fraction decays to 3% at the predicted 

clogging depth.  The fine sediment fraction at Zc was optimized for the momentum-

impulse model by minimizing the Sum Square Error. 

 

 In Figure 12, we show parameterization of the clogging profile using Equations 

(45), (46) and (47) and the momentum-impulse model predicted Zc along with the 

clogging profiles from Chapter 2.  The clogging profiles visually fit well with the meta-

data collected in Chapter 2 and show a similar predicted fine sediment profile from the 

empirical clogging model developed in Chapter 2. 
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Figure 12. Exponential clogging profile using the approach in the present study as well as 
the approach in Wooster et al. (2008) and Chapter 2. 
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3.6 CONCLUSIONS 

 

The work here shows that the newly formulated momentum-impulse model can be 

appropriately used to provide a physics-based model for sand clogging in gravel substrate 

overlain by turbulent open channel flow.  The results support the hypothesis that particle 

bridging and intra-gravel flow associated with turbulent fluid pumping control the 

clogging depth (Zc).  With the development of the momentum-impulse model, we have 

improved upon the understanding of the physical processes that govern the clogging 

depth of fine sand in gravel bed streams as well as provided a predictive tool that 

advances over previous modeling.  The nomograph provided here provides an easy to use 

tool for restoration engineers.  Restoration scientists and engineers can further use this 

information when designing constructed riffles.  It is important to optimize bed porosity 

to allow for hyporheic exchange but limiting clogging depth. Furthermore, optimizing the 

channel design to decrease bed shear stress and fluid pumping can be achieved by 

adjusting the channel’s width to depth ratio and bed roughness height. 

 

We successfully modeled the process of turbulent bursting at the sediment water 

interface sending pulses of sediment-laden fluid into the streambed which carry fine 

sands to a certain depth at which particle bridging, and subsequently clogging, occurs. 

However, there remains the lack of a purely theoretical prediction of the clogging depth 

because we use the empirical coefficient, Cp, to parameterize the vertical decay of the 

velocity pulse within the gravel bed over a wide range of conditions.  To reduce this 

empiricism, new experimental data and fundamental modeling are needed to better 

understand turbulent-induced pulses into gravel streambed.  As more information 

becomes available, we expect that the physical based approach presented here can be 

built upon.  Finally, we are lacking field data for verification.  While the momentum-

impulse model can be used by restoration engineers as an initial estimate of clogging 

depth, field verification is needed.  Various field data collection techniques such as 

frozen core sampling (Lisle, 1989) and burying sediment traps into the porous substrate 

(Frostick et al., 1984) can be used in future research to further calibrate and validate the 

momentum-impulse model reported here.  Furthermore, it is recognized that the substrate 
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size range investigated in this thesis, i.e. 2 mm -22 mm, is smaller than most constructed 

riffles designed by restoration engineers, and further research is needed for larger 

substrate sizes. 
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APPENDICES 
 
Table 2. Macro-analysis of clogging studies.  Notes: (γ) E is Einstein (1968); DS is Dhamotharan and Shirazi (1980); BJ is Beschta 
and Jackson (1979); C is Carling (1984); DP is Diplas and Parker (1985); W is Wooster et al. (2008); G08, G10 and G11 are Gibson et 
al. (2008), (2010) and (2011); K is Kuhnle et al. (2013). (w) denotes porosity values calculated using empirical porosity equation from 
Wooster et al. (2008), while all other porosity values were provided by the authors.  (ε) ∞ denotes unimpeded static percolation.  s 

denotes the seal depth.  

Testγ 
dfs 

(mm) 
dss  

(mm) 
σss  

ks     
(mm) 

u*      
(ms-1) 

