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Detailed hydraulic and sedimentary information is needed to accurately predict bed-load transport rates
in natural gravel-bed rivers. Yet, being able to estimate maximum transport rates from simple measure-
ments would greatly benefit various sediment-related river management practices. To this end, a new
concept of bed-load transport capacity for heterogeneous grains in gravel-bed rivers was introduced as
the maximum possible transport rate a gravel-bed river can have for a given value of dimensionless shear
stress, calculated using the median size of bed-load grains. Flows that can transport bed load at capacity
may be identified by the criterion that the median size of bed-load grains must be greater than or equal to
that of the bed substrate. Then, a single coefficient, power equation was developed to predict such capac-
ities using bed-load capacity data covering both low flows with an armor layer and high flows without it.
The good performance of this empirical equation was confirmed by comparing its predictability with that
of Mayer Peter and Muller’s and Bagnold’s bed-load equations. Using an independent data compiled from
six gravel-bed rivers in Idaho, not only was the empirical equation validated but also the criterion for
identifying the condition under which bed load is transported at capacity was tested. In practice, the
empirical equation can be used to estimate the maximum possible bed-load transport rates during high

flow events, which is useful for various sediment-related river managements.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Estimating bed-load transport rates in natural gravel-bed rivers
without collecting large amounts of detailed data on river hydrau-
lics, bed material size distribution, and channel bedforms is very
difficult and remains a major problem with respect to managing
rivers for both ecosystem functions and navigation (Bunte et al.,
2008). The complexity of determining bed-load transport rates in
natural gravel-bed rivers mainly stems from: (a) variable upstream
sediment supply (e.g., Dietrich et al., 1989), (b) unsteady flows that
may result in cross-channel variations of bed shear stress, flow
velocity, and transport rates (e.g., Ferguson, 2003; Powell et al.,
2006, 1999), and (c) heterogeneous sizes of grains both on the
bed surface and in the bed substrate. The heterogeneous grains
are mostly responsible for the renowned hydraulic phenomena in
gravel-bed rivers: (i) hiding effect and bed armoring (i.e., bigger
grains on bed surface preventing smaller ones beneath from being
transported and forming a coarser bed surface layer) (e.g., Andrews
and Parker, 1987; Egiazaroff, 1965; Einstein and Chien, 1953;
Gomez, 1983; Lisle and Madej, 1992; Montgomery et al., 2000;
Sutherland, 1987), (ii) selective transport (i.e., grains of different
sizes on the bed being transported by different flow intensities)
(e.g., Bridge, 2003; Buffington and Montgomery, 1999; Dietrich
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et al, 1989; Wathen et al.,, 1995), and (iii) equal mobility (i.e.,
grains of different sizes may be transported by the same flow
intensity) (e.g., Lenzi et al., 1999; Parker et al., 1982; Parker and
Toro-Escobar, 2002).

In the past three decades, research done to predict bed-load
transport rates in gravel-bed rivers has focused on how bed surface
texture and grain sizes vary in response to the change of sediment
supply (e.g., Buffington and Montgomery, 1999; Dietrich et al.,
1989) and how vertical grain exchange among bed load, bed surface,
and substrate happens during transport (e.g., Wilcock, 2001). These
efforts have led to many equations that predict bed-load transport
rates if detailed information on flow hydraulics, bed surface and
substrate characteristics and size distribution, and bed-load grain
composition are available (e.g., Parker et al., 1982; Recking, 2010;
Wilcock and Kenworthy, 2002). In practice, however, no equation
can be universally applied to all rivers (e.g., Barry et al., 2004;
Bathurst et al., 1987; Reid et al., 1996) and accurate prediction of
bed-load transport rates necessitates a try-and-error procedure to
identify the best suitable equation (e.g., Wilcock et al., 2009), as well
as the above-mentioned detailed information. Consequently, pre-
dicting bed-load transport rates requires considerable effort even
in a small stream.

In this paper, a simple bed-load equation that requires simple
measurements is developed. This equation is not for estimating
specific bed-load transport rates, but the maximum bed-load
transport rates (i.e., the transport capacities) of heterogeneous



298 P. Gao/Journal of Hydrology 402 (2011) 297-305

grains for given hydraulic and sedimentary conditions in gravel-
bed rivers. The paper begins with the definition of transport capac-
ity for heterogeneous grains in gravel-bed rivers. Then, a criterion
of identifying such capacities is introduced. A simple bed-load
equation is subsequently developed using nonlinear regression
based on the compiled data. Both the equation and the criterion
are further validated using an independent data from natural grav-
el-bed rivers. The paper ends with the discussion of the limitations
and application of the developed equation.

