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Difference in the bed load transport of graded and

uniform sediments during floods: An experimental

investigation

Khabat Khosravi, Amir H. N. Chegini, Andrew D. Binns, Prasad Daggupati

and Luca Mao
ABSTRACT
The objective of this study was to experimentally evaluate the difference in the transport of uniform

(5.17, 10.35, 14, 20.7 mm) and graded sediment (mixture of these rounded particles with equal

weight proportions) under different unsteady flow hydrographs in a 12 m long, 0.5 m wide and deep

glass-walled flume. There was a lag time between fractions and uniform particles, such that peaks of

coarser and finer fraction particles occurred before and after the peak of uniform sediment with the

same size, respectively. Comparison between uniform particles and fractions in graded sediment

showed that the sediment transport rate of fine and coarse fractions was lower and higher than their

counterpart uniform particles, respectively. Overall, the uniform particles demonstrated a clockwise

hysteresis loop and graded sediment had a counterclockwise hysteresis loop. The mobility of coarser

fractions increased during the rising limb of hydrograph, whereas the mobility of finer fractions

increased during the falling limb. In general, the mobility of coarse fractions increased and that of fine

fractions reduced. Result of transported sediment showed that average particle size collected in

traps (Db50) was coarser than bed material (Ds50) on both limbs. The relative transport ratio for

uniform and graded sediment is higher and lower than 1, respectively.
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INTRODUCTION
Sediment transport dynamics during floods determine the

morphology of rivers (Church ), with relevant conse-

quences for public health and safety, water management,

fluvial ecology, and sustainable development of riverine

areas (Chien & Wan ; Raven et al. ). Depending

on the flow strength and the size of sediments, the grains

can be transported as either suspended or bed load (Li

et al. ), with bed load transport being the primary

driver for river morphodynamics (Church ).

Sediment transport has been studied extensively

under steady-state conditions (i.e., with constant discharge)
(Barati et al. , ; Barati & Salehi Neyshabouri ).

However, sediment transport and river processes during

flood events are arguably very different from those that

occur during these steady flows (e.g., Chien et al. ;

Rowinski & Czernuszenko ; De Sutter et al. ).

Bombar et al. () argued that in unsteady flow, the turbu-

lence intensity along the flow path and the vertical axis was

greater, producing a greater lift force acting on bed and

suspended sediments, and therefore traditional sediment

transport formulae underestimate the true sediment load

(Song & Graf ). Thus, it is not surprising that sediment
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transport formulae developed under steady uniform flow

conditions perform unsatisfactorily for engineering projects.

Sediment transport during flood events often exhibits

hysteresis because of the lag between the peak of the flow

and sediment discharge (Reid et al. ). Several examples

of hysteresis have been reported. Generally, there are five

types of hysteresis loops, including clockwise, counterclock-

wise, eight-shaped, irregular (complex), and linear (Lenzi &

Marchi ; Keesstra et al. , ). Clockwise loops are

the most common ones observed in the field (Seeger et al.

), especially for suspended sediment transport when

the peak of sediment transport rate takes place before the

discharge peak (Klein ; Soler et al. ; Eder et al.

). When the peak of sediment transport rate takes

place after the discharge peak, a counterclockwise pattern

is observed. This loop has been related to the breakdown

of the armor layer (Kuhnle ), delay of the sediment

supply (Habersack et al. ), passage of bed forms (Bell

& Sutherland ), and consolidation of bed materials

during flood events (Reid et al. ). When the sediment

source is far away from the river, eight-shape loops will

be constructed. In this case, the second loop appears

in the recession limb of the hydrograph just after either a

clockwise or counterclockwise loop (Zabaleta et al. ).

Complex loop is constructed when there is a double-

peaked hydrograph.

In alluvial rivers, hydrographs and graded sediment

transport are intrinsically linked (Phillips & Sutherland

; Huygens et al. ; Berta & Bianco ). Studies

on bed load transport during floods began in the 1980s

(Wang et al. ), but direct observation of bed load

during high flow is notoriously challenging and dangerous,

thus recent studies tend to focus on flume experiments

(Graf & Qu ; Mao ). Unsteady flow is usually

investigated by modeling the temporal variability of flow

rate during a hydrograph generating triangular and trapezoi-

dal hydrographs (e.g., Lee et al. ; Bombar et al. ).

Alternatively, hydrographs are often modeled by consecu-

tive steps of steady flows with short intervals, named

quasi-steady flows (i.e., stepped hydrographs) (Parker et al.

; Piedra ; Mao ). This type of simulation

tends to lead to errors in the calculation of sediment trans-

port (Nouh ), and the best alternative is to simulate

continuous unsteady flow.
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Tsujimoto () discussed two mechanisms associated

with sediment transport during floods, with the first mech-

anism involving the direct impact of unsteady flow and the

second involving an indirect impact of relaxation processes,

which is a slow response of sediment transport to the flow

condition. Investigations on boundary layers in unsteady

turbulent flow showed that unsteadiness effects were often

limited to a thin layer close to the wall, while the outer

areas were not strongly affected (Karimaee Tabarestani &

Zarrati ). Hence, the data of outer areas may not cor-

rectly reflect the unsteadiness effects on the most effective

internal variable parameters, namely, bed shear velocity

(Pathirana et al. ). Consequently, the structure of

unsteady flow field may differ from that of steady flow field.

