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Introduction
The processes of sediment transport, scour, and deposition in an 

alluvial channel are extremely complex. Theoretical developments 
of sediment transport functions for different flow and sediment 
conditions are based on assumptions of different degrees of 
complexity.1 Some of the simplified assumptions are based on 
idealized laboratory conditions that may not be true for the much 
more complicated natural river systems.2,3 Ahmed & Medhaat4 and 
Chang5 opined that sediment transport is an important part in the 
quantitave and qualitative management of river engineering. The 
rate of sediment transport in water bodies depends on availability of 
transport materials and transport capability of the water bodies. For a 
scientific approach to sedimentation, morphology and behaviour of the 
river must be understood. Morphology (of river) is a field of science 
which deals with the change of river plan form and cross sections 
due to sedimentation and erosion. In this field, dynamics of flow and 
sediment transport are the principal elements.6 The morphological 
studies, therefore, play an important role in planning, designing and 
maintaining river engineering structures. In recent years, there has 
been a growing awareness about the need for taking up morphological 
study of rivers in the country, especially with particular reference to 
their unique problems.7,8

Sediment transport is divided into different categories. 
The transport modes of particular relevance in morphological 
modelling are suspended load materials and the bed load. Wash 
load by definition does not interact with sediment on the river bed. 
Measurements of sediment transport rate at different locations are 
useful for calibration of the sediment transport model.9 Incidence 
of flooding has been on the increase in Ibadan, Oyo State Nigeria 
recently; and this exemplifies the problem operating in most urban 
centres in Nigeria. Problems associated with high runoff discharge 
have been a common occurrence in some parts of Nigeria like Ilorin, 
Ibadan, Lokoja, Delta, Benue and Bayelsa, to mention a few. This 
extreme hydro-climatic event exemplifies the problem currently 

operating not only in Nigeria but also in most developing countries 
of the world. The need for studies relating to river catchment analysis 
therefore becomes pertinent.10 Most rivers in South-Western Nigeria 
particularly River Omi, River Ogunpa and River Oba are not fully 
gauged, with the resultant evidence of little or no hydrological record. 
Hydrometric stations are not adequate and those that are monitored 
have interrupted hydrological records. Olaniyan9 described that 
there are three sediment transport modes. They are wash load, bed 
load and suspended load. Wash load are very fine particles which are 
transported by the water, but these particles do not exist on the bed. 
Therefore the knowledge of bed material composition does not permit 
any prediction of wash load transport.11 Yang & Simoes12 described 
bed load as part of the total load which has more or less continuous 
contact with the bed. Thus the bed load must be determined in relation 
to the effective shear stress which acts directly on the grain surface. 
Suspended load are part of the total load which is moving without 
continuous contact with the bed as the result of the agitation of the 
fluid turbulence.13 The basic idea of splitting the total sediment load 
into bed-load and suspended load is that, as described above, two 
different mechanisms are effective during the transport.9,14

Brief description of the study area

This research is designed for River Omi located within Iddo Local 
Government area of Ibadan. It lies between longitude 3°28’45”-
4°10’14” East and Latitude 7°01’44”-7°45’28” North of the equator. 
The river is about 14.5 km with frequent flooding experience like 
August, 2011 flooding in Ibadan. The catchment area of the river is 
123.53 km2. The river ranges from (0.50-2.00) m spot height and 19 
km from the source to the study area.15 River Omi is an alluvial river 
with channels and floodplains that are self-formed in unconsolidated 
or weakly-consolidated sediments (Figure 1).