2. Methods
2.1. Definition of transport capacity

Bed-load transport capacity traditionally refers to “the maxi-
mum load of a given kind of debris a stream can carry” (Gilbert,
1914). Engineers and scientists have used the concept of bed-load
transport capacity to assess degradation and aggradation rates on
river channel beds and to understand if sediment transport is pri-
marily controlled by sediment supply (i.e., supply-limited rivers)
or river flow hydrodynamics (i.e., transport-limited rivers) (e.g.,
Andrew, 1979; Hicks and Gomez, 2003; Jackson and Beschta,
1982; Lisle, 2007; Mackin, 1948; Reid and Dunne, 1996; Sear,
1996). Considerable work to determine what controls bed-load
transport capacity has derived from flume experiments that used
grains with identical or nearly identical particle size (e.g., Fernandez
Luque and van Beek, 1976; Simons and Senturk, 1992; Yalin, 1977),
which may be called homogeneous grains. However, bed-load
transport in natural gravel-bed rivers never occurs with homoge-
neous grains, but rather, with grains of mixed sizes, termed hetero-
geneous grains. Because bed-load transport with homogeneous
grains is significantly different from that with heterogeneous grains,
the concept of bed-load transport capacity may in fact be different
with respect to homogenous and heterogeneous grains.

In a steady, uniform flow transporting homogeneous grains
over plane, loose beds, bed-load transport rate is indeed the only
transport rate the flow has and can be defined as the transport
capacity for homogeneous grains. This capacity has been generally
quantified by Abrahams and Gao (2006) using an equation, which
can be expressed in a different dimensionless form than used in
Abrahams and Gao (2006)

B=G* 1)

where B=i,/w, i, is the bed-load transport rate at capacity
(kg m~!s™"), @ = tu = pghSu is the unit stream power per unit bed
area (kgm~!s~1) in which 7 is the bed shear stress (kg m~2), h is
the mean flow depth (m), S is the energy slope, p is the density of
flow (kg m—3), g is the acceleration of gravity (m s—2), and u is the
mean flow velocity (m s !). The variable G equals to 1 — 0./0 where
in 0= phS/(ps — p)Dsp is the dimensionless shear stress, ps is the
density of sediment (kg m3), Dsq is the median size of bed-load
grains (m), and 0, is the critical value of 6 for the initial movement
of sediment. This concept of transport capacity mainly applies to
flume experiments with homogeneous grains, though it could also
be applicable in sand-bed rivers within a very narrow range of
hydraulic conditions (Simons and Senturk, 1992).

In natural gravel-bed rivers containing heterogeneous grains
both on the bed surface and in the bed substrate, bed-load transport
rates are typically limited by an armor layer developed on the bed
surface and hence are lower than those predicted using Eq. (1) for
the same 0 values. When flow rates are high, which means corre-
sponding 0 values calculated based on the median size of bed surface
grains, Dss0, are roughly above the range of 0.1-0.2 (Ashworth and
Ferguson, 1989; Lisle and Smith, 2003; Parker and Klingeman,
1982; Wilcock and Southard, 1989), the armor layer may break out