φ 
K          

(ms-1) 
ν         

(ms-2) 
Fr Re* ReK 

Zc      

(cm)ε 

E-1 0.02 22.2 2.29 37.3 0.04 0.36 3.14x10-7 1.00 x10-6 0.46 1559 23.3 ∞ 
E-2 0.02 22.2 2.29 37.3 0.04 0.36 3.14 x10-7 1.00 x10-6 0.23 1559 23.3 ∞ 
E-3 0.02 22.2 2.29 37.3 0.04 0.36 3.14 x10-7 1.00 x10-6 0.23 1559 23.3 ∞ 
E-4 0.02 22.2 2.29 37.3 0.04 0.36 3.14 x10-7 1.00 x10-6 0.23 1559 23.3 ∞ 
E-5 0.02 22.2 2.29 37.3 0.07 0.36 3.14 x10-7 1.00 x10-6 0.13 2701 40.3 ∞ 
E-6 0.02 88.9 2.29 149 0.07 0.36 5.02 x10-6 1.00 x10-6 0.14 10002 149.4 ∞ 
E-7 0.02 88.9 2.29 149 0.05 0.36 5.02 x10-6 1.00 x10-6 0.2 7073 105.7 ∞ 
E-8 0.02 88.9 2.29 149 0.05 0.36 5.02 x10-6 1.00 x10-6 0.41 7073 105.7 ∞ 
E-9 0.02 22.2 2.29 37.3 0.04 0.36 3.14 x10-7 1.00 x10-6 0.23 1559 23.3 ∞ 
E-10 0.02 22.2 2.29 37.3 0.04 0.36 3.14 x10-7 1.00 x10-6 0.23 1559 23.3 ∞ 
E-11 0.02 22.2 2.29 37.3 0.04 0.36 3.14 x10-7 1.00 x10-6 0.46 1559 23.3 ∞ 
BJ-1 0.5 15 1.58 20 0.07 0.35 1.28 x10-7 1.52 x10-6 0.82 982 17.5 3s 
BJ-2 0.5 15 1.58 20 0.09 0.35 1.28 x10-7 1.52 x10-6 1.07 1243 22.2 6 s 
BJ-3 0.5 15 1.58 20 0.11 0.35 1.28 x10-7 1.52 x10-6 1.24 1421 25.4 9 s 
BJ-4 0.5 15 1.58 20 0.08 0.35 1.28 x10-7 1.52 x10-6 0.91 1087 19.4 3 s 
BJ-5 0.5 15 1.58 20 0.1 0.35 1.28 x10-7 1.52 x10-6 1.26 1363 24.4 6 s 
BJ-6 0.5 15 1.58 20 0.11 0.35 1.28 x10-7 1.52 x10-6 1.05 1391 24.9 9 s 
BJ-7 0.5 15 1.58 20 0.08 0.35 1.28 x10-7 1.52 x10-6 0.87 1070 19.1 3 s 
BJ-8 0.5 15 1.58 20 0.11 0.35 1.28 x10-7 1.52 x10-6 1.18 1422 25.4 6 s 
BJ-9 0.5 15 1.58 20 0.1 0.35 1.28 x10-7 1.52 x10-6 1.02 1337 23.9 9 s 
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Table 2 (continued)  

Testγ 
dfs 

(mm) 
dss  

(mm) 
σss  

ks     
(mm) 

u*      
(ms-1) 

φ 
K          

(ms-1) 
ν         

(ms-2) 
Fr Re* ReK 

Zc      

(cm)ε 
BJ-10 0.5 15 1.58 20 0.08 0.35 1.28 x10-7 1.52 x10-6 0.83 1023 18.3 3 s 
BJ-11 0.5 15 1.58 20 0.1 0.35 1.28 x10-7 1.52 x10-6 1.13 1375 24.6 6 s 
BJ-12 0.5 15 1.58 20 0.1 0.35 1.28 x10-7 1.52 x10-6 0.97 1301 23.3 9 s 
BJ-13 0.5 15 1.58 20 0.08 0.35 1.28 x10-7 1.52 x10-6 0.82 1060 19 3 s 
BJ-14 0.5 15 1.58 20 0.1 0.35 1.28 x10-7 1.52 x10-6 1.05 1342 24 6 s 
BJ-15 0.5 15 1.58 20 0.11 0.35 1.28 x10-7 1.52 x10-6 1.07 1422 25.4 9 s 

