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ABSTRACT 
 

Soil compaction affects soil fertility through increasing bulk density and soil strength. It also decreases 
infiltration rate, total porosity and amount of water stored in the root zone for crop use. In this study, we 
evaluated the optimum moisture contents (OMC) in relation to maximum dry density (MDD) and 
compaction of cultivated and uncultivated soils. The study was carried out on four land use types viz: 
uncultivated: Velvet tamarind (Dialium quineese), rubber plantation (Hevea brasiliensis) and cultivated: 5-
year fallow and 10-year continuous cultivated soil to maize crop. Proctor test for the maximum dry 
density-moisture content relationship was carried out, including some hydraulic and structural properties 
of the soil, and their effect soil compaction. Results showed that optimum moisture content (OMC) for 
compaction relate to the maximum dry density (MDD).  In which case, dry density increased with water 
content to a maximum and decrease as moisture content increased above the optimum. Soil organic 
matter (SOM) content and particle size distribution highly affected the MDD and OMC. The MDD and 
OMC were: 1.92 g cm-3 and 10.4%, 1.95 g cm-3 and 11.2%, 1.91 g cm-3 and 12.3%, and 1.87 g cm-3 and 
12.8% for velvet tamarind, 5-year fallow, CC and rubber plantation soils respectively, at 0-15 cm depth. 
Changes in field bulk densities at similar depths were in the order of velvet tamarind < rubber < 5-year 
fallow < CC. There were highly significant (p < 0.01) relationships between MDD, total porosity, Ksat and 
SOM and negative relationships between these parameters and OMC. Thus, continuous cultivation 
increased MDD and reduced OMC for compaction. Two- season fallow periods with legume could 
improve soil hydraulic properties and maintain the MDD of sandy soils at minimum.   
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1. INTRODUCTION 
 
Soil bulk density is an intermediate index of soil 
compaction and ecological properties such as 
porosity and hydraulic conductivity, with respect 
to their mutual relations [1,2]. These relationships 
are constantly being modified by soil moisture 
content, which according to Silver [3] affected 
soil susceptibility to the action of mechanical 
forces [3]. The effects of antecedence moisture 
content on soil compaction have been discussed. 
For example, soils that were completely dry were 
not compacted to its maximum or optimum 
density due to the friction between the soil 
particles [4,5]. They further reported that, as the 
moisture content increased, the lubricating effect 
of water on soil particles allowed the particles to 
move easily into a state of compaction. At 
compaction state, soil aggregates are pressed 
closer together, resulting in a greater mass per 
unit volume. Hence, compaction tends to reduce 
the soil pore volume, resulting in less space for 
air and water in the soil [6]. Since soil dry bulk 
density is the mass of oven dry soil per unit 
volume, the relationship between soil compaction 
and its capacity to store and transport water or 
air is obvious. For this reason, the dry bulk 
density of soil one of the most frequently used 
parameters to characterise the state of soil 
compaction [7]. The use of bulk density as an 
indicator of soil compaction revealed that soil 
was vulnerable to compaction with increasing 
water contents to a limiting range, after which the 
density decreased with additional water content 
[7].  
 
Susceptibility of soils to compaction depends on 
factors which influence soil particle interactions 
and soil texture [8]. These factors include clay to 
sand ratio [9], soil structure [2] and soil water 
content. This way, the susceptibility of soil to 
compaction is related to soil water content. The 
amount of water retained by the soil organic 
matter helps the soil to rebound against 
compaction [10].  
 
A number of literature reported that, critical limits 
of moisture content for compaction have not 
been well studied in some tropical soils [11,12]. 
They agreed that low organic matter soils 
dominant in the hot humid tropics are usually 
susceptible to compaction. Therefore, it is 
important to improve our understanding on the 
critical and/or limiting moisture content of some 
tropical soils in relation to compaction and dry 

bulk density. Such knowledge would help in 
decision making on the type of tillage and                 
soil management options to prevent soil 
degradation. The broad objective of this             
study was to evaluate the maximum dry density 
in relation to the optimum moisture content for 
compaction of cultivated and uncultivated              
soils on coastal plain sands. We also quantified 
some structural and hydraulic properties and 
related them to optimum soil moisture content 
and maximum dry density. Such information 
would provide valuable input on soil compaction 
in relation to moisture content, especially, in 
some fragile tropical soils under continuous 
cultivation.  
 

