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Abstract 
Laboratory study of three riverbed soil samples denoted as A, B and C have been carried out by 
determining the soils Porosity, Hydraulic conductivity, Permeability and also investigating if there 
are points of convergence between the discharge rate and angle of tilt for the above mentioned 
samples. The experimental results for Porosity were approximately within 34% - 37%, Hydraulic 
conductivity was within 3.02 × 10−5 - 9.70 × 10−5 (m/s) and Permeability was within 2.74 × 10−12 - 
8.80 × 10−12 (m2). Pressure generally increases as distance of flow increases for θ = 5˚ - 25˚ but 
there was decrease in pressure as distance of flow increases for all three samples when θ = 0˚. The 
points of convergence for the discharge rate ranged from 0.001 × 10−10 - 4.54 × 10−10 (m3/s), while 
the angle of tilt convergence points ranged from 0.1˚ to 3.6˚. There was increase in discharge rate 
as angle of tilt increases for all three samples. 
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1. Introduction 
Soil Porosity, Hydraulic conductivity and Permeability play vital roles in determining groundwater movement at 
any point on the surface of the earth. This in turn determines the discharge rate among other properties. There 
has been no clear evidence of research work to determine soil properties in Ondo State despite its natural en-
dowments of tree crops, highlands and rocks surrounding the state. This study of flow in porous media helps us 
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to understand and predict the extent of underground water movement based on their properties among other 
things [1] [2]. Porosity is the fraction of the total soil volume that is taken up by the pore space. Hydraulic con-
ductivity is the rate of flow of water through a cross sectional area under a unit Hydraulic gradient at the pre-
vailing temperature [3] and Permeability is the property or capacity of a porous rock, sediment or soil for trans-
mitting a fluid without impairment of the medium; it is a measure of the relative ease of flow under unequal 
pressure [3]. Materials that are more solid will reduce the flow rate, while materials that are more porous will 
increase the flow rate. The rate and direction of groundwater flow at a given location are driven by Hydraulic 
gradient which in turn is determined by the boundaries of the system and the location and strength of the dis-
charge rate [4]. This work is aimed at determining the Porosity, Hydraulic conductivity, Permeability and also 
studying the relationship that exists between points of convergences of the discharge rate of groundwater against 
angle of tilt for three different soil samples from different locations in Ondo State.  

Ondo is one of the six states that make up the South West geopolitical zone of Nigeria. It has interstate 
boundaries with Ekiti and Kogi states to the north, Edo State to the east, Delta State to the southeast, Osun State 
to the northwest and Ogun State to the southwest. The Gulf of Guinea lies to its south and its capital is Akure. It 
has a land mass of about 14788.723 square kilometers (Km2) and it geographically lies entirely in the tropical 
belt. The tropical climate of the state is broadly of two seasons which are the rainy season between April and 
October and dry season between November and March. A temperature throughout the year ranges between 21˚C 
to 29˚C and humidity is relatively high. The annual rainfall varies from 2000 mm in the southern areas to 1150 
mm in the northern areas. It has vegetation with high forest zone (rain forest) in the south and sub-savannah for-
est in the northern fringe. Generally, the land rises from the coastal part of Ilaje, Ese-Odo and Okitipupa areas to 
highlands and inselbergs to the northern parts of the state. Figure 1 shows an aerial view of some parts of Ondo 
State. 

2. Materials and Methods 
2.1. Theoretical Background 
The governing Darcy’s equation for a flow through a porous material of Permeability [k] can be written as [5]: 

( )t
kV gpzρ
µ

= − ∇ −                                   (1) 

This can be expressed as: 

d d
d dt

k p zV gp
l lµ

 = − ∇ − 
 

                                (2) 

where l is the flow directional distance, Vt is the volume flux across a unit area of the porous media in unit time  
 

 
Figure 1. An aerial view of some part of Ondo State (Courtesy Ondo State 
ministry of information).  
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along flow path l, z is a vertical coordinate considered positive downward, P is the liquid density (water) and g 
is the acceleration due to gravity. d dp l  is the pressure gradient along l at the point to which Vt refers, and 
d d sinz l θ= , where θ is the angle between l and the horizontal. 