 BJ-16 0.5 15 1.58 20 0.08 0.35 1.28 x10-7 1.52 x10-6 0.85 1111 19.9 3 s 
BJ-17 0.5 15 1.58 20 0.1 0.35 1.28 x10-7 1.52 x10-6 1.03 1301 23.3 6 s 
BJ-18 0.5 15 1.58 20 0.11 0.35 1.28 x10-7 1.52 x10-6 1.05 1409 25.2 9 s 
BJ-19 0.2 15 1.58 20 0.08 0.35 1.28 x10-7 1.52 x10-6 0.63 1057 18.9 ∞ 
BJ-20 0.2 15 1.58 20 0.1 0.35 1.28 x10-7 1.52 x10-6 1.12 1353 24.2 ∞ 
DS-1 0.12 2.25 2.75 5.62 0.05 0.34 2.68 x10-9 1.00 x10-6 - 280 2.6 4.86 
C-1 0.19 16 2.12 50 0.12 0.39 2.29 x10-7 1.00 x10-6 0.76 5750 55 ∞ 
C-2 0.19 16 2.12 50 0.06 0.39 2.29 x10-7 1.00 x10-6 0.1 2850 27.2 ∞ 
C-3 0.19 16 2.12 50 0.02 0.39 2.29 x10-7 1.00 x10-6 0.01 900 8.6 ∞ 
C-4 0.19 16 2.12 50 0.12 0.39 2.29 x10-7 1.00 x10-6 0.22 5750 55 ∞ 
C-5 0.19 16 2.12 50 0.09 0.39 2.29 x10-7 1.00 x10-6 0.66 4300 41.1 ∞ 
C-6 0.19 16 2.12 50 0.11 0.39 2.29 x10-7 1.00 x10-6 0.71 5400 51.6 ∞ 
C-7 0.15 16 2.12 50 0.21 0.39 2.29 x10-7 1.00 x10-6 1.22 10600 101.3 ∞ 
C-8 0.15 16 2.12 50 0.15 0.39 2.29 x10-7 1.00 x10-6 0.83 7450 71.2 ∞ 
C-9 0.15 16 2.12 50 0.12 0.39 2.29 x10-7 1.00 x10-6 0.88 6150 58.8 ∞ 
C-10 0.15 16 2.12 50 0.09 0.39 2.29 x10-7 1.00 x10-6 0.32 4350 41.6 ∞ 
C-11 0.15 16 2.12 50 0.06 0.39 2.29 x10-7 1.00 x10-6 0.09 2900 27.7 ∞ 
C-12 0.15 16 2.12 50 0.09 0.39 2.29 x10-7 1.00 x10-6 0.37 4500 43 ∞ 
C-13 0.15 16 2.12 50 0.14 0.39 2.29 x10-7 1.00 x10-6 0.62 6800 65 ∞ 
C-14 0.15 16 2.12 50 0.09 0.39 2.29 x10-7 1.00 x10-6 0.11 4250 40.6 ∞ 
C-15 0.15 16 2.12 50 0.09 0.39 2.29 x10-7 1.00 x10-6 0.88 4500 43 ∞ 
C-16 0.15 16 2.12 50 0.08 0.39 2.29 x10-7 1.00 x10-6 0.54 3900 37.3 ∞ 
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Table 2 (continued)   

Testγ 
dfs 

(mm) 
dss  

(mm) 
σss  

ks     
(mm) 

u*      
(ms-1) 

