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ABSTR ACT

An investigation of soil compaction in the sugar­
cane fields of Mumias Sugar Company by transport 

vehicles was conducted between October, 1989 and April, 
1990.

Studies were conducted for the establishment of 
safe axle loads beyond which detrimental soil 
compaction would be induced. The treatment involved 
running a loaded test vehicle in strips previously 
chosen at random in a split-split plot experimental 
design. Safe loads were established on a set critical \ 
bulk density and by testing the level of significance 
of the difference in induced soil compaction between 
treated from non-treated sections.

It was difficult to establish a critical bulk 

density but the statistical approach produced realistic 

results. The treatment loads were set slightly higher 

than the average axle loads induced by trailers of 

Mumias Sugar Company.
Single bundle and high capacity bin-type trailers 

were found not to induce detrimental soil compaction. 
Some nucleus estate trailers however caused significant 
soil compaction particularly in lowland fields.

Working under soil moisture of 17 to 21% (wet 

weight), safe loads were found to be payloads of about 

9000 and 6770 kg carried by single bundle and nucleus 

estate trailers (respectively) on 18.4x30 tyres. This 

corresponded to ground pressures of about 150 kPa.
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1. INTRODUCTION

Mum i as Sugar Company (MSC) is the largest sugar 
manufacturing project in Kenya producing over 50* of 
the country’s sugar. It is located in the Kakamega 
District of Western Province. MSC has been operational 
since 1973 and sugar production has increased from 80 
to 350 tonnes of sugarcane crushed per hour in the 17 
years of existence.

The area on which Mumias Sugar Scheme covers is 
what is known administratively as Mumias Division and 
parts of Butere Division, both located in Kakamega 
District, (see Figure 1). The soils of Mumias drain 
easily, apart from a few areas of the Nucleus Estate 
in units 3 and 4 which have poorly or very poorly 

drained soils, (see Table A1 in Appendix 1). The 

soils in Mumias and Butere are classified as high 
potential soils. They are a mixture of dark-brown 
sandy loams, yellow-red sand and dark-red friable 
clays. Although the land is well drained and rolling, 

the Nucleus Estate covers areas that were marsh and 

have colluvial soils (Uainbia, 1979).
Sugarcane for the factory is supplied by local 

farmers who have contracts with the company under the 

Mumias Outgrower Scheme and also from the Nucleus 

Estate (company owned fields). Consequently many 

fields far from the factory (up to a radius of 30 km) 

are planted with sugarcane. With the wide area of

1
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Fig. 1. Location of soil surveyed areas for 
Mumias Sugar Company expansion.
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sugarcane fields which in 1984 covered 3370 and 30200 
hectares for the Nucleus Estate and Outgrower farms 
respectively, variations in the nature of soils is 

inevitable. Operations are scheduled throughout the 
year and infield traffic is often necessary even during 
the rainy periods.

The high demand for sugarcane as a raw material 
for the factory and the high cost per tonne of sugar­
cane transported by the smaller trailers has necessi­
tated the use of heavy trailers hauled by powerful 
tractors with a sugarcane payload of over 12 tonnes 
(Matete, 1987). High tyre inflation pressures tend to 
be used as a means of avoiding the tyres to run flat as 
a result of carrying high weight payloads. This raises 

great concern over the extent of soil compaction 

induced by the traffic. Yield reductions of 5 to 10 

percent (Anon., 1985) may have occurred as a result of 

poor soil conditions. The state of compaction of a 

soil largely establishes the air, water, and tempera­

ture relationships and largely influences seed germina­

tion, seeding emergence, root growth, and other phases 
of crop production.

The need for higher yields, on one hand, has been 

met by improvements such as surface drainage, weed and 

pest control, breeding of resistant crop cultivars and 

the use of organic fertilizers such as filter-mud. On 

the other hand large and wide tyre sizes are used to 

reduce ground contact pressures. Further, normal land
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preparation after the last harvest on a field reduces 
the effects built up due to soil compaction. However 

it cannot be ruled out that traces of accumulated 
effects of compaction (es pec ially in subsoil zone) 
still persist. In addition, the random preparation of 
furrows in the fields poses chances of planting a new 
crop on a soil that has had extensive compaction.
6 The design, selection, and management of sugarcane
transport vehicles and equipment for tillage must be 
directed towards causing soil compaction that does not 
restrict the development of the plant throughout the 
production cycle.

By and large, compaction of sugarcane fields as a 
result of transport vehicles is evident at Mumias. 

There is concern by the Research and Development 

Section of MSC, that without reduced soil compaction, 

appropriate agronomic conditions for sugarcane growth 

will go lacking and the yields may drop so much that 

the existence of the company may be at jeopardy. 
Further more, measures to be taken to ameliorate the 
soils, for example by deep ripping are expensive.

The magnitude and nature of research conducted at 

Mumias Sugar Company is not sufficient for assessing 

the soil compaction impact and implications for 

machinery selection under the prevailing field 

conditions of Mumias. A research project on

agricultural soil compaction at Mumias would enable, 

the company to gather information on the extent and
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effects of soiI compaction. The project would perhaps 
make soil compaction effects be appreciated. Measures 
would be taken to correct any effects already caused 
while also trying to prevent any more, high levels of 
soil compact i on.

Based on the above report and real isations, a 
research study was conducted with the following
object i ves:

1. To compare the levels of induced soil compaction 

between sugarcane fields with and without the 
experience of infield use of transportation 
v eh i c1es.

2. To establish the safe axle loads for Mumias soil 
conditions considering ground contact and tyre 

inflation pressures.
3. To select and recommend trailer units that would 

be unlikely to cause detrimental soil compaction 
based on the established safe axle loads and
ground pressures.