t
QV
A

=                                          (3) 

where: 
Q = Discharge rate (m3/s); 
A = Average cross-sectional area perpendicular to the line of flow (m2).  
It follows that: 

d sin
d t
p gp V
l k

µθ= −                                    (4) 

For a medium that is completely saturated with an incompressible fluid and is horizontally placed tube, for 
which ( )d d sin  0 sin 0 0p l θ θ ° °= = ∴ =  Equations (4) becomes: 

d
d t
p V
l k

µ
= −                                       (5) 

2.2. Experimental Methods 
Riverbed soil samples were collected from three major areas in Ondo State which is located in the Southwestern 
part of Nigeria as described in Figure 2. The first sample was collected from Ile-Oluji/Okeigbo, denoted as 
sample A, the second from Owo denoted as sample B and the third sample from Akoko North-West in Ikare- 
Akoko denoted as C. These samples were taken undisturbed from the riverbeds by placing a cylindrical metal tin 
of known weight of length 0.1 m and diameter 4.4 × 10−2 m is opened at both end on the undisturbed fine soil 
and the metal core were pushed into the soil. The cylindrical tin was removed with the aid of a sharp flat metal 
material and a thin layer cotton material was used to tie the base of each sample to ensure that the soil sample do 
not pour out of the cylindrical tin. A global positioning system was used to acquire locations (longitude, latitude 
and elevation) from which these soils were gotten as described by Table 1. The samples were later taken to the 
soil department for Hydraulic conductivity and Permeability test, where the constant head method was used. 
Porosity test was carried out using volumetric approach. A constant height of water of 0.09 was maintained and 
the discharge rate [Q], drained in the beaker per minute was noted. The Hydraulic conductivity [K] of each sam-
ple was then determined since the discharge rate [Q], the length of the sample (height of the soil in the cylindri-
cal tin) [L], cross sectional area of the sample in the cylindrical tin [A], time required for the quantity of water to 
be discharged [t] and the head constant (height of the water) [h] are known. The Hydraulic conductivity was 
then calculated using the relation tQ AV= − , where V is the flow velocity and using Darcy’s law V Ki=  thus 
by expressing the Hydraulic gradient i as i h L= , where h is the head constant and L the flow path length, this 
gives: 

AKhQ
L

=                                        (6) 

Making K subject of the formula gives 
QLK
Ah

=                                        (7) 

Thus Permeability [k] was determined using Hubert King’s relation [6] of the form 

w

w

k K
g

µ
ρ

=                                       (8) 

where: 
μw = Viscosity of water; 
ρw = Density of water; 
k = Permeability; 
K = Hydraulic conductivity;  
g = Gravitational constant. 
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Figure 2. Map of Nigeria showing Ondo State with sample locations. 

 
Table 1. Sample location parameter. 

Sample A B C 

Longitude 07.16960˚ 07.16880˚ 07.16720˚ 

Latitude 004.71814˚ 004.71774˚ 004.71514˚ 

Elevation 215 m 208 m 214 m 

River name Ile-Oluji/Okeigbo Owo Ikare-Akoko 
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Also the Porosity [φ] was determined using volumetric approach. This was done by calculating the soil’s bulk 
and particle density [7] in which the cylindrical tins with the wet soil were oven dried and weighed. The corre-
sponding weight of the dry soil sample was measured using a sensitive scale weighing balance to get the bulk 
density and an assumed particle density of 2.65 g/cm3 was used [8]. Equation (9) describes the relation used for 
calculating the Porosity, which is given as: 

bulk

particle

1 ρφ
ρ

= −                                     (9) 

A graph of Porosity, Hydraulic conductivity and Permeability was plotted against samples A, B and C as de-
scribed in Figure 3. Table 2 describes the experimental results for Porosity, Hydraulic conductivity and Perme-
ability.  

