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Introduction
The most cited definition of a rill is “a microchannel (...) small enough to be removed by normal tillage operations” (fao 1965, op. cit. Bryan 1987, op. cit. Selby 1993) although, according to Bryan (1987), a more precise definition of the term ‘rill’ would be useful. Its width and depth is normally measured in centimeters (Summerfield 1991; Carson & Kirkby 1972) or even in millimeters (Van Asch 1997) and its maximum depth is often arbitrarily chosen as half a meter. When a rill cannot be removed anymore by agricultural practice it has become a gully. The formation of gullies is quite different from the formation of rills, and will therefore not be treated here. 


Rill initiation by overland flow can be viewed in two ways (Kirkby 1980; Rauws 1987). The first view is that rill generation is caused by the lack of balance between the infilling of juvenile rills by inter-rill processes ( such as splash and wash erosion ( at one side, and widening and deepening of young rills by rill processes ( such as small mass movements and headcutting ( at the other side. This view was first proposed by Smith & Bretherton (1972) in a conceptual model.


The second view is that rills appear as soon as a certain threshold is exceeded, i.e. the erosivity of the overland flow surpasses the resistance of the soil against erosion (Rauws & Govers 1988). This threshold is often defined in a hydraulic way, but is often a function of (mainly) soil characteristics and slope. The ‘threshold view’ was first conceptualized by both Horton (1945) and Schumm (1956), who developed the concept of “the belt of no erosion” and “constant of channel maintenance” respectively. However, these first concepts were only defined qualitatively. In later years, the threshold has been defined more quantitatively.  


These two views are not contradictory (Kirkby 1980; Rauws 1987), since the first view can be seen as part of the second view. The infilling of rills is namely a (roughly) linear process (its importance increases in the beginning approximately linearly with respect to time), while rill processes are strongly non-linear and increase exponentially with time (Kirkby 1980) (see also Fig. 1). So at some point in time both processes are equally important. This point denotes the threshold for incipient rilling: when duration of runoff exceeds this point in time, rill processes will dominate till the end of runoff over inter-rill processes and rill initiation may take place. The position of ‘the point of equal importance’, is influenced by, again, (mainly) slope, soil and hydraulic characteristics of the overland flow.


It can be concluded that in both views the threshold for incipient rilling is affected by slope, soil and hydraulic characteristics of the runoff. After the pioneering work of Horton (1945), Ellison (1947) and Schumm (1956), the need was felt to define the threshold more quantitatively, despite the fact that there already existed quantitative thresholds for particle entrainment (e.g. Shields 1936; Hjulstrøm 1935). However, these early thresholds were originally defined for deep river flow in stead of shallow overland flow. But because the onset of rilling demands the setting in motion of soil particles, the early thresholds for particle entrainment provided a starting point and might be refined in order to apply to shallow overland flow (which causes incipient rilling). Later on, work was carried out in order to define new, quantitative thresholds for incipient rilling, mostly with hydraulics and a soil quantity as a starting point. Summarizing, these two starting points ( hydraulics and particle characteristics versus hydraulics and soil characteristics ( led to two groups of work.


It is these two groups of work which are being treated here, in order to find the answer on the question of which of the two provides the best-defined, best-applicable and most easy-to-use threshold for incipient rilling. The answer to this question is important, since in erosion modelling in gis a certain threshold has to be implemented when one wants to predict the probability of rilling or the amount of rill erosion. The ease of implementation, the choice for the submodel for an area (rill or interrill submodel) and the model output depend on the definition of the threshold.


First of all, an introduction to the field of hydraulics is given, because much of the threshold formulae are a function of (amongst others) the flow hydraulics. Next, the modified particle entrainment equations (called Group 1) are being treated. After this, the strictly for incipient rilling defined equations and fixed thresholds (called Group 2) are being treated, whereafter the two groups are discussed and compared to each other, enabling it to answer the above stated question.

Introduction to fluid mechanics

Flow types
Flow can be divided into six regimes, which are shown in Fig. 2: laminar rapid (shooting) or tranquil (streaming), transitional rapid or tranquil and turbulent rapid or tranquil.


The classification of the flow depends upon the two major hydraulical numbers: The Froude number Fr (or F) and the Reynolds number Re (or X) (Table 1).

	Number
	Re < 500
	500 < Re < 2000,

	 Re > 2000

	F < 1
	Laminar tranquil
	Transitional tranquil
	Turbulent tranquil

	F > 1
	Laminar rapid
	Transitional rapid
	Turbulent rapid


Table 1. Classification of flow types according to Froude and Reynolds numbers.

The Froude number is defined as the square root of the ratio between the inertial and gravity forces (Carson & Kirkby 1972):

 Fr = v/((g·R), 
(1)

where v = mean flow velocity [cm/s], g = gravitational acceleration [cm/s2] and R = hydraulic radius of the flow [cm] ( the flow depth when dealing with shallow overland flow and the width of the flow is at least five times greater than the depth (Savat 1977)
. As can be seen the Froude number is dimensionless. The units for v, g and R are the most often used ones for overland flow.


The Reynolds number is defined as the ratio between the inertial and viscous forces (Carson & Kirkby 1972):

Re = v·R·(w/( = v·R/(,
 (2)

where (w = density of water [g/cm3], ( = dynamic molecular viscosity [g/cm·s], ( = kinematic viscosity = (/(w [cm2/s]
. The Reynolds number is dimensionless as well
.

Mean flow velocity equations

There are three major quantities whereby friction can be indicated: Manning’s n, Chézy’s C and Darcy-Weisbach’s f (= general friction factor). Manning’s n is part of the following formula (the Manning equation
) which can be used to calculate flow velocity:

v = R2/3·S1/2/n,
 (3)

where S = slope [m/m] =tan (, where ( stands for slope angle
.


Chézy’s C is part of an equal sorted formula as the Manning equation: the Chézy equation:

v = C·((R·S) = C·R1/2·S1/2 
(4)

The Chézy and Manning equation are both empirical and defined for channel flow: the original exponents are ‘rounded of’ to the fractions. The Chézy equations is commonly used for laminar flow and the Manning equation for fully turbulent flow. Both n and C can be expressed as function of f and each other:

C = R1/6/n ( n = C/R1/6,
 (5)

C = ((2g/f),
 (6)

n = ((f/2g)·R1/6,
 (7)

so it is only needed to determine one of the three kinds of friction factors if one wants to obtain all three. The Darcy-Weisbach f is the more general of the three and will be used here in most cases. When the velocity is to be calculated with f, the deterministic equation used is

v = ((2g·R·S/f).
(8)

Darcy-Weisbach friction factor (f) equations
There exist an overwhelming number of formulae (most of which are empirical) to calculate f as a function of either R and d (= the grain diameter, roughly equivalent to k, the grain roughness) or Re. The fact that there are so much different equations to calculate f is important, because the equation which is chosen to calculate f influences the output (v or R) of Eq. (3), (4) or (8); v And R are commonly computed (and not measured) and are used in threshold formulae or in the direct determination of fixed threshold exceedance. It is also worthwile to note in this context, that Bryan (1990) found the surface roughness to be an important influence on the achievement of threshold conditions for headcut incision, which ultimately leads to rilling.


