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Abstract

Boulder arrangements, as a measure of stream restoration, have been known to significantly

impact the local sediment transport around the elements as well as the reach-averaged sediment

transport in the channel. The present experimental study explores how the boulder spatial

density and bed slope affect bedload transport in a channel. Boulders with 4 spatial densities of

0 (no boulder), 3.4%, 5.4%, and 8.3% were partially submerged into a mobile gravel bed in a

flume. Each boulder density was repeated at 3 different bed slopes: 0.5%, 1.0%, and 1.5%. Flow

discharge varied from 55 to 80 L/s. Bedload transport was recorded with a sediment trap at the

flume exit and the water depth was recorded to calculate the bed shear stress. A formula is

developed to predict the bedload transport rate in the channel with boulders.

Introduction

Sediment transport is a crucial driver in determining river morphology as well as the potential

for riverine flooding, bank erosion, and habitat suitability for species living within the riverine

ecosystems that blanket large parts of the world (Lamb et al. 2008). Many natural channels

experience significant bedform changes due to large hydrological events. The presence of large

immobile boulders or similar obstructions has been noted as a significant factor in bedload

transportation and geomorphological changes (Ghilardi and Schleiss 2011). Rock ramps are a

type of fish pass that consists of steep reaches stabilized by large roughness elements (LREs) to

create suitable habitats for a desired fish species. Rock ramp designs have become a prevalent

river restoration practice that reduces flow velocities, increases water depth, and dissipates

energy (Baki et al. 2014). Instream LREs have a significant impact on local flow conditions in

the vicinity of the LRE. There have been contradictory theories regarding the presence of LREs

on sediment transport rates. Some propose that LREs will decrease the bedload transport rate

by causing local accelerations and decelerations in the flow resulting in hydraulic jumps, large

vertical velocities, increased local turbulence, and eddies within the water profile with weak net

flow resulting in overall less available shear stress and energy available for sediment transport

(Yager et al. 2007) (Ghilardi 2014b). However, some claim sediment transport may increase

with the presence of boulders due to the additive nature of flow structures between small

spacings of boulders, which increases erosion (Tan et al. 2012). Additionally, the effect of

spacing between boulders on the bedload transport has also been experimentally investigated.

Multiple papers have noted contradictory findings regarding the effects of boulder spacing on

bedload transport. Some conclude that an increase in spacing results in a decrease in sediment

transport (Ghilardi et al. 2014a, Papanicolaou et al. 2018), while other studies concluded that an

intermediate spacing was ideal for a decrease in sediment transport (Hassan and Reid 1990,

Yager et al. 2007). This study is focused on exploring the relationship between boulder

placement and bedload transport of the channel that may provide better insight into rock ramp

design to limit local erosion or increased sediment transport within the channel.

Experimental Methods
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The Ecohydraulics flume at Clarkson University was used in this study to evaluate the sediment

transport rate in the presence of boulders. It is a recirculating flume with a length of 13 m, a

width of 0.96 m, a depth of 0.6 m, and a fixed gravel bed slope of 0.005 (Figure 1). The water is

pumped into a basin and then enters the flume where two rectangular weirs are installed to

provide controlled flow into the flume channel. The fixed gravel bed is 50 mm thick with a

median gravel size (D50) of 6.1 mm. An additional layer of mobile gravel with a D50 of 7.29 mm

was set on top of the bed to adjust the bed slope. Grain size distribution of the mobile sediment

was performed with 4 sieves with nominal sieve openings of 14, 12.5, 9.5, and 4.75 mm. The first

and last meter of mobile gravel was fixed with glue at the entrance and the exit of the flume. This

was intended to prevent erosion due to the freefall flow at the exit as well as flow over the weir at

the entrance to the channel. No notable hydraulic structures were observed forming at either of

these fixed bed points. A sediment trap is located at the outlet of the flume with two removable

compartments resting on top of each other to allow for continuous measurements while one was

removed to record the collected mass.