2. MATERIALS AND METHODS  
 
2.1 Site Description and Sampling 
 

The experiment was carried out at the University 
of Port-Harcourt environment (Lat 4o151N and 
Long 7

o
45

1
E) in the rainforest zone of southern 

Nigeria. Total annual rainfall in the area is in 
excess of 2400 mm, with two peaks in the 
months of June and September [13]. Mean 
monthly temperature ranges between 22° and 
32

o
C, with minimum and maximum relative 

humidity of 35% and 78% respectively during 
cropping season [14]. The soil is derived from 
coastal plain sands and classified as Arenic 
acrisol [15]. Two cultivated sites and two 
uncultivated sites were selected. The cultivated 
sites were: (A) Fifteen hectare (15 ha) land             
area under 5-year fallow, previously cultivated to 
maize and cassava (5-year fallow), (B)              
Twenty–five hectare (25 ha) land area under 10-
year continuous cultivation to maize and  
cassava (CC), while, uncultivated sites were: (A) 
Twenty hectare (20 ha) rubber plantation 
(Rubber)  and (B) Twenty-five (25 ha) reserved 
area under black velvet tamarind (Velvet 
tamarind). A few characteristics of the sites are in 
Table 1. Each land area was divided into 4 
replicates of 50 m x 50 m based on the 
physiographic position of the land, since the 
slope of the land would affect the soil                 
water content, and other physical properties of 
the soil. Five undisturbed core and five bulk soil 
samples were collected from each replicate at 0-
15 cm and 15-30 cm depths in 4 replicates. In 
total, 160 core and 160 bulk soil samples were 
collected in the whole area for laboratory 
analysis. 
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2.2 Laboratory Analysis   
 
2.2.1 Proctor test for bulk density - moisture 

content relationship 
 
Soil samples weighing 2.5 kg were wetted to five 
different moisture contents. Wet sub-samples of 
homogenized soils were compacted in three 
layers in a compaction chamber of 944 cm3 in 
volume

 
with each layer receiving 25 blows of a 

2.5 kg falling hammer from a height of 30 cm. 
The mass of wet-compacted soils (mt) in the 
chamber were determined. Two sub-samples of 
the compacted soils were collected and weighed 
to obtain the fresh weight (mf). The samples 
were oven-dried at 105º C for 24 hours and 
weighed to obtain dry weight (ms). The 
difference in weight was used to determine              
the average gravimetric water content (w), wet 
(ρ) and dry (ρd) soil bulk density (g cm

-3
) as 

follows: 
 

� =
(�����)

��
                                        (1) 

 

ρ = 
��

��� ���
                                       (2) 

ρd = 
�

(���)
                                                       (3) 

 
where, w is gravimetric water content, mf is mass 
of wet soil, ms is mass of dry soil, mt is mass of 
wet compacted soil, ρd is dry soil bulk density,  
and ρ is wet soil bulk density 
 
2.2.2 Bulk density, total porosity and 

hydraulic conductivity 
 

The field bulk density was determined by the 
method as described in details by Black and 
Hartge [16] as:  
 

Bulk density = 
���� �� ���������� ���� 

������ �� ���� ���� 
                   (4) 

 

Total porosity was calculated with core samples 
using the method of Flint and Flint [17] as; 
 

% Total porosity = 
������ �� ����� �� ����������

������ �� ���� ����
     (5) 

 
Saturated hydraulic conductivity was measured 
by the constant-head permeability technique as 
described by Klute and Dirksen [18] and 
calculated using the transposed Darcy’s equation 
for vertical flow of liquids [19]. In this method, 
leachate volume was measured over time until 
flow was constant at which time the final flow rate 
was determined from the equation: 
 

Ksat = 
�

��
 x 

�

��
                          (6) 

 
Where, Ksat is saturated hydraulic conductivity 
(cm hr-1), Q is volume of water that flow through 
a cross sectional area A (cm

2
), T is time elapse 

(s), L is length of core (cm), ΔH is hydraulic head 
difference (cm). 
 

2.2.3 Determination of particle size 
distribution and soil organic matter 
content 

 

Particle size distribution was determined                  
with air-dried soil sample sieved through 2 mm 
mesh by the method of Gee and Bauder [20] 
after complete dispersion with sodium 
hexametaphosphate. Total organic carbon              
was determined by the wet oxidation             
dichromate method and titration with 0.5 M 
NaOH [21]. Total organic matter (TOM)               
was obtained by multiplying the organic carbon 
(TOC) values by the Van Bemelen factor of 
1.724 [22]. 
 