The following formulae are dependent upon R and d,
 or k (a subscript c or p indicates whether Re is defined for channel flow or pipe flow; the equations themselves all apply to open channel flow):

Wolman (1955, in Thornes 1980; in Carson & Kirkby 1972):

 ((1/f) = 4.07 log (R/d84) + 2.0;

 (9)

Keulegan (1938, in Savat 1980), for turbulent flow:

((1/f) = 2.03 log (R/k) + 2.12,
(10a)

or Keulegan (1938, in Raudkivi 1976)
:

((1/f) = (2.03 log (k65/11.09R),
 (10b)

Colebrook & White (1937, in Savat 1980), for transitional flow:

((1/f) = (2.03 log (d/11.1R + 2.485/(Rep·(f)). 
(11a)

Henderson (1966, in Chow et al. 1988), for transitional flow:

((1/f) = -2 log (k/12R + 2.5/(Rep·(f)) ( -2 log ((/3 + 2.5/(Rep·(f)),
 (11b)

with ( = k/4R, and for fully turbulent flow:

((1/f) = (2 log ((/3).
 (11c)

Bettes (1984, in Guy & Dickinson 1990), for fully turbulent flow (in rewritten form):

((1/f) = (2 log ((/3.7). 
(11d)

Note the amount of agreement between Eq. (10b), (11a) and (11b) and between (11c) and (11d).


The following formulae are dependent upon Re:

Laminar flow over smooth surfaces (general equation):

f = 24/Rec, f = 96/Rep,
 (12a, 12b)

or, according to Roels (1984) but wrong according to Govers (1992):

f = 64/Rep.
 (12c)


Laminar flow over rough surfaces:

f = K/Rec,
 (13)

with K in Table 2 or, according to Savat (1980):

K = 24 + 24/263(d901.25·(sin ()0.4),
 (14a)

or, according to Hogdes (1982):

K = 32(g·R2·S)/((·v),
 (14b)

or, according to Savat & Poesen (1977), who found in laboratory experiments over fixed sand grain beds:

K = (24 + 188d50) · (1 + 28d50·S + 56S2) 
(14c)

or, according to Thornes (1980), for flow under rainfall:

K = K(Table 2) + 10(r/2.54), 
(15)

with r = rainfall intensity [cm/h].


The so called Blasius equation (Blasius 1913), according to Roels (1984), for turbulent flow (2000 < Rep < 100,000) over smooth surfaces:

f = 0.316/Rep0.25, 
(16a)

or the Blasius equation, modified by Savat (1980) in order to give a better fit for 2400 < Rep < 20,000:

f = 0.308/Rep0.25. 
(16b)

Keulegan (1938, in Savat 1977), for turbulent flow:

((1/f) = 5.75 log (Rep·(f/(8) + 3.5 ( 5.75 log (R·((g·R·S)/() + 3.5,
 (17)

which is iterative since f appears on both sides of the equation.

	Surface
	K for laminar flow

	Concrete or asphalt
	24(108

	Bare sand
	30(120

	Gravelled surface
	90(400

	Eroded bare clay
	100(5000

	Loam soil, sparsely vegetated
	1000(4000

	Loam soil, short grass
	7000(10,000

	Loam soil, bluegrass sod
	7000(40,000


Table 2. Values for K, to be applied to Eq. (13) and (15d) for different surfaces,

according to Woolhiser (1975, in Thornes 1980).

Savat (1980) proposed a widely used algorithm ( e.g. used by Govers (1985), Torri et al. (1987), Rauws (1987) and Rauws & Govers (1988) ( in order to correct the underprediction of f by Eq. (10a):


( In the case d90 ( 35.5(sin ()-0.4:

((1/f) = 2.03 log ((R/d90) + 2.12/(1 + 2.12(d90/R)));
 (18a)


( In the case d90 < 35.5(sin ()-0.4:

 f = 1.1479·Ratio·((1 + (d901.25·(sin ()0.4)/263)·Rep-0.25,
(18b)

with Rep = 2440 and Ratio = (f calculated by Eq. 17)/(f calculated by Eq. 10a).

R-derived and other hydraulic quantities

Because R, the hydraulic radius or flow depth in thin flows, is an important measure (Savat 1977), it appears in other fluidmechanical quantities as well, like u* and (w.  (, qS And ( are indirectly dependent upon R, as can be seen below. These quantities are quite important in this context, because they appear in several rill inception thresholds. The definitions of u*, (w, (, qS and ( are as follows and can also be found elsewhere (Kirkby 1980; Summerfield 1991; Pearce 1976):

(w = flow shear strength = (w·g·R·S [Pa]; 
(19)

u* = shear velocity ( flow shear strength in velocity units = ((g·R·S) = (((w/(w) [cm/s]; 
(20)

( = specific stream power = (w·v = (w·g·q·S [W/m2]
; 
(21)

qS = flow power = q·S [L/m·min]; 
(22)

( = stream power = power per unit length of stream = (w·g·Q·S [W/m],
 (23)

with q = discharge of flow per unit width of flow [cm2/s], Q = flow discharge [cm3/s] and the units equal to the most used ones for these quantities.


Analogous to Re, Fr, and u*, Regr, Frgr and u*gr have been defined. In their definitions, R is displaced by d, the grain diameter, and v by u*, so they are defined as follows:

Regr = u*·d/(, Frgr = u*/((g·d), u*gr  = ((g·d·S). 
(24, 25, 26)

These quantities are often used in particle entrainment formulae, as will be seen in the next chapter, and can be found back in several textbooks and papers (Yalin 1977; Miller et al. 1977)

Group 1: thresholds for particle entrainment

As said before, Shields (1936) and Hjulstrøm (1935) were the first to obtain a relationship between flow characteristics and particle entrainment. Hjulstrøm (1935) related the critical mean flow velocity vcr to grain diameter d, but this relationship only holds for rivers and a grain density of 2.65 g/cm3 (Miller et al. 1977). However, despite its simplicity and ease, Hjulstrøm (1935) can rarely be found back in later literature, while Shields (1936) is cited in almost every paper considering particle entrainment or transport. So, most attention is paid here to Shields (1936) and the Shields diagram, while later modifications of the Shields parameter will also be treated, as well as (more recently) evolved particle entrainment thresholds, which are not related to Shields (1936). 

The Shields parameter (() and the Shields diagram

The Shields’ dimensionless shear stress ( is the ratio of the tractive force on a particle to the gravity force acting on it (Engelund & Hansen 1967, op. cit. Carson & Kirkby 1972; Miller et al. 1977). So, neither cohesional forces between clay particles are included (Guy & Dickinson 1990), nor sheltering effects through the presence of larger grains in proximity. Shields’ dimensionless shear stress is defined as follows (Miller et al. 1977):

( = (w/((s((w)·g·d = ((w·u*2)/((s((w)·g·d = (R·S)/((·d), 
(27)

where d = uniform grain size [cm], (s = grain density [g/cm3] and ( = ((s((w)/(w ( (s((w [(]. According to Miller et al. (1977), ( can be seen to be analogous to Frgr2, since Fr denotes the ratio of tractive forces to gravity forces as well. 


The Shields diagram has Regr logarithmically on the x axis and ( (also logarithmically) on the y axis (Fig. 3) and contains a fitted (cr-line, which passes through and past points which were originally found in experiments, conducted by Shields (1936) with rounded grains of uniform size in clear water. Later work added points to the data set (Miller et al. 1977), which confirmed the overall form of the line, but added scatter to it as well (Summerfield 1991, Fig. 8.14; Fig. 10 in this text). The line in the diagram indicates the position of (cr, the Shields criterion, for each Regr: if ( > (cr, entrainment is likely to occur; if ( < (cr, entrainment is unlikely to occur. So, in theory, the line denotes the critical threshold for particle entrainment as function of the grain Reynolds number. “In theory”, because Yalin (1977) and Miller et al. (1977) found the onset of particle entrainment indeed a statistical phenomenon; Yalin (1977, Fig. 4.22) provides (hypothetical) probability densities around the (cr-line in Shields diagram. The existence of these probability distributions is supported by Grass (1970) for water and by Chepil and Siddoway (1959) for wind.


