Hydrol. Earth Syst. Sci., 16, 59681, 2012 Dy -K

www.hydrol-earth-syst-sci.net/16/591/2012/ Hydr°|°gy and
d0i:10.5194/hess-16-591-2012 Earth System
© Author(s) 2012. CC Attribution 3.0 License. Sciences

B

Effect of hydraulic parameters on sediment transport capacity
in overland flow over erodible beds

M. Ali 1, G. Sterk?, M. Seeget, M. Boersem&, and P. Peters

1Land Degradation and Development Group, Wageningen University, Wageningen, The Netherlands
2Department of Physical Geography, Utrecht University, Utrecht, The Netherlands
SHydrology and Quantitative Water Management Group, Wageningen University, Wageningen, The Netherlands

Correspondence tayl. Ali (mazhar.ali@wur.nl)

Received: 21 June 2011 — Published in Hydrol. Earth Syst. Sci. Discuss.: 14 July 2011
Revised: 19 December 2011 — Accepted: 22 January 2012 — Published: 27 February 2012

Abstract. Sediment transport is an important component of sediment detachment. An empirical transport capacity equa-
the soil erosion process, which depends on several hydraulition was derived, which illustrates that transport capacity
parameters like unit discharge, mean flow velocity, and slopecan be predicted from median grain size, total discharge and
gradient. In most of the previous studies, the impact ofslope gradient.

these hydraulic parameters on transport capacity was stud-
ied for non-erodible bed conditions. Hence, this study aimed

to examine the influence of unit discharge, mean flow ve-

locity and slope gradient on sediment transport capacity forl  Introduction
erodible beds and also to investigate the relationship between

transport capacity and composite force predictors, i.e. sheagoj erosion has become a major global environmental prob-
stress, stream power, unit stream power and effective streanam (Lal, 1998). Several process-based soil erosion models
power. In order to accomplish the objectives, experimentshaye been developed to estimate sediment yield at the catch-
were carried out in a 3.0 m long and 0.5 m wide flume usingment scale (KINEROS2, Smith et al., 1995; LISEM, De Roo
four well sorted sands (0.230, 0.536, 0.719, 1.022 mm). Unitgt 5. 1996: EUROSEM: Morgan et al., 1998; WEPP, Flana-
discharges ranging from 0.07 to 2.87.0°m? s™* were anetal., 2001). Soil erosion is a combination of detachment
simulated inside the flume at four slopes (5.2, 8.7, 13.2 ancgnd transport of sediment particles. An accurate estimation
17.6 %) to analyze their impact on sediment transport rateqf these processes is the main objective of process-based
The sediment transport rate measured at the bottom end Qfodels. Under overland flow conditions, sediment detach-
the flume by taking water and sediment samples was conment rate depends on the potential of rainfall and a thin layer
sidered equal to sediment transport capacity, because the sgf gverland flow to detach soil particles from the soil matrix
lected flume length of 3.0m was found sufficient to reach 45 \well as on the resistance of the soil against detachment.
the transport capacity. The experimental result reveals thafne potential of rainfall and thin layer of flow is separately
the slope gradient has a stronger impact on transport capaggcertained by using different equations during soil erosion
ity than unit discharge and mean flow velocity due to thefactmodemng (e.g. Foster, 1982; Elliot and Laflen, 1993; Wei
that the tangential component of gravity force increases withgt g, 2009). Here in this study, we are dealing with the
slope gradient. Our results show that unit stream power igyotential of overland flow. Most of the existing models es-
an optimal composite force predictor for estimating trans-timate sediment detachment rate of flowing water by using
port capacity. Stream power and effective stream power cafpe concept of Foster and Meyer (1972). According to this
also be successfully related to the transport capacity, howgoncept, the detachment rate is calculated as the difference
ever the relations are strongly dependent on grain size. Shegjetween the sediment transport capacity and actual sediment
stress showed poor performance, because part of shear straggq. Hence, sediment transport capacity plays a pivotal role
is dissipated by bed irregularities, bed form evolution andj,, the physical description of soil erosion processes.
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592 M. Ali et al.: Effect of hydraulic parameters on sediment transport capacity

