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Prediction of Critical Bed Load Transport Zones
with the Presence of Protruding Stable Clast
In a Mountain River Reach

Shanker Kumar Sinnakaudan, Mohd Rizal Shukor, and Mohd Sofiyan Sulaiman

Abstract— A field study was conducted to examine the influence
of naturally formed protruding stable clast on the bed load transport
mechanism. ArcGIS Spatial Analyst was used to graphically evaluate
the influence of bed shear stress on bed load transport zones. High
magnitude of bed shear stress that corresponds with the prevalent bed
load transport activities was found to be concentrated on lower bed
elevation zone. On the other hand, sheltering effect existed on the
zone behind the protruding cobble thus result weak or zero bed load
transport actions. The derived critical bed load transport zones then
were further confirmed by the zonation of sweeps and ejections event
from turbulent bursting cycle. The most transported bed load was
found to be coincided with high magnitude of sweeps and ejections
events. Thus, the critical and suitable bed load sampling points can
be correctly identified for future applications based on the methodol-
ogy demonstrated.

Keywords— Bed Load, Mountain Rivers, Shear Stress, Stable
Clast.

I. INTRODUCTION

ROTRUDING stable clast that having low relative sub-

mergence was among the vital morphological features
found on the Mountain Rivers in Malaysia. The availability of
these protruding elements alters the turbulent characteristics of
flow thus make bed load transport varies spatially [1]. Typical
physical bed load transport measurements require the deploy-
ment of device (Helley-Smith or bed load trap) at either equal-
space distribution [2] or uneven spacing [3] across the stream.
The measurement can be underestimated or overestimated as
compared to the actual rate of transport if the bed load traps
were sampled at the wrong locations due to unidentified loca-
tion of active bed load transport zones. So far, there is no at-
tempts have been made to identify potential bed load transport
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location before bed load sampling is carried out on site. Thus,
determination of potential bed load transport location with aid
of desecrate spatial analysis tools is imperative in having accu-
rate prediction of streambed erosion and sedimentation. Thus,
the aims of the present study are to derive critical bed load
transport location/s by coupling the turbulence properties with
the bed load transport data.

Il. STUDY AREA

The field study was conducted at Rasil River which situated
within Pasir Akar drainage basin of Hulu Besut, Terengganu
State, Malaysia (Fig. 1). Rasil River is a sand-gravel bed river
that comprised of sand to small boulder type of bed material.
The existence of protruding boulders which having low rela-
tive submergence is prominent morphological feature at the
study reach. The view of protruding element on study reaches
is clearly shown in the Fig. 2. Protruding clast in this study is
define as single protruding boulder (intermediate axis size
ranging from 45cm-84cm) which having low relative submerg-
ence that immobile during base flow condition. Rasil River is
one of the many tributaries that drain into Besut River which
to be found about 48 meters above the mean sea level and the
final discharge of the flow is at South China Sea. Besut River
was among the problematic river in Malaysia that reported
major flood to the surrounding area nearly every year. Recent
Studies confirmed that excessive development particularly on
mountain river basin in Malaysia might result this phenomena

[4].
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Fig. 2 Sediment Transport around the Protruding Clast

I11. DATA COLLECTION

The field data collection was conducted during February to
Mac of year 2011.The entire field measurement was conducted
on bright and sunny day with no raining is recorded. The flow
condition of study reaches is recorded at a depth approximate-
ly varies from 0.27m to 0.33m. The average flow velocity
recorded is 0.27 m/s to 0.365 m/s which are suitable for wad-
ing technique to be employed. It is observed that the velocity
and flow depth is stable during the sampling period. Besides
that, the stream discharge is between 1.197m%s to 1.795m’s.
The turbulent flow regime account for all study reaches with
subcritical flow (Fr < 1) indicating slow and tranquil flow. The
energy gradient measured for downstream is 0.6% and for
upstream 0.1%. The Manning’s roughness coefficient obtained
here varies from 0.024 to 0.026 which in accordance with the
value provided by [5] which confirms that roughness value for
sand-gravel bed river should lies between 0.012 until 0.035.
The study was conducted at a straight reach where the pres-
ence of stable clast prominent within the reach (Fig. 3).