The form of the (cr-line can easily be explained: the left handside, with a rise of 45°, was strictly hypothetical in the original work by Shields (1936) and based on the assumption that sheltering in the laminar sublayer tends to increase exponentially with a decrease in grain diameter. On the right handside, the flow regime is fully turbulent and a fixed (cr of 0.06 seems a good approximation (Carson & Kirkby 1972), because the (cr-line is nearly horizontal. This is explained by Grass (1970, op. cit. Raudkivi 1976), who states that the (wcr (part of  (cr) does not increase with increasing grain diameter, because the greater tractive force on the particle in the turbulent layer ( which becomes increasingly important as greater particles protrude the laminar sublayer ( is outweighed by the greater area of exposition to the tractive force (force/area = constant). 

Modified Shields parameters

According to many authors, the Shields diagram is not suited enough for shallow overland flow. Several authors have proposed a modified Shields parameter because they found the original Shields parameter to be inappropriate. For instance, ( was originally defined as (Guy & Dickinson 1990)

( = (w/(g·((s ( (w)·d·(cos (·tan ( ( sin ()), 
(28a)

with ( = angle of submerged repose (roughly equivalent to ( in the Coulomb equation, taken equal to 24° by Raudkivi (1976)) and ( = slope angle. However, because the Shields diagram was to be used for channel flow, Eq. (28a) was simplified to Eq. (27) through the assumptions that the slope angle is negligible (as is the gradient in river flow) and that the angle of submerged repose of the grains always equals 45°. So, because of tan ( = tan 45° = 1, cos ( ( cos 0° = 1 and sin a ( sin 0° = 0, both ( and ( disappeared out of the formula and could not influence ( anymore. Certainly, these assumptions are not valid for overland flow, which occurs on steep slopes with ( far from negligible and ( less than 45°.


Ashida & Bayazit (1973) developed the following modified Shields parameter, with both ( and ( incorporated (in Guy & Dickinson 1990):

( = (w/(g·((s ( (w)·d·(cos (·tan ( ( C·sin ()),
 (28b)

with C = (s/((s ( (w), while Stevens et al. (1976) considered moments about the point of rotation of grains and proposed the following analytical definition (in Guy & Dickinson 1990):

( = (w/(g·((s ( (w)·d·(cos ( ( (sin (/tan ())). 
(28c)

Eq. (28abcd) have in common that they predict a relative decrease of (cr, through the increase of (, with increasing slope and decreasing (, so they can be applied with more confidence to shallow overland flow than the simplified equation for ( (which is Eq. (27)).


For incipient gravel movement in rills, Torri & Poesen (1988) found (in Torri et al. 1990):

( = 0.1((du·d50)/R ( 0.1d50/R, 
(29)

where du = gravel size perpendicular to bed surface [cm]. Torri et al. (1990) validated Eq. (29), by calculating ( with both Eq. (29) and an equation for a modified Shields parameter, which is

( = (Ad·(w)/(((s ( (w)·g·(tan ( ( tan ()·cos ( + Fc), 
(28d)

with Ad = surface of gravel over which tractive force acts [cm2], Fc = cohesive force acting on gravel [N]. Torri et al. (1990) compared the outcomes of Eq. (29) with the outcomes of Eq. (28d). They found that the fit was good, as long as Fc was incorporated in Eq. (28d) and that “the close fit extends the field of applicability of such formulas to lower roughness than previously tested (the lowest having d50 = 0.004 cm). Nevertheless, this approach seems fairly empirical.”


Yalin (1977) found the Shields diagram to be unhandy, because both u* and (w (indirectly) appear on the x and y axis, respectively. Both u* and (w are dependent upon R and S, so, iterative procedures must be adopted in order to calculate (. Yalin (1977) proposed a modified Shields diagram, with ( on the x axis and ( on the y axis, where

( = Regr2/(cr = (((s ( (w)·g·d3)/((w·(2). 
(30)

A plot of (( on the x axis against ( on the y axis leads to a (cr-line which has the same form as the original Shields diagram.

Non-Shields related thresholds for particle entrainment

Critical mean flow velocity (vcr)
One of the earliest expressions for the critical flow velocity was found in the 18th century (Raudkivi 1976):

vcr = k·m1/6, 
(31)

with k = an empirical constant and m = weight of the grain [g]. Later on, Hjulstrøm (1935) established his famous diagram (Fig. 4), with v on the y axis, d on the x axis and a vcr-line between erosion on the one side and sedimentation and mere transportation on the other side. The line is only mentioned here for the sake of completeness. Note the agreement in form with the Shields curve.


Among the more widely quoted vcr equations, according to Raudkivi (1976), is the one by Neill (1967), who developed a conservative equation for uniform material and uniform flow (Raudkivi 1976):

vcr2 = 2.50((s/(w ( 1)·g·d·(d/R)(0.20,  
(32)

with vcr in [cm/s].


Yang (1973) combined the conventional drag and lift concepts with the logarithmic velocity distribution. After empirical curve fitting, to find the values of the constants, he arrived at (Raudkivi 1976):

vcr/w = 2.5/(log Regr ( 0.06) + 0.66, for 0 < Regr < 70;
 (33a)

vcr/w = 2.05, for Regr > 70,
 (33b)

with w = fall velocity of the grain [cm/s], a function of (amongst others) (s and d. Raudkivi (1976) expects Eq. (33a) to yield reliable results only for Regr > 2, because of the fact that log Regr = 0.06 ( Regr ( 1.1 gives vcr/w ( (.

Critical unit discharge (qcr)
Guy (1990) conducted 16 experiments with four different materials (coarse, medium and fine sand and light-weight ceramic (with d50 = 0.328 mm)) in order to assess the point of transport inception in uniform afterflow under laboratory conditions. When Guy & Dickinson (1990) examined data collected by Guy (1990), it was noticed that there existed a strong relationship between the critical unit discharge needed to set a grain in motion and the density of the grains, the grain diameter and the slope. With the aid of multiple regression, Guy & Dickinson (1990) arrived at the following equation:

qcr = C·((s/(w ( 1)2.36·d500.79·(sin ()(1.49, 
(34a) 

with qcr, d50, (s and (w expressed in si units and where C = a constant (1.062·10(4) in which g, f and ( are included. The experimental range of variables for which the equation is valid is as follows: S ( [0.01; 0.12], d50 ( [0.151; 0.381] mm, ((s/(w ( 1) ( [0.5; 1.65] and qcr ( [7; 600] mm2/s.


Since f and ( do not necessarily have to remain constant during overland flow under non-laboratory conditions, these quantities were made explicit by Guy & Dickinson (1990) with the aid of a modified form of Eq. (8) in which ( appears:

qcr = (2.73·10(3·g0.73·((s/(w ( 1)2.73·d502.18)/((0.45·(K/8)·(sin ()2), 
(34b)

with K calculated by Savat’s (1980) formula (Eq. (14a)). This equation was found rather the same as the formula developed by Bettes (1984), who used Eq. (11d) to develop (in Guy & Dickinson 1990)

qcr = (6.325·10(2·g0.5·(((s/(w ( 1)·d50)1.5)/sin () · log (0.74((s/(w ( 1)/sin ().
(35)

Critical flow shear velocity (u*cr)
The elementary formula for the shear velocity threshold for particle movement, as expressed by u*cr, was developed by White (1940). The formula is analytical, since it was developed by considering the balance of moments, as Stevens et al. (1976) did for their modified Shields parameter. The equation established by White (1940) is (Raudkivi 1976):

u*cr = ((2/3(tan (/C)·((((s ( (w)/(w)·g·d) = B·((((s ( (w)/(w)·g·d), 
(36)

with C and B = empirical parameters, incorporating the ratio of eddy to mean velocity, the proportion of (w taken by the individual grain due to its relative position, the height at which (w acts and the by grains protected area. Eq. (37) only holds for turbulent fluid behaviour, which is defined by grain Reynolds numbers larger than approximately 3.5 (Colebrook & White 1937, op. cit. Raudkivi 1976), which is equivalent to grain diameters larger than 0.25 mm. When B is chosen 0.2, a ‘Shieldslike diagram’ containing an u*cr-line can be drawn, with u* on the y axis and d on the x axis (Fig. 5). It can be shown by comparison of Eq. (36) to Eq. (27) that B2 is nearly equivalent to ( and thus a function of grain Reynolds number as well (Raudkivi 1976).