and bed-load transport can occur at capacity (Gomez, 2006; Laronne
et al., 1994; Parker, 2006; Powell et al., 1999, 2001; Wilcock and
Crowe, 2003). In practice, the breakout of the armor layer most pos-
sibly occurs with peak discharges (i.e., big flows) (e.g., Clayton and
Pitlick, 2008; Wilcock and DeTemple, 2005) during which bed-load
measurement is very difficult to deploy. Thus, there are not many
data representing transport capacities in natural gravel-bed rivers
available. The widely accepted capacity data are those collected from
a natural gravel-bed river, the Nahal Yatir River of Israel (Reid et al.,
1995). In this desert ephemeral river, intensive storm events and
sufficient bed materials assure that bed load is transported along
the bed without an armor layer (Laronne et al., 1994; Powell et al.,
2001) and both bed-load transport rate and efficiency are high.
Hence, equal mobility is achieved and fractional bed-load transport
rates should be described by the same transport equation (Parker,
2006; Powell et al., 2001; Wilcock and Crowe, 2003). In other words,
bed load in this river is transported at capacity. If this capacity is
conceptually the same as the one predicted by Eq. (1) for
homogeneous grains, then the bed-load data collected from the
Nahal Yatir River should be predicted reasonably well by Eq. (1).
Based on the data compiled from Reid et al. (1995), bed-load
transport rates in Nahal Yatir river were predicted using Eq. (1)
and compared with the measured ones. Fig. 1 showed that bed-load
transport rates in gravel-bed rivers without the armor layer were
consistently lower than the transport capacities predicted using
Eq. (1). It follows that bed-load transport rates in gravel-bed rivers
with and without an armor layer are generally less than those pre-
dicted using Eq. (1). This suggests that the transport capacity in nat-
ural gravel-bed rivers transporting bed-load grains of mixed sizes is
different from that of homogeneous sizes and needs to be defined
separately. Therefore, bed-load transport capacity for heterogeneous
grains is herein defined as the maximum possible transport rate a
gravel-bed river can have for a given value of 0 calculated using the
median size of bed-load grains Dso. According to this definition,
though a gravel-bed river with an armor layer may have several
different available transport rates for a given 0 value, it only has
one maximum possible transport rate (i.e., the transport capacity).

2.2. Data compilation and analysis

To develop an equation for bed-load transport capacities in nat-
ural gravel-bed rivers, data representing the transport capacities
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Fig. 1. Comparison of bed-load transport rates in Nahal Yatir River with the
transport capacities predicted by Eq. (1) for the same 0 values. This gravel-bed river
transports bed load of heterogeneous grains without an armor layer and at capacity
(Laronne et al., 1994).
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for heterogeneous grains are required. Three data sets were com-
piled from various gravel-bed rivers.

The first data set was from the Nahal Yatir River where high
flows transported bed load at capacity without an armor layer.
The original data that contained 74 data points were collected
every 1 or 2 min for four events (Reid et al., 1995). To reduce the
errors due to flow fluctuation, the original data collected every
three—five consecutive minutes during each event were averaged,
which ended up with 18 data points (Table 1).

The second data set represented bed-load transport in relatively
low flows of 22 perennial gravel-bed rivers within the watersheds of
diverse land use and sources of bed material in USA (Bravo-
Espinosa, 1999). Detailed information can be found in Bravo-
Espinosa et al. (2003). The original data had 1015 data points that
involved a variety of bed-load transport rates and bed material
sizes. Only 25 out of 1015 were finally selected as the qualified data
using a two-step procedure. The first step may be described as
follow:

e First, data representing turbulent, fully rough flows were
selected from the original 1015 data points using the criteria
adopted in Abrahams and Gao (2006) - that is the flow Rey-
nolds number Rj=4huv >8000 and the roughness Reynolds
number Ry, = ksu,/v>70, where v is the kinematic viscosity
(m?s~1), u, = (ghS)®* is the shear velocity (m s™!), ks = mDss is
the equivalent sand roughness (m), and m is a coefficient which
is assumed to be 3. Because the equation to be developed for
bed-load transport capacities for heterogeneous grains will
adopt the dimensionless variables used in Eq. (1), which was
developed for turbulent, fully rough flows, constraining the data
to such flows avoids unnecessary errors due to data from differ-
ent types of flows.

e Second, in the selected turbulent, fully rough flows, some may
contain a significant proportion of suspended load. These data
need to be eliminated. The conventional method of judging
whether a sediment-laden flow mainly transport bed load or
not is based on the dimensionless settling velocity w/u,, where
w is the mean settling velocity of the grains (m s!). In the sal-
tation regime, which means flows that satisfy 0 < 0.5 (Gao,
2008), flows that have w/u, less than about 1.2 transport signif-
icant suspended load (Bridge, 2003) and were excluded. In the
sheetflow regime, which means flows that satisfy 0 > 0.5 (Gao,
2008), flows with w/u, less than about 0.8 have significant sus-
pended load (Abrahams and Gao, 2006) and were thus removed.

This step gave rise to the total of 329 data points selected from
the original 1015 representing turbulent, fully rough flows pre-
dominately transporting bed load in natural gravel-bed rivers.