2.3 Data Analysis 
 

For each location analysis of variance (ANOVA) 
was used, followed by multiple comparisons of 
the parameters measured using the SAS 
software [23]. Means were separated by the least 
significant difference using Fisher’s protected 
test [24] at 5% probability. Correlation analysis 
was used to determine the relationships between 

 Table 1. Characteristics of the sites used for the study  
 

Land use  Characteristics 
5 year fallow The area has been under fallow for about five years, crops grown are 

maize and cocoyam. Organic manure is used to improve soil fertility 
 
CC 

The area has been under continuous cropping to maize, cassava and 
fluted pumpkin for about 10 years. Spent mushroom substrate and poultry 
manure have been used to boost soil fertility 

Rubber  
(Hevea brasiliensis) 

The area is a secondary forest that has not been cleared for over 20 years. 
The forest consists of rubber trees and shrubs. 

Velvet tamarind 
(Dialium guineese) 

A secondary forest that has been in use for over thirty years, consisting of 
the black velvet tamarind bush, undergrowths and shrubs. 
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water retention properties and some                   
physical properties. Significant correlation 
coefficient was tested at 5% probability.    

 
3. RESULTS 
 
3.1 Particle Size Distribution, Bulk 

Density and Total Porosity of the 
Soils 

 
In Table 2, the soil is sandy loam at 0-30 cm 
depth. Sand fraction ranged between 651 and 
681 g kg-1 in the top 0 – 15 cm and 623 and              
670 g kg

-1
 at 15.30 cm depth. Significant                    

(p < 0.05) different in silt content at 0-15 cm 
depth did not change the optimum                    
moisture range for compaction. Significant 
differences in sand and clay contents were found 
at 15-30 cm depth among the land use types. 
Bulk densities were significantly (p < 0.05) lower 
in the 5-year fallow, velvet tamarind and                
rubber plantation soils compared with that in 
continuous cultivation (CC). Bulk density               
values ranged between 1.41g cm

-3
 in velvet 

tamarind soils and 1.69 g cm-3 in CC, indicating 
the significance roles of these plants in            
modifying soil bulk density. The topsoil total 
porosity was higher in forested soils.                      
Mean values were 28% in rubber plantation,                 
25 and 21% in 5-year fallow and CC  
respectively. 

 
Soil organic matter (SOM) and saturated 
hydraulic conductivity (Ksat) were relatively 
higher SOM in forested soils (Table 3).  At 0-15 
cm depth, SOM ranged between 11.7 and 15.0 g 
kg

-1
, and 10.7 and 13.01 g kg 

-1 
at 15-30 cm 

depth. Soil organic matter in the topsoil was in 
the order of velvet tamarind > rubber > 5-year 
fallow > CC in the topsoil. Velvet tamarind being 
a popular plant in bush fallow farming systems in 
most tropical environment increased SOM which 
subsequently, increased the MWD of water 
stable aggregates and saturated hydraulic 
conductivity.  

 
Significantly (p < 0.05) variations in Ksat were 
found across all land use types, with values 
ranging between 38.7 cm hr-1 and 28.7 cm hr-1 in 
Velvet tamarind and rubber soils respectively. 
These values were 340% and 235% respectively, 
higher than that in CC soils. The very low Ksat 
values of 8.57 cm hr

-1
 and 1.7 cm hr

-1
 found in 

CC soils at 0-15 cm and 15-30 cm depths 
respectively, could have implications on the soil 
air capacity. 

3.2 Moisture Content– Wet and Dry Bulk 
Density Relationship 

 
The moisture - density relationship for the 
different land use at various moisture content are 
shown in Figs. 1 and 2. The overall soil moisture-
density curves have maximum dry density range 
of 1.84 - 1.95 g cm

-3
 for corresponding optimum 

moisture content (OMC) range of 10.3 - 13.4 %. 
At 0 – 15 cm depth, the average OMC for Velvet 
tamarind and rubber plantation, representing 
forested soils were 10.3 and 13.4% at 
corresponding dry density (MDD) values of 1.95 
and 1.84 g cm-3 respectively (Fig. 1).  

 
Cultivated soils, represented by the 5-year fallow 
and CC showed OMC of 11.2 and 12.5 % at 
corresponding MDD values 1.89 and 1.88 g cm-

3
 

respectively at 0 – 15 cm depth .At 15-30 cm 
depth, the average MMC for Velvet tamarind and 
rubber plantation were 10.4 and 12.8% at 
corresponding MDD values of 1.92 and 1.87 g 
cm

-3
 (Fig. 2). 