Sediment transport capacity is defined as the maximum{Guy et al., 1990; Abrahams and Li, 1998; Zhang et al.,
sediment load that a particular discharge can transport at 2009, 2010a,b). Guy et al. (1990) found that transport capac-
certain slope (Merten et al., 2001). During the last threeity increases as mean flow velocity increases because mean
decades, several efforts have been made to analyze the iflow velocity consistently increases with slope. Zhang et
fluence of different hydraulic parameters on transport capacal. (2009) even reported a linear increase of transport ca-
ity, such as unit discharge, mean flow velocity, and slopepacity with increasing mean flow velocity for non-erodible
gradient (Beasley and Huggins, 1982; Julien and Simonsbeds. Again, contradicting results were found under erodible
1985; Govers and Rauws, 1986; Finkner et al., 1989; Gov-bed conditions (Govers, 1990; Nearing et al., 1997, 1999;
ers, 1990, 1992; Guy et al., 1990; Everaert, 1991; AbrahamJakken et al., 1998; Gimenez and Govers, 2001), where the
and Li, 1998; Jayawardena and Bhuiyan, 1999; Prosser anihfluence of slope on flow velocity was non-significant and,
Rustomiji, 2000; Abrahams et al., 2001; Zhang et al., 2009) consequently, flow velocity had no clear influence on sedi-
These variables were mostly considered for the quantificament transport capacity. As a result, it is clear that there is
tion of sediment transport capacity under overland flow con-a need to comprehensively study the influence of different
ditions because they can be easily measured in the field anlydraulic parameters on sediment transport capacity.
also have a pronounced impact on transport capacity. It is Hydraulic variables can be combined in different ways to
generally known that transport capacity increases with theform composite force predictors (Duboys, 1879; Bagnold,
increase of unit discharge, slope gradient, and mean flow ve1966; Yang, 1972; Govers, 1990). Accordingly, different
locity, since the energy exerted by a certain discharge orcomposite force predictors were used to estimate transport
the bed increases with these variables (Beasley and Hugzapacity of overland flow, i.e. shear stress, stream power,
gins, 1982; Govers, 1990, 1992; Everaert, 1991; Zhang etinit stream power, and effective stream power (Yang, 1972;
al., 2009, 2010a). In comparison to river hydraulics, far lessMoore and Burch, 1986; Govers and Rauws, 1986; Lu et
research has been done to quantify sediment transport undat., 1989; Govers, 1990, 1992; Everaert, 1991; Jayawardena
shallow flow on an eroding hillslope. The influence of theseand Bhuiyan, 1999; Prosser and Rustomji, 2000; Abrahams
hydraulic parameters on sediment transport has mainly beeat al., 2001; Zhang et al., 2009). But widely varying results
studied using datasets obtained from flume experiments witlwere obtained because the performance of composite force
non-erodible beds. For erodible bed experiments, previoupredictors were tested under different ranges of morphologic
researchers usually assumed that their selected flume lengtionditions. Govers and Rauws (1986) concluded that shear
was adequate to reach the transport capacity (e.g. Goverstress is not a good predictor for estimating transport capacity
1990; Everaert, 1991). But qualitative and quantitative infor- under erodible bed conditions, because an important compo-
mation about the spatial variation in sediment load is neededhent of the shear stress (i.e. form shear stress) may not be ac-
to verify this assumption. tively used for sediment transport, but could be preferentially

The relationship between transport capacity and unit disconsumed on sediment detachment and bed form evolution.
charge has often been studied, and previous research hd$erefore, they suggested the use of grain shear stress (the
made it clear that this relationship is always dependent orpart of shear stress consumed on individual grains) and unit
slope (Beasley and Huggins, 1982; Julien and Simons, 1985tream power concepts to predict transport capacity on erodi-
Govers and Rauws, 1986; Govers, 1990; Everaert, 1991ble beds. However, later results from Govers (1990) con-
Jayawardena and Bhuiyan, 1999; Prosser and Rustomijiradict the recommendations of Govers and Rauws (1986),
2000; Lei et al., 2001; Zhang et al., 2009). However, the ef-showing that shear stress can be used to estimate transport
fect of unit discharge and slope on transport capacity variexapacity under erodible beds. In addition, the experimen-
from erodible to non-erodible bed conditions (Gover, 1990;tal results of Zhang et al. (2009) also depicted that transport
Everaert, 1991; Zhang et al., 2009), probably due to the factapacity was well predicted by shear stress for non-erodible
that, for the same hydraulic and sediment conditions, thebed conditions.
roughness of erodible beds is always higher than that of non- The influence of unit discharge and mean flow velocity on
erodible beds (Hu and Abrahams, 2006). Govers (1990) andransport capacity under erodible bed conditions is still un-
Everaert (1991) found, in different studies, that for erodible clear and needs to be further examined in order to get a better
beds the effect of slope on transport capacity is higher tharunderstanding of the processes involved in sediment trans-
the effect of unit discharge. Contrasting with this, the non- port by overland flow. In addition, the selection of a suitable
erodible bed experiments of Zhang et al. (2009) revealed thatomposite predictor for the estimation of transport capacity
transport capacity is more susceptible to unit discharge ass also still uncertain. Therefore, the objectives of this re-
compared to slope. This raises questions about the applicasearch were (i) to study the effect of unit discharge, mean
bility of information obtained from non-erodible beds for the flow velocity and slope gradient on sediment transport capac-
development of sediment transport equations to be used iity and how these relations vary in the presence and absence
soil erosion models. of bed irregularities; and (ii) to evaluate the potential of dif-