Bearing in mind that the selected data will be used to develop
an equation for bed-load transport capacity for heterogeneous
grains, it is thus necessary to examine whether all of these 329
data have bed load transported at capacity, which is the task of

the second step. According to the previously described definition,
transport capacities for heterogeneous grains should be technically
reflected by the data points located on top of a plot of B against 0.
This is because among all possible bed-load transport rates for a gi-
ven 0 value, the transport capacity refers to the maximum one.
Using this technique, the 329 data were displayed in the plot of
B against 0. For a given 0 value, transport capacity is represented
by the data point that has the largest value of B. The capacity data
selected in this manner were those within or close to the zone
bounded by the two curves in Fig. 2, which led to 25 data points.
These selected data constitute the second data set (Table 1) repre-
senting flows transporting predominately bed load at capacity
from three gravel-bed rivers, Clearwater river, Oak Creek, and Tou-
tle river (Table 1). Although the data number is reduced signifi-
cantly from 1015 to 25, it is the quality rather than the quantity
that is critical for the development of a bed-load equation (Gomez
and Church, 1989). The small number of the selected data also indi-
cates that based on the currently defined concept of transport
capacity for heterogeneous grains, the transport capacity does
not occur very often in natural gravel-bed rivers.

To increase the size of the final data, the third data set was com-
piled based on the data compiled by Gomez and Church (1988)
from several gravel-bed rivers. These data can be simply divided
into two groups: those satisfying

Dsy = Dsupso (2)

where Dy,;50 is the median size of the bed substrate, and those do
not. Examining the data from the first and second data sets revealed
that all of these data satisfy Eq. (2). So, the data satisfying Eq. (2) are
assumed to represent transport capacities for heterogeneous grains.
Using Eq. (2), as well as the criteria for turbulent, fully rough flows
and the dominance of bed load in flows, 33 data from Gomez and
Church (1988) s data were selected representing bed-load trans-
port capacities in two gravel-bed rivers, Elbow and Tanana Rivers.
These data constitute the third data set (Table 1). The three data
sets amount to 76 data standing for bed-load transport capacities
for heterogeneous grains in natural gravel-bed rivers. The ranges
of values of the key hydraulic and sedimentary variables were
shown in Table 1. The value of 0. for each data set was determined
as the value of 0 when bed-load transport rates were extrapolated
to zero in the plot of i, against 0 (Buffington and Montgomery,
1997). Although the number of qualified data is not large, these data
represent transport capacities in natural gravel-bed rivers having a
wide range of flow rates with and without the armor layer. They
were used to develop an empirical equation for bed-load transport
capacities in gravel-bed rivers.

2.3. Equation development and validation
Simple power functions have successfully predicted bed-load

transport rates in natural gravel-bed rivers when great details
are known (e.g., Barry et al, 2004; Martin, 2003). Thus, in

Table 1

Ranges of relevant hydraulic and sedimentary variables of the compiled data sets reflecting bed-load transport capacities for heterogeneous grains in natural gravel-bed rivers.
Sources The first data set The second data set The third data set Total

Nahal Yatir Clearwater Oak Creek Toutle Elbow Tanana

Number of field data 18 3 5 17 19 14 76
Re (x10°) 0.06-0.78 10.07-13.19 0.44-0.57 0.58-2.52 0.63-1.25 1.77-3.26 0.06-13.19
Re, 357-779 3331-3902 2178-2904 262-3462 3598-4134 431-578 357-4134
Fr 0.88-1.24 0.38-0.42 0.80-0.99 0.58-0.90 0.65-0.83 0.25-0.39 0.25-1.24
Dso (x1073 m) 6 32 18.4-23.3 3.7-19.6 27 7.6 6-32
0 0.094-0.451 0.054-0.074 0.104-0.126 0.124-0.375 0.105-0.140 0.068-0.122 0.054-0.451
0 0.04 0.033 0.06 0.04 0.052 0.038 0.033-0.06
B 0.185-0.707 0.009-0.020 0.008-0.017 0.148-0.479 0.005-0.077 0.018-0.132 0.005-0.707
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Fig. 2. Identification of the data in the second data set representing bed-load
transport capacities for heterogeneous grains. The two dashed curves represent Eq.
(1) with 6, =0.04 and 0. = 0.02, respectively.

developing an equation for heterogeneous bed-load transport
capacities, a simple power function, similar to Eq. (1), is chosen:

B =aG’ (3)

where a and b are two coefficients. Values of a and b were deter-
mined by nonlinear regression using values of B and G in the se-
lected data (Table 1). Since the established empirical equation will
be used to predict bed-load transport capacities, its predictability
was examined by a common method that defines the discrepancy
ratio as the ratio of predicted to measured bed-load transport rates
and calculates the percentage of data points that falls in the zone
bounded by discrepancy ratios of 0.5 and 2 (e.g., Almedeij and
Diplas, 2003; van Rijn, 1984), respectively.