Critical flow shear stress ((wcr)
In a study to assess the critical threshold for sedimentation of silt loam, De Ploey (1984) cites Lane (1953), who developed the following formula for the critical shear stress of flow:

(wcr = 10(2.08 + 0.82 log d50), 
(37)

with (wcr in [dyne/cm2]
 and d50 in [cm].


In Van Asch (1997), three empirical formulae for the critical shear stress of the overland flow, needed to set a grain in motion, are summed up. These formulae are derived from the American soil erosion model wepp (Water Erosion Prediction Project) and are based on numerous measurements in the United States (Van Asch, pers. comm.). For cropland, the following formula was found:

(wcr =  (2.85 ( 8.87/(100Svfs + 0.1)0.2 ( 16.0ec + 3.65sar + 3.79Ss0.2 + (28.1/100Sa0.3)·(Swdc/Sc)0.8, (38a)

with (wcr in [Pa], Svfs = very fine sand fraction [(], ec= electrical conductivity of the soil [mmho/s], sar = sodium absorbtion ratio [(], Ss = specific surface of the soil [m2/kg], Sa = sand fraction [(],Swdc = fraction water dispersible clay [(],Sc = total clay fraction [(]. For cropland on a soil with a clay fraction that exceeds 30 %, Eq. (38a) changes to

(wcr = (0.5 ( 284(·(( ( 0.3),
 (38b)

with (wcr in [Pa] and ( = volumetric moisture content [m3/m3]. For pasture, the expression for the critical shear strength is

(wcr = 3.23 ( 5.6Sa ( 24.4om + 0.90((s/1000), 
(38c)

with (wcr in [Pa], om = organic matter fraction [(] and (s = soil bulk density [kg/m3].


Govers (1990) conducted 465 experiments with five well-sorted quartz materials ((s = 2.65 g/cm3) with grainsizes between 50 and 1100 (m. In these experiments, discharges per unit width were between 2 and 150·10(4 m2/s and slopes ranged from 0.017 to 0.21 m/m. Govers (1992) gives values for (wcr (Table 3), which were found by Govers (1987a, 1990). The values are separated according to flow regime (laminar or turbulent flow). In Table 3 it can be seen as well, that the assumption that d(50) is roughly equivalent to k, the grain roughness, does indeed hold, but use of d65 as k seems to be even better.

	d50 [(m]
	k [(m]
	(wcr (L) [Pa]
	(wcr (T) [Pa]
	(wcr [Pa]

	58
	60
	0.13
	( 
	0.20

	127
	140
	0.29
	0.20
	0.25

	218
	250
	0.42
	0.24
	0.27

	414
	500
	0.60
	0.39
	0.30

	1098
	1200
	1.04
	0.58
	0.35


Table 3. (wcr For different d50 and k. L stands for laminar flow and T for turbulent flow. The value in the last column has been found by considering solid discharge-flow shear stress plots
. After: Govers (1992).

Group 2: thresholds for incipient rilling
In the 1970s and early 1980s, many authors complained about the fact that there was too little data on the initiation of particle movement, let alone the initiation of rills. For example Bryan (1974), who wrote that “data on u*cr are almost non-existent; clear determination of these u*cr is a priority for further research”. Kirkby (1980) stated that “(...) problems which have received less attention in the literature are the conditions for rill initiation (...)”, and according to Van Asch (1980) “little empirical work has been done to evaluate soil shear strength against flow shear stress”. However, this is partly counteracted by Miller et al. (1977), who argue that considerable data about thresholds have been obtained since Hjulstrøm (1935) and Shields (1936). But because nearly all the data are in engineering literature, earth scientists have more or less neglected the available data, because they have no knowledge of, or access to this literature (Miller et al. 1977).


Later on, in the 1980s and 1990s, threshold conditions on incipient rilling have indeed received attention. Here, some (data on) thresholds for the initiation of rills are presented. Because rill initiation is largely hydraulically controlled (Kirkby 1980; Bryan & Poesen 1989), the characteristics of the thin sheet flow which causes rilling is covered first, in conjunction with the process of rill initiation itself. Thereafter, several fixed thresholds and threshold formulae for rill inception are treated, starting with the first concept of a threshold, i.e. Horton’s (1945) ‘belt of no erosion’, followed by the critical slope below which no rilling is believed to occur and other, more hydraulically defined threshold conditions.

Hydraulic factors which influence rill inception

As said before, fluidmechanical aspects of the surface flow are quite important in rill inception. However, this statement does not hold for soils (mainly Vertisols) in which cracking is an important soil process and overland flow is virtually absent, because rainfall finds its way through the cracks and starts piping. In these soils, rills originate from roof collapse (Bryan 1987), which is a process that has not yet been described by equations and which is therefore not considered here.

Savat (1976, 1979, 1980) and Savat & De Ploey (1982) conducted several experiments in order to assess the flow regime under which rills start to form. Savat (1976, op. cit. Bryan 1987; 1979, op. cit. Morgan 1986) stated that rill initiation coincides with the formation of standing waves
. Beneath these standing waves, which are as twice as high as the normal flow depth (Savat 1980), high flow shear stresses are developed. The erosional effect of a flow with roll waves is up to five times as high as that of a flow without roll waves (Horton 1938, op. cit. Hodges 1982 and Savat & De Ploey 1982; Bryan 1990). The standing waves cause bed moulding to occur, which results in knickpoint formation. These knickpoints, called ‘Type A headcuts’ by Bryan (1990) and Bryan & Poesen (1989), can develop into a micro-rill, which was, under natural conditions, indeed observed by Hodges (1982). The flow upon which standing or stationary waves appear, is in transition from supercritical to subcritical flow (Summerfield 1991, Fig. 8.8) or simply (laminar) supercritical (Carson & Kirkby 1972; Savat 1980).


Rauws (1987) observed in laboratory experiments that when sheet flow changes from a laminar to a transitional regime, small vortices appear in the flow. Later on, in the last phase of the transitional regime, “isolated patches of turbulence” appear. Rauws (1987) also observed that on slopes higher than 2 to 3° (the critical slope for rill initiation (Savat & De Ploey 1982)), and at shear velocities of 3 to 3.5 cm/s (the critical threshold for rill initiation as mentioned by Govers (1985)), these patches are associated with roll waves. Rauws (1987) concluded from this, that transition from laminar to turbulent flow causes headcutting, and that transitional flow (with patches of turbulence and vortices) is thus a possible requirement for rill initiation. This requirement is supported by De Ploey et al. (1976), who observed eddies downstream of grass-blades: “These eddies are too slow to erode at low angles but at steeper slopes they may become very aggresive. The sum of their activity matches the erosive power of the rills on the naked löss surface.” Further support comes from Thornes (1980), who also stated that eddies shed by vegetation can entrain particles and Morgan (1986), who stated that the rate of erosion by overland flow is proportional to the Reynolds number of the flow. Moss et al. (1982) observed that secondary flow (a characteristic of turbulent flow) is capable of causing direct channel development on surfaces covered with large roughness elements.


Rauws’ (1987) requirement is also supported by Merrit (1984), who studied the formation of microrills in sandy loam on 5° slopes in the laboratory. Merrit (1984) observed the formation of laminar flowlines in the simulated shallow uniform overland flow, while Rauws (1987) never observed uniform flow and reported that preferential flow immediately starts with the onset of runoff. These flowlines entrained the first sediment, thereby forming ripples on the flowbed and incising micro-channels. These ripples grew and in their wakes plunge-pools formed, which were later transformed into headcuts. Headcuts were also formed in micro-channels. However, headcuts were not formed until the Reynolds number entered the transitional domain, as can be seen in Table 4.