Scope of research

This research work considered non-cohesive sediment and utilized 
effective mean diameter. Sixteen years (16years) river hydraulic 
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Abstract

Insufficient hydrological record on most Nigerian rivers has discouraged research on 
sediment transportation study. Hydrometric stations on some major rivers in Nigeria 
are not functional as expected. Simulation of flow and sediment transport in water 
bodies can only be achieved by using hydrological records of 15 years at minimum. 
Fifteen years hydrological records on River Ona were adopted on River Omi due to 
similar hydrological properties. Hydrological data were measured on the river at seven 
measuring stations from 2009 - 2015. Existing Sediment transport models were used 
to simulate total load and a model was also developed based on measured hydrological 
data. Ackers and White and Shen and Hung method predicted total sediment load of 
River Omi more than measured values. This may be due to the fact that the variables 
in the formulae were derived under different conditions from River Omi. Yang and 
Eugelund and Hansen prediction among the selected methods were relatively close to 
the measured values. The developed model from measured hydrological data on River 
Omi water simulate total suspended load than other methods with 70-85% accuracy.
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data from River Ona were adopted on River Omi due to their similar 
hydrological characteristics. River Omi is a tributary of River Ona 
both located in Ibadan. Five (5) years of hydraulic data measured on 
River Omi from June 2010 were used for this study.

Figure 1 Hydrological Map of part of Ibadan showing Sampling Stations on 
River Omi.

Methodology
Hydraulics and sediment transport data sets including discharge, 

bed load, suspended load and total load were collected from the 
measuring locations on the River omi from 2009 to 2014. Gauge and 
discharge records from 1970-1986 were plotted in Microsoft excel 
and mathematical equation between the two records was obtained. 
The equation was analysed using running method according to 
Subramanya.16 It was calibrated and validated using measured 
hydrological data from 2010-2013 and 2014, respectively. This 
was in agreement with approach by Subramanya16 and Adegbola & 
Olaniyan17 to deal with hydrological catchments with inadequate 
data. Flow meter (model 32986) was used to measure the velocity 
at each cross section. Flow depth was measured using surveying 
equipment; wetted area and perimeter were also determined.The 
measuring points on the river are shown in Table 1. Insufficient data 
is a pertinent problem for hydrologist most especially discharges. 
Wilson (1990) opined that it is possible to reproduce series of data 
exhibiting variation as the natural data. Synthetic data in this study 
were generated using Institute of Hydrology equation was used to 
predict discharge as shown in equation 1. In this study, the synthesis 
data was neither use for calibration or validation. The synthesis data 
only shows the rainfall intensity and catchment properties over the 
years. 

0.92 1.22 2.00.00066Q Area SAAR SOIL=              1

1 2 3
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Where:

S1-S5=Proportion of catchment covered by each soil class 1-5

S1=Soil class 1 with highest infiltration capacity

S5=Soil class 5 with highest infiltration capacity

SAAR=Average annual rainfall obtained by taken weight average 
over the catchment
Table 1 Location of Sampling Stations on River Omi

Sampling station Longitude Latitude

Upstream

(Z1) 7.425 3.795

(Z2) 7.425 3.78

(Z3) 7.425 3.77

(Z4) 7.425 3.786

Mid-stream
(Z5) 7.425 3.778

(Z6) 7.425 3.773

Down-stream (Z7) 7.373 3.773

Total sediment load measurement

Suspended load was measured by using standard light weight 
hand held sediment sampler (US DH-48). Depth integrated sampler 
was used to collect water sample at 0.1, 0.5 and 1.0m depth from 
water surface. The sampling at each depth were done two times, 
analysed and averaged for Suspended Sediment Concentration (SSC) 
computation. Sediment sampling was taken twice in a week and this 
was increase during high during flood events when turbidity changes 
more quickly. A relationship between turbidity and suspended 
sediment concentration were established at each location by sampling 
a wide range of turbidities and sediment concentrations over a year. 50 
ml of thoroughly mixed water samples from each station was filtered 
through 0.4µm, oven dried and weighed to determine the SSC using 
equation 3.13 Turbid meter (HI 93703) was used to measure turbidity 
of the water sample and a calibration curve was developed.