Fig. tudy Reach
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Pre-fixed spatial coordinate reference system is used to
morphologically describe the river bed topography of study
area. A 6m x 6m (x-axis versus y-axis) grid was prepared for
selected reach where by the selected protruding clast is within
the bounding grid. Auto-level was set at a fixed position and
the bed elevation was measured at every 0.2m increment at
each axis. These spot heights were recorded as z-axis value
and the similar procedure continued until entire study grids are
successfully covered. Fig. 4 illustrated the view of study area
with spatial coordinate reference system. By having three di-
mensional coordinate (x, y and z), surface bed topography of
study reaches then generated by using ArcGIS Spatial and 3D
Analyst.

(b) Auto-Level Spot {c) Spotted Location
Fig. 4 Spatial Coordinate Measurement

Turbulence properties in this study are represented by bed
shear stress (z,) and turbulent bursting events. Both parame-
ters are derived from turbulence flow velocity data. In recent
study, Nortek ADV Vector was deployed to collect turbulence
velocity data. ADV is a point velocity measurement device
that can measure 3 dimensional velocities at high frequency.
The velocity was measured in point profile measurement. Ve-
locity profile measurement is essential in determination of bed
shear stress [6]. There are various methods available in bed
shear stress estimation and different method could give differ-
ent results. Recent study adopts four different methods to esti-
mate bed shear stress as illustrated in Table I.
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TABLE |
METHODS TO ESTIMATE BED SHEAR STRESS
Approach Equation Researcher
1. Log-law n + [6], [7]
u_ bzt g
u- Kk K,
U, = ,f (za/P)
2. Reynolds Stress T, =-p<u’' w"> [1], [6], [7], [81, [9],
eExtrapolated (extrapolate to bed) [10], [11]
method
eSingle-point (used near bed value)
method (near
bed)
3. Turbulent To =C4[0.5p(u + v+ [6], [7], [8], [9]
Kinetic Energy W-Z)
(TKE)

where # is mean velocity, u« is shear velocity, z is height above
the bed, z, is the characteristic roughness length, k is von Kar-
man’s constant (taken to be 0.4), ks is roughness height, B is
roughness constant (taken 8.5 for fully rough flow), C;, is pro-
portionally constant (taking as 0.19) while u’, v’ and w’ repre-
sents fluctuations of velocity component for streamwise,
spanwise and vertical respectively.

Portable Helley-Smith sampler was used to collect the bed
load samples. The bed load measurement was done at the same
spot as turbulence velocity measurement. 12 sampling points
was selected around the stable to represent spatial distribution
of bed load and turbulent flow (Fig. 5).

P i

Fig. 5 Spatial Bed Load and Turbulence Flow Measurement

The bed load transport rate is very much depending on its
sampling duration [3]. Generally, five to ten minutes of sam-
pling duration is adopted depending on flow intensity of study
reach [2]. Since the recent study only restricted to low flow
regime, one hour of sampling period was selected as to dimin-
ish the temporal variation of bed load transport rate. The selec-
tion of one hour sampling duration is in accordance with find-
ing from [13] that one hour sampling duration can provide
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sufficient time to move large particle size near the threshold of
motion. Equation (1) and (2) are the typical equation used to
calculate bed load transport rate for study reaches as proposed

by [2].

) =
T, = 3:1'51: )

Where Gy, is bed load rate (kg/s), W; is weight of sample, T
is sampling duration, hg is width of sampler entrance, b is ratio
of stream width to the number of sampling sections and T, =
rate of bed load transport for a given cross section (kg/s). The
bed load samples collected in the sampler will be dried,
weighted and sieved to obtain the time-averaged bed load
transport rate for the duration of measurements and the com-
position of the bed load.

IV. METHODOLOGY

Geographic Information System (GIS) was used as a tool to
analyze and generate potential bed load transport zones for
study reaches. Potential bed load transport zones were derived
based on graphical correlation between bed shear stress and
measured bed load transport data. The correlation was yield
based on overlay operation using ArcGIS Spatial Analysis 9.3
on various spatial parameters. In this study, spatial analysis
was done in three different stages.

At the first stage, the study reach geometry data was import-
ed into ArcGIS as point file with site specific coordinate sys-
tem as determined earlier during the field survey. The Digital
Elevation Model (DEM) for the study reach was created using
‘Spline” method with cell size of 0.01 meters. A contour map
was generated from the DEM with contour interval of 1 meter.