φ 
K          

(ms-1) 
ν         

(ms-2) 
Fr Re* ReK 

Zc      

(cm)ε 
C-17 0.15 16 2.12 50 0.1 0.39 2.29 x10-7 1.00 x10-6 0.53 4900 46.8 ∞ 
C-18 0.15 16 2.12 50 0.11 0.39 2.29 x10-7 1.00 x10-6 0.8 5600 53.5 ∞ 
C-19 0.15 16 2.12 50 0.13 0.39 2.29 x10-7 1.00 x10-6 1.11 6300 60.2 ∞ 
C-20 0.15 16 2.12 50 0.12 0.39 2.29 x10-7 1.00 x10-6 1.1 6150 58.8 ∞ 
C-21 0.15 16 2.12 50 0.16 0.39 2.29 x10-7 1.00 x10-6 0.95 7850 75.1 ∞ 
C-22 0.15 16 2.12 50 0.16 0.39 2.29 x10-7 1.00 x10-6 0.95 7850 75.1 ∞ 
DP-1 0.11 2.44 2.75 6 0.059 0.34 3.15 x10-9 1.00 x10-6 - 356 3.3 2.7 
DP-2 0.11 2.44 2.75 6 0.057 0.34 3.15 x10-9 1.00 x10-6 - 342 3.2 2.7 
DP-3 0.11 2.44 2.75 6 0.057 0.34 3.15 x10-9 1.00 x10-6 - 344 3.2 2.7 
DP-4 0.11 2.44 2.75 6 0.057 0.34 3.15 x10-9 1.00 x10-6 - 344 3.2 2.7 
DP-5 0.11 2.44 2.75 6 0.057 0.34 3.15 x10-9 1.00 x10-6 - 343 3.2 2.7 
DP-6 0.11 2.44 2.75 6 0.057 0.34 3.15 x10-9 1.00 x10-6 - 343 3.2 2.7 
DP-7 0.11 2.44 2.75 6 0.045 0.34 3.15 x10-9 1.00 x10-6 - 272 2.5 2.35 
DP-8 0.11 2.44 2.75 6 0.046 0.34 3.15 x10-9 1.00 x10-6 - 274 2.6 2.35 
DP-9 0.11 2.44 2.75 6 0.046 0.34 3.15 x10-9 1.00 x10-6 - 275 2.6 2.35 
DP-10 0.11 2.44 2.75 6 0.046 0.34 3.15 x10-9 1.00 x10-6 - 277 2.6 2.35 
DP-11 0.11 2.44 2.75 6 0.046 0.34 3.15 x10-9 1.00 x10-6 - 276 2.6 2.35 
DP-12 0.11 2.44 2.75 6 0.046 0.34 3.15 x10-9 1.00 x10-6 - 276 2.6 2.35 
DP-13 0.08 2.44 2.75 6 0.047 0.34 3.15 x10-9 1.00 x10-6 - 280 2.6 2.65 
DP-14 0.08 2.44 2.75 6 0.047 0.34 3.15 x10-9 1.00 x10-6 - 280 2.6 2.65 
DP-15 0.08 2.44 2.75 6 0.047 0.34 3.15 x10-9 1.00 x10-6 - 280 2.6 2.65 
DP-16 0.08 2.44 2.75 6 0.047 0.34 3.15 x10-9 1.00 x10-6 - 280 2.6 2.65 
DP-17 0.08 2.44 2.75 6 0.047 0.34 3.15 x10-9 1.00 x10-6 - 281 2.6 2.65 
DP-18 0.08 2.44 2.75 6 0.047 0.34 3.15 x10-9 1.00 x10-6 - 281 2.6 2.65 
DP-19 0.08 2.44 2.75 6 0.047 0.34 3.15 x10-9 1.00 x10-6 - 281 2.6 2.65 
W-1 0.35 8 1.82 13 0.08 0.42w 7.77 x10-8 1.00 x10-6 0.51 1000 21.4 7.6 
W-2 0.35 11.2 1.74 19 0.08 0.43 w 1.74 x10-7 1.00 x10-6 0.51 1461 32.1 11.3 
W-3 0.35 16 1.67 20.5 0.08 0.44 w 4.01 x10-7 1.00 x10-6 0.51 1576 48.7 10.2 
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Table 2 (continued)  

Testγ 
dfs 

(mm) 
dss  

(mm) 
σss  

ks     
(mm) 

u*      
(ms-1) 