2. LITERATURE REVIEW

2.1. Soil Compaction

Many studies on compaction of agricultural soils 
due to infield use of vehicles have been conducted all 
over the world (Dias and Nortel iff, 1984; Taylor et 
al., 1986; Schuler and Lowery, 1986; Bashford et al., 
1987; Gunjal et al., 1987; Dexter et al., 1988 and 
Ellwein and Froelich, 1989). This is because there has 
been an increasing concern about the effects on the 
soil of the present-day heavy and powerful field 
vehicles. Attempts at analyzing soil compaction 
effects on the agricultural soils of Kenya seems to be
lacking. This is perhaps because there is lack of

general awareness of the effects compaction may have 

on the soils, and heavy field vehicles are not very 

common except in large scale oriented industries such 

as the sugar industry.

2.1.1. Soil Response to Machinery

Soil response to machinery is known to be a func­
tion of traffic parameters, soil properties and soil 
moisture content at time of traffic. Response is

usually described in terms of changes in dry bulk 

density, porosity and/or penetration resistance as

functions of applied pressures and soil moisture 

content (Raghavan et al., 1989).

A review by International Soil Tillage Research

6
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Laboratory (ISTRL) Volume 1 (1981) reported that 
vertical forces due to wheel slip are transmitted by 
the tyre to the soil. The inflation pressure, size and 
tyre carcass strength control the distribution over the 
area of contact with the soil, which is influenced 
primarily by the initial soil strength. The forces at 
the tyre-soil interface and the initial soil strength 
control the magnitude and distribution of stresses in 
the soil beneath the wheel. These stresses and the 
compac t i b i 1 i ty of the soil determine the kind and 
amount of soil strain.

According to Ellwein and Froelich (1989) tillage 
resistance was 60 to 90% higher in the wheeI-1racked 
areas of combine harvesters and tractor transport units 

as compared with no wheel tracks. Because compacted 

soil is more dense and hard, wear on tillage tools and 

tractor tyres may be increased as well.

Another review by ISTRL Volume 2 (1982) reported 

that heavy tractors (3 to 5 tonnes) caused significant 

soil compaction especially on fine-textured soils when 

wet. It was recommended that axle loads be limited so 

that no compaction causing significant yield decreases 
occur deeper than 40 cm.

During wheel load studies there is first, the 

influence of load on the average contact pressure. 

Increase of tyre deflection and sinkage as load 

increases corresponds to increase in average contact 

pressure which is a non-linear function of tyre and
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soil properties. Second, at high loads soil responses 
may be related to a greater extent with the load per se 
than contact pressure (The 1STRL Review Volume 1,1981).

On Minnesota soils having 32 to 38 percent clay, 
axle loads greater than 9.9 tonnes and surface pres­
sures of 173 kPa <25 ps i) caused compaction up to a 
depth of 60 cm when the soil under traffic was rela­
tively wet (Ellwein and Froelich, 1989).

Within certain field conditions the induced soil
compaction becomes significant beyond certain contact
pressures (ISTRL Volume 1, 1981). In Hawaii vehicles
having a contact pressure up to about 30 kPa showed
little influence on saturated hydraulic permeability
(50 mm/h reduced to 48 mm/h), whereas a vehicle having

a contact pressure of 92 kPa reduced the permeability
to 3 mm/h. A 101 kPa pressure produced a maximum

0change in bulk density of 0.24 g/cm (at 70 to 170 mm 

depth) compared with only 0. 16 g/cc (at 170 to 200 mm 

depth) for a 40 kPa pressure.
Taylor et al. (1986) could not disprove of the 

fact that subsoil compaction is not affected by mean 

ground pressures as the test was limited to one soil 

condition (for each soil U3ed), and the soils were 

relatively soft and dry.

Increase in tyre section width or diameter as load 

increases does not necessarily control soil compaction 

as the average contact pressure is held constant (ISTRL 

Volume 1, 1981). This is because at a given constant
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pressure, stress within the soil will extend 
considerably deeper for wide tyre carrying a high load 
than the narrow tyre with a low load. In practice the 
most usual response to the need to carry higher loads 
on tyres has been an increase in inflation pressure 
with relatively small or no increase in section width.

U ide section front tyres and trailer tyres
together with dua 1 rear tyres for tractor pul 1i ng
s1urry tankers have been f ound to be essential for
spreading operations on soft soils with a high water 
table < ISTRL Volume 2, 1982). The tyres are also 
useful in maintaining mobility and preventing excessive 
sinkage. With row crops the use of wide low pressure 
tyres or duals may not be satisfactory if the wheel 

tracks pass over or close to the planting row.
The review by 1 STRL Volume 1 (1981) stated that 

the type of response to multiple passes will depend 

markedly on the initial soil strength and its 
distribution with depth. Similar observations were 
made by Bashford et al. (1987) and Burger et al. 
(1983). A loose soil shows much larger increases in 

compaction during the first pass than in subsequent 

passes. Soils with appreciable initial strength will 

have a first pass compaction which will differ little 

from that of subsequent passes.

In weak soils the zone of maximum compaction 

occurs far below the wheel rut (1STRL Volume 1, 1981). 

However, in stronger soils such as sandy loams and clay
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loams having a dry bulk density greater than 1.1 g/cm3, 
most of the compaction may be near the surface.

Humbert (1968) reported some work on the effects 
of compaction at different moisture levels on 
porosity and air percentage by volume. As the apparent 
density increased to the critical density, the total 
pore space decreased to slightly less than 50%. The 
air percentage by volume decreased rapidly to about 10% 
as density increased to the critical level. It is 
commonly accepted that changes in bulk density, pore 
size distribution and aggregate stability result in 
changes in soil aeration. These factors affect the 
interchange of oxygen and carbon dioxide between the 
soil and the atmosphere.

Burger