Lee et al. () investigated uniform bed load trans-

port under unsteady flow in a laboratory and found a lag

time (approximately 6–15% of the hydrograph duration)

between the values of maximum flow discharge and maxi-

mum sediment discharge as a result of particle size. Their

result showed that bed load sediment transport under

unsteady conditions was higher than the values predicted

under steady conditions and the maximum bed sediment

discharge was also greater than the predicted value. A cer-

tain interval between the peak of flow discharge and peak

of sediment discharge was also observed by Wang (),

and was named ‘bed inertia lag’. Wang et al. () exam-

ined graded sediment transport (as unimodal and

bimodal) influenced by various hydrographs of unsteady

flow on a slope of 0.0083 m m�1 and found that the trans-

port of the major coarse and the fine fraction occurred

during the rising and falling limbs of hydrograph, respect-

ively. They also stated that the peak of coarse sediment

discharge occurred close to or a little earlier than the dis-

charge peak, and it occurred after the discharge peak for

fine particles. Hassan et al. () used a graded and rela-

tively coarse mixture (0.18 to 45 mm) to simulate

hydrographs of different duration, magnitude, and shape

in order to examine the effect of hydrographs on sediment

transport and on the development of armoring. In their

experiments, Hassan et al. () did not feed sediments

from the upstream end of the flume, and thus simulated

hydrographs under sediment starvation conditions forced

the creation of static armor. Mao () evaluated the

effect of three types of stepped hydrographs on fractional
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bed load sediment transport in graded sediments (20%

gravel and 80% sand), constant slope of 0.01 m m�1, and

sediment recirculation conditions. His results showed that

in all three models, sediment discharge was higher during

the rising limb than during the recession limb. He also

reported that the grain size of the armor bed remained

invariant during the experiments, and that sediment trans-

port showed clockwise hysteresis. Guney et al. ()

investigated the effect of coarse surface establishment on

the sediment transport rate under an unsteady flow hydro-

graph for a bimodal sediment mixture. Their result showed

that there is a strong linear relationship between armor

ratio and total sediment transport yield, with a correlation

coefficient of 0.99. Also, they revealed that, at first, clock-

wise hysteresis appeared but after armor development the

hysteresis switched to counterclockwise. Li et al. ()

have studied the effect of sand on gravel (and vice versa)

using both unsteady and volume equivalent steady flow

and revealed that unsteady flows can cause greater trans-

port of sediment than steady flows, sand promotes the

transport of gravel, and gravel reduces the transport of

sand. Similarly, Mrokowska & Rowinski () studied

the effect of several triangular, trapezoidal, and step-wise

hydrographs on different sand–gravel, silt–gravel, silt–sand

mixtures, and tri-modal sand–gravel mixtures. Some

researchers introduced suitable dimensionless parameters

to determine the relationship between unsteadiness of

flow and sediment transport in the flow hydrograph (e.g.,

Graf & Suszka ; Yen & Lee ), but, although impor-

tant, this issue has attracted little attention thus far. In

particular, to our knowledge, no studies have studied the

response of graded fraction and their same-sized uniform
Figure 1 | Schematic view of experimental flume and its equipment in this study.
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counterpart to unsteady flow, and studied how the differ-

ence in mobility varies with bed slope and particle

diameter.

This paper aims to address this research gap by report-

ing on 15 flume experiments designed using different bed

material and unsteady flow hydrographs to study the

difference in transport of graded and uniform bed sediment,

and its temporal variation, in response to unsteady flow

conditions. As well as investigating how this difference

varies with bed slope and particle diameter, this paper

also explores the relationship between the Einstein bed

load parameter and Shield stress for unsteady flow. Also,

differences between hysteresis of uniform and graded bed

sediment are addressed.
MATERIALS AND METHODS

Flume set-up

A 12 m long, 0.5 m wide, tilting flume was used in this study

(Figure 1). The flume walls were made of transparent glass.

Experiments were done with slopes ranging from 0.005

to 0.035 m m�1. Runs were performed using four homo-

geneous grain sizes (5.17, 10.35, 14, and 20.7 mm) and a

graded mixture made up using the four classes with equal

weight ratio (Table 1). Sediment beds were created by

screeding the sediment to a depth of ∼5–6 D50, and remixed

and screeded for subsequent runs. The upstream and down-

stream parts of the flume (each 2 m long) were non-movable.

For the 2 m fixed upstream section, the 1 m upstream end

was covered by coarse sediments (20.7 mm) and the 1 m



Table 1 | Physical properties of bed sediments used in the study

Sediment D50 (mm) σg Density, (kg/m3) Porosity (�)

Fine gravel 5.17 – 2,391 0.4

Medium gravel lower 10.35 – 2,375 0.4

Higher medium gravel 14 – 2,900 0.45

Coarse gravel 20.7 – 2,552 0.43

Graded (mixture) 12.5 1.8 2,567 0.37

The geometric standard deviation was calculated as σg ¼ (D84=D16)
0:5

.
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fixed downstream section was covered by the same sediment

as used in the mobile sections. The 2 m long fixed section at

the downstream end of the flume was covered by 20.7 mm

sediments. This arrangement gave an erodible bed section

with a length of 8 m. For water supply, a closed-circuit

flow was used in the flume, using a pump capable of

producing a maximum discharge up to 100 L s�1. The

water depth in the flume was measured by two point

gauges (b1 and b2; Figure 1) and three ultrasonic sensors

(a1, a2, and a3) recording the water level with a frequency

of 25 Hz. Sensor a1 was placed over the fixed bed, whereas

sensors a2 and a3 were placed over the mobile bed portion of

the flume. The distances between the first and second

sensors and between the second and third ones were 2 m

and 1 m, respectively (Figure 1).
Experimental procedure for simulating hydrographs

Experiments were designed to simulate hydrographs using

unsteady flow conditions. At the beginning of each run,

the downstream tailgate was raised and then the pump

was turned on at the lowest flow rate to ensure the minimum

disturbance to the bed during the time required for the initial

wetting stages. Then, the desired base flow (Q0¼ 3 L s�1; at

which point no sediment moved at any slope) was attained

to perform uniform steady flow conditions for 1 h to

produce a water-worked surface and to ensure that all exper-

iments were performed with the same initial bed condition.

In this stage, the tailgate was lowered to have a uniform

steady flow as well as reduce the backwater effect (Wang

et al. ). The flow depth to establish steady flow was

checked by point gauge and ultrasonic sensors at the

upstream and downstream mobile bed sections. Each run

started (t¼ 0) when the flow began to increase. Hydrographs
om http://iwaponline.com/hr/article-pdf/50/6/1645/759053/nh0501645.pdf
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were created by programming the opening and closing of the

valves in a continuous process over time, with flow velocity,

flow depth, and discharge measured every minute. Bed load

sediment transport rate was measured using a bed load trap

(0.3 m wide and 0.5 m long) located at the downstream end

of the flume. Samples of transported sediment were taken

during the passage of the hydrograph, for a duration ranging

from 1 to 20 min depending on the sediment transport

intensity (it is noted that the frequency of sampling was

high enough particularly before and after peak flow to

resolve the peak flow and sediment lag). The level of

variability in peak transport rates near the peak flow was

considered for calculation of the lag time between peak of

flow and sediment transport. The collected sediment

samples were dried, sieved (for graded sediment), and

weighed in order to obtain the total and fractional transport

rate. As in Hassan et al. (), Wang et al. (), and Li

et al. (), no sediments were fed from the upstream end

of the flume during the experiments. This zero-feeding con-

dition, which is responsible for clean water scouring, is a

reasonable simplification during short-term periods for

rivers in humid environments (see Hassan et al. ;

Wang et al. ; Li et al. ) and is similar to conditions

downstream of dams.