In another experiment, the materials involved were sample A, B and C, PVC pipes of various lengths and di-
ameters, retort stands, water and a digital pressure manometer. The PVC pipes used for this study were purchase 
from a local shop with diameters of different range (1.5 × 10−2 m, 2.0 × 10−2 m, 2.7 × 10−2 m, 3.0 × 10−2 m and 
3.5 × 10−2 m). Each was cut into five different lengths (L = 0.25 m, 0.5 m, 1.0 m, 2.0 m and 3.0 m), as described 
in Table 3. The PVC pipes used were as well drilled at intervals [dl] with respect to the various lengths. Length 
0.25 m was drilled at an interval of 0.04 m, length 0.5 m at 0.08 m, length 1.0 m at 0.16 m, length 2.0 m at 0.32 
m and 3.0 m at 0.48 m. Each sample was loaded into the PVC pipes of various lengths and diameters. An elbow 
joint was attached to each PVC pipes to make room for an L-shaped structure which store water at constant 
height of 0.06 m. This height of water was maintained and excess water was drained off through the connected 
rubber tubing of the digital pressure manometer. The L-shaped PVC pipes were made to stand at angles θ = 0˚,  
 

Table 2. Experimental results for Porosity, Hydraulic conductivity and Per-
meability. 

Sample Porosity [ϕ] Hydraulic conductivity [K] 
10−5 [m/s] 

Permeability [k]  
10−12 [m2] 

A 0.343 3.02 2.74 

B 0.358 6.4 5.81 

C 0.374 9.7 8.8 

 

 
Figure 3. Flow parameter of the samples. 
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5˚, 10˚, 15˚, 20˚ and 25˚. The digital manometer (with tube diameter of 0.002 m) was connected from the rubber 
tubing head to the drilled holes on the PVC pipes. Measurements were made at every angle of tilt and the corres- 
ponding values of the pressures p were determined with respect to the various tube dimensions and the points of 
intervals. The graphs of dp/dl (N/m3) describe Pressure against distance of flow as illustrated in Figure 4(A), 
Figure 4(B) and Figures 5(A)-(E). Also, Figures 6(A)-(C) illustrates the graphs of discharge rate against the 
angles of tilt (θ). Table 4 describes the discharge rates and angles of convergence points for samples A, B & C. 

3. Results and Discussion 
Table 2 describes the experimental result for Porosity, Hydraulic conductivity and Permeability. The experi-
mental results for the Porosity for sample A, B and C were within approximately 34% - 37%. These values were 
consistent [9]-[13]. The experimental results for the Hydraulic conductivity were within 3.02 × 10−5 - 9.70 × 
10−5 (m/s); these values were within range [8] [14]. Also, the values for Permeability were also within 2.74 × 
10−12 - 8.80 × 10−12 (m2) which was within range [15]. It was observed that Porosity increases gradually from 
sample A-C as seen in Table 2 and Figure 3 respectively. This point to the fact that there exist similar soil 
characteristic types between all three samples. The Porosity percentage difference between sample A and B was 
1.5%, that of sample A and C was 1.6% and that of B and C was 3.1%. Table 2 and Figure 3 also reveal that 
there was an increase in Hydraulic conductivity and Permeability respectively. This generally implies that as 
Porosity increases, Hydraulic conductivity and Permeability will as well increase.  

At θ = 0˚, there was generally slight decrease in pressure as distance of flow increases for all three samples A, 
B and C in Figure 4(A), Figure 4(B) and Figures 5(A)-(E). Sample C of diameter 1.5 cm and length 0.25 m in 
Figure 4(A) when θ = 0˚ had the highest fall in pressure gradient in which dp/dl = −3.15 and the least fall in 
pressure gradient was recorded in sample A of diameter 3.5 cm and length 0.25 m in Figure 4(B), whose pres-
sure gradient was dp/dl = −0.35. Also in Figure 5(A), for θ = 0˚, sample A of diameter 1.5 cm and length 0.5 m 
 

Table 3. Length parameter in meters (m) for the PVC pipes. 

Length Drilled hole interval Initial point Final point 

0.25 0.04 0.04 0.20 

0.50 0.08 0.08 0.40 

1.00 0.16 0.16 0.80 

2.00 0.32 0.32 1.60 

3.00 0.48 0.48 2.40 

 

      
(A)                                                      (B) 

Figure 4. (A) Pressure gradient with the highest fall at 0˚; (B) Pressure gradient with the least fall at 0˚. 
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(A)                                                   (B) 

        
(C)                                                   (D) 

 
(E) 

Figure 5. (A) Pressure gradient with the highest fall at 0˚; (B) Pressure gradient with the least fall at 0˚; (C) 
Pressure gradient with the least fall at 0˚; (D) Pressure gradient with the least fall at 0˚; (E) Pressure gradient 
with the least fall at 0˚. 
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Table 4. Discharge rates and angles of convergence for sample A, B and C. 