φ 
K          

(ms-1) 
ν         

(ms-2) 
Fr Re* ReK 

Zc      

(cm)ε 
W-4 0.35 17.5 1.17 21 0.08 0.56 w 1.56 x10-6 1.00 x10-6 0.51 1615 95.9 ∞ 
W-5 0.35 8 1.9 16 0.08 0.41 w 6.86 x10-8 1.00 x10-6 0.51 1230 20.1 10.4 
W-6 0.35 8 1.23 10 0.08 0.54 w 2.72 x10-7 1.00 x10-6 0.51 769 40.1 17.6 
W-7 0.35 8.5 1.72 19 0.08 0.43 w 1.04 x10-7 1.00 x10-6 0.51 1461 24.8 10.3 
W-8 0.35 8 1.46 11 0.08 0.48 w 1.53 x10-7 1.00 x10-6 0.51 846 30 10.8 
W-9 0.35 4 1.65 8 0.08 0.45 w 2.60 x10-8 1.00 x10-6 0.51 615 12.4 10.2 
W-10 0.35 8 1.82 13 0.08 0.42 w 7.77 x10-8 1.00 x10-6 0.51 1000 21.4 13.2 
W-11 0.35 8 1.82 13 0.08 0.42 w 7.77 x10-8 1.00 x10-6 0.51 1000 21.4 5.3 
W-12 0.35 11.2 1.74 19 0.08 0.43 w 1.74 x10-7 1.00 x10-6 0.51 1461 32.1 10.5 
W-13 0.35 16 1.67 20.5 0.08 0.44 w 4.01 x10-7 1.00 x10-6 0.51 1576 48.7 - 
W-14 0.35 17.5 1.17 21 0.08 0.56w 1.56 x10-6 1.00 x10-6 0.51 1615 95.9 ∞ 
W-15 0.35 8 1.9 16 0.08 0.41 w 6.86 x10-8 1.00 x10-6 0.51 1230 20.1 8.37 
W-16 0.35 8 1.23 10 0.08 0.54 w 2.72 x10-7 1.00 x10-6 0.51 769 40.1 9.84 
W-17 0.35 8.5 1.72 19 0.08 0.43 w 1.04 x10-7 1.00 x10-6 0.51 1461 24.8 16.1 
W-18 0.35 8 1.46 11 0.08 0.48 w 1.53 x10-7 1.00 x10-6 0.51 846 30 15.4 
W-19 0.35 4 1.65 8 0.08 0.45 w 2.60 x10-8 1.00 x10-6 0.51 615 12.4 - 
W-20 0.35 8 1.82 13 0.08 0.42 w 7.77 x10-8 1.00 x10-6 0.51 1000 21.4 8.56 
W-21 0.35 8 1.82 13 0.08 0.42 w 7.77 x10-8 1.00 x10-6 0.51 1000 21.4 11.3 
W-22 0.35 11.2 1.74 19 0.08 0.43 w 1.74 x10-7 1.00 x10-6 0.51 1461 32.1 10.4 
W-23 0.35 16 1.67 20.5 0.08 0.44 w 4.01 x10-7 1.00 x10-6 0.51 1576 48.7 9.55 
W-24 0.35 17.5 1.17 21 0.08 0.56 w 1.56 x10-6 1.00 x10-6 0.51 1615 95.9 ∞ 
W-25 0.35 8 1.9 16 0.08 0.41 w 6.86 x10-8 1.00 x10-6 0.51 1230 20.1 11.1 
W-26 0.35 8 1.23 10 0.08 0.54 w 2.72 x10-7 1.00 x10-6 0.51 769 40.1 - 
W-27 0.35 8.5 1.72 19 0.08 0.43 w 1.04 x10-7 1.00 x10-6 0.51 1461 24.8 12.5 
W-28 0.35 8 1.46 11 0.08 0.48 w 1.53 x10-7 1.00 x10-6 0.51 846 30 - 
W-29 0.35 4 1.65 8 0.08 0.45 w 2.60 x10-8 1.00 x10-6 0.51 615 12.4 4.07 
W-30 0.35 8 1.82 13 0.08 0.42 w 7.77 x10-8 1.00 x10-6 0.51 1000 21.4 7.24 
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Table 2 (continued)  

Testγ 
dfs 

(mm) 
dss  

(mm) 
σss  

ks     
(mm) 

u*      
(ms-1) 