Figure 1. A simplified planimetric view of the flume

The experiment was conducted to assess the effect of LRE areal density on bedload transport.

Four boulder scenarios were tested with the following boulder areal densities: λ = 0 (no

boulder), 3.4, 5.4, and 8.3%. The planimetric view of the boulders for each scenario is shown in

Figure 2. Semi-spherical natural boulders were used, with approximate diameters in the x

(length) and z (height) directions of 12 and 10 cm, respectively. Boulders were submerged into

the sediment layer 3 cm or having a protrusion of roughly 70% of the diameter.

The mobile layer on the bed surface was reset for each experiment to avoid compaction and

transport-induced sediment rearrangement and sorting. The sediment depth varied from the

entrance to the end of the flume to achieve the desired slope. Three bed slopes of 0.5%, 1%, and

1.5% were tested. The bed was wetted prior to a main flow with a hose to prevent potential

impulse effects on the loose gravel. The two removable sediment traps were rotated to

continuously collect sediment leaving the flume: one recording the steady flow and one

recording the transition period. The sediment was emptied into a container on a balance and the

mass was recorded. Water heights were taken at each flow rate with a pointer gauge at an

equidistant point between boulders to limit the effect of local erosion and deposition near

boulders. Preliminary trials were performed to identify a flow range that would effectively show

a full range of increasing sediment transport rates. Additionally, these preliminary trials

determined that a smaller recording duration would be required to allow the sediment traps to

be removed without too much physical difficulty and to record the sediment within the trap. The

flow in the flume began at 55 L/s and was run for 5 minutes to fully develop before any data was

taken. The flow would run for 2.5 minutes and then was increased by 2.34 L/s (this value

corresponds to an increase of 1 hz for the frequency of the pump used in the flume). This

duration was similar to the process performed by McKie et al. (2021). A 30-second transition
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period was used between the intervals to allow ample time for the removal of the sediment traps

and for measuring the mass within the traps. The flow rate was increased to 80 L/s, resulting in

11 separate flow rates. At the slope of 1.5%, the flow was only increased to a flow rate of 75 L/s

due to the large transport and erosion occurring in the flume.

Table 1. Description of boulder scenarios

Experiment Number of

boulders

Boulder

areal

density (λ)

Total area

GMZ* (m
2
)

Area of

boulders

(m
2
)

Area of

mobiles

(m
2
)

S1 0 0 2.304 0 2.304

S2 7 0.0344 2.304 0.0792 2.2248

S3 11 0.0540 2.304 0.1244 2.1796

S4 17 0.0834 2.304 0.1923 2.1117

*-GMZ denoted general measurement zone

Figure 2. Boulder arrangements in the GMZ (a) Scenario S2 (λ = 3.4%), (b) Scenario S3 (λ = 5.4%), and (c) Scenario

S4 (λ = 8.3%)

Results

The unit bedload transport rate, qb, was obtained by dividing the recorded sediment mass by the

exact duration and flume width for each flow discharge. Figure 3 shows the measured bedload

transport rates for 0.5% (a), 1% (b), and 1.5% (c) channel slopes with varying flow discharges

and varying boulder densities. Of the three boulder scenarios at each slope, S2 (λ = 3.44%) has

the lowest bedload transport rate, while increasing the boulder areal density in S3 (λ = 5.4%)

and S4 (λ = 8.34%) generally resulted in higher transport rates. The bedload transport was the

lowest in the case of S1 (no boulder scenario) at the first tested flow rates (55-60 L/s), but

exhibited different trends in the scenarios with LREs at higher flow discharges. The presence of
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boulders increased the transport rate from S1 in the low slope tests but decreased in the high

slope tests at high flow discharges. The increase in flow affected the bedload transport more

significantly in S1 than with the presence of LREs. Local velocity data were not recorded, so it is

unable to confidently claim that this is due to the boulders dissipating energy and reducing the

flow velocity of the channel. However, previous studies have demonstrated the validity of these

claims (Baki et al. 2014; Ghilardi et al. 2014a). The variation of bedload transport due to the

presence of LREs is dependent on the change in bed shear stress when LREs are introduced into

the channel (Golpira 2022).
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Figure 3. Measured bedload transport rates for varying flow discharges over (a) 0.5%, (b) 1.0%, and (c) 1.5% slopes