The emergence surface of the stable class are considered to
be a hydraulic barrier and assumed no sediment transport or
flow occurred above the water surface elevation. Thus, the
stable class was digitized as a polygon feature based on 3D
view of the study reach which was created in ArcScene. The
DEM of the study reach was further refined by creating a Tri-
angular Irregular Network (TIN) model which allows the sta-
ble class polygon file to be used as hard breaklines during the
surface creation process. The hard break line indicates the
inactive zone of flow and sediment transport in the study reach
and incorporated when bed shear stress DEM model created in
the later stage. The typical steps followed are shown in Fig. 6.

Subsequently, bed shear stress and bed load contours were
derived from bed shear stress and bed load DEMs. The DEMs
created by using Spline with Barrier Interpolation method
whereby the digitized stable clasts are used as a hydraulic
barrier. The overlay analysis was later used to find out the
correlation between three spatial parameters namely bed to-
pography, bed shear stress and bed load rate. The correlation
results was used as a guide to derive critical bed load transport
zones with two main criteria’s; (1) consistency of plot from
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various methods of bed shear stress estimation toward bed
topography; (2) active bed load transport zones based on
sweeps and ejection phenomenon. Predicted zones then were
further verified by actual measured bed load transport rate.

(vi) Overlay Analysis

(v) Digitizing Reference Clast

Fig. 6 Mapping Methodology with ArcGIS Desktop 9.3

V.RESULT AND DISCUSSION

A. Bed Shear Stress Spatial Analysis

Analysis of bed shear stress was done based on responds of
different bed shear stress estimators toward the stable clast.
The patterns of bed shear stress estimated were evaluated
against bed elevation TIN. Fig. 7(a-d) shows the pattern of
plot for bed shear stress (contour lines) towards bed elevation.
It was evident that bed shear stress estimated by Log-law ap-
proach dominating on the higher bed elevation zone which has
shallow water depth. The maximum bed shear stress recorded
is 6.8 N/m? which was located on the stoss zone, 1 meter in
front of the reference clast as shown in Fig. 7a. However,
higher bed shear stress value (25 N/m?) was found on the low-
er elevation zone, to be exact at the side zone which approxi-
mately 1 meter beside the reference clast for Reynolds ex-
trapolated method (Fig. 7b). Much similar pattern also rec-
orded for TKE and Reynolds single point methods. TKE
method gives the highest bed shear stress estimation compared
to other methods. The maximum value (48 N/m?) was recorded
at the same spot as Reynolds extrapolated method (Fig. 7c). It
is 47% greater than Reynolds extrapolated estimation. Fig. 7d
portrays the maximum bed shear stress estimation obtained
from Reynolds single-point method that concentrated on the
same location as Reynolds extrapolated and TKE method. All
shear stress methods except for the Log-law method reported
the maximum value at the lower bed elevation zone. Lower
bed elevation reflects greater water depth thus indicating that
bed shear stress more dominant on the deeper water.
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It is interesting to note that the lee zone was described as the
location of low bed shear stress production by all the four
methods used. Again TKE method gives the highest estimation
of bed shear stress at the value of 4 N/m? for this zone and the
lowest estimation comes from Log-law method at 1.6 N/mZ
The least bed shear stress estimation zone might due to ob-
struction provided by the protruding clast. The protruding clast
decelerates the velocity behind the clast thus making shear
stress production decreased. This low value was continued
until downstream zone from the reference clast. However,
upstream zone reported fair value for bed shear stress ranging
from 1.6-4.8 N/m? for Log-law method, 3-16 N/m? for Reyn-
olds extrapolated method, 3-32 N/m? for TKE method and 0-
10.5 N/m? for Reynolds single point method. Once again TKE
method gives the highest estimation compared to other meth-
ods. So far, the side zone was considered as the critical loca-
tion for bed shear stress production for all methods.

Fig. 7 Bed Shear Stress Spatial Analysis

Log-law method estimates maximum value on left side from
the reference clast while another three methods recorded max-
imum value on the right side zone of the reference clast. Based
on these results, it can be conculded that the location of active
bed shear stress locations may located on the side zone, 1 me-
ter from the reference clast. Due to existence partial submerg-
ence protruding element, the flowing water deflected towards
side zone thus creating scour zone. At the scour zone, vortex
shedding pattern clearly seen on both side zones (left and right
side) from the reference clast.