φ 
K          

(ms-1) 
ν         

(ms-2) 
Fr Re* ReK 

Zc      

(cm)ε 
G-1 0.4 8 1.38 9.5 0.05 0.33w 1.84 x10-7 1.00 x10-6 0.6 435 19.6 7.13 
G-2 0.22 8 1.38 9.5 0.05 0.33w 1.84 x10-7 1.00 x10-6 0.6 435 19.6 7.02 
G-3 0.21 8 1.38 9.5 0.05 0.33w 1.84 x10-7 1.00 x10-6 0.6 435 19.6 ∞ 
G-4 0.12 8 1.38 9.5 0.05 0.33w 1.84 x10-7 1.00 x10-6 0.6 446 20.2 ∞ 
G-5 0.22 8 1.38 9.5 0.05 0.33w 1.84 x10-7 1.00 x10-6 0.73 518 23.4 7.43 
G-6 0.21 8 1.38 9.5 0.05 0.33w 1.84 x10-7 1.00 x10-6 0.73 518 23.4 ∞ 
G-1 0.2 3.7 1.225 4.5 0.05 0.45 5.90 x10-8 1.00 x10-6 0.52 236 12.7 7.15 
G-2 0.2 2.9 1.127 3.3 0.05 0.43 4.91 x10-8 1.00 x10-6 0.52 173 11.6 7.26 
G-3 0.2 9.2 1.353 15 0.05 0.44 2.59 x10-7 1.00 x10-6 0.52 786 26.7 ∞ 
G-4 0.2 7.6 1.4 10 0.05 0.51 1.58 x10-7 1.00 x10-6 0.52 524 20.8 ∞ 
G-5 0.2 5.9 1.188 7.2 0.05 0.51 1.67 x10-7 1.00 x10-6 0.52 377 21.4 ∞ 
G-1 0.63 7.6 1.4 10.1 0.05 0.33w 1.58 x10-7 1.00 x10-6 0.51 529 20.8 6.59 
G-2 0.34 7.6 1.4 10.1 0.05 0.33w 1.58 x10-7 1.00 x10-6 0.51 529 20.8 7.92 
K-1 0.3 35 1.15 40 0.12 0.4 1.22 x10-6 1.00 x10-6 0.55 4781 132 ∞ 
K-2 0.3 35 1.15 40 0.05 0.4 1.22 x10-6 1.00 x10-6 0.27 2119 58.5 ∞ 
K-3 0.3 35 1.15 40 0.09 0.4 1.22 x10-6 1.00 x10-6 0.45 3655 100.9 ∞ 
K-4 0.3 35 1.15 40 0.12 0.4 1.22 x10-6 1.00 x10-6 0.55 4738 130.8 ∞ 
K-5 0.3 35 1.15 40 0.05 0.4 1.22 x10-6 1.00 x10-6 0.26 2040 56.3 ∞ 
K-6 0.3 35 1.15 40 0.09 0.4 1.22 x10-6 1.00 x10-6 0.45 3542 97.8 ∞ 
K-7 0.3 35 1.15 40 0.12 0.4 1.22 x10-6 1.00 x10-6 0.56 4810 132.8 ∞ 
K-8 0.3 35 1.15 40 0.12 0.4 1.22 x10-6 1.00 x10-6 0.56 4774 131.8 ∞ 
K-9 0.3 35 1.15 40 0.09 0.4 1.22 x10-6 1.00 x10-6 0.45 3502 96.7 ∞ 
K-10 0.3 35 1.15 40 0.11 0.4 1.22 x10-6 1.00 x10-6 0.57 4483 123.8 ∞ 
K-11 0.3 35 1.15 40 0.05 0.4 1.22 x10-6 1.00 x10-6 0.22 1958 54.1 ∞ 
K-12 0.3 35 1.15 40 0.08 0.4 1.22 x10-6 1.00 x10-6 0.44 3211 88.7 ∞ 
K-13 0.3 35 1.15 40 0.11 0.4 1.22 x10-6 1.00 x10-6 0.55 4367 120.6 ∞ 
K-14 0.3 35 1.15 40 0.05 0.4 1.22 x10-6 1.00 x10-6 0.24 1922 53.1 ∞ 
K-15 0.3 35 1.15 40 0.08 0.4 1.22 x10-6 1.00 x10-6 0.46 3174 87.6 ∞ 
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Table 2 (continued)  

Testγ 
dfs 

(mm) 
dss  

(mm) 
σss  

ks     
(mm) 

u*      
(ms-1) 

φ 
K          

(ms-1) 
ν         

(ms-2) 
Fr Re* ReK 

Zc      

(cm)ε 
K-16 0.3 35 1.15 40 0.1 0.4 1.22 x10-6 1.00 x10-6 0.59 3917 108.1 ∞ 
K-17 0.3 35 1.15 40 0.05 0.4 1.22 x10-6 1.00 x10-6 0.24 1936 53.4 ∞ 
K-18 0.3 35 1.15 40 0.08 0.4 1.22 x10-6 1.00 x10-6 0.44 3301 91.1 ∞ 
K-19 0.3 35 1.15 40 0.11 0.4 1.22 x10-6 1.00 x10-6 0.58 4248 117.3 ∞ 
K-20 0.3 35 1.15 40 0.04 0.4 1.22 x10-6 1.00 x10-6 0.19 1714 47.3 ∞ 
K-21 0.3 35 1.15 40 0.05 0.4 1.22 x10-6 1.00 x10-6 0.26 1994 55 ∞ 
K-22 0.3 35 1.15 40 0.09 0.4 1.22 x10-6 1.00 x10-6 0.46 3461 95.6 ∞ 
K-23 0.3 35 1.15 40 0.1 0.4 1.22 x10-6 1.00 x10-6 0.58 3940 108.8 ∞ 
K-24 0.3 35 1.15 40 0.05 0.4 1.22 x10-6 1.00 x10-6 0.25 1816 50.1 ∞ 
K-25 0.3 35 1.15 40 0.07 0.4 1.22 x10-6 1.00 x10-6 0.45 2920 80.6 ∞ 
K-26 0.3 35 1.15 40 0.1 0.4 1.22 x10-6 1.00 x10-6 0.6 4130 114 ∞ 
K-27 0.3 35 1.15 40 0.03 0.4 1.22 x10-6 1.00 x10-6 0.19 1389 38.4 ∞ 
K-28 0.3 35 1.15 40 0.04 0.4 1.22 x10-6 1.00 x10-6 0.27 1789 49.4 ∞ 
K-29 0.3 35 1.15 40 0.07 0.4 1.22 x10-6 1.00 x10-6 0.47 2822 77.9 ∞ 
K-30 0.3 35 1.15 40 0.11 0.4 1.22 x10-6 1.00 x10-6 0.6 4235 116.9 ∞ 
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Table 3. Summary of data. 