To show the good predictability of the developed empirical
equation for the bed-load transport capacities in natural gravel-
bed rivers, two classic and representative bed-load equations were
selected for comparison. One is Meyer-Peter and Mueller (1948)’s
equation and the other is Bagnold’s equation (obtained from Yalin
(1977)):

Meyer-Peter and Muller ¢ = 8(6 — 0,)' (4a)

Bagnold ¢ =4.250°3(0 — 0,) (4b)
where the dimensionless bed-load transport rate ¢ = qp/((ps/
p — 1)gD3,)%° (Einstein, 1950), and g is the volumetric bed-load
transport rate (m?s-!).

The empirical equation and the robustness of the criterion that
identifies transport capacities (i.e., Eq. (2)) were further tested using
an independent data set that contains 557 data points compiled
from six gravel-bed rivers in Idaho, USA. These data were down-
loaded from http://www.fs.fed.us/rm/boise/research/watershed/
BAT/index.shtml. In each of these rivers, three to four bed substrate
cores were collected. These data were used to calculate the median
size of bed substrate Dy,;50. For each measured water discharge Q,
bed-load transport rate and median size of bed-load grains, Dso,
were measured based on the associated bed-load sample. The corre-
sponding flow width was also measured. The mean flow velocity, u,
for the same Q can be calculated using the developed hydraulic
geometry (i.e., the u-Q relationship). These values allowed for the
calculation of all required hydraulic and sedimentary parameters

in the developed equation. The value of 6. for each data set was
determined the same way described previously. These data were
subsequently used to validate the developed empirical equation,
test the robustness of Eq. (2), and discuss the influence of the armor
layer on bed-load transport.

3. Results and discussion
3.1. Equation development and its predictability

Using the data summarized in Table 1, values of a and b in
Eq. (3) were determined by regressing B against G: a=0.9 and
b=6 with R?=0.89 (p < 0.01). Thus, the empirical equation that
predicts bed-load transport capacities for heterogeneous sedi-
ments is

B=0.9G" (5)

Given that both B and G contain a common parameter, bed shear
stress 7, the high R? value may be partially affected by the possible
spurious correlation between the two variables. To avoid such spu-
rious correlation, the predictability of Eq. (5) was further examined
by comparing the predicted with measured i, (Fig. 3). More than
92% of the total data points were within or on the zone marked
by the discrepancy ratios of 0.5 and 2 (Fig. 3) indicating that Eq.
(5) fits the data reasonably well. Because the data in Table 1 cover
from low flows with an armor layer to high flows without it and
have bed-load grains ranging in size (i.e., Dsg) from 6 to 32 mm,
Eq. (5) is applicable for predicting bed-load transport capacities in
almost all conditions that may occur in natural gravel-bed rivers.
Specifically, Eq. (5) may be used in gravel-bed rivers that have tur-
bulent, fully rough flows transporting bed load over plane beds with
and without the armor layer to predict transport capacities of het-
erogeneous grains.

The same data in Table 1 were also used to compare the predict-
ability of the two well-known equations for bed-load transport
capacities (i.e., Egs. (4a) and (4b)) with that of Eq. (5). The results
(Fig. 4) showed that both equations tend to over-predict the capac-
ities. Although it is impossible to test all available bed-load
equations, the poor predictability of these two commonly used
equations suggests that bed-load transport capacities for heteroge-
neous grains can be best determined by Eq. (5). In this equation, 0
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Fig. 3. Comparison of measured bed-load transport capacities for mixed grains with
those predicted by Eq. (5). The two dashed lines represent the discrepancy ratios of
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Muller’s equation (i.e., Eq. (4a)); (b) the results based on Bagnold’s equation (i.e., Eq.
(4b)). The two dashed lines represent the discrepancy ratios of 0.5 and 2,
respectively.

is determined using the median size of bed-load grains Dsq. Thus,
Eq. (5) is conceptually different from those developed based on
some representative sizes of bed surface grains (e.g., Parker,
1990; Recking, 2010).