The simulated unsteady flow hydrograph

The runs simulated an asymmetric hydrograph with a peak

of 70 L s�1, a total volume, excluding base flow, equal to

165 m3, and a normal duration of 5,220 s. In some cases,

especially for graded sediment with higher slopes, due to

high sediment transport and extensive bed morphological

changes, this duration was not possible and a shorter

duration was performed (e.g., 2,400 s). The designed hydro-

graph is not exactly scaled to a specific prototype, but the

overall shape (e.g., a longer rising limb) reflects the shape

of the last five flood events in Sefid-Rud River (second lar-

gest river in Iran). The main aim for the recession limb

not reaching base flow again is: (1) there was no sediment

transport observed for water depth less than 7 cm for the

recession limb; and (2) the shape of these flood hydrographs

in Sefid-Rud River is a multiple peak hydrograph and the

raising limb of the next hydrograph starts before reaching

base flow. Thus our recession limb did not reach base
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flow according to the general shape of these single peak

hydrographs.

The hydrograph can be scaled by dimensionless terms

for discharge (Q*) and time (t*):

Q� ¼ Q=Q0 ¼ Q=V0h0B (1)

where Q is the discharge, Q0 is the discharge at base flow, V0

is the mean flow velocity at base flow, h0 is the flow height at

base flow, and B is the width of the flume, and

t� ¼ t=T (2)

where t is the measurement time, and T is the total duration

of the hydrograph calculated as the sum of the duration of

the rising and the recession limbs, Tr and Tf, respectively.

The hydrographs were characterized by an unsteadiness

parameter Γ (see also Graf & Suszka ()) calculated as:

Γ ¼ ΔH=(V�
0 × T ) (3)

where ΔH is the difference in flow heights between the

maximum discharge and the base flow, and V�
0 is the bed

shear velocity at base flow.

As done in previous studies dealing with unsteady flow

(e.g., Yen & Lee ; Lee et al. ; Bombar et al. ;

Wang et al. ), the magnitude of the hydrograph Wk

was calculated as:

Wk ¼ V�2
0 Vh

gh3
0B

(4)

Parameters Γ and Wk are independent of each other and

it is possible that different hydrographs feature the same Γ

but different values of Wk, or vice versa. Bombar et al.

(), Lee et al. (), and Wang et al. () have shown

that unsteady flow properties, such as the unsteadiness par-

ameter (Γ), total volume of hydrograph (Vh), and hydrograph

shape (η) (calculated as Tr/Tf ratio), have a significant impact

on bed load sediment transport. The first two properties

were considered in this study but due to the fact that hydro-

graph shape did not change significantly in the present study

and since all of them have a similar shape, hydrograph

shape was not considered as an effective factor. In total,

15 tests were conducted using different slopes and sediment

sizes (Table 2).
://iwaponline.com/hr/article-pdf/50/6/1645/759053/nh0501645.pdf
Bed load sediment transport

The cumulative sediment flux during each run was

calculated as a normalized sediment transport yield (see

Bombar et al. ), Wt* as follows:

W�
t ¼ Wt=(ρsbD

2
s50) (5)

where Wt is the total sediment transport yield in kg, ρs is the

density of bed material, b is the width of the sediment trap

(m), and Ds50 is the average particle size of the bed material

(m). For the graded mixture, fractional sediment transport

yield was calculated for each grain size.

The dimensionless Einstein bed load parameter was

used to compare between various transported sediments

and is expressed as (Pender et al. ):

q�b ¼ qb

ρs

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(s� 1)gD3

b50

q q�bi ¼
qbi

fiρs
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(s� 1)gD3

i

q (6)

where qb and qbi are the bed load sediment transport rates

(kg m�1 s�1) for total or uniform particles and fractional

transport rate, respectively, s is the relative density for bed

sediment which is equal to sediment density divided by

water density, g is the gravitational acceleration, Db50 is

the average size of sediment transported to trap, Di is the

uniform material diameter or fraction material diameter,

and fi is the proportion of the fraction i in the bed surface

(Shvidchenko et al. ). The Shields stress τ� was

estimated as follows:

τ� ¼ τ

g(ρs � ρ)
¼ RbS

(s� 1)di
(7)

where τ ¼ ρgRbS is the mean bed shear stress, ρ is fluid den-

sity, Rb is the hydraulic radius of the bed, which is corrected

for the effect of the wall of the flume using the method

outlined in Shvidchenko & Pender (), and S is the

bed slope. Shear velocity (V*) was estimated as:

V� ¼
ffiffiffi
τ

ρ

r
(8)

The dimensionless parameter of V�=ωS was applied to

determine the suspension condition, where the ωs is the sub-

merged particle fall velocity. It was used to determine the



Table 2 | Important variables describing experiments done during unsteady flow hydrograph

No Running code D, mm S Qpeak L/s V*, m/s τ� Tr, s Tf, s ζ Γ Wk Wt* Fr Re
Transport rate
kg m�1 s�1