The bed shear stress values in each scenario are evaluated to identify a relationship between the

transport rate and bed shear stress. Both variables are nondimensionalized. The dimensionless

bedload transport rate, i.e., the Einstein number, is defined as

 Φ = 𝑞
𝑏
/[ρ

𝑠

ρ
𝑠

ρ − 1( )𝑔𝐷3]
(1)

where is bed transport per unit width (kg/m-s); and are the densities of sediment and𝑞
𝑏

ρ
𝑠

ρ
water, respectively; D is the grain size of the sediments, set as D50; and g is the acceleration of

gravity, 9.81 m
2
/s. The sediment density ρ� is estimated as 2650 kg/m

3
. The density of water at

20℃ is 998 kg/m
3
.

The Shields parameter is used as a dimensionless bed shear stress:

(2)Θ = τ
𝑚

/[ γ
𝑠

− γ( )𝐷]

where is bed shear stress of the mobile particles (N/m
2
), is the specific weight of sediment,τ

𝑚
γ

𝑠
and γ is the specific weight of water.

The bed shear stress is calculated with the method proposed by Yager et al. (2007), which

partitions the total reach-averaged shear stress, , into two portions: shear stress on theτ
𝑡

immobile boulders, and shear stress on the mobile sediment particles, :τ
𝐼
,  τ

𝑚

(3)τ
𝑡
𝐴

𝑡
= τ

𝐼
𝐴

𝐼𝑃
+ τ

𝑚
𝐴

𝑚

Where , , and are the bed areas corresponding to the three shear stresses. is𝐴
𝑡

𝐴
𝐼𝑃

𝐴
𝑚

𝐴
𝑡

calculated as the length of the GMZ multiplied by the channel width ( ). is the planform(𝐿) 𝑏 𝐴
𝐼𝑃
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area of boulders and evaluated as . denotes the area of mobile sediment,𝐴
𝐼𝑃

= 𝑁× π
4 𝐷2 𝐴

𝑚
calculated as the difference between the total area and the planform area of boulders:

. The total reach-averaged shear stress is calculated as , which uses the𝐴
𝑚

= 𝐴
𝑡

− 𝐴
𝐼𝑃

τ
𝑡

= ρ𝑔ℎ
𝑎
𝑆

slope and the calculated reach-averaged flow depth with . is the volume of water inℎ
𝑎

= 𝑉
𝑤

/𝐴
𝑡

𝑉
𝑤

the channel, found by subtracting the total volume of the boulders ( ) from the total volume in𝑉
𝑖

the general measurement zone. is determined by the equation𝑉
𝑖

, where is the length of the submerged boulder and D𝑉
𝑖

= 𝑁× π
6 × 𝐷3 − 3×𝑍

𝑚
2𝐷 + 2𝑍

𝑚
3( ) 𝑍

𝑚
and N denote the boulder diameter and number of boulders, respectively. The boulder shear

stress is calculated as

(4)τ
𝐼

=
ρ𝐴

𝐼𝐹
𝐶

𝐼
𝑈2

2𝐴
𝐼𝑃

where U is the reach-averaged flow velocity calculated with , is the frontal area of𝑈 = 𝑄
𝑉

𝑤
×𝑏/𝐴

𝑡
 𝐴

𝐼𝐹

boulders, and is the drag coefficient of the boulders given the constant value of 0.5. This𝐶
𝐼

value is an average experimental value reported by Golpira (2022). The frontal areas of the

boulders are given by ).𝐴
𝐼𝐹

= 𝑁×𝐷×(𝐷 − 𝑍
𝑚

Equation (3) is rearranged as follows to calculate the bed grain shear stress:

= (5)τ
𝑚

τ
𝑡
𝐴

𝑡
−τ

𝐼
𝐴

𝐼𝑃

𝐴
𝑚

To converge the data across the various slopes, the Shields number is replaced with , where
θ

θ
𝑟𝑒𝑓

is the reference Shields number. Schneider et al. (2015) determined that the referenceθ
𝑟𝑒𝑓

Shields number has the following relationship for channel slopes steeper than 1%:

(6)θ
𝑟𝑒𝑓

= 0. 56 × 𝑆0.5

Figure 4 shows the relationship between the Einstein number and with , with given by
θ

θ
𝑟𝑒𝑓

θ
𝑟𝑒𝑓

Equation (6) for the 1% and 1.5% slopes. A reference shear stress of 0.03 was used for the 0.5%

slope dataset; 0.03 is an experimental value established as a low threshold from Wu et al.

(2000). The relationship is represented by the following power regression function with a R
2

(coefficient of determination) value of 0.5337:

(7)ϕ = 0. 000256 × ( Θ
Θ

𝑟𝑒𝑓
)

2.475
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Figure 4. Shields number and Einstein number for each scenario by slope with the generated relationship between

the bedload transport rate and
θ

θ
𝑟𝑒𝑓

Figure 5 compares the measured (from experiments) and predicted (from Eq. 7) dimensionless

bedload transport rates. The values of Einstein’s number using the existing formulas of Paintal

(1971) and Wu et al. (2000) are included for reference. Both formulae have been accepted for

open channels without obstructions, and the large variations from the predicted-measured plot

depict high discrepancies from what was observed in this experiment. All three datasets use

slightly varying independent variables, but all evaluate the Einstein number. The formula of Wu

et al. (2000) uses a critical Shields number ratio. If the recorded Shields number is below the

critical value of 0.03, the bedload transport rate is equivalent to zero. This formula provides

reasonable values for Shields numbers higher than the critical Shields number but has errors in

the proximity of incipient motion. The formula of Paintal (1971) has large errors due to using

the total bed shear stress as opposed to grain shear stress or shear stress of the mobiles. The

generated equation agrees with the measurements from this limited data stronger than the two

existing formulae, which is in part to being generated for the use of channels with the presence

of LREs.
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Figure 5. Comparison of the measured bedload transport rate and those calculated with the present formula and the

existing formulas

Conclusions

This study investigated the effects of varying slopes and spatial densities of boulders on

sediment transport. From the limited data collected in this lab, we observed an overall increase

in bedload transport from increasing the slope of the channel. The boulder spacing variable saw

more discrepancies across the slopes tested. The largest bedload transport was observed in the

no-boulder scenarios for the 1.5% and 1% slopes, yet the no-boulder scenario recorded the

lowest bedload transport during the 0.5% slope experiment. One result that is shown from the

data collected from the trials was that the lowest areal density scenario (3.44%) was always the

lowest recorded bedload transport out of the 3 scenarios with boulders.

Equation 7 was able to be generated to better accommodate transport rate calculations for

channels with LREs present over previous open channel equations. This equation will need to be

tested on other sets of data across a multitude of grain sizes before it will be reliable to calculate

bedload transport rates. However, the difference shown between formulae of clear channels and

equation 7, a formula designed for channels with the presence of LREs, details the limitations of

some formulae that have been accepted.

Additional experiments are required to present stronger data. Multiple trials recreating these

scenarios will provide replicability and additional validity to the claims made. A continuation of

this research with focus on wider ranges of bed slopes and boulder areal density may also

provide better insights into the study problem. Furthermore, additional parameters should be

studied to further understand the ideal rock ramp structure, not limited to bed slope and

boulder areal density.
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