Table 2

301
3.2. Equation validation

To validate Eq. (5), data representing bed-load transport capac-
ities for heterogeneous grains are required. The independent data
compiled from the six gravel-bed rivers in Idaho thus were divided
into three groups. The first group contained the data that satisfy Eq.
(2) meaning these data representing the transport capacities. These
data can be used to directly validate Eq. (5). The second group in-
cluded the data that do not satisfy Eq. (2) but have Dsq close to
Dsupso suggesting their transport rates were below capacities.
Therefore, the robustness of Eq. (2) may be validated if their trans-
port rates are indeed less than those predicted by Eq. (5). Details of
the data from these two groups were shown in Table 2. The third
group consisted of the data that have Dsy much less than Dgypso
indicating that their transport rates should be well below the
capacities for the same 0 values. These data will be primarily used
in the following section for discussing the impact of the armor
layer on bed-load transport. All data in three groups were then dis-
played in Fig. 5 where the open triangles denote the data from the
first group, the open squares signify the data from the second
group, the solid dots symbolize the data from the third group,
and the solid curve reflect Eq. (5). In all six rivers, data from the
first group were plotted closely around the solid curve confirming
the reasonably well predictability of Eq. (5) for transport capacities
(Fig. 5). Data from the second group were significantly below the
curve (Fig. 5) suggesting that bed-load transport rates associated
with these data were below the capacities. This indicates that Eq.
(2) is a robust criterion for determining whether a flow is trans-
porting bed load at capacity or not. Data from the third group were
further below the curve (Fig. 5) confirming the expected result that
the associated flows transported bed load well below the capacities
for the same 0 values.

3.3. The breakout of the armor layer

Since data from the third group have Dso much less than Dg,yso,
rivers with the associated flows must have an armor layer, which
significantly reduced the bed-load transport rates. The impact of
the armor layer on bed-load transport has been characterized by
an abrupt increase of bed-load transport rates at certain values
of water discharge (Q) in plots of transport rates against Q
(Emmett, 1976; Emmett and Wolman, 2001; Jackson and Beschta,
1982). At the stage before the sudden change, bed-load transport
rates are relatively low and bed-load grains are primarily com-
prised of sand and fine gravels either from the bed or upstream.
This stage has been termed as phase I. Once water discharge is
above a threshold value, bed-load transport rate is greatly
increased and bed-load grains contain more coarser materials
due to the “breakup” of the armor bed. This stage has been termed
as phase II. The two-phase model provides a theoretical framework
characterizing the dependency of bed-load transport on bed

Ranges of relevant hydraulic and sedimentary variables for data collected from the six gravel-bed rivers in Idaho, USA. In each parenthesis, the first number denotes the data from
the first group and the second one reflects the data from the second group.

Sources Middle Fork Simon  Simon River near  Big Wood River Rapid River Salmon River Below  Boise River Total
River Shoup Yankee Fork
Number of field data 6 (1+5) 11 (7 +4) 3(3+0) 4(1+3) 5(1+4) 2(1+1) 29 (14 +15)
Re (x10°) 1.58-3.29 2.60-3.85 0.31-0.46 0.28-1.08 1.67-2.36 1.77-2.48 0.31-3.85
Re, 40,242-60,006 27,326-58,278 44,055-49,989 30,680-64,716 13,377-60,190 27,732-57,579  27,326-60,190
Fr 0.63-0.72 0.48-0.54 0.57-0.60 0.40-0.69 0.40-0.47 0.53-0.54 0.48-0.72
Dsg (><1O’3 m) 25-44 21-49 34-41 16.1-37.2 8-38 19-36 19-49
Dsupso (x107> m) 36 28 25 23 21 23 21-36
0 0.068-0.178 0.047-0.132 0.058-0.087 0.053-0.091 0.097-0.319 0.113-0.173 0.047-0.319
0c 0.06 0.06
B 0.0006-0.014 0.003-0.052 0.00025-0.00037  0.00011-0.00694  0.00047-0.0078 0.002-0.020 0.00025-0.052
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material components. However, no consistent method is available
to determine the threshold value of Q that distinguishes the two
phases. Using the piecewise regression analysis, Ryan et al.
(2002) discovered that the critical Q is about 80% of the bankfull
discharge. Bathurst (2005) developed a set of equations linking
the critical Q to both channel bed slope and the degree of bed
armoring. Instead of using Q, Lisle and Smith (2003) presented in
a qualitative way the boundary between the two phases as the
inflection point of a curve in the plot of bed-load transport rates

1
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versus dimensionless shear stress 0, which is scaled by the median
size of bed surface grains Dssq rather than Ds.