1 A 5.17 0.005 46 0.031–0.071 0.013–0.07 3,000 2,280 0.98 0.000614 2,792.8 212.8 0.67–1.1 5,555–97,297 0.0069

2 B 0.0075 42.5 0.038–0.08 0.02–0.09 2,400 1,380 1.8 0.000561 2,701.9 1,136.9 0.7–0.85 5,783–60,791 0.069

3 C 0.01 41.5 0.044–0.088 0.02–0.11 2,160 840 3.1 0.000535 2,752.7 1,622.4 0.8–0.98 6,678–61,132 0.129

4 D 10.35 0.01 59 0.044–0.1 0.013–0.073 3,000 2,220 1.68 0.000438 7,106.3 435.03 0.7–0.9 5,969–70,898 0.05

5 E 0.015 54 0.053–0.114 0.02–0.093 2,400 1,560 4.24 0.000377 7,269.2 579.6 0.8–1.1 7,311–77,643 0.19

6 F 14 0.015 69.5 0.054–0.125 0.01–0.059 3,000 2,280 10.3 0.000353 12,661.0 78.4 0.78–1.08 6,961–93,903 0.089

7 G 0.0175 65 0.058–0.129 0.012–0.064 2,700 1,740 1.7 0.000346 11,739.9 215.02 0.9–1.14 7,519–90,766 0.12

8 H 0.02 70 0.062–0.138 0.014–0.073 2,760 1,740 2.5 0.000323 14,343.4 308.5 1–1.22 8,038–97,033 0.21

9 I 0.03 51.5 0.076–0.147 0.02–0.082 2,580 780 9.6 0.000306 8,719.7 399.91 1.2–1.45 9,885–78,103 0.38

10 J 20.7 0.03 69 0.076–0.163 0.018–0.084 2,400 1,380 1.4 0.000279 17,774.1 117.2 1.1–1.39 9,239–98,992 0.13

11 K 0.0325 72 0.08–0.17 0.019–0.09 2,400 1,380 7.8 0.000268 20,041.6 118.7 1.17–1.45 9,616–103,034 0.29

12 L 0.035 63 0.082–0.168 0.021–0.089 2,100 900 5.1 0.000285 14,790.3 166.6 1.2–1.49 9,979–92,912 0.4

13 M Graded 0.015 70 0.053–0.124 0.014–0.08 3,000 2,220 0.3 0.000358 12,717.6 40.5 0.8–1.08 7,090–95,472 0.0058

14 N 0.02 61 0.06–0.132 0.019–0.09 2,400 1,380 0.7 0.000342 10,401.1 193.8 1–1.23 8,187–84,889 0.12

15 O 0.03 42 0.07–0.0138 0.029–0.098 1,500 900 0.5 0.000275 6,422.8 254.1 1.22–1.44 10,027–61,881 0.162
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dominant transport mode when designing the hydrographs.

According to Bagnold (), when this dimensionless par-

ameter is less than 0.25 all particles are transported as the

bed load. The ωs term was calculated as follows (Table 3):

ωS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2:3(ρs � 1)D2

50 þ 36ν2
q

� 6ν

D50
(9)

where ν is the kinematic viscosity. The V�=ωS was less than

0.25 for all experimental runs, and thus, all the transported

particles moved as bed load.

The fractional bed load mobility was calculated using

the equation proposed by Parker & Klingeman ():

Ψi ¼ Pi

Fi
(10)

where Pi and Fi represent the fractional proportions (by

weight) in bed load samples collected in the traps and in

the original mixture in the bed, respectively. If Ψi< 1, then

the transported material had a reduced mobility in compari-

son to the original bed composition due to the concealment

of the finer fractions. If Ψi¼ 1 then the transported and

bed material were equally mobile (state of equal mobility).

If Ψi> 1, the transported material had enhanced mobility

compared to the original bed composition due to exposure

of the coarser fractions.
RESULTS

Sediment transport rate during hydrographs with

different bed slope

Temporal variations of sediment transport rate (qb, in

kg m�1 s�1) are shown in Figure 2(a)–2(d) for the runs

conducted using uniform sediments and for the graded
Table 3 | Determination of transport mode at different flume slopes

S D (mm) Ymax (cm) V* (m/s) ωS (m/s) V�=ωS

0.015 10.35 11 0.114 73 0.0015

0.03 14 8 0.147 81 0.0018

0.01 5.17 9 0.088 74 0.0011

0.035 20.7 9 0.168 76 0.0022
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sediment, three slopes of 0.015, 0.02, and 0.03 m m�1 were

considered (Figure 3). Generally, by increasing the bed

slope, the sediment transport rate increased. By increasing

the bed slope 1.4 times, the sediment transport rate

increased by 5, 4.2, 4, and 3.5 times for uniform bed

sediment of 5.17, 10.35, 14, and 20.7 mm, respectively. It

shows that the sediment transport rate of coarser sediments

increased at a lower rate compared to the finer sediments for

an increase in bed slope.

Finer uniform sediments (e.g., 5.17, 10.35, and 14 mm)

demonstrate a greater increasing trend in Einstein bed

load parameter with increasing bed slope in comparison to

the graded sediment. However, the coarse uniform bed

sediment of 20.7 mm demonstrated a similar trend with

that of the graded bed sediment (Figure 4).

Also the results of ratio of total weights of transported

uniform sediment (kg) per graded bed sediment in a different

bed slope are shown in Table 4. The results show that with a

constant bed slope of 0.015 m m�1, the uniform bed sediment

of 10.35 mm has a higher bed sediment transport rate than

graded bed sediment (25 times more). In comparison to

graded bed sediment conditions, results shows that uniform

bed sediment of 14 mm has a 3.1, 1.1, and 0.74 times higher

ratio of total weights of transported sediment in constant

bed slope of 0.015, 0.02, and 0.03 m m�1, respectively. For

uniform bed material of 20.7 mm, the ratio is 0.76 times in

comparison to graded bed sediments for the conditions

with a bed slope of 0.03 mm�1. Results of this table show

that: (1) finer uniform bed sediment has a higher sediment

transport rate than graded bed sediment, but the opposite

trend is observed for coarser sediment; (2) with a constant

bed slope of 0.015 m m�1, the coarser the uniform sediment

from 10.35 mm to 14 mm, the lower the difference in sedi-

ment transport rate between uniform and graded sediment;

and (3) the higher the bed slope, the lower the difference in

sediment transport rate between uniform and graded sedi-

ment (as with increasing the bed slope from 0.015 to

0.03 m m�1 the ratio of uniform bed sediment of 14 mm per

graded decreased from 3.1 to 0.74 times, respectively).