 
The results further demonstrated that at a   
certain level of compaction efforts, increase in 
moisture content increased the dry density to a 
maximum (MDD) after which the dry                    
density decreased with further increase in 
moisture content. This typical behaviour of              
soils during compaction to a critical point 
otherwise known as the OMC or limiting  
moisture range and corresponding MDD is 
indication that vehicular movements or cattle 
grazing could reduce the soil quality criteria by 
increasing soil dry density at certain limiting 
moisture ranges.   
 

Soil compaction was further characterised                     
by the percentage clay content in the subsoil in 
Table 2. Results showed that the degree of 
compaction was moderate in all land use                
types due to increased clay content in the 
subsoil. In Fig. 1, the dry bulk density decreased 
by about 5% when OMC for compaction 
increased by 23%.  Generally, limiting                
moisture content for maximum compaction 
increased the dry bulk density in the                           
order of velvet tamarind > 5-year fallow >                
rubber plantation > continuous cultivation.                    
At 15-30 cm depth (Fig. 2), clay contents                 
were relatively higher; so that the                       
optimum moisture content for compaction 
maintained a marginal decrease in the dry bulk 
density. 
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Table 2. Particle size-distribution, bulk density, and total porosity of the soils 
 

Land use Sand  

(g kg
-1

) 

Silt 

(g kg
-1

) 

Clay 

(g kg
-1

) 

Textural 

class 

Bulk density 

(g cm
-3

) 

Total porosity 

(%) 

0-15 cm 

5-year fallow 661 207 132 SL 1.48 25 

CC 681 200 119 SL 1.69 21 

Velvet tamarind 670 216 114 SL 1.41 28 

Rubber 651 241 109 SL 1.42 28 

LSD (0.05) NS 35 NS  0.21 2.7 

15-30 cm 

5-year fallow 626 227 147 SL 1.40 26 

CC 670 214 116 SL 1.68 20 

Velvet tamarind 626 234 140 SL 1.41 27 

Rubber 623 222 155 SL 1.42 29 

LSD (0.05) 22.5 NS 31.6  0.23 3.16 
NS-non significant at p > 0.05, SL- sandy loam 

 
Table 3. Soil organic matter and saturated hydraulic conductivity of the soil 

 

Land use Organic matter 

(g kg-1) 

Ksat 

(cm hr-1) 

Permeability 
index* 

Permeability 

class* 

0-15 cm 

5-year fallow 12.1 20.42 5 Moderately rapid  

CC 11.7 8.57 1 Very slow 

Velvet tamarind 15.0 37.70 6  Rapid 

Rubber 13.8 28.70 5 Moderately rapid 

LSD (0.05) 1.21   9.2   

15-30 cm 

5-year fallow 10.7 10.46 2 Slow 

CC 11.01 1.74 1 Very slow 

Velvet tamarind 12.15 25.71 5 Moderately rapid 

Rubber 12.11 9.25 2 Slow 

LSD (0.05) 1.04 3.2    
Ksat- saturated hydraulic conductivity *- Soil Survey Staff [25] Classification,  

LSD (0.05)- Least significant different at p < 0.05  
 

3.3 Relationships among Optimum 
Moisture Content, Maximum Dry 
Density and Some Properties of the 
Soil 

 
There were highly significant positive 
relationships between the optimum moisture 
content (OMC) and porosity, Ksat and organic 
matter content (r = 0.870, 0.609 and 0.586), (p < 
0.01) respectively (Table 4). This implies that 
increased in OMC led to concomitant increase in 
total porosity. Similarly, soil organic matter 
increased saturated hydraulic conductivity, 
whereas, MDD showed significant negative 
relationship with organic matter content and 

hydraulic conductivity (r = - 0.58 and – 0.557 at P 
< 0.01) respectively. As dry bulk density 
increased, Ksat decreased. 
 