Study 
dfs 

(mm) 
ds  

(mm) σss νo φ K (m/s) 
u* 

(m/s) Re* ReK 
Zc (cm) 

Measured

Zc (cm) 
Impulse-
Model 

W-1 0.35 8.00 1.82 1.0E-06 0.43 7.77E-08 0.077 1000 21.4 7.6 9 
W-2 0.35 11.20 1.74 1.0E-06 0.44 1.74E-07 0.077 1461 32.1 11.3 10.5 
W-3 0.35 16.00 1.67 1.0E-06 0.56 4.01E-07 0.077 1576 48.7 10.23 12.5 
W-4 0.35 17.50 1.17 1.0E-06 0.41 1.56E-06 0.077 1615 95.9 16.19 23 
W-5 0.35 8.00 1.9 1.0E-06 0.54 6.86E-08 0.077 1230 20.1 10.39 8.5 
W-6 0.35 8.00 1.23 1.0E-06 0.43 2.72E-07 0.077 769 40.1 17.62 17 
W-7 0.35 8.50 1.72 1.0E-06 0.48 1.04E-07 0.077 1461 24.8 10.33 10 
W-8 0.35 8.00 1.46 1.0E-06 0.45 1.53E-07 0.077 846 30.0 10.77 13 
W-9 0.35 4.00 1.65 1.0E-06 0.42 2.6E-08 0.077 615 12.4 10.17 8 

W-10 0.35 8.00 1.82 1.0E-06 0.42 7.77E-08 0.077 1000 21.4 13.17 9 
W-11 0.35 8.00 1.82 1.0E-06 0.43 7.77E-08 0.077 1000 21.4 5.3 9 
W-12 0.35 11.20 1.74 1.0E-06 0.44 1.74E-07 0.077 1461 32.1 10.46 10.5 
W-14 0.35 17.50 1.17 1.0E-06 0.41 1.56E-06 0.077 1615 95.9 23.82 23 
W-15 0.35 8.00 1.9 1.0E-06 0.54 6.86E-08 0.077 1230 20.1 8.37 8.5 
W-16 0.35 8.00 1.23 1.0E-06 0.43 2.72E-07 0.077 769 40.1 9.84 17 
W-17 0.35 8.50 1.72 1.0E-06 0.48 1.04E-07 0.077 1461 24.8 16.13 10 
W-18 0.35 8.00 1.46 1.0E-06 0.45 1.53E-07 0.077 846 30.0 15.41 13 
W-20 0.35 8.00 1.82 1.0E-06 0.42 7.77E-08 0.077 1000 21.4 8.56 9 
W-21 0.35 8.00 1.82 1.0E-06 0.43 7.77E-08 0.077 1000 21.4 11.3 9 
W-22 0.35 11.20 1.74 1.0E-06 0.44 1.74E-07 0.077 1461 32.1 10.39 10.5 
W-23 0.35 16.00 1.67 1.0E-06 0.56 4.01E-07 0.077 1576 48.7 9.55 12.5 
W-25 0.35 8.00 1.9 1.0E-06 0.54 6.86E-08 0.077 1230 20.1 11.12 8.5 
W-27 0.35 8.50 1.72 1.0E-06 0.48 1.04E-07 0.077 1461 24.8 12.52 10 
W-29 0.35 4.00 1.65 1.0E-06 0.42 2.6E-08 0.077 615 12.4 4.07 8 
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Table 3 (continued)  