One considerable difference between uniform and

graded bed sediment is that the peak transport rate of all

bed sediment occurred before the hydrograph peak, but

the peak of graded bed sediment transport occurred after

the hydrograph peak. At this slope and at a slope of



Figure 2 | Temporal variation of sediment transport rate for runs conducted using different sizes of uniform grains: (a) D¼ 5.17 mm; (b) D¼ 10.35 mm; (c) D¼ 14 mm; and (d) D¼ 20.7 mm.
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0.015 m m�1, the maximum and minimum fractional sedi-

ment transport rates occurred for the 14 mm and the

5.17 mm fractions, respectively. The ratio of the fractional

sediment transport rates (5.17, 10.35, 14, and 20.7 mm) to

the total sediment transport rate were 0.079, 0.29, 0.33,

and 0.3, respectively.

Temporal lag between sediment transport and

discharge

The temporal lag between the peaks of discharge and

sediment transport rates was investigated by transforming
om http://iwaponline.com/hr/article-pdf/50/6/1645/759053/nh0501645.pdf
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the variables into dimensionless terms, i.e., Einstein bed

load parameter (qb*), dimensionless base time, (t*), and

dimensionless discharge (Q*) by intense sampling of trans-

ported sediment around the peak of discharge.

Results of the lag time between the hydrograph peak

and sediment shows that the lag time has been increased

with increasing bed slope for all uniform and graded bed

sediment conditions except for the case of uniform

coarse sediment of 20.7 mm, which shows the opposite

trend (Figure 5). One possible reason could be that since

finer sediment is transported more easily, an increase in

bed slope results in a huge amount of sediment



Figure 3 | Temporal variation of transport rates for experiments conducted using the graded bed sediment: (a) total transport rate at S¼ 0.015, 0.02, and 0.03; (b) fractional transport rate

at S¼ 0.015 m m�1; (c) fractional transport rate at S¼ 0.02 m m�1; (d) fractional transport rate at S¼ 0.03 m m�1.
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transported in a low flow depth. Thus, sediment transport

is reduced for higher flow depths due to armoring and

lower sediment budget (sediment transport is a function

of sediment budget (Asselman )). As coarser particles

are not transported as easily, their transport is consistent

with slope and flow depth and this transport capacity is

increased with an increase in both bed slope and flow

depth.

The main differences between the uniform and graded

bed sediment is that the peak of the uniform bed

sediment transport rate occurred before the peak of
://iwaponline.com/hr/article-pdf/50/6/1645/759053/nh0501645.pdf
the hydrograph, whereas in all tests using graded sedi-

ments, the peak of total graded sediment transport rate

occurred on the recession limb of the hydrograph

(Figures 2 and 3).

Comparison of bed load transport rates between

experiments conducted using homogenous versus

graded sediments

At a slope of 0.015 m m�1 the dimensionless bed load

sediment transport rates for the 10.35 mm and 14 mm



Table 4 | Ratio of total weights of transported uniform sediment per graded

Ratio of total weights of transported
uniform sediment per graded S¼ 0.015 0.02 0.03

10.35 mm/graded 25.42 – –

14 mm/graded 3.10 1.13 0.74

20.7 mm/graded – – 0.76

Figure 5 | Lag time between peak of flow and sediment as a function of bed slope.

Figure 4 | q* as a function of bed slope for graded and uniform bed sediment.
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fractions were 99% and 80% lower than their uniform

counterparts, respectively. Whereas at a slope of

0.02 m m�1 and a peak discharge of 70 l s�1, the
om http://iwaponline.com/hr/article-pdf/50/6/1645/759053/nh0501645.pdf
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dimensionless bed load sediment transport rates for the uni-

form and 14 mm fractions are closer (19% lower). It shows

that by increasing the bed slope the transported fraction par-

ticles in a graded bed sediment were closer to their uniform

counterparts. For the coarse sediment of size 20.7 mm the

opposite trend is observed. With a slope of 0.03 m m�1,

the finer fractions (i.e., 5.17, 10.35, and 14 mm) cause the

coarse fraction of 20.7 mm to be transported at 64%

higher compared to their uniform counterparts. Results

also show that transport rate peak for the 10.35 and

14 mm uniform bed sediment occurred earlier compared

to their fraction counterparts, but the opposite case was

observed for the coarse sediment of 20.7 mm as the peak

transport rate of the fraction occurred earlier compared to

their uniform counterparts (Figure 6).

Patterns of hysteresis

Because the discharge and coarse sediment transport rates

can peak at different times during the simulated hydro-

graphs, a plot of these two variables was created to

illustrate the hysteretic pattern. The patterns would be

clockwise if the discharge peaks after the sediment transport

rate, or counterclockwise if the discharge peaks before the

sediment transport rate (Mao ; Guney et al. ).

Generally, uniform bed sediments have a clockwise

hysteresis, but graded bed sediment follows the counter-

clockwise hysteresis pattern (Figure 7).

Fractional sediment mobility

Figure 8(a)–8(c) show the temporal variation in fractional

bed load mobility parameter (Ψi) for graded sediment.

Generally, finer fractions increased and coarser fractions

severely reduced the mobility on the recession limb of the

hydrograph. The opposite trend was observed on the

rising limb. Results also show that with increasing bed

slope, the mobility of the fine fraction (e.g., 5.17 and

10.35 mm) has reduced and the mobility of the coarse frac-

tion (e.g., 14 and 20.7 mm) is increased during the rising

limb. The opposite trend was observed in the recession

limb (Figure 9(a) and 9(b). As in the recession limb with

an increasing bed slope from 0.015 to 0.03 mm�1, the

mobility of the 5.17 and 20.7 mm fractions became



Figure 6 | Temporal variation in qb* for graded and uniform bed sediment during the passage of the hydrograph: (a) D¼ 10.35; (b) D¼ 14; and (c) D¼ 20.7 mm.
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0.4 and 1.3 times, but these are 2.8 and 0.8 times respect-

ively in the falling limb. Results revealed that in the rising

limb, with increasing bed slope, the coarser the fraction,

the higher the mobility; in the bed slope of 0.015 m m�1

the higher mobility was that of 14 mm but in the slope of

0.03 it was that of 20.7 mm. The mobility of 20.7 and

14 mm fractions in the slope of 0.03 m m�1 is 1.2 and

1.04 times, respectively.