                                                                                               

3
SSC = mg/l/1000/1000 = tonne L-1

SSC = Suspended Sediment Concentration (mg/l) 

Bed materials were collected using Van veen grab samplers at 
upstream, midstream and downstream. The scoop was used to take 
bed material samples at each gauging site by positioning it at an angle 
on the stream bed and the wire pulled in order to raise the shutter. The 
obtained samples from upstream, midstream and downstream were 
mixed together and part of the mixture was taken to the laboratory for 
particle size analysis as shown in Table 2.

The unmeasured sediment loads discharged at the gauging sites on 
the river was estimated by using Colby approach as described by Otun 
& Adeogun.18 The bed load component of the unmeasured sediment is 
accounted for by analyzing the bed materials sampled at the gauging 
sites. Meyer-Peter and Müller’s 1948, Ackers and White’s 1973, 
Engelund and Hansen’s 1972 and Yang’s 1979 sand and 1984 gravel 
transport formulas were used in this study for computing sediment 
transportation. 

 Engelund and hansen’s approach: Engelund and Hansen (1972) 
used Bagnold’s stream power concept and the similarity principle to 
obtain a sediment transport function as shown:9

(5/2)0.1if θφ =                                                             4

( ){ }( )
( )

weightofmembranefilter dryresidue weightofmembranefilter mg 1000
SSC

VolumeofFilteredwater mL

+ − ×
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Where:
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Where:

g=Gravitational acceleration (m/s), 

S=Energy slope, 

V=Average flow velocity (m/s), 

q=Total sediment discharge by weight per unit width, 

sγ and γ =Specific weights of sediment and water, respectively, 

d=Median particle diameter, and

τ=Shear stress along the bed
Table 2 Grain size distribution on River Omi Bed Materials

Grain size 
(mm)

Average grain size 
(mm) Percentage distribution

D>2.00 - 17.29

2.00>D>0.600 0.92 32.5

0.600>D>0.200 0.36 39.3

0.200>D -  

D50=0.40mm, D65=0.90mm, D95=1.90mm

Ackers and white’s approach: This approach applied dimensional 
analysis to express mobility and sediment transport rate in terms of 
some dimensionless parameters Yang.19 The mobility number for sed-
iment transport is given as:

( )
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Where:

U0=Shear velocity

n=Transition exponent, depending on sediment size

a=Coefficient in rough turbulent equation (= l0), 

d=Sediment particle size, and 

D=Water depth

The dimensionless grain diameter which expresses grain size is 
given as:

( )
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6

Where

 v=Kinematic viscosity

The generalized dimensionless sediment transport function can be 
simply expressed as:

1

m

gr
gr

F
G C

A
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7

Ackers and White (1973) used laboratory data to determine the 
values of A, C, m, and n with sediment size greater than 0.04 mm and 
Froude number less than 0.8. For the transition zone with 1< dgr≤ 60, 

n=l .00 - 0.56 log dgr                                                         8

( 1/2)0.23 0.143gA d r −= +
                                        

 9

For coarse sediment, dgr>60

n=0, A=0.17, m =1.5 and C=0.025

For the transition zone:
9.66

1.34
gr

m
d

= +

                                                      

 10

( )2
log log 2.86 log log log log 3.53gr grC d d= − −

       
11

Yang approach: Yang20,21 extended his dimensionless unit stream 
power equation for sand transport to gravel transport. The gravel and 
sand equations thus obtained is:

* *log log 6.681 0.633 log log 4.816 log log 2.784 0.305 log log 0.282 log log log log crV SU Ud d VS
Ctg

v v

ω ω

ω ω ω ω
= − − + − − −

  
   
            

                                                                                                                                                                                                                        
12(a)

* *log log 5.435 0.286 log log 0.457 log log 1.799 0.409 log log 0.314 log log log log cr
ts

U V SUd d VS
C

v v

ω ω

ω ω ω ω
= − − + − − −

   
       

                                                                                                                                                                                                                    

12 (b)

Yang (1996) extended his dimensionless unit stream power equation for sand transport to gravel transport. The gravel equation thus obtained 
is:                                                                                                                                                                                                                          