The influence of mean flow velocity on transport capacity ferent composite force predictors for the estimation of trans-
has been studied mainly under non-erodible bed conditiongort capacity under overland flow conditions. Fundamental
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for addressing these objectives is knowing if the selected ex-
perimental setup is sufficient for reaching the transport ca-
pacity. To tackle these objectives, an experiment on erodible
beds was designed with variable slopes, discharges and dif
ferent non-cohesive bed materials.

Upper
Stopper

Head Tank
/ Flow Meter

Point Gauge
v Sand bed v

T

2 Materials and methods \ Gate Valve

’— ,,,,,,,,,, Lower Stopper
For this study, a 3.0 m long and 0.5 m wide rectangular flume l Water Pump

with a wooden floor and one sided plexiglass wall was con- W Sediment
structed. The experimental set-up was similar to the one )"
described by Ali et al. (2012). In order to abridge the
edge effects, a piece of wood (length=0.20, width= 0_50,Fig. 1. Experimental flume utilized for sediment transport capacity
height=0.04m, “stopper”) was fixed at the upper end of measurements in relation to hydraulic and sediment parameters.
the flume and a second stopper (length =0.10, width =0.50,
height=0.04 m) was fixed at the lower enq (Fig. 1). The up_17.6 %), to analyse the impact of slope on sediment trans-
per stopper also allows the water to enter into the test section . ; .
from the head tank, avoiding erosion and causing uniformport capacity. Before each experiment, test runs were carried

T . out to adjust the duration of the inflow for each combina-
spread of the applied discharge across the flume width. Th

. ion of applied unit discharge, slope gradient and sediment
length of the lower stopper (i.e. 0.10 m) was selected to a"OWtype. As a result of these test runs, the time to conduct ex-

passing of the water and sediment mixture without causin : . :
. g eriments ranged between 5 and 30 min. Each experimen-
any serious deposition. Tap water was used to conduct th L
al run was repeated once to ensure the results, resulting in

experiments, which entered into the flume from a head tank : .
. 81 experiments. For each selected sand, different ranges
The rate of flow into the head tank was controlled by a valve o ; ;
of unit discharges were applied under four slope gradients,

and measured with a calibrated flow-meter at the inlet pipe. 5.2, 8.7, 13.2 and 17.6%. Because the current experi-
The flow-meter was connected to a data-logger and computef ! . :

. S . - ments were carried out with 0.04 m thick layer of sand under
for continuous monitoring of the inflow rate. The applied erodible bed conditions, higher rates of unit discharges were
unit discharge rates ranged from 0.07 to 2070 3 m2s 1. g g

In order to study the variation of sediment transport ca ac_used for coarse sand (i.e. 1.022mm) as compared to fine sand
. X 0 study 'SP P (i.e. 0.233mm). The summary of experimental data is pre-
ity with grain size, four well sorted non-cohesive medium

to very coarse sands with median grain siZ;d) equal sented in Table 1.
to 0.233, 0.536, 0.719, and 1.022mm and their bulk den- As flow depths are usually hard to assess under overland

X . flow conditions on a changing bed due to the unsteadiness
sity equal to 1600 kg m?® were used. Non-cohesive sands . .

. : . of the water and bed surface, two point gauges with an ac-

were selected since they ignore the impact of aggregate sta-

bility on sediment transport capacity. Aggregates would - oY of 0.1 mm were hung on a wooden frame above the
y anspor bactly. Aggregates ... lower stopper of the flume, directly downstream of the sand
also have a very variable size and density, introducing with

this more parameters which cannot be recorded during thged' The mean flow depth was calculated by averaging of the
measurements taken from both gauges.

experiments. Moreover, with these types of non-cohesive Mean flow velocity is difficult to measure under interrill

sands, sediment transport capacity can be achieved in SUCha%d rill erosion due to spatial variation of bed geometry and
small flume length, i.e. 3.0 m (Govers, 1990, 1992; Everaert b 9 y

) . ; .~ limited flow depth (Jayawardena and Bhuiyan, 1999). The
1991). Flume experiments were carried out using medium . . :
o o conversion of surface flow velocity measurements into mean

to coarse sands, because majority of existing transport cas .
: : i . . . low velocity has also become a challenge because of the

pacity equations were derived either for fine materials rang- . . .