Inasmuch as Eq. (5) characterizes bed-load transport capacities
in gravel-bed rivers both with and without the armor layer, it can
be used as an alternative approach to develop a quantitative crite-
rion that identifies the hydraulic condition under which the armor
layer breaks out. Before the breakup of the armor layer, the
increase of flow may increase the possibility of grain exchange
between bed load and bed surface grains (e.g., Wilcock and
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Fig. 5. Validation of both Egs. (2) and (5) using the data from six gravel-bed rivers in Idaho. The open triangles denote the data from the first group, the open squares reflect
those from the second group, the solid dots denote those from the third group, and the solid curve represents Eq. (5).
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Fig. 6. The impact of errors in determining 6. on the prediction of bed-load
transport capacities.

DeTemple, 2005). Thus, channel bed serves as an additional source
of sediment to bed load. The increase rate of bed-load transport
rates with the increase of flow is high. After the armor layer
disappeared, the increase rate is purely controlled by river hydrau-
lics, which is relatively low. So, the transition between the two
conditions can be generally characterized by the inflection point
of Eq. (5), which may be quantitatively expressed as:

0 =3.50, (6)

Eq. (6) shows that the armor layer in gravel-bed rivers should dis-
appear when the 0 value is 3.5 times that of 0., if bed load is trans-
ported at capacity.

3.4. Sensitivity of the 6. value

The uncertainty involved in determining 0, may have a signifi-
cant impact on the calculation of the transport capacity using Eq.
(5). For example, in Simon River near Shoup (Fig. 5), the open tri-
angular with the lowest 0 value has the bed-load transport capacity
greater than that predicted by Eq. (5). Generally, values of 0. in
gravel-bed rivers could vary in a wide range (e.g., Martin, 2003;
Martin and Ham, 2005). The complex mechanisms of sediment
entrainment make it even harder to determine 0. values (Diplas
et al,, 2008; Garcia et al., 2007). Therefore, none of the existing
methods for determining 6. values is prefect (Buffington and Mont-
gomery, 1997). The extrapolation method employed here inevita-
bly introduced errors in estimating the transport capacity. These
possible errors were examined using the following sensitivity
analysis.

For any “true” 0. value, the error involved in the determination
of 0. may be expressed as af. where a is a coefficient quantifying
the degree of the error. If a is less than 1, then 6, is underestimated,
whereas if a is greater than 1, then 6. is overestimated. For a given 6
value and the “true” 0. value, each designed value of a (represent-
ing the degree of the error involved in determination of 0.) will
lead to a transport capacity in terms of Eq. (5). The one associated
with a = 1 represents the “true” transport capacity. The ratio of any
other transport capacities calculated based on different values of a
to the “true” capacity is termed as capacity discrepancy ratio. For a
given “true” 0. value, different 0 values will be associated with dif-
ferent sets of the capacity discrepancy ratio. Fig. 6 showed an
example for 0. = 0.045. As 0 is very close to 0. (i.e., 0 = 0.06), trans-
port capacity is very sensitive to errors in 0. As 0 increases, the
transport capacity becomes less sensitive to the errors. When 6
value is high, the transport capacity is not very sensitive to the

errors in determining 6.. Thus, the uncertainties in the determina-
tion of 0. mainly have significant effect on the transport capacity
when 0 is close to 0. Given that transport capacity often occurs
during high flows which tend to result in relatively high 0 values,
the uncertainty of determining 0. should not significant affect the
determination of the transport capacity in practice.