       

* *log log 5.165 0.153 log log 0.297 log log 1.780 0.36 log log 0.48 log log log logt

U Ud d VS
C

v v s

ω ω γ

ω ω ω γ γ
= − − + − − −

−

  
   
                                                                                                                                                                                                                         12 (c)
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Where:

Ct=Total sediment concentration, with wash load excluded (in ppm 
by weight)

VS=Unit stream power, 

U*=Shear velocity, 

v=Kinematic viscosity,

ω=Fall velocity of sediment, and 

d=Median particle diameter (m). 

Meyer-peter and miiller formula: Meyer-Peter and Miiller (1948) 
formulated an empirical formula for the bed load discharge in natural 
streams.9 Their formula for a rectangular channel is given as:

3/2 1/3

2/30.047 0.25is s
s m s

r

Q K
dS D g

Q K g

γ
γ γ= +

   
   

           

13
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13a

Where

 γ =The specific weight of water (t/m3) 

 Qs=That part of the water discharge apportioned to the bed (l/s), 

 Q=The total water discharge (l/s), 

 Ks=Strickler’s coefficient of bed roughness, equal to 1 divided by 
Manning’s roughness coefficient n,

 Kr=The coefficient of particle roughness, equal to (26 /D90)
1/6, 

 D90=Particle size, in m, for which 90% of the bed mixture is finer, 

 d=The mean depth (m)

 S=Energy gradient in m per m
3/23/21/6

900.368 0.0698s
s m

s

Q D
g dS D

Q n
= −
  
  
          

14

 Where:

 gs=The bed load discharge for dry weight, in m/s per m of width, 

 Q, Qs=Sediment and water discharges, respectively, in l/s, 

 D90, Dm=Sediment particle diameter at which 90% of the material, 
by weight, is finer and 

 mean particle diameter, respectively, 

 d=Water depth and 

 ns=Manning’s roughness value for the bed of the stream
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Where: 

 Cs=Sediment transport capacity (m3/s)

 D50=Median diameter of sediment (m)

 J=Friction slope

 La=Active width (m)

 ρs=Density of sediment (kg/m3)

 ρ=Density of water (kg/m3)

This equation is better simplified as:

( ) ( )3/23 * *1 8s criticalC s gd τ τ= − −                           
14(b)

Where

( )
* *, 0.047

1
  h
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R S

s d
τ τ= =

−
                                         14(c)

qb=Bed flux (volume rate of transport per unit length of surface)

d=Particle diameter (m)

ρs=Sediment density kg/m3

s=(ρs/ρ) = relative density

S=Channel slope

The total carrying capacity or sediment concentration for a 
particular river section, Ct, is computed by using the formula:

1
N
i i iC PCt == ∑                                                           

15

Where:

 pi=Percentage of material of size fraction I available in the bed; 

Ci=Sediment concentration or carrying capacity for each size 
fraction; and

 N=Number of size fractions

Shen and hung equation: Shen and Hung regression analysis devel-
oped the empirical equation 16 to compute the total sediment load as 
shown in equation 16 (Olaniyan, 2014):

log Ct = -107,404.45938164 + 324,214.74734085Y 
-326,309.58908739Y2 + 109,503.87232539Y3            16

 Where :

 Y=(VS0.57/ω0.32)0.00750189

 Ct=Total sediment concentration in ppm by weight, and 

 ω=Average fall velocity of sediment particle

Regression analysis: Sediment transport function developed from 
regression analysis on River Omi based on measured hydrological 
data from 2009 - 2014 was also used in the model. The equation was 
developed using regression analysis. Turbidity records were plotted 
against velocity and gauging depth respectively as shown in Figure 
2. Equations 17(a) and b were obtained from regression analysis of 
measured hydrological data as shown in Figure 2.

y1 = 8.386 ln x1 + 29.84                                     17 (a)

y2 =14.57 ln x2 +62.23                                       17(b)

Where:

 y1 and y2 = turbidity (FTU)
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 x1=gauge depth (m), x2= velocity (m/s)

Figure 2 Turbidity against Gauge and Velocity.