From the above, it can be concluded that flow has to exhibit standing waves and/or vortices before headcutting and thereby rilling may occur.

	Phase
	Rec
	Regr
	Fr
	D-W f

	overland flow
	100
	3.8
	10.4
	0.002

	flowlines
	180
	6.4
	6.0
	0.006

	micro-channels
	460
	8.4
	4.9
	0.007

	channels with headcut
	840
	9.2
	6.7
	0.004


Table 4. The table contains the Reynolds number for channel flow, the grain Reynolds number, The Froude number and the Darcy-Weisbach friction factor for each phase in incipient rilling. Recall that the transitional domain is 500 < Re < 2000. After: Merrit (1984).

The belt of no erosion after Horton (1945) (Lcr)

Horton (1945, op. cit. Summerfield 1991) stated that on the upslope segments of slopes, the eroding shear stress (w of the flow is beneath the shear strenght of the soil (s, because the amount and depth of Hortonian overland flow is too low. Further downslope, there is a point were the flow shear stress matches the soil shear strength. From thereon, it is possible that erosion by overland flow occurs. The slope segment where it is not possible that erosion takes place was called ‘the belt of no erosion’ by Horton (1945).

The concept of the belt of no erosion was used by Carson & Kirkby (1972) and Morgan (1980a) to calculate the critical distance Lcr over which overland flow has to accumulate before it is able to erode. It was thereby assumed that the overland flow was of the Hortonian type and that the amount of overland flow increased linearly with distance. The concept can therefore not be applied to saturation overland flow, which increases non-linearly and mainly concentrates downslope (Carson & Kirkby 1972).


Carson & Kirkby (1972) calculated the critical distance Lcr as follows:


( on the point where flow shear stress is equal to the apparent cohesion of the soil (a measure for the soil shear strength, in which angle of internal friction and cohesion are merged), the following equality holds:

(w = (w·R·sin (·cos ( = c(, 
(39)

with c( = apparent cohesion [Pa].


( the amount of overland flow is given by:

q = i·L·sec (,
 (40)

where L = a distance [m] and i = excess rainfall [m].


( when these two equations are merged and R is eliminated with the aid of the Manning equation (Eq. 3), Lcr is as follows:

Lcr = ((c(/(w·s)5/3)/(n·i), 
(41)

where s = (sin ()0.7·(cos ()0.4, according to Carson & Kirkby (1972), or s = (sin ()0.7·(cos ()0.3, according to Horton (1945).


Morgan (1980a) calculated Lcr as a function of a certain vcr. With the use of the Manning equation ( used in the same manner as Carson & Kirkby (1972) ( the following equation was found:

Lcr = (vcr5/2·n3/2)/(i·(sin ()3/4·cos (). 
(42)

Critical slope (Scr)

Fixed critical slope
The most widely cited critical slope for rill initiation is 2 to 3° (Savat & De Ploey 1982). Savat & De Ploey (1982) established this value as Scr, after a review of 14 publications with field observations on rill- and gully-erosion in Africa and Europe. It was found that no author (till that time) had observed slopes below 2° with traces of rill erosion. Savat & De Ploey (1982) argue that this critical slope can be applied worldwide, since the Froude number ( which they believe to be the main quantity to control the onset of rilling ( does only vary with S and does not vary with unit discharge or flow depth, provided that the flow is transitional or turbulent. This is because the flow velocity v is proportional to ((R·S) in a non-laminar regime. Because Fr ( v/(R, it follows that Fr ( ((R·S)/(R and this reduces to Fr ( (S.


In later work, the critical slope established by Savat & De Ploey (1982) has been confirmed by several authors:


( Govers (1987b) found the critical slope for rilling on the loamy soils of the Huldenberg Experimental Site near Leuven to be 0.04 to 0.05, which is approximately 2 to 3°.


( Poesen (1987) also conducted experiments on the Huldenberg Experimental Site, but did this independent of Govers (1987b). It was found that the critical slope for entrainment of rock fragments (with 1 < d < 4 cm) was 2 to 3.5°.


( Planchon et al. (1987) carried out fieldwork in a wet savannah environment in northern Ivory Coast. The regression analysis that was used in order to correlate landscape factors to rill erosion rates, showed that the threshold value for rilling is 2°. This also confirms the worldwide applicability of the critical slope as proposed by Savat & De Ploey (1982).


( Morgan (1986) cites De Ploey (1983), who also confirms the critical slope of 2 to 3°.


( Moss et al. (1980, op. cit. Hodges 1982) suggest that flow competence increases considerably as slope becomes greater than 0.04 (( 2°). Above this value, the flow is able to form channels.

Critical slope equation
Vandaele et al. (1996) gathered 18 publications on rilling and (ephemeral) gullying in Northern and Southern Europe and the us. After manipulation of the data, a relation between the critical slope for rilling and gullying and the upslope drainage area emerged. A formula was proposed with the aid of which the critical slope can be calculated as function of upslope drainage area of a point in space. The formula is also applicable to rill- and permanent gully erosion, but in these cases the empirical constant has to be adapted. The formula proposed by Vandaele et al. (1996) is

Scr = a·A(b, 
(43)

where a = an empirical constant, A = upslope drainage area [ha], b = an exponent, which is often 0.40. The empirical constant a is dependent upon the kind of erosion (a is smaller for rilling than for gullying), the climate (a is smaller when precipitation mainly falls in summer in high intensity showers than when precipitation mainly falls in winter in low intensity rainy spells) and soil coverage (a is smaller for areas with low vegetation and stone cover than for well-vegetated, stony areas). For rill erosion in Belgium, a was found to be 0.0035. 
The formula was validated for an area in Central Belgium and it turned out that it was able to predict areas which already exhibited gullying (i.e. with S > Scr) quite succesfully. Vandaele et al. (1996) argue that the formula is supported by Horton’s (1945) concept of the belt of no erosion as well, because the drainage area needed for a rill or gully to form is dependent upon the distance to the drainage divide.

Critical Froude number of the overland flow (Frcr)
Fixed critical Froude number
As already mentioned, Savat & De Ploey (1982) proposed the Froude number as the quantity by which the onset of rilling is controlled. Fixed critical Froude numbers are reported in several publications and are summarized here in Table 5.

	Source
	Remark
	Frcr

	Savat (1976)*
	for löss, without artificial rain
	2.8

	Savat (1976)*
	for löss, with artificial rain
	2.3

	Savat (1979)*
	for wet, almost cohesionless löss
	1.2

	Hodges (1982)
	for peripediment, for roll wave formation
	0.7 ( 1.0

	id
	id, for chute incision
	2.5

	Karcz & Kersey (1980)**
	for flow instability and standing wave formation
	0.5

	Govers (1985)
	for cultivated loamy soils in Belgium, for different slopes
	1.0 ( 2.2, mean of 1.5

	Torri et al. (1987)
	for sandy loam to clay
	0.45 ( 1.4

	Bryan & Poesen (1989)
	for a mixture of 20 % clay and 80 % sand, for different slope lengths 
	0.31 ( (2.3

	Bryan (1990)
	for a mixture of 20 % clay and 80 % sand, for microrill initiation
	0.21 ( 1.06, mean of 0.45

	id
	id, for headcut initiation
	mean of 0.54

	id
	id, for knickpoint incision
	0.5 ( 1.83, mean of 1.02

	Slattery (1990)***
	
	0.8 ( 1.3

	Merz & Bryan (1993)***
	
	1.0


Table 5. Several Frcr for different sorts of experiments which are in a way related to rill initiation. *: in Savat & De Ploey (1982); **: in Hodges (1982); ***: in Bryan & Rockwell (1998). See also Table 4 for data found by Merrit (1984).