A further way to visualize the mobility of sediment frac-

tions along the hydrographs is to draw the grain-size curves

of sediment samples collected in traps during the runs.
://iwaponline.com/hr/article-pdf/50/6/1645/759053/nh0501645.pdf
Figure 10 shows that the grain-size curves for the rising

limb plot towards the right, which indicate that the trans-

ported sediments were coarser compared to the original

sediment grain size distribution. The curves corresponding

to samples taken during the recession limb plot to the left,

which indicate that the transported sediments were finer

than the grain size distribution of sediment in transport

during the rising limb. At a slope of 0.03 m m�1 the

median size of the sediment mixture (Ds50) was equal to

12.5 mm, but the median size of transported sediments

(Db50) was 17.1, 17.9, and 19.3 mm on the rising limb and



Figure 7 | Hysteresis loop for experiments conducted using different grain sizes: (a) D¼ 5.17 mm; (b) D¼ 10.35 mm; (c) D¼ 14 mm; (d) D¼ 20.7 mm; (e) D¼ graded mixture.
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Figure 8 | Fractional bed load mobility: (a) S¼ 0.015; (b) S¼ 0.02; and (c) S¼ 0.03.
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14.5, 14.3, and 14.2 mm on the recession limb. Although

Db50 reduced in the recession limb, the median size of the

transported sediment (Db50) was higher than the median

size of the sediment mixture (Ds50) on both the rising and

recession limbs of the hydrograph.

Relationship between q* and Shield stress

In the literature, the relationship between q* and Shield

stress was investigated for low Einstein sediment
://iwaponline.com/hr/article-pdf/50/6/1645/759053/nh0501645.pdf
transport (lower than 0.001) especially for uniform flow

conditions (i.e., Shvidchenko & Pender ; Shvid-

chenko et al. ). The relationship was determined to

be near linear. However, for high Einstein bed load par-

ameter value under unsteady flow conditions which is

rarely addressed, the result shows that for q*> 0.001

the relationship between q* and Shield stress is logarith-

mic and with changes in the bed slope, the change in

Shield stress is more apparent and significant than q*

(Figure 11).



Figure 9 | Fractional bed load mobility with bed slope: (a) raising limb; (b) falling limb.

Figure 10 | The change in transported grain size with the recession and falling limb of the

hydrograph.

Figure 11 | Relationship between q* and Shield stress for unsteady flow in degrading

channel.
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DISCUSSION

Temporal variation in bedload sediment transport rate

Temporal variation of uniform bed sediment showed that for

slopes smaller than 0.0075 m m�1, the peak of sediment

transport rate occurred coincidently with the peak of flow

discharge. However, for higher slopes, the peak of sediment

took place earlier than flow peak. This may be due to the

fact that at higher bed slopes, the grains composing the sur-

face layer structured during the first portion of the rising

limb of the hydrograph become dislodged before the arrival
om http://iwaponline.com/hr/article-pdf/50/6/1645/759053/nh0501645.pdf
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of the hydrograph peak, creating an early pulse of sediment

flux (clockwise hysteresis).

In the graded bed sediment, the proportions of the sedi-

ment transport rate for fractions of 5.17, 10.35, 14, and

20.7 mm to the total sediment transport rate on a slope of

0.015 m m�1 were 0.044, 0.23, 0.42, and 0.35, respectively.

The maximum transport rate for 5.17 and 10.35 mm
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fractions took place after the peak discharge, while it hap-

pened before the peak discharge for 14.0 and 20.7 mm

particles. Bed load sediment transport rate for 5.17 and

10.35 mm fractions after the peak discharge was ascending

and for 14 and 20.7 mm fractions it was descending. This

reveals that the peak of finer fractions occurred after the

peak discharge (in the recession limb) and for the coarser

fraction it was before the peak discharge (in the rising

limb), which is in agreement with the results obtained by

Wang et al. () on experiments conducted at a slope of

0.0083 m m�1.

The proportions of the sediment transport rate for

fractions of 5.17, 10.35, 14.0, and 20.7 mm to the total sedi-

ment transport rate on a slope of 0.03 were 0.2, 0.5, 0.56,

and 0.5, respectively. For this slope, unlike the slope

0.015 m m�1, peaks of all fractions occurred after the peak

discharge on the recession limb. This may be due to the

fact that with the increase in bed slope, the armor layer

can break up more easily due to increased shear stress and

cause peaks to be reached after the peak of flow. Also the

more the amount of coarser fraction that moved through

the rising limb, in the recession limb we expect to have a

greater amount of bed movement due to having the finer

bed material in the recession limb.

For grain fractions of 5.17, 10.35, 14, 20.7 mm and total

value, by increasing the slope to 1.5 times (compared to

0.02 m m�1), the amounts of q* were 3.4, 2.3, 2.29, 2.0,

and 2.66, respectively, and also by doubling the slope

(related to slope of 0.015), the value of q* were 154, 62.5,

51, 52, and 72 times larger, respectively. This comparison

suggests that, in graded sediments, an increase in bed

slope led to the increase in the mobility of finer fractions

during the recession limb. However, as shown in Figure 5,

the peak of fractions occurred simultaneously in the same

time as the total mixture sediment.

Comparing bedload transport rates between experiments

conducted using homogenous and graded sediments, the

results suggest that coarser grain size fractions in the graded

bed sediment have greater mobility compared to the same

grain size in uniform mixtures. The reason is mainly that:

(1) the coarse sediments in the graded sediment are more

exposed to the flow; and (2) fine fractions increased the trans-

port rate of coarse fractions compared to uniform sediment

which is in accordance with the findings of Mao (),
://iwaponline.com/hr/article-pdf/50/6/1645/759053/nh0501645.pdf
Wang et al. (), and Li et al. (, ). Also, a compari-

son between the sediment transport peaks of uniform

sediments and individual fractions revealed that, because

the fine fractions are hidden behind coarse fractions in

graded sediment mixtures, the peak of finer fractions

occurred later than their uniform size counterparts and the

coarser fractions had an earlier peak than their uniform

size counterparts due to increased exposure. Hence, this

concealment had a significant effect on sediment transport

in graded sediment mixtures and affected the temporal lag

between different fractions and their uniform sediment

counterparts.