It was equally realized from literature the velocity-depth ratio 
affects sediment transport in a river. This ratio was considered in 
the development of the model. A strong relationship exists between 
turbidity and velocity with a 71% coefficient of regression. The model 
was calibrated by minimizing the residual between the measured and 
simulated values. The equation developed from measured stage, 
discharge and suspended sediment concentration after calibration was:

( )

( )
0.8659 ln ln 2.866

n

hmg
y

l v
h

+
=

 
 
 

                        

18

Where:

 h=Depth of water (m)

 v= Average velocity (m/s)

 n= Exponent

0.5, 0.4vn if
h

= ≤

3.375, 0.4 1.9vn if
h

= − < ≥

0.9, 1.9vn if
h

= − >

The statistical package employed in this study to analyse results 
obtained from sediment transport function is t-test and Analysis of 
Variance (ANOVA). The alpha value (α) used for the analysis for each 
sediment functions was 0.05.

Results and discussion
The Total Sediment Load comprises of suspended load and bed 

load. The average monthly suspended sediment concentration across 
the river is shown in Figure 3. The upstream suspended sediment 
value ranges from (1.1-8.1)mg/l. The SSC value at the midstream is 
the lowest across the river section with the value ranges from (0.3- 
3.5)mg/l. At the downstream, the suspended sediment concentration 
varies from (0.3-6.1)mg/l. The spatial variation of suspended sediment 
concentration across River Omi can be explained by the Land Use 
map of the catchment areas shown in Figure 4. The midstream and 
downstream of River Omi were dominated by vegetal cover which is 
a potential source of wash load.

The calibration curve was obtained by plotting series of Suspended 

Sediment Concentration (SSC) against Turbidity over a period of time. 
The measured turbidity and Suspended Sediment Concentration (SSC) 
during flooding are outliers and are not considered in the generation of 
calibration curve. This curve was used to convert Turbidity (NTU) to 
Suspended Sediment Concentration (SSC) mg/l when the hand held 
US DH- 48 sediment sampler is not available. Turbidity measured on 
River Omi ranges from (0.2 - 94) NTU and the Suspended Sediment 
Concentration (SSC) varies from (0.05-8.2)mg/l.

Figure 3 Monthly Suspended Sediment Load across River Omi.

Figure 4 Land-Use Map of River Omi Catchment Area.

The Suspended Sediment Concentration (SSC) at the upstream is 
higher than the midstream and downstream. The upstream suspended 
sediment value ranges from (1.1-8.1)mg/l. The SSC value at the 
midstream is the lowest across the river section with the value ranges 
from (0.3-3.5)mg/l. At the downstream, the suspended sediment 
concentration varies from (0.3-6.1)mg/l. The spatial variation of 
suspended sediment concentration across River Omi can be explained 
by the Land Use map of the catchment area (Figure 4). The sampling 
points are located within built up and vegetal area. The midstream 
and downstream are located within vegetal area and were affected 
by wash load due to soil erosion. The upstream sampling points are 
located within built up environment and are affected by anthropogenic 
activities such as improper waste disposal which block their channel.