3.5. Limitations and application of Eq. (5)

Eq. (5) is not for predicting bed-load transport rates in gravel-
bed rivers. Instead, it is developed for determining bed-load trans-
port capacities for heterogeneous grains in gravel-bed rivers with
turbulent, fully rough flows over approximately plane beds. In riv-
ers with significant bed forms such as gravel bars and riffles, the
calculated shear stress needs to be separated into two components,
one is due to bed forms and the other is due to bed surface grains
(e.g., Vanoni, 1975; Wiberg and Smith, 1989). The latter should be
used in Eq. (5) for predicting bed-load transport capacities in these
rivers. Eq. (5) is not affected by vegetation on channel banks. How-
ever, in channels with narrow width (e.g., the width/depth is less
than 10), bank vegetation can cause significant side-wall drag ef-
fect. Hydraulic variables either flow depth or energy slope needs
to be corrected before the calculation of 6 (Vanoni and Brooks,
1957; Williams, 1970). Eq. (5) should be used in the relatively
straight reaches of a meander river. Because Eq. (5) is developed
and validated using the bed-load data based on bed-load samples
collected during short-time periods, it can be used for predicting
bed-load transport capacities during short-time periods. Also be-
cause Eq. (2) reflects the equilibrium condition during a long time
period, Eq. (5) can give rise to transport capacities of gravel-bed
rivers in equilibrium for a long time period. By using the median
grain size of the bed substrate (Dsups0), the dominant discharge,
and the representative channel slope, the transport capacity calcu-
lated from Eq. (5) is the bed-load transport rate of an equilibrium
(i.e., graded) gravel-bed river in a long time period. Therefore,
without dealing with the difficult task of determining all compo-
nents of flow resistance (Eaton and Church, 2004), Eq. (5) can be
used as a simple extreme hypothesis (Eaton et al., 2004; Knighton,
1998) to close the rational regime.

Given that the transport capacities predicted by Eq. (5) for low
flows may be affected by the uncertainties involved in the calcula-
tion of 0., probably the most useful application of Eq. (5) is quick
estimation, at the first approximation, of the “worst” sediment
condition (i.e., bed-load is transported at capacity) during a poten-
tial big event. When the flow rate is very high (i.e., 6 > 0.), G~ 1.
Consequently, Eq. (5) is simplified as

B=09 or i, = 0.9w (7)

Eq. (7) means that the bed-load transport capacities of natural grav-
el-bed rivers during big events may be estimated by calculating the
possible values of stream power, w, which may be easily obtained
using often available hydrologic and channel morphological infor-
mation. For example, for a gravel-bed river with an USGS gauging
station, the energy slope (S) can be roughly represented by the
channel water surface slope, which may be obtained by surveying,
and the discharge that may cause a flood (assuming equivalent to
the discharge with the 50-year reoccurrence interval, Qso) can be
easily calculated using the recorded discharge data from that sta-
tion in terms of flood frequency analysis. Thus, the corresponding
stream power  can be calculated by w = Qs0S. It follows that the
bed-load transport capacity for this potential flood can be estimated
as 0.9w from Eq. (7).

Although this estimation is only a first approximation, it can be
done quickly and should be practically useful for estimating the
influence of bed load on flow depth by calculating flow resistance
due to bed-load transport (Gao and Abrahams, 2004; Song et al.,
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1998). For a gravel augmentation project aiming at generating a
desired fish habitat in a gravel-bed river reach, Eq. (7) could be
used by the project manager to quickly estimate the amount of re-
quired gravels to sustain the project. If global warming leads to ex-
treme events, gravel-bed rivers may be subject to increased
flooding and sediment transport. Eq. (7) serves as a simple tool
to provide the first approximation of the transport capacities for
various emergence river management practices.

4. Conclusions

Bed-load transport capacity for heterogeneous grains in natural
gravel-bed rivers was defined as the maximum possible transport
rate a gravel-bed river can have for a given value of 0 calculated
using the median size of bed-load grains Dsq. A simple, empirical
equation for estimating the transport capacities was developed
using the compiled data representing bed-load transport capacities
in both low flows with an armor layer and high flows without it

B =0.9G° (5)

where B=i,/w, i, is the bed-load transport rate at capacity
(kgm~'s™"), @ is the unit stream power per unit bed area
(kgm~'s™"), G=1-10.0, 0 and 0, are dimensionless shear stress
and the associated threshold value for the initial motion of grains,
respectively. The data that represent bed-load transport capacities
for heterogeneous grains can be identified by the criterion

Dsg = Dgupso (2)

where Dg,50 is the median sizes of grains in the bed substrate. Errors
in determining 0. may affect the predicted bed-load transport capac-
ities when 0 is close to 0.. For high 0 values, which normally require
peak discharges that can cause flooding, the value of 6. does not sig-
nificantly affect the predicted transport capacity. Thus, in practice,
Eq. (5) can be used to assess the maximum possible bed-load trans-
port rates if a given flood discharge would arrive. Such assessment
can be very useful for various river management practices such as
flood control and gravel augmentation for generating fish habitat.
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