Results of the changes in the mobility for each fraction

in both rising and recession limb are in accordance with

the results of Hassan et al. () who revealed that in the

falling limb of an asymmetrical hydrograph the transport

of fractions coarser than 2.8 mm stopped but in the rising

limb fractions coarser than 11 mm had higher mobility.

Hysteretic patterns of sediment transport during

hydrographs

Bedload clockwise hysteresis loops occur when the sedi-

ment transport rate peaks before the peak discharge of the

hydrograph and a counterclockwise pattern occurs when

the sediment transport rate peak takes place after the peak

discharge of the hydrograph. In the present study, complex

figure eight-shaped loops were generally observed in

the runs, because sediment discharge fluctuated along the

rising hydrograph limb in high discharge and slope con-

ditions, and generally did not follow the ascending trend

and acted similarly to a multi-peak hydrograph, and as a

result, formed as the figure eight-shaped pattern. With the

increase in the bed slope or flow discharge, the sediment

transport rate increased in a manner consistent with the

increase in bed slope. However, on very high and steep

slopes the bed would be unstable (resulting in a completely

degraded channel) and there was a high rate of bed erosion.

The sediment transport rate over time had a sinusoidal

shape, and with increase of flow discharge and low and

high transport rates continued through to the peak of

hydrograph (anti-dunes moving upstream were observed).

On the other hand, with the flow reducing on the recession

limb, this sinusoidal shape rate ended and sediment



Figure 12 | Variation of ς versus Wk for fractions in graded sediment.
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transport rate reduced. Mao () stated that in high dis-

charge conditions, the sediment transport rate fluctuated

during the rising limb of the hydrograph; the amount and

intensity of the fluctuations observed in the rising limb of

the hydrographs in the present runs were severe and, thus,

the loops act similarly to multi-peak discharge conditions

for steep slopes.

Hysteresis in both clockwise (Humphries et al. ) and

counterclockwise (Lee et al. ) directions has been

observed in flume experiments, most of which were related

to the temporal lag of upstream sediment conditions and the

passage of bed forms or sediment pulses (Mao ). As

shown in Figures 2–4, there was always a temporal lag

between peaks of flow and sediment discharge, and the

loop patterns resulting from this delay are shown in

Figure 7(a)–7(f). The effect and shape of loops are important

indicators for various processes of runoff and sediment

sources and transport (Seeger et al. ; Krueger et al.

; Eder et al. ). In the current study, experiments

were performed with zero feeding of sediments upstream,

and thus, the observed counterclockwise pattern can be

ascribed to the progressive armouring of the bed, and to

the fact that transported sediments becomes progressively

finer during the falling limb of the hydrographs (as the

coarser sediments are transported mainly before the arrival

of the peak discharge). Guney et al. () showed that

hysteresis is initially clockwise but after the development

of an armor layer it changed to a counterclockwise pattern.

Impact of hydrograph characteristics on the total

bedload sediment transport

The impact of some hydrograph characteristics, such as the

unsteadiness parameter, symmetry parameter, and total

water work parameter, on the dimensionless bedload sedi-

ment transport rate parameter of the total and fractional

grain sizes is shown in Table 2 and Figure 12. It was

observed that the transported sediment increased with

increase in Wk, meaning that an increase in the maximum

volume under the hydrograph resulted in an increase in

sediment transport. The sediment transport rate also

increased with reduction in Wk and an increase in bed

slope (shear stress or relative roughness) demonstrated a

higher impact on the sediment transport rate compared to
om http://iwaponline.com/hr/article-pdf/50/6/1645/759053/nh0501645.pdf
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the volume under the hydrograph. To investigate the effect

of flow and bed characteristics on uniform, total, and frac-

tional sediment transport on the rising and recession

limbs, the relative transport yield ratio was computed

following Wang () as:

ς ¼ WtR
WtF

and ςi ¼
WtiR
WtiF

(11)

where R is for the rising limb, and F is for the recession limb.

Clearly, this fraction was more than 1 for higher sediment

transport rates occurring on the rising limb and less than

1 for higher sediment transport rates occurring on the

recession limb.

One factor that was observed in most cases, but that

cannot necessarily be generalized and needs further investi-

gation, is that the relative transport yield ratio increased

with increasing bed slope, meaning that the sediment trans-

port rate on the rising limb of the hydrograph increased

compared to the recession limb of the hydrograph for an

increasing bed slope. The relative transport yield ratio

was more than 1 for uniform particles, showing that the

transported sediment was higher during the rising limb of

the hydrograph in all cases, which is due to the fact that

no sediment was fed during the experiments. The relative

transport yield ratio was less than 1 for the graded sediment

in three runs showing that the transported sediment on the

recession limb of the hydrograph was higher compared to

the rising limb of the hydrograph. This is in accordance

with the result of Guney et al. () and opposite to the
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findings of Wang et al. () for graded sediment. The

mechanism behind this result is still unclear (Li et al.

). Some researchers (e.g., Mao ; Li et al. )

show that sediment transport on the rising limb is greater

compared to the falling limb for graded sediment, and

others (Lee et al. ) for uniform and Guney et al. ()

for graded sediment show the opposite result. Also,

Kuhnel () determined that the sediment transport rate

in the falling limb of the hydrograph is greater compared

to the raising limb of the hydrograph for low flows and the

opposite for high discharge conditions. Also, Mao ()

stated that the differences in the sediment transport rates

during the rising and falling limb of the hydrograph is due

to the different grain sizes of the transported sediment.

Similar dynamics are evident in the present experiments

as, for graded sediment, coarser fractions are more mobile

during the rising limb, and as the bed becomes finer in

response to this transport, finer sediment were transported

during the recession limb of the hydrograph. Alternatively,

this may be a result of the higher shear stresses and therefore

breaking of the armor layer for the graded sediments.

Hence, uniform and graded sediment acted in opposite

fashions. According to Hassan et al. (), rivers experien-

cing floods with short falling limbs (i.e., about 1 hour) are

less likely to develop a strong armor, thus, there is not

enough time for vertical winnowing of finer sediments into

the coarser framework of the bed. Also, Hassan et al.

() inferred from their experiments that, since winnow-

ing is not responsible for the development of armoring in

rivers with flash floods (i.e., in arid environments), the

hysteresis is due to the size of the transported material or

morphodynamic factors. In the present study, short

hydrographs do not develop evident armoring either, and

therefore, hysteresis is weak due to the large amount of

fine sediment moved during the falling limb of the

hydrograph.

Another finding, shown in Figure 12, is that in graded

sediment, the coarser the fractions, the more the relative

transport yield ratio. Hence, the 20.7 mm fraction had the

highest relative transport yield ratio, followed by 14.0,

10.35, and 5.17 mm fractions. The amount of ς for the 20.7

and 14.0 mm fractions was greater than the amount of

total sediment and for 10.35 and 5.17 mm fractions it was

lower than the amount of total sediment, showing higher
://iwaponline.com/hr/article-pdf/50/6/1645/759053/nh0501645.pdf
transport of coarser fraction, which is potentially due to

reduced availability of fine fractions from the surface and

resulting from this fact the coarse (fine) fractions are more

prone to exposure (hiding) dynamics.

It should be noted, it may be that Figures 8 and 12 appear

not to be in harmony with each other, as if the coarse sedi-

ment has an increased mobility, and thus this may be why

ςi is less than 1 for coarse fractions. It can be stated that

there are different methods of calculation, such as in the

mobility index, the proportion of each fraction in the trap

was divided per proportion of those fractions in the original

bed. However, for ςi, only the weights of the rising limb are

divided per the falling and as the weights of the falling limb

are more than the rising, for all fractions the ςi is less than 1.

Regarding sediment mobility during the hydrographs, it

should be noted that the mobility of coarser fractions

is increased during the rising limb and reduced during the

falling limb. For fine materials, the opposite is true, as the

mobility of fine fractions in the rising and falling limbs of

the hydrograph are reduced and increased, respectively.

These results are in accordance with results of Hassan

et al. (), which revealed that during the falling limb of

an asymmetrical hydrograph the transport of the fractions

coarser than 2.8 mm was stopped but in the rising limb

the fractions coarser than 11 mm had higher mobility.

Wang et al. () reported similar results. The result may

be due to lack of sediment feeding. In the present study,

the transported sediment in both rising and falling limbs is

generally coarser than the original bed sediment which

could be due to the protrusion of coarser fractions or the

concealment of finer fractions, which is the opposite of the

result of Hassan et al. ().

One more important issue is that, as finer particles cause

higher sediment transport rates, it is vital to manage the

upstream region of the catchment using watershed manage-

ment practices such as constructing check-dams, buffer

strips, afforestation, or control areas with high extreme soil

erosion rates like agriculture land with the use of catch

crops, straw, and so on. These measures play a useful role

in reducing river morphological changes (Cerdà et al. ;

Rodrigo-Comino et al. ).

One of the main limitations of the present study is that

sediment particles were considered cohesionless, but in

general, sediment in natural rivers is not cohesionless and
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contains some silt and other fine particles. Thus, for future

work, it is suggested to use mixed materials with more frac-

tions (ranging from cohesive to non-cohesive particles) and

equal proportions of mixed grain sizes in hydrographs with

longer base time to realize the real mobility of fractions

during long-term flood events.

Generally, the results of the present study provide a

greater understanding of the transport of graded bed

sediments in comparison to their uniform bed sediment

transport counterparts in response to flood events and

insights for improved numerical modeling capabilities for

bedload sediment transport.
CONCLUSION

The bed sediment response to a natural hydrograph of flow

during flooding was studied for uniform sediment particles

and also mixtures of uniform sediment with equal weight

ratios on bed slopes ranging from 0.005 to 0.035 mm�1.

In addition to the total amount of sediment transport, the

temporal variation of bed sediment transport, mobility of frac-

tions, relative transport yield ratio as well as temporal lag

between the peaks of flow and sediment were also studied.

Results showed that for a given grain size, the increase

in bed slope increased the Einstein bedload parameter and

Shields stress. More importantly, for a change in the slope,

the change in the Einstein bed load parameter was lower

than that in the Shields stress. Results of analysis of the tem-

poral variation and sediment transport rates showed that for

uniform particles, the peak of sediment transport occurred

before the peak of flow; but for fraction particles in the

graded sediment, the peak of fine fractions occurred after

the peak of flow discharge and for coarse fractions occurred

before the peak of flow, which was not the case on slopes

steeper than 0.015 m m�1. Results of the fractions in terms

of bed mobility parameter and grading curve showed that

the mobility of coarser fractions increased on the rising

limb of the hydrograph and reduced on the recession limb

as the trend was opposite for fine fractions, but the

amount of transported sediment was higher than the bed

sediment surface on both rising and recession limbs.

Comparison between fractions and their uniform particle

counterparts showed that the fine fraction sediment transport
om http://iwaponline.com/hr/article-pdf/50/6/1645/759053/nh0501645.pdf
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rate was less than their uniform particle counterparts, but the

amount of coarser fraction sediment transport rate was

higher than for their uniform sediment transport rate counter-

parts. In addition, the coarser fraction in graded sediment

mixtures caused a reduction in the finer fraction bed load

sediment transport rate, and the finer fraction caused an

increase in the coarser fraction bed load sediment transport

rate than their uniform particle counterparts.

The measured sediment transport rate for uniform and

graded sediments showed that there was a temporal lag

between peaks of flow and sediment that varied from 0.02

to 0.10 base time of the hydrograph. To compare the tem-

poral lag between the peaks of uniform and fractions of

sediments, it was concluded that due to the concealment

effect of finer fractions, the peak of finer fractions occurred

after the peak of the uniform sediment transport rate

counterparts, but is opposite for coarser fractions. For

finer particles of 5.17 and 10.35 mm and also for the

graded sediment mixture, the time interval between peaks

of flow and sediment increased with increasing bed slope

but the coarser fraction (14.0 and 20.7 mm) behaved oppo-

sitely. The relative transport yield ratio was always more

than 1 but less than 1 for uniform and graded sediments,

respectively. In the graded bed sediment mixture on the

same slope, coarser fractions resulted in higher relative

transport yield ratios. In general, uniform particles had a

clockwise hysteresis loop and graded sediment had a

counterclockwise hysteresis loop.
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