Comparison of sediment transport function

The bed load coefficient of River Omi watershed was estimated 

https://doi.org/10.15406/bij.2018.02.00042
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from Meyer peters and Millers equation. The estimated bed flux 
on River Omi was 9% of the total load. Similar study by Otun & 
Adeogun18 on Kubani River estimated the bed load flux as 7% of 
the total load. The total sediment concentration in this study was 
calculated by the selected formulas (Engelund and Hassen, Ackers 
and White, Yang, Shen-Hung equation and Regression analysis). 
The estimated total load by these four methods along was compared 
with measured values on field. However, Ackers and White and Shen 
and Hung method predicted total sediment load of River Omi more 
than measured values. This may be due to the fact that the variables 
in the formulae were derived under different conditions from River 
Omi. The prediction process of sediment load by Ackers and White 
is unclear and imprecise. Acker and White formula was determined 
under a laboratory condition. The coefficient in the formula is not 
applicable in River Omi with open channel flow. Shen and Hung 
equation over predicted the total sediment load which confirms that 
it was developed under different site condition compare to River 
Omi. Yang and Eugelund and Hansen prediction among the selected 
methods were relatively close to the measured values (Figure 3). Yang 
equation on the other hand gave erroneous result at lower velocity 
when the ratio 

2.05VS Sω < .

Where: 

V = Velocity (m/s), S = slope, and ω = settling velocity

Yang equation of 1973 is characterized with incipient motion 
criteria and is more accurate when the sediment concentration is less 
than 100ppm.The dimensionally non homogeneous parameters used 
and the lack of ability to reflect the effect of depth change limit the 
application of Shen and Hung equation to laboratory flumes and small 
rivers with particles in the sand size range. The developed regression 
analysis from measured stage-discharge values (equation 18) on River 
Omi water shed gave closest value to the measured total suspended 
load. The regression equation considered velocity-gauge ratio to 
simulate suspended sediment transport.

Sediment discharge in natural river is hinged on gradation and 
shape factor of sediment, percentage of bed surface covered by 
coarse materials, existence of wash load, availability of bed materials, 
temperature, and hydrologic cycle. There is much uncertainty to 
estimation of sediment discharge at different flow, hydrological and 
climatic constraint. Figure 5 shows comparisons of sediment transport 
functions used in this study. The obtained value from Shen and Hung 
are too large as compared to others, which explain the reason for 
semi-logarithmic plot of Figure 5. Acker and White together with 
Eugelund and Hansen formula under estimate the total suspended load 
across River Omi. The best result was obtained from the developed 
regression analysis on the measured parameters on River Omi. Yang 
and Eugelund and Hansen formula over estimate at lower Suspended 
Sediment Concentration.

Table 3 shows the statistical analysis of result from different 
sediment transport function used. The P value of the sediment 
function developed from regression analysis was greater than α value. 
This implies that the sediment function developed from regression 
analysis gave a closer result as compared to the measured value. 
Yang approaches together with Eugelund and Hansen prediction were 
relatively closer to the measured value in that order. Other sediment 
transport function as Shen and Hung approach and Acker and White 
approach prediction are far from the reality on River Omi watershed. 

The obtained P value was very low for Acker and White, Shen and 
Hung, Eugelund and Hansen formula. This is because Acker and 
White method was developed based on laboratory experiment which 
is different from the field situation on River Omi. The Shen and Hung 
regression analysis equation was developed on a small river which has 
a different hydrological condition from the present study.

Figure 5 Comparison of Results from Used Model.

Table 3 Statistical Analysis of Sediment Transport Function

 A and W S and H E and H Yang Regrs. 
Analysis

Pooled Var. 381.7 559.43 438.7 437.6 88.31

t-stat 4.201 0.506 3.31 3.097 -0.254

P T<=t) 0.0003 0.0006 0.0029 0.0049 0.801

t (crit.) 2.063 2.063 20.63 2.063 2.063
A and W, Acker and White; S and H, Shen and Hung; E and H, Eugelund and 
Hansen; Regrs. Analysis, Regression Analysis

Conclusion and recommendations
Shen and Hung and Ackers and White sediment transport 

functions overestimated the total sediment load while Eugelund and 
Hassen and Yang approach underestimated the total sediment load. 
Shen and Hung regression analysis equation could not predict the 
total sediment load on River Omi because it was developed under 
different site condition. The developed regression analysis equation 
gave a good agreement between measured and simulated values with 
(3-11)% variation. Development of sediment regression model using 
stage-discharge records of a river yielded accurate result.22−25
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