B. Dominant Turbulent Event in Bed Shear Stress Produc-

tion

Quadrant analysis was performed to describe the general
motion of turbulent fluid in vicinity of protruding clast. Four
turbulent bursting events were examined by high magnitude of
turbulent bursting event (hole size, H=2.5). Hole size, H=2.5
was selected in accordance with previous studies [14], [8].
Sweeps event was the strong movement of fluid towards bed
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that typically related with bed load motion while ejections
event is slow fluid movement away from the bed which related
with suspended load motion. These two events had been re-
ported dominating shear stress production by many researchers
[11], [14], [10]. Fig. 8a shows that maximum bed shear stress
from Log-law method was found on the sweeps region (blue
colour) which agrees with [11], [14], [10].

However, Log-law method also found to be estimating least
bed shear stress on sweeps region. This may indicate that bed
shear stress estimated from log-law method do not have any
consistent spatial pattern with turbulent bursting cycle. For
Reynolds extrapolated method, maximum bed shear stress
estimation was found on ejections region (light yellow colour)
as shown in Fig. 8b. Comparable bed shear stress value also
obtained at outward-interactions region (Q1) which aggresses
with laboratory analysis results reported by [15]. On the other
hand, the lowest bed shear stress estimation was recorded on
transition region between inward-interaction region (Q3) and
ejections region. The identical pattern also found for TKE
method (Fig. 8¢) and Reynolds single-point method (Fig. 8d).
The only different was that the value obtained from TKE
method comparatively higher for all regions rather than Reyn-
olds extrapolated method while the pattern of the plot was still
looks alike.

eynolds simghe-point (Kim') I Low 1
Protrads: @ Clast

Fig. 8 Bed Shear Stress Spatial Analysis

C. Conformity of Turbulent Characteristics with Bed
Load Motion

Accuracy of near-bed shear stress to predict bed load
transport zone was assessed via overlay analysis. Fig. 9(a-d)
depicts the results obtained from different methods of bed
shear stress estimation over measured bed load transport DEM
where the dark brown colors indicate active bed load transport
zone while light pink color represent the least bed load
transport zone. Graphically, it can be said that Log-law method
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do not show a good correlation with measured bed load
transport rate as shown in Fig. 9a. Higher bed shear stress was
found on weak bed load transport zone. However, Reynolds
extrapolated; TKE and Reynolds single-point gave clear evi-
dence that the most transported bed load zone was associated
with higher bed shear stress (Fig. 9b-d). As mentioned earlier,
TKE method gives the highest bed shear stress estimation
followed by Reynolds extrapolate method and Reynolds sin-
gle-point method. However, uncertainties in beam error asso-
ciated with lateral velocity component mentioned by [6] might
introduce bias into TKE estimation thus causing high bed
shear stress value. By considering this condition, Reynolds
extrapolate method should be used to estimate bed shear stress
when turbulent velocity profile measurement is available.

Bedload Traspert Zos {migims)
som') T High - 201450

713069

Fig. 9 Bed Shear Stress versus Bed Load Transport Rate

D. Verification of Critical Bed Load Transport Zones

The reliability of derived critical bed load transport zones
were further verified by conducting bed load transport meas-
urement on identified critical bed load transport zones on 25th
June 2012. Critical bed load transport zones here were as-
sessed via two conditions; 1) measured bed load by individual
point sampling; 2) measured bed load transport by reach-
average value. In order to reduce bias to the analysis due to
temporal variation of measurement, the hydraulic condition
and geometry shape of river was rechecked to re-confirm that
the bed is stable and no significant changes occurred to the bed
morphology as compared to the previous data collection visits.
Besides that, no bank full discharges which may alter the bed
morphology observed between the two sampling period. The
flow velocity and flow depth measured were within the ac-
ceptable range of the present studies scope. Reach-average
value of bed load transport was measured at the computed by
using equation (1) and (2). Bed load sampling for the first visit
was done at equal space along the transverse of the river. Five
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sampling points measurement were selected to represent reach-
average value of bed load for that transverse.