4. DISCUSSION 
 

In Table 2, the low field bulk density in fallow 
soils consequently led to concomitant increases 
in Ksat and aggregate stability. Organic matter 
built up by the legume plant during the 2-season 
fallow may have contributed to such increases. 
The moisture content-dry density relationships 
found in this study further confirmed the widely 
held assertion that additions of water to soil 
increased force of cohesion within the                        
soil particles, when water acting as lubricant       
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[26]. The lubrication effect, however, continued to 
a limiting moisture range when water                 
combined with the remaining air within the                  
soil pores to fill the pore spaces. At that                   
stage, the soil would attain its MDD and OMC. 
Further increase in the moisture content after the 
OMC, tends to increase the volume of voids, 
resulting in lower density and soil strength            
[27-29].  
 
However, the decrease in bulk density at               
higher moisture contents confirmed that further 
addition of moisture to the soil created greater 
pore-water pressures, which made the soil less 
compacted [27]. The observed low densification 
of the soils at higher moisture content is 
consistent with [29,30] that capillary effects due 
to the high moisture content yielded tension 
stress that opposed compaction. High SOM 
found in the Velvet tamarind and 5-year fallow 
soils may have led to the low densification 
compared to the cultivated soils [31,32]. This is 
also consistent with [11,27] that SOM usually 
create a high number of macro pores which 

could facilitate higher amounts of water holding 
capacity.  

 
Implication is that when tillage operations are 
carried out in the field at such moisture contents, 
it could lead to soil compaction. This is also 
consistent with an earlier report by [10] that built-
up of SOM in soils increased water retention, 
thus, helping soils to rebound against 
compaction. When the pore diameter was 
reduced by compaction, water and gas fluxes 
decreased, leading to reduction in soil air 
capacity. Saturated hydraulic conductivity (Ksat) 
and total porosity as ecological properties were 
higher in velvet tamarind and 5-year fallow soils 
most probably due to accumulation of plant litter 
and high SOM content which caused rapid flow 
of water into and within the soil. Under saturated 
conditions, the water flow would mainly occur in 
the macro-pores, further confirming that positive 
correlation between Ksat and porosity was 
commonly obtained in soils with high organic 
matter content [33]. These properties are usually 
affected by soil compaction. 

 

 

 
 

Fig. 1. Moisture-density relationship of cultivated and forested soils at 0-15 cm  
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Table 4. Relationship among optimum moisture content (OMC), maximum dry density (MDD) 
and some properties of the soil 

 

Correlation coefficient (R) N = 30 

Soil parameters Sand Silt Clay Porosity Ksat OM 

OMC -0.12 0.27 -0.17 0.87** 0.61** 0.59** 

MDD 0.14 -0.14 0.13 -0.69** -0.56** -0.58** 
**- significant at (p > 0.01), Ksat– Hydraulic conductivity OM- Organic matter, OMC- Optimum moisture content, 

MDD- Maximum dry density, (r = 0.349 at 5% and r = 0.449 at 1% level of significance) 
 

 

 
 

Fig. 2. Moisture-density relationships of cultivated and forested soils at 15 30 cm 
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distribution, total porosity and saturated hydraulic 
conductivity. At minimum water content the 
velvet tamarind, 5-year fallow and rubber 
plantation soils can support loads arising from 
possible wheel traffic and tillage equipment. The 
positive relationships between porosity, Ksat and 
OM had earlier been discussed [32,33]. Increase 
in SOM led to increase in saturated hydraulic 
conductivity and total porosity, especially when 
OM acts as aggregating agent.  The negative 
relationships between MDD and Ksat and OM 
were not surprising because compaction  
reduced macro-pores which invariably reduced 
permeability and have deleterious consequences 
on root penetration and seedling emergence (2). 
This may induce surface runoff and increase soil 
erosion.     
 

5. CONCLUSION 
 
Significant conclusions drawn from this study are 
that: Compaction increased dry bulk density and 
decreased total porosity and saturated hydraulic 
conductivity. The OMC for compaction was 
influenced by soil organic matter and particle size 
distribution. The lowest OMC and highest MDD 
were obtained in Velvet tamarind soils due to 
relatively high soil organic matter associated with 
such soils. The highest OMC and corresponding 
highest MDD was found in rubber plantation 
soils. Relationships showed a negative 
correlation between OMC and MDD. The 
maximum dry density (MDD) also showed a 
negative correlation between MDD with total 
porosity, Ksat and SOM.  Soil organic matter 
associated fallowed and velvet tamarind helped 
soils to rebound against compaction. Continuous 
cultivation increased the soil dry density under 
increased moisture content load effort. Thus land 
use and management practices that would leave 
soil organic matter on the soil surface, retain soil 
moisture would reduce compaction and sustain 
the soil quality.    
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