Study 
dfs 

(mm) 
ds  

(mm) σss νo φ K (m/s) 
u* 

(m/s) Re* ReK 
Zc (cm) 

Measured

Zc (cm) 
Impulse-
Model 

W-30 0.35 8.00 1.82 1.0E-06 0.35 7.77E-08 0.077 1000 21.4 7.24 9 
DP-1 0.11 2.44 2.75 1.0E-06 0.35 3.15E-09 0.059 356 3.3 2.7 3.5 
DP-2 0.11 2.44 2.75 1.0E-06 0.35 3.15E-09 0.057 342 3.2 2.7 3.5 
DP-3 0.11 2.44 2.75 1.0E-06 0.35 3.15E-09 0.057 344 3.2 2.7 3.5 
DP-4 0.11 2.44 2.75 1.0E-06 0.35 3.15E-09 0.057 344 3.2 2.7 3.5 
DP-5 0.11 2.44 2.75 1.0E-06 0.35 3.15E-09 0.057 343 3.2 2.7 3.5 
DP-6 0.11 2.44 2.75 1.0E-06 0.35 3.15E-09 0.057 343 3.2 2.7 3.5 
DP-7 0.11 2.44 2.75 1.0E-06 0.35 3.15E-09 0.045 272 2.5 2.35 3 
DP-8 0.11 2.44 2.75 1.0E-06 0.35 3.15E-09 0.046 274 2.6 2.35 3 
DP-9 0.11 2.44 2.75 1.0E-06 0.35 3.15E-09 0.046 275 2.6 2.35 3 

DP-10 0.11 2.44 2.75 1.0E-06 0.35 3.15E-09 0.046 277 2.6 2.35 3 
DP-11 0.11 2.44 2.75 1.0E-06 0.35 3.15E-09 0.046 276 2.6 2.35 3 
DP-12 0.11 2.44 2.75 1.0E-06 0.35 3.15E-09 0.046 276 2.6 2.35 3 
DP-13 0.08 2.44 2.75 1.0E-06 0.35 3.15E-09 0.047 280 2.6 2.65 3 
DP-14 0.08 2.44 2.75 1.0E-06 0.35 3.15E-09 0.047 280 2.6 2.65 3 
DP-15 0.08 2.44 2.75 1.0E-06 0.35 3.15E-09 0.047 280 2.6 2.65 3 
DP-16 0.08 2.44 2.75 1.0E-06 0.35 3.15E-09 0.047 280 2.6 2.65 3 
DP-17 0.08 2.44 2.75 1.0E-06 0.35 3.15E-09 0.047 281 2.6 2.65 3 
DP-18 0.08 2.44 2.75 1.0E-06 0.27 3.15E-09 0.047 281 2.6 2.65 3 
DP-19 0.08 2.44 2.75 1.0E-06 0.27 3.15E-09 0.047 281 2.6 2.65 3 

G-1 0.40 8.00 1.38 1.0E-06 0.33 1.84E-07 0.046 435 19.6 7.1288 5 
G-2 0.22 8.00 1.38 1.0E-06 0.33 1.84E-07 0.046 435 19.6 7.0169 6 
G-5 0.22 8.00 1.38 1.0E-06 0.33 2.9E-06 0.054 518 92.7 7.4282 7.5 
G-1 0.20 3.70 1.22 1.0E-06 0.42 1.69E-08 0.052 236 68.1 7.15 7 
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Table 3 (continued)  

Study 
dfs 

(mm) 
ds  

(mm) σss νo φ K (m/s) 
u* 

(m/s) Re* ReK 
Zc (cm) 

Measured

Zc (cm) 
Impulse-
Model 

G-2 0.20 2.90 1.13 1.0E-06 0.43 1.15-08 0.052 173 56.3 7.26 7 
G-1 0.63 7.60 1.4 1.0E-06 0.33 2.51E-06 0.052 529 83.1 6.59 4.5 
G-2 0.34 7.60 1.4 1.0E-06 0.33 2.51E-06 0.052 529 83.1 7.92 6 
D-1 0.12 2.25 2.75 1.0E-06 0.34 2.68E-09 0.050 280 2.6 4.86 3 
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