Critical Froude number formulae
The most frequently cited Frcr formula (e.g. Bryan (1987) and Savat & De Ploey (1982)) was originally proposed by Savat (1979). The equation is (in Savat & De Ploey (1982):

Frcr = 1.2 + 0.0003c(,
 (44)

with c( in [Pa]. The formula can easily be explained: the constant of 1.2 is equal to the critical Froude number for almost cohesionless löss, as can be seen in Table 5. As the soil strength, for which c( is a measure, increases, the standing waves have to develop a larger flow shear stress in order to initiate particle entrainment and thus rilling. With increasing Froude number it is probable that more standing waves appear or that standing waves which already exist can carry out more work on the bed.


It is obvious that Eq. (44) is empirical, so more data on the establishment of the formula and the conditions for which it was designed are needed in order to assess its applicability. Because the original work (Savat 1979) was not available at the time of writing, it is deduced from Savat & De Ploey (1982) that the equation is valid for at least the following range: c( ( [0; 6000] Pa, q ( [1.18; 4.0] m2/s and silt loam soil.


Another formula established by Savat (1979), for which the conditions and methods used are not known as well, can be found in Morgan (1986):

Frcr = 1.0 + 0.0035d50, 
(45)

with d50 in [(m]. Probably the above mentioned range also holds for this equation.

	Source
	S [°]
	d50 [(m]
	soil/hydr. char.
	u*cr [cm/s]

	D’Souza & Morgan (1974)*
	
	200
	standard sand
	3.2

	Savat (1976)*
	
	17
	löss
	3.5

	Moss et al. (1979)*
	
	240
	riverine sand
	3.5

	Verreydt (1981)*
	
	18
	löss
	3.5

	Savat (1982)**
	
	
	dry loose calc. löss
	3.0

	Quansah (1985)*
	
	
	sandy material
	2.8

	Rauws (1987)
	1.5(7
	28 and 90
	silica flour
	3.2(3.5, mean of 3.4

	id
	id
	id
	turbulent spots
	3.0

	Crouch & Novruzi (1989)
	1(4
	****
	Vertisol, with (s = 0.35 kPa
	2.5

	Bryan & Poesen (1989)
	
	250
	mixture of sand and clay
	2.1

	Bryan (1990)
	3.8
	250
	mixture of sand and clay, for microrill incision
	2.26(3.83, mean of 3.05

	Merz & Bryan (1993)***
	
	
	probably for knickpoint incision
	5(7

	Slattery (1990)***
	
	
	id
	4.7(6.6 


Table 6. Several u*cr’s found in literature, with additional data on soil and hydraulic characteristics for which they were found. *: in Rauws & Govers (1988); **: in Govers (1985); ***: in Bryan & Rockwell (1998); ****: a Vertisol is a soil having 30 percent or more clay in all horizons up to a depth of 50 cm (Blokhuis 1991).

Critical flow shear velocity (u*cr)

Fixed critical flow shear velocity
Govers (1985) was the first to recognize the existence of the flow shear stress/velocity as a hydraulic quantity by which the possibility of onset of rilling can be determined. Govers (1985) carried out laboratory experiments and did some field observations in order to validate the laboratory results. The laboratory experiments were carried out with two sorts of löss (d50 = 16 to 17 (m) on slopes ranging from 0.5 to 4.0° with q ranging from 0.9 to 4 cm/s2. It was found, that when u* exceeded the value of about 3.3 cm/s, the median diameter of the eroded material matched the d50 of the parent material, indicating that transport had become aselective. Because aselective erosion was proposed by Savat (1982) and Moss et al. (1982) as a requirement for incipient rilling, Govers (1985) concluded from this that the threshold for rill initiation is 3 to 3.5 cm/s. Moreover, the sediment concentration of flow over sand (d50 = 105 (m) increased dramatically when u* exceeded approximately 3 cm/s; this increase is often seen as an indication of rilling (Kirkby 1980).


For field conditions (soil texture ranging from loam to sandy loam, d50 from 24 to 75 (m, slope from 5.5 to 13°) it was found that rills were only significantly deeper than 0 cm when u* had exceeded 3.0 cm/s. In all cases, incision had occured when u* had exceeded 4.0 cm/s, thereby supporting the u*cr of 3 to 3.5 cm/s.


The threshold flow shear stress of 3 to 3.5 cm/s is supported by many authors. Their data are summarized in Table 6. See Fig. 6 for the diagram with turbulent spots found by Rauws (1987), which are hold responsible by Rauws (1987) for rill initiation.

Critical grain shear velocity formula
Rauws & Govers (1988) carried out laboratory experiments on sand loam to loam with d50 varying from 24 to 67 (m, c( from 2 to 9 kPa, S from 0.035 to 0.16 and q from 2.8 to 38.7 cm2/s. A rill was defined as a small channel, separated from the flow in the intervening space, with the onset of which an important increase in sediment concentration was noted. It was found that critical grain shear velocity, u*gr , was correlated with c(, the apparent cohesion (Fig. 7):

u*gr,cr = 0.89 + 0.56c(, 
(46)

with u*gr,cr in [cm/s] and c(, measured with a Torvane, in [kPa]. u*gr  Is defined by Rauws & Govers (1988) as that part of u* that is exerted on particles and not on form roughness. When no form roughness is present, u*gr  = u* and the formula can also be applied in this case. When form roughness is present, u*tot2 = u*gr 2 + u*form2 (Rauws & Govers 1988).

Critical flow shear stress in relation to soil shear strength ((wcr/(s)

In order to gather more information on threshold conditions for rilling, Torri et al. (1987) carried out laboratory experiments under simulated rainfall on one Entisol and three Inceptisols (usda 1975), with texture ranging from sandy loam to clay and (s ranging from 3.5 to 21 kPa. The rainfall had an intensity ranging from 15 to 110 mm/h and a duration of 40 minutes. Slope varied from 0.5 to 17°. After a test, it was determined whether rilling was present or not. A soil was classified as rilled, when a rill 5 cm long, 0.5 cm deep and 1 to 2 cm wide was present. When a rill was noticed, the measured (w was considered to be (wcr.


A correlation between (s and (wcr could be established (Fig. 8) and therefore Torri et al. (1987) proposed

Tcr = (wcr/(s,
 (47)

where Tcr is called ‘the critical shear ratio’, (wcr and (s expressed in si units and (s is measured with a vane-test apparatus (after the test). In the experiments, Tcr ranged from 1·10(4 to 5·10(4. Torri et al. (1987) proposed a Tcr near 1·10(4 as the best estimation of the critical shear ratio. The choice of Tcr = 0.0001 as critical value is supported by data collected under different conditions by Abdel-Rahamann (1964, in Torri et al. 1987; Fig. 9): these indicate that an erosion depth of at least 0.5 cm (the minimal depth Torri et al. (1987) required for a rill) is only possible if T > 0.00013.

Critical stream power ((cr)
Bryan & Rockwell (1998) found only a few thresholds defined as critical stream power: Rose (1985) and Bryan (1990, for the same experiments as mentioned earlier) found 0.05 W/m2 for microrill incision and 0.5 to 0.6 for rill and knickpoint incision, respectively, while Slattery (1990) found a critical stream power of 0.55 to 0.85 W/m2.

Discussion
As already said in the introduction, the two groups of thresholds are being discussed and compared in order to find out which group provides the equation or fixed threshold with the least remarks on it. In general, it can be stated that both groups are very dependent upon sound formulation of the friction law, because R is often calculated as function of q and f, C or n. Guy & Dickinson (1990) state that “the usual frictional relationship valid for laminar and turbulent flow in pipes and open channels cannot confidently be applied to steep, rough shallow flow (...)”, while Pearce (1976) found that “evaluation of a resistence coefficient is difficult”. Both Morgan (1980b) and Pearce (1976) are in favour of using Manning’s n and the Manning equation, but most formula do exist on Darcy-Weisbach f (see Chapter Introduction to fluid mechanics).