; ) ) selection of a suitable correction factor (Dunkerley, 2001).

ing from clay to fine sands (Govers and Rauws, 1986; Gov- L o .

. . Hence in this study, mean flow velocities were estimated us-
ers, 1990, 1992; Everaert, 1991) or for non-erodible bedsIn the equation derived by Al et al. (2012) for the same
(Guy et al., 1990: Abrahams and Li, 1998; Abrahams etflugme' q y '
al., 2001; Zhang et al., 2009). Prior to each experiment, '
the test section was filled with a 0.04 m thick layer of sed- |og(7) = 0.645 + 0.506 log Q) — 0.172 log( Dsp)
iment and saturated with water. The contact area between
the upper stopper and sand layer was covered with a piece of RZ = 0.89 (1)
artificial grass carpet in order to dissipate the flow energy of
the inflowing water. However, sudden high rates of erosionwheretU (ms™1) is the mean flow velocityQ (m®s™1) is the
could not be fully prevented. For the experiments, the flumetotal discharge, anédso (M) is the median grain diameter of

bed was adjusted to four slope gradients (5.2, 8.7, 13.2 anthe bed material.
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Table 1. Experimental data.

RunNo. Dgg Slope Unitdischarge Measured Measured sediment
(mm) (%) (103m2s 1) flowdepth transport capacity

(m) (kgm1s71)
1 0.230 5.2 0.17 0.00120 0.0008
2 0.00120 0.0009
3 0.33 0.00140 0.0068
4 0.00140 0.0062
5 0.67 0.00200 0.0229
6 0.00200 0.0312
7 8.7 0.17 0.00115 0.0099
8 0.00115 0.0076
9 0.33 0.00155 0.0314
10 0.00155 0.0373
11 0.50 0.00160 0.0450
12 0.00160 0.0601
13 13.2 0.17 0.00115 0.0195
14 0.33 0.00140 0.0677
15 0.50 0.00205 0.1337
16 17.6 0.07 0.00085 0.0145
17 0.00085 0.0175
18 0.17 0.00100 0.0544
19 0.00100 0.0505
20 0.536 5.2 0.17 0.00093 0.0014
21 0.00093 0.0014
22 0.33 0.00160 0.0063
23 0.00160 0.0067
24 0.67 0.00260 0.0162
25 0.00260 0.0204
26 8.7 0.17 0.000895 0.0074
27 0.000895 0.0065
28 0.33 0.00150 0.0228
29 0.00150 0.0238
30 0.50 0.00220 0.0336
31 0.00220 0.0361
32 13.2 0.17 0.00100 0.0229
33 0.00100 0.0189
34 0.33 0.00150 0.0587
35 0.00150 0.0519
36 0.50 0.00180 0.0952
37 0.00180 0.0890
38 17.6 0.07 0.00097 0.0086
39 0.00097 0.0095
40 0.17 0.00100 0.0347
41 0.00100 0.0438
42 0.719 5.2 0.33 0.00185 0.0064
43 0.00185 0.0071
44 1.00 0.00330 0.0354
45 0.00330 0.0278
46 2.07 0.00515 0.0838
47 0.00515 0.0657
48 8.7 0.17 0.00115 0.0084
49 0.00115 0.0066
50 0.33 0.00125 0.0236
51 0.00125 0.0249
52 1.00 0.00295 0.0870
53 0.00295 0.0888
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Table 1.Continued.

RunNo. Dsgg Slope Unitdischarge Measured Measured sediment
(mm) (%) (103m2s 1) flowdepth transport capacity

(m) (kgm1s71)
54 13.2 0.17 0.00115 0.0192
55 0.33 0.00170 0.0491
56 0.50 0.00180 0.0911
57 17.6 0.07 0.00075 0.0073
58 0.00075 0.0072
59 0.17 0.00135 0.0365
60 0.00135 0.0308
61 1022 52 0.33 0.00195 0.0045
62 0.00195 0.0044
63 1.00 0.00390 0.0252
64 0.00390 0.0260
65 2.07 0.00565 0.0670
66 0.00565 0.0651
67 8.7 0.17 0.00125 0.0042
68 0.00125 0.0043
69 0.33 0.00195 0.0173
70 0.00195 0.0179
71 1.00 0.00305 0.1063
72 0.00305 0.0784
73 13.2 0.17 0.00120 0.0118
74 0.33 0.00175 0.0437
75 0.50 0.00250 0.0794
76 17.6 0.07 0.00120 0.0018
77 0.00120 0.0020
78 0.17 0.00150 0.0170
79 0.00150 0.0187
80 0.33 0.00195 0.0946
81 0.00195 0.0976