Diameter/Length QAB θAB QAC θAC QBC θBC 

D = 1.5 cm, L = 0.25 m 0.88 × 10−10 1.1˚ 0.42 × 10−10 2.1˚ 0.52 × 10−10 2.6˚ 

D = 2.0 cm, L = 0.25 m 2.52 × 10−10 3.6˚ 1.30 × 10−10 1.3˚ 0.23 × 10−10 0.7˚ 

D = 2.7 cm, L = 0.25 m 1.13 × 10−10 0.1˚ 0.88 × 10−10 0.1˚ 1.53 × 10−10 0.5˚ 

D = 3.0 cm, L = 0.25 m 0.07 × 10−10 0.6˚ 0.04 × 10−10 0.6˚ 0.17 × 10−10 0.6˚ 

D = 3.5 cm, L = 0.25 m 4.31 × 10−10 2.1˚ 2.48 × 10−10 0.9˚ 0.09 × 10−10 0.6˚ 

D = 1.5 cm, L = 0.5 m 0.001 × 10−10 0.1˚ 0.18 × 10−10 0.2˚ 0.84 × 10−10 0.5˚ 

D = 2.0 cm, L = 0.5 m 3.20 × 10−10 1.5˚ 1.95 × 10−10 0.5˚ 1.70 × 10−10 0.5˚ 

D = 2.7 cm, L = 0.5 m 1.33 × 10−10 0.4˚ 2.04 × 10−10 0.7˚ 4.31 × 10−10 1.0˚ 

D = 3.0 cm, L = 0.5 m 0.22 × 10−10 0.5˚ 0.92 × 10−10 0.1˚ 4.54 × 10−10 0.3˚ 

D = 3.5 cm, L = 0.5 m 0.205 × 10−10 0.2˚ 0.02 × 10−10 0.1˚ 0.84 × 10−10 0.5˚ 

D = Diameter of PVC pipe; L = Length of PVC pip; Q = Discharge rate (m3/s); θ = Angle of convergence in degree. 
 

             
(A)                                                              (B) 

 
(C) 

Figure 6. (A) Least discharge rate at [QAB] and one of the least angles of tilt at [θAB]; (B) Highest discharge rate at [QBC]; 
(C) Highest angle of tilt at [θAB]. 
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had the highest fall in pressure gradient where dp/dl = −0.65 while the least fall in pressure gradient was the 
same in Figures 5(B)-(E) respectively with dp/dl = −0.125. It was observed that pressure increases with increase 
in distance of flow for θ = 0˚ – 25˚ for samples A, B and C for both length and diameter [16].  

Convergence points of discharge rate against angle of tilt were observed between samples QAB, QAC, QBC, and 
QAB, QAC, QBC as illustrated in Table 4. A point was observed where QAB = QAC = QBC = 0.6˚ which was inde-
pendent of discharge rate. The convergence point for the discharge rate ranged from 0.001 × 10−10 (m3/s) to 4.45 
× 10−10 (m3/s) while the angle of tilt convergence point ranged from 0.1˚ to 3.6˚. Figure 6(A) showed the least 
discharge rate and one of the least angles of tilt, Figure 6(B) showed the highest discharge rate and Figure 6(C) 
showed the highest angle of tilt.  

4. Conclusion 
The study of these riverbed sediments in Ondo State which is located in the Southwestern region of Nigeria re-
veals that there exist close soil types going by the values obtained for Porosity. This might be attributed to 
common sources of flow and other factors. It was also noticed that as Porosity increases, Hydraulic conductivity 
and Permeability increases. The Porosity of sample A, B and C soil types fell within silt [11]-[13]. Hydraulic 
conductivity and Permeability fell within silty sand and fine∕clean sand as described by [15]. This study showed 
that the discharge rates for the three soil samples were low, meaning that more water was absorbed. This ex-
plains the reason why this region is categorized as high forest zone and the growing of tree crops. There is a 
need for more research work to be done in this region since their main stay is agriculture; this will help predict 
groundwater movement and how to harness its use. 
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