For the second visit, bed load point sampling locations were
sorted based on the critical bed load transport zones map.
Three sampling points were distributed on the most transport-
ed bed load zone while another two points concentrated on the
less transported zones. No bed load measurement was done on
the zone behind the stable clast due to zero bed load transport-
ed zone predicted there. The contrast of bed load sampling
point distribution between the first visit and the second visit is
illustrated in Fig. 10.

Fig. 10 Bed Load Sampling Point Distribution between two visits

It is interesting to be noted that all new sampling points lo-
cated at the critical bed load transport zone showing an incre-
ment in the measured bed load as compared to the equal space
sampling. It was found that, the highest measured bed load rate
for the second visit concentrated on the identified critical zone.
72.47 mg/ms of bed load rate was recorded on P2 which is
276% greater than the highest bed load rate measured from the
first visit (Fig. 11). Meanwhile, comparable higher bed load
rate also was found on at the location beside the highest point
for the second visit data set. Both points, P1 and P3 recorded
18.36 mg/ms and 36.17 mg/ms of bed load motion respective-
ly. These two point located on the same zone as the highest
measured bed load rate which on the lower bed elevation area.
This result gives further evidence to support the findings that
the lower bed elevation is the concentration zone for vigorous
bed load transport activities. In the meantime, reach-average
value of bed load transport was found significantly increased
when the sampler is set up on the right location or at the criti-
cal bed load transport zones. Fig. 11 summarizes the result
from reach-average value analysis. By deploying the bed load
sampler at equal space along the transverse, 92.637 mg/s of
bed load motion was trapped. However, by deploying the bed
load samplers on the proposed location based on identified
critical zones, significant increase in reach-average value of
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bed load transport rate was recorded. The result proves that by
putting the sampler on the right location increase the reach-
average bed load transport measurement for almost 363%
rather than equal space deployment method.

Bed Load Transport Rate
(mg/ms@mgfs)
wo S RERESE S
22858825838

-

Maximum

(=]

Minimum Reach-average value

M Equal Space M Critical Zone

Fig. 11 Sampling Point Distribution between two visits

VI.

Result from high magnitude of turbulent event (H=2.5) re-
veals that ejections event dominating region adjacent to pro-
truding clast particularly at lower bed elevation regions. These
findings are consistent with previous work done by [10] and
[11] that ejection events dominating near bed region adjacent
to protruding element. Sweeps event was reported controlling
the region behind the clast and focusing at high bed elevation.
While traveling downstream, inward-interaction event tends to
be dominant. Apart from that, the association between near
bed shear stress with turbulent bursting event clearly defined.
The location of maximum bed shear stress was found to be
governed by ejections event. This is proved by identical esti-
mation by three different bed shear stress methods namely
TKE, Reynolds extrapolate and Reynolds single-point method.
However, sweeps event that mostly linked with bed load mo-
tion was found to be match with high bed shear stress from
Log-law method at shallow water depth. Nevertheless, further
justification is needed due to inconsistent estimation by Log-
law method towards bed elevation and turbulent bursting
event.

On the other hand, recorded weakest bed load transport
zone was on lee zone. Lee zone here is characterized by high
bed elevation and slow moving flow. Bed shear stress reported
on this zone also slightly low. It is widely accepted that the
particle (bed load) started to move when its critical shear stress
value was exceeded. The critical shear stress value is very
much depending on the relative particle size within a reach
[16], [17]. Larger particles may have larger critical shear stress
thus require larger bed shear stress to initiate the motion. In
this study, protruding element acts as barrier that shielding
smaller particle from being transported. As such, in order to
transport the smaller particle behind the clast, the larger parti-
cle needs to be transported first. This indirectly may also re-
quire larger shear stress to transport the smaller particle behind
that clast. The phenomenon give some limelight on why the
zone behind the clast which associates with low bed shear
stress was the least zone for bed load transport activities. Fi-

CONCLUSION
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nally the critical location of bed load transport was derived
based on the findings that the most transported zone for bed
load coincides with high bed shear stress value. It was found
that the partially submerged protruding clast dispersed the
flow aside. With the aid of slow moving flow away from the
bed (ejections event), some of the particles start rolling and
sliding over the bed and concentrated on low bed elevation
zone. Even though the ejections event was previously reported
by many re-searchers that responsible for suspended load mo-
tions, however its contribution over bed load motion also can-
not be denied.
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