During each run, a mixture of water and sediment was col-Software, 2004). Starting at 0.74 m below the upper stop-
lected in a container at the bottom end of the flume at reguper, 2.0 m of the flume length were scanned. The scanned
lar time intervals (1-5min). Five to six samples were takenarea of the flume was divided into twenty equivalent slices
during each run, depending on the duration of the run. Su-of 100.0 mm length to study the sediment budget along the
pernatant water was poured out from the sample when thélume length. For each slice, the weight of the eroded sedi-
sediment settled down on the bed of the container. The rement was calculated multiplying eroded sediment volume by
maining wet sediment was oven dried at 2@5for 12h, bulk density (i.e. 1600 kg r?). The calculated weight of the
then weighed to determine the dry sediment weight. Averageeroded sediment was divided by duration of an experiment
dry sediment weight was calculated by taking the mean dryand area of a slice (i.e. 500 éjrto estimate the sediment de-
weight of all sediment samples taken during each run. Thaachment or deposition rate along the flume length. This was
sediment transport rate was determined by dividing the averdone after each 100.0 mm interval for each combination of
age dry sediment weight with run duration and flume width discharge, slope, and grain size.

(i.e.0.50m). The calculated sediment budget along the flume length

In order to quantify the sediment budget along the flumeWas used to corroborate the hypothesis that a flume length of
length, the bed of the flume was scanned with a surface lase?-0 m is adequate to reach the transport capacity for the given
scanner for a selected number (45) of runs, before and afconditions of flow, slope and sediment type, for which the
ter overland flow simulation. The elevation accuracy of the €xperiments were conducted. The effects of unit discharge,
scanner is 1.0mm. Using the data obtained from the lasefean flow velocity and slope gradient on transport capacity
scanner, detailed topographic maps with a horizontal spaWwere analysed graphically.
tial resolution of 5.0 mm were constructed using the trian- Prediction of sediment transport capacity was done by re-
gulation method in the SURFER software package (Goldergression analysis in order to identify an optimal predictor
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among shear stress, stream power, unit stream power ani’ o008

effective stream power. Shear stress is defined as the force”., 006 (4)
applied by flowing water on the soil surface per unit bed area g
(Duboys, 1879): 5 0.004 - .
B
t = pul @ f
s
wherer (N m~2) is the shear stresg,(kg m~3) is the density g
of water,u, = /gRS(m s™1) is the shear velocityy (ms2) % .
is the gravitational acceleratio® (m) is the hydraulic ra- “ o0 ; . ,
dius, which is considered equal to the flow dept), (as 0 500 1000 1500 2000

flow width is much greater than flow depth under shallow
overland flow conditions, and (mm™7) is the slope gra-
dient. The stream power concept was introduced by Bag-  goos

Flume length (mm)

nold (1966) who assumed that the sediment transport rate is~ (B)
a function of time rate of potential energy expenditure per “ 8003 1
H . ¥}
unit bed area: 5y 0.004 18 2
o o]
w=1tU 3) .5;;00‘002‘ %EEOO
2 R
wherew (Jm2s71) is the stream power, and (ms™1) is g ° Apr8 BEEB T
the mean flow velocity. Yang (1972) assumed that the sed- _S -0.002 no“ A g
iment transport rate is a function of time rate of potential & 0,004 . . .
energy expenditure per unit weight of water: a 500 1000 1500 2000
wy = US (4) Flume length {mm})
wherew, (ms™1) is the unit stream power. Effective stream 0.008
power is fundamentally based on the shear stress conceg™, —— ©
(Govers, 1990): iy 2
5 0.004 o
(t )+ \:';9 ggguuuﬂ
weﬁzw (5) _%DQCCQ‘ %AA&D
15«15 —2.17y i : =0 6%y e
wherewess (N2 s> m~4+/) is the effective stream power. g £ faa g
In order to assess the bias and the standard errors assoc B -0.002 e R TR g o g
ated with predictions of the best performing composite force “ oo , , ,

predictor, a jack-knife technique was adopted. The main 0 500 1000 1500 2000
reason for using the jack-knife technique is that the derived
equation is not validated using exactly the same dataset tha
was utilised to derive the equation. In this technique, one ob- Dsp (mm) 530230 A 0.536 » 0719 ©1.022
servation is held out and the remaining observations are used

to fit the coefficients. Then, the fitted model is used to makerig. 2. Sediment budget along the flume length corresponding to
the prediction for the held out observation. Model bias andunit discharges ofA) 0.17,(B) 0.33 and(C) 0.50x 10 3m2s~1
standard errors were described by a statistical term “error”at a slope of 13.2 % for different grain size classes.