A second general statement is about the determination of rilling or entrainment. The criteria by which rilling or entrainment is judged are almost always subjective (Miller et al. 1977), so comparison of data found by different authors is difficult.

Discussion of Group 1

It is noted that throughout the years many authors have criticised the main threshold in Group 1: the Shields criterion. As other thresholds are derived from the Shields criterion, the remarks stated here do apply to them as well. The remarks on the Shields-curve itself can be summarised as follows:


( Yalin (1972) found the Shields curve to be just ‘average’, because the onset of entrainment is considered a probabilistic phenomenon for Regr > 5. But because the standard devation of the Gauss curve around the (cr-line is not known exactly, the probability of entrainment for a given ( cannot be assessed properly. Therefore, Yalin (1972) did a “research suggestion” in which he suggested to find out which are the upper and lower extremes of the (cr-line. Miller et al. (1977) compiled many data on the Shields criterion, with the aid of which Summerfield (1991) was able to draw Fig. 10. As can be seen, there is rather a broad “ribbon”, as Yalin (1972) called the band of scatter in the research suggestion, but up to now there are still not enough data to determine a sound standard deviation.  


( The Shields criterion does only incorporate mean shear stress, while turbulent agitation (fluctuation of velocity and pressure) probably plays an equal important role in the entrainment of grains (Raudkivi 1976).


( The Shields curve is probably affected by packing of the grains (Raudkivi 1976): the dip in the (cr-line is due to the near impossibility for finer particles to be packed co-planar in a uniform grain environment, whereas coarser particles can achieve co-planar packing relatively easy. In the case of co-planar packing, entrainment is difficult.


Other remarks can be made on the inherent characteristics of the Shields curve and the small range of conditions for which the Shields curve holds:


( The Shields curve only holds for erosion or deposition of sandy material in clear water with no suspended sediment in it. De Ploey (1984) argues that the critical tractive forces for fine suspensions are higher than mentioned by the curve, so for these suspensions it does not apply. This implies that the Shields curve cannot be applied to sediment-laden overland flow.


( The Shields curve does only apply to homogeneous soils or sediments. In heterogeneous soils, sheltering and interlocking of small particles by larger ones leads to a higher threshold for entrainment (Morgan 1986; Summerfield 1991) while larger particles (coarse sand to gravel) are more easily entrained (Poesen 1987).


( The Shields curve does not take rainfall impact or unsteady flow into account. Natural rainfall disturbs both the soil surface (Bryan 1974; Hodges 1982) and the flow (Bryan 1974; Emmett 1970; Tödten 1976) and is expected to lower the threshold for particle entrainment (Morgan 1986). Guy & Dickinson (1990) found flow (R < 5 mm) impacted by rain with an intensity of 33 mm/h to be able to transport all size fractions, the coarsest one being coarse sand. nb: the rilling thresholds do not take rainfall into account as well, but it was noted that rainfall does not influence the threshold for rilling (Rauws 1987, Rauws & Govers 1988).


( The Shields curve does only apply to smooth channels (Summerfield 1991). In smooth channel flow, a laminar sublayer is always present. Under natural conditions, thin sheet flow is believed to lack a (continuous) laminar sublayer (Bryan 1974). The laminar sublayer is almost certainly absent under rainfall (Tödten 1976). Also, the reported Manning roughness coefficients for overland flow do not show a sign of smoothness: Morgan (1980b) reported n = 1.71 for a cleared slope (11°) with sandy loam, Emmett (1970) found n to lie between 0.2 and 1.0 for morainal slopes with sparse vegetation.


( The Shields curve only applies to flow with a low relative roughness and high R:d ratio (Poesen 1987). In natural thin sheet flow, the relative roughness is very high and particles are even believed to protrude the flow (Bryan 1974), causing the R:d ratio to be even smaller than 1. 


( The Shields curve only applies to rounded sediment (Miller et al. 1977) which is not coarser than sand, because coarser sediment (e.g. gravel) does not alone obey ‘the law of shear stress’ but other friction laws as well (Poesen 1987). Because clay minerals are platy, the curve can neither be used to assess their point of entrainment as well. For other flaky materials, the curve gives a threshold which is too high, because the flakes are separated by a thin waterfilm, which reduces the interlocking of the particles to near zero (Raudkivi 1976).

 
The second kind of thresholds in Group 1, the critical mean flow velocity equations, have all in common that they are subjected to doubt. For example, it is difficult to assess the mean flow velocity because velocity is a difficult quantity to measure (Van Asch 1980). This makes the vcr-formulae, which are empirical up to a certain degree, not greatly reliable. Moreover, the bed shear stress of a flow ( which determines the possibility of entrainment of particles ( is far more correlated to the depth of the flow than to the mean flow velocity (Raudkivi 1976). Even for river flow, it was found more appropriate to consider bed shear stress in stead of velocity distributions (Van Alphen et al. 1984).


The critical unit discharge equations, developed by Guy & Dickinson (1990) and Bettes (1984), seem to be promising. The formula developed by Guy & Dickinson (1990) is supported by a high R2 of 0.945 (n = 16) and a rather large range of q and S for which the equation is valid. However, the authors stress that the equation has to be refined and that only two different densities were used in the experiments which led to the establishment of the formula.


The last equations in Group 1, quoted by De Ploey (1984) and Van Asch (1997), are not applicable to shallow overland flow and are quite demanding on data, respectively. The formula from Lane (1953) is probably developed for channel flow. When (wcr is calculated for the same data set as Govers (1992) used in evaluating transport capacity formula for shallow overland flow (Table 3), the results are significantly different from the measured values, according to a Kolmogorov-Smirnov Z-test (p = 0.329) and a Wilcoxon W-test (p = 0.174)
. So, it seems to be unprobable that Lane’s (1953) formula is valid for shallow overland flow.


The formulae quoted by Van Asch (1997) need a large amount of data, which, in many cases, have to be measured in the laboratory. This is considered to be not practical and the formulae can thus not be called ‘easy-to-use’.

Discussion of Group 2
When Group 2 is viewed, it can be remarked that in this group thresholds are less well quantified than Group 1, i.e. the group contains less formulae. This is probably because work that led to the proposition of formulae only relatively recently emerged (in the 1970s), whereas work on particle entrainment was already carried out much earlier (1930s). The different thresholds are discussed beneath:


( On the Froude number, as a threshold in general, it can be stated that the range of values found is quite large (see Table 5). This is certainly due to the widely differing conditions for which the measurements were done and the use of different definitions for a rill. But it may as well be possible that the scatter is due to the definition of the Froude number itself: it is dependent upon the mean flow velocity and the flow depth, which are both difficult to measure (Van Asch 1980). Therefore, flow velocity is often set equal to 2/3 of the surface velocity (e.g. in the case of Hodges (1982), Karcz & Kersey (1980) and  Bryan (1990)). However, this equality is only valid for laminar flow on a perfectly smooth surface (Rauws 1987). For smooth and rough turbulent flow, v has to be calculated as a function of, amongst others, R. Because R is the flow parameter which is often unknown and difficult to measure as well (Van Asch 1980), iterative procedures must be applied in order to calculate both v and R (Rauws 1987). This is not practical for it is demanding on computation time. 


The two the critical Froude number formulae were developed by Savat (1979). It can be remarked that Torri et al. (1987) threw doubt on the formula which is dependent upon d50. Torri et al. (1987) found Frcr to be negatively related to d50 in stead of positively, as Savat (1979) stated. One can imagine that the smaller the median grain size is, the larger are the cohesive forces acting between the grains, because their specific surface increases with decreasing grain size.