which is calculated as the difference between the observed

and predicted values of transport capacity. The error has a

minimum value of 0 and the values close to 0 indicates bettefEveraert (1991) for similar ranges of hydraulic and sediment
estimation. conditions. During our experiments, the calculated values

of the Reynolds number ranged from 253 to 7916, and the
Froude number ranged from 0.7 to 2.3, which implies that
3 Results and discussion the flow conditions inside the flume ranged from laminar to

) N turbulent and from subcritical to supercritical, respectively.
The measured sediment transport capacities for the selected

sands, slope gradients, and unit discharges are given in T@,1 Sediment budget along the flume length

ble 1. The transport capacities of the four sands varied from

0.0008 to 0.1337kgm's~ (Table 1), and are in approxi- Figure 2 shows the variation in sediment budget along the
mately the same range as measured by Govers (1990) arftbme length for the three unit discharges (0.17, 0.33 and

Flume length (mm)
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0.50x 10-3m?s 1) at a slope of 13.2 % for four sands. The  0.16 "
budgets were calculated from the laser scanner data. It is%, o.14 " .05?;( )
clear that the detachment rate is at a maximum level at thes  ;, | ms7
upper side of the flume where clean water enters and de-& R =089 R2—gg M A132
creases with distance for each of the three applied unit dis-2 ¥ PR
charges. This is due to the fact that the flow energy, which is &
required to detach sediment particles from the soil mass, de-< 0.0%
creases with the increase of sediment load (Lei et al., 1998;% 0.04
Merten et al., 2001). On the other hand, deposition rate in- £ 0.02
creases progressively along the flume length. After a certain 0
distance, the system attained an equilibrium between sedi-
ment detachment and deposition, so the net detachment be-

came zero and sediment load achieved its steady (maximumyiy 3 Relationship between measured sediment transport capacity
value (Fig. 2a—c). According to Foster and Meyer (1972), theang unit discharge for different slope classes. All sediment types
sediment transport rate reaches its maximum (= transport cayere included.

pacity) when the detachment rate becomes zero. Therefore,

the steady value of sediment load for a particular discharge

and slope corresponded to the sediment transport capacity ¢lediment; and (i) the resistance of non-erodible beds is no-
the flowing water. Similar results were obtained from the ticeably less than those of erodible beds (Gimenez and Gov-
other runs, which were carried out at 5.2, 8.7 and 17.6 %ers, 2001; Hu and Abrahams, 2006; Zhang et al., 2010c).
slopes. Thus, the flume length of 3.0 m was found sufficientWith erodible beds, on the other hand, irregularities in-

to reach the sediment transport capacity. As a result, the avrease with slope and slow down the water flow by reduc-
erage sediment transport rate, measured at the bottom end @fg the local slope, whereby the transport capacity is reduced
the flume by taking samples of water and sediment mixture(Gimenez and Govers, 2001, 2002). The available flow en-
during each experimental run, was assumed to represent thergy under erodible bed conditions is not only used for trans-

0.1 A
0.08

acl

— ¢

_— " R=096

1.5 2 2.5
Unit discharge (10 m?s™)

sediment transport capacity. port of sediment, but is also greatly dissipated by the bed ir-
regularities as well as the detachment of sediment (Gimenez
3.2 Effect of unit flow rate and mean flow velocity on and Govers, 2001, 2002).
sediment transport capacity Mean flow velocity is another important hydraulic param-

eter affecting sediment transport capacity, and depends on

As shown in Fig. 3, the measured transport capacitytotal discharge, median grain size, and bed geometry (Ali
increased with unit discharge.  Moreover, slope alsoet al., 2012). Figure 4 shows that the transport capacity
had a strong influence on the measured transport capadnacreased with the increase of mean flow velocity for each
ity. For instance, when simulating a unit discharge of slope class. Again it is clearly illustrated that slope had a
0.33x 10-3m?s 1, the measured value for transport capac- pronounced effect on the correlations between transport ca-
ity at a slope of 5.2 % was 94 % lower than the value obtainedpacity and mean flow velocity. Experimental results revealed
at a 17.6 % slope (Fig. 3). The strong impact of slope onthat transport capacity substantially increased with slope at
transport capacity can be explained by the generally knowra fixed mean flow velocity value (Fig. 4). For example, at
phenomenon that the tangential component of gravity forcea mean flow velocity of 0.18 nT$, the measured values of
which acts along the bed in a downstream direction, increasegansport capacity were 0.003 kgts ! at 5.2 % slope, and
with slope (Chorley et al., 1984). This is likely to be the rea- 0.095kgnT1s~1 at 17.6 % slope, respectively (Fig. 4). This
son that the measured transport capacity was more sensitivie due to the fact that the flow energy of a particular dis-
to slope than to unit discharge for erodible beds. These reeharge substantially increases with slope, but a major part of
sults agree with others’ findings (Beasley and Huggins, 1982the flow energy is dissipated for the detachment and transport
Govers and Rauws, 1986; Govers, 1990; Everaert, 1991)of sediment instead of increasing flow velocity (Gimenez and
but contradict the results of Guy et al. (1987) and ZhangGovers, 2002). However, Guy et al. (1990) and Zhang et
et al. (2009). The latter studies, conducted on fixed bedsal. (2009) found that the relationship between transport ca-
ignored the dynamics of knickpoints, headcuts, scour holepacity and mean flow velocity was almost independent of
slumping of the rill walls, etc. as well as the variation in bed slope. The possible reason for this contradiction is that un-
form, where unit discharge has more strong impact on transeler non-erodible beds, the mean flow velocity gradually in-
port capacity as compared to slope. creases with slope due to less variation in bed roughness

Under non-erodible beds, sediment transport capacity igFoster et al., 1984; Abrahams et al., 1996; Gimenez and
anticipated to be over-predicted because (i) the available flowsovers, 2001; Zhang et al., 2009), while for erodible beds
energy is preferentially used for sediment transport, but anythe mean flow velocity is almost independent of slope effect
excess energy could lead to the detachment of depositedlecause bed morphology and roughness is dependent on both
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0.16 - researchers (Govers and Rauws, 1986; Moore and Burch,
14 | Re=096/ Slope (%) 1986; Govers, 1990) in such a way that the unit stream power
ms7 theory showed greatest potential for estimating transport ca-
:ﬁé pacity of overland flow under erodible beds. But they con-
e tradict earlier findings in the sense that the exponent of unit
O R2=0.92, ¢ stream power was independent of grain size.
0.06 The regression analysis between transport capacity and

unit stream power produced the following relationship:

o
\

0.04 -

Transport capacity (kg m™ s1)

0.02 1 T = 23266 2% R? = 0.87 (6)

0.5 whereT, (kgm~1s1) is the sediment transport capacity and
Mean flow velocity (m s™) wy (Ms™1) is the unit stream power.
The performance of shear stress was pdr<0.61) as
Fig. 4. Relationship between measured sediment transport capacitgompared to other composite predictors (Fig. 5a). The pos-
and mean flow velocity for different slope classes. All sediment sible reason for its poor performance is that lower shear
types were included. stress is needed to attain a certain value of transport capac-
ity for fine sand (i.e. 0.230 mm) as compared to coarse sand

_ _ ) i.e. 1.022 mm (Fig. 5a). In a multiple linear regression anal-
discharge and slope (Govers, 1992; Nearing et al., 1997yqiq of shear stress and grain size to estimate transport ca-

;999; Takken et al., 1998; Gimenez and Gover;, 2001). Th%acity, the effect of grain size was significant <« 0.05).
impact of slope gradient on mean flow velocity was also |, general, transport capacity is expected to decrease with
found non-significant for the flow conditions that were “sedincreasing surface roughness, since part of the momentum
to conduct the current erodible bed flume experiments (Ali €ty overland flow is consumed by form roughness (Gimenez
al., 2012). Therefore, the theoretical concepts derived from,,q Govers, 2002). Increasing surface roughness leads to in-

non-erodible beds do not necessarily reflect erodible bed corgrgasing values of total shear stress. Therefore, total shear
ditions, and their application on a natural hillslope may pro- giress is a poor predictor for transport capacity, which is

duce errors. also consistent with the literature results (Govers and Rauws,
1986; Govers, 1992).
Stream power and effective stream power produced, when

. . . ) plotted against transport capacity, relatively lower scatter as
In previous studies composite force predictors have 0fte'ﬂl:ompared to shear stress, thus both resulted in reasonable

been cprrelgted with sediment transport ca_lpacity and mosttelationships with transport capacity (Fig. 5b and d). Sim-
of the time it has been found that the relationship between, 1, the shear stress results, grain size had a significant

transport capacity and a composite predictor can vary wit mpact (» < 0.05) on transport capacity in the multiple lin-

grain size .(Govers and Rauws, 1986; Govers, 1990; Every, regression analysis, relating transport capacity to stream
aert, 1991, Aprahams et al., 1998; Ferro, 1998; Jayawarbower or effective stream power and grain size using all data.
dena and Bhuiyan, 1999; Zhang et al.,

AN LS 2009). Asiitis ,eX'Dependency of transport capacity on grain size in this case is
pected that grain size also significantly affects the relation-y ;o to the fact that both predictors are a function of shear

ships between transport capacity and composite force pregyass Several other researchers also found that the relation-

dictors, in this study four types of sand were used to conducghip between transport capacity and effective stream power
the experiments. _ is dependent on grain size (Govers, 1990; Everaert, 1991;

Se_ohment transport capacity was mod_elled as a POWeEerrp, 1998). In contrast to shear stress, stream power is
function of composite force predictors, i.e. shear stressyq affected by increasing surface roughness, while affective
stream power, unit stream power, and effective stream powWegieam power and unit stream power decrease with increasing
by using the entire dataset of the four different grain sizespgq roughness (Gimenez and Govers, 2002). The latter find-

(Fig. 5). The best agreemen®3=0.87) with transport ca-  ing might also explain the good performance of unit stream
pacity was obtained using unit stream power (Fig. 5¢). HOW-power and effective stream power.

ever, when a multiple linear regression analysis was used t0 | g previous study, it was found that the mean flow ve-
estimate transport capacity as a function of unit stream POWe[scity on the erodible bed in the same flume could be well

and grain size, it was not significantly affected by grain size e icted from total discharge and median grain size (Eq. 1).
(p=0.197). The non-significant effect of grain size on the re- Equation (1) can be written as:

lationship between transport capacity and unit stream power

was somewhat surprising, because grain size has been se?p_ 4.42 0506 )
to have considerable effect on mean flow velocity (Alietal., = — ™" Dgya7

2012). These results do agree with the findings of previous

3.3 Prediction of sediment transport capacity
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Fig. 5. Sediment transport capacityd) as a function ofa) shear stress;; (b) stream powerw; (c) unit stream powerpy; (d) effective

stream powelpes; for four grain sizes.

whereU (ms™1) is the mean flow velocityQ (m3s1) is the 1

total discharge, anfPsg (m) is the median grain diameter. As
itis hard to measure mean flow velocity in the field, the appli- -
cation of Eq. (6) really becomes difficult because unit stream -*

. . g
power depends on mean flow velocity (Eq. 4). Itis, however, &
easier to measure runoff and therefore flow velocity can be
calculated using Eq. (7). Incorporating Eq. (7) into Eq. (6)
leads to the following description of transport capacity:

Jack-knife Fitting Data

0.1 1

1: 1 line

& 0.01 A

s

Predicted

0.001 -

Q1.46
T, = 0.17 x 100 =528 (8)

0.0001

R>=0.85

50050 0.0001 0.001 0.01
whereS (mm™1) is the slope gradient. Figure 6 shows the

] Measured 7, (kg m™ s)
strong agreement between measured and predicted transport

0.1 1

capacity using Eq. (8) when jack-knife technique was appliedrig. 6. Comparison between measured and predicted sediment

to the dataset? = 0.85). The calculated values of error were
ranged from—0.03 to 0.04 (kg m*s~1), which implies that

transport capacities by using Eq. (8) when the jack-knife approach
is applied.

the predicted values of transport capacity are not much devi-
ated from the observed values. This suggests that transport
capacity can be directly estimated from total discharge, mey
dian grain size, and slope gradient, which are relatively easily
measured under field condition. Correspondingly, these find-

Conclusions

ings show that the measurements of flow velocity and flow

The results of this study clearly show that slope gradient

depth are not needed to estimate sediment transport capacij2S & Stronger impact on sediment transport capacity than

www.hydrol-earth-syst-sci.net/16/591/2012/

anit discharge and mean flow velocity. This is most likely

due to the fact that the tangential component of the grav-
ity force increases with slope gradient. In addition, because
bed geometry varies greatly with slope gradient (Gimenez
and Govers, 2001, 2002), the relationships of unit discharge
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