The data in Table 5 can be used to assess the predictive quality of Savat’s (1979) formulae. For example, the ‘d50-equation’ predicts a Frcr of 1.875 for the data found by Bryan (1990), which is more than 80 % higher than the observed Frcr. The ‘c(-equation’ predicts values of Frcr which are far too high when compared to the data set from Torri et al. (1987). It is highly probable that the empirical equations from Savat (1979) cannot be used outside the range for which they were determined (calcareous löss).


( The critical slope length proposed by Savat & De Ploey (1982) is supported by many authors, as was seen in the last chapter. It is therefore considered to be validated, as is the critical slope formula established by Vandaele et al. (1996), which was validated by the authors themselves. The formula is easy to implement in a gis (when a ldd
 is used), as was shown by Vandaele et al. (1996), is well-defined and needs little data.


( The ‘belt of no erosion’ has been revised by Carson & Kirkby (1972) and Morgan (1980a). The formula developed by Carson & Kirkby (1972) is simple and needs little data and can easily be implemented in a gis (with a ldd). Because the assumption is made that the shear stress of the overland flow ( which is in the order of Pa ( matches the apparent cohesion of the soil ( which is in the order of kPa ( at a certain point, the equation will give very high predictions for Lcr, if field measured values are used. If one calculates Lcr for data found by Morgan (1980b), Emmett (1970) and Crouch & Novruzi (1989) (( = 11°, (w = 10 kN/m3,  n = 1.71, c( = 350 Pa, i = 100 mm/h = 2.8·10(5 m/s), a value of Lcr ( 550 m is found. If the equality (w = c( is solved for these values, R = 0.2 m is the outcome. This is hard to match with reported natural overland flow depths of a few millimeters (Pearce 1976, Morgan 1980b, Emmett 1970), even if it is assumed that standing waves are several times as high as the normal flow depth.


Because the formula derived by Morgan (1980a) uses vcr, the same remarks as for vcr-formulae in Group 1 apply. Moreover, Morgan’s (1980a) formula gives the same large Lcr as Carson & Kirkby’s (1972) formula, for vcr = 30 cm/s (Ellison 1947, op. cit. Evans 1980), n = 0.2 (lowest value reported by Emmett (1970)),  ( = 11° and i = 100 mm/h.


( Data on (cr are so scant, that it is hardly possible to judge whether the threshold is applicable or not, let alone use it in modelling soil erosion.


( u* Was established as late as ( (in 1985) as possible threshold for rilling, but has received much more attention in later years. This is in favour of u* as threshold. Data on u*cr as proposed by Govers (1985) are in agreement with each other and are not scattered as much as data on Frcr. The two highest values reported are probably for knickpoint incision, a process different from headcutting and microrill incision (Bryan 1990).


( Tcr as proposed by Torri et al. (1987) and u*cr as proposed by Rauws & Govers (1988) have in common that (a measure of) soil shear strength is coupled to the ability of flow (as expressed in u* or (w, which is essentially the same) to carry out work on the soil. Intuitively, one can imagine that the higher the strength or resistance of the soil against erosion is, the higher the flow shear stress has to be in order to start erosion. This was also stated by Govers et al. (1990). Further support on this statement comes form Crouch & Novruzi (1989), who carried out a stepwize multiple regression analysis and found u* and (s to be the two most important variables in determining the sediment concentration of overland flow. Nevertheless, the precise coupling of the two shear quantities has not yet been determined. Yet, Tcr is supported by Bryan & Poesen (1989), who found a slightly higher Tcr (4 to 8·10(4). u*cr As proposed by Rauws & Govers (1988) is supported by the high R2 (0.96, n = 22) of the regression and the agreement found on u*cr as proposed by Govers (1985).

Conclusions

In conclusion to the above discussion, the following can be stated:


( Both Group 1 and 2 suffer from the lack of a precise definition on inception of entrainment and rilling, respectively. Attempts of Torri et al. (1990) to define inception of motion more quantitatively can therefore be supported.


( Both Group 1 and 2 suffer from the lack of a sound friction factor for overland flow. Guy & Dickinson (1990) proposed a promising qcr-equation on particle entrainment with the friction factor incorporated in the constant. It may be possible to recalibrate this formula, in order to predict qcr for rilling as well.


( The main threshold in Group 1, the Shields criterion, is heavily criticised for its inadequacy, impreciseness and inappropriateness for shallow overland flow. It can be concluded that it is unwise to use the Shields criterion or derived quantities in modelling soil erosion, despite the existence of modifications. Other thresholds in Group 1 are doubtful, too expensive on data or cannot be applied to shallow overland flow.


( In Group 2, the critical Froude number is not useful as threshold, for the difficulties in determining the quantities upon which it is dependent. In the Lcr-equations, there has been implemented an unrealistic assumption and therefore these equations yield unrealistic values. The other thresholds in Group 2 are either considered validated through the wide gain of support (critical slope, after Savat & De Ploey (1982), u*cr and Tcr, after Govers (1985), Govers & Rauws (1988) and Torri et al. (1987)) or through the useful application of the threshold under field conditions (critical slope after Vandaele et al. (1996)).


( As an overall conclusion, it can be stated that the best-defined, most easy-to-use and best-applicable threshold can be found in Group 2.
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Reference abbreviations

asce
American Society of Civil Engineers

agu
American Geophysical Union

fao
Food and Agricultural Organization

iahs
International Association of Hydrological Sciences

ice
Institution (of) Civil Engineers

scs
Soil Conservation Service

usgs
United States Geological Survey



�Parsons (1949) proposes Re = 7.5/S2/3 as the Reynolds number at which the transition from laminar to transitional flow occurs. Savat (1977) found that the several published Reynolds numbers at which the flow changes from laminar to transitional vary from 300 to 800.


�R will be used throughout the text solely as symbol for flow depth.


�Savat (1980) proposed ((T) = 0.0157 ( 0.000277T, with T = temperature in degrees Celsius [(C].


�In several publications (e.g. Chow et al. (1988)), the Reynolds number is defined as Re = 4·v·R/(, but this is the Reynolds number for pipe flow.


�Savat (1977) proposed several modified Manning equations for different domains of Re, in order to cover all flow regimes. 


�S can also be defined as sin (, but S = tan ( will be used here. When a formula is designed for S = sin (, sin ( in stead of S will be used as the symbol denoting slope.


� d16, d50, d65, d84 Or d90 is the grain diameters at which 16, 50, 65, 84 or 90 % of the grains is smaller; d50 is often called the median grain diameter. When there is no subscript, d refers to uniform grain size.


� Nikuradse (1932, in Carson & Kirkby 1972) proposed a constant of 4.24 in stead of  2.0.


�Both Savat (1977; 1980) and Raudkivi (1976) refer to Keulegan (1938). It is not possible to verify which formula is the right one, because the original work of Keulegan (1938) is not accessible, but it may as well be possible that both formula are part of the original work by Keulegan (1938).


�A different unit is given by Govers (1985), who defines ( in [g/s3].


�1 dyne/cm2 Is equal to 0.1 N/m2 or 0.1 Pa.


�If this is done for data collected by Chisci et al. (1985) on a soil which is highly erodible by rills, similar values (0.25 ( 0.3 Pa) are found for (wcr.


�Standing waves are also called stationary waves (Summerfield 1991), roll waves (Hodges 1982), rain-wave trains (Horton 1938) or roll wave trains (Rauws 1987).


�In the original work by Horton (1945), Lcr is called xc.


�H0: the results are not significantly different, H1: the results are significantly different. With ( = 0.05 (two-sided) and n = 10, H0 is rejected (p > ½().


�Ldd stands for ‘local drain direction’, a map with for each cel the direction of the overland flow. With the aid of it, the cumulative overland flow can be routed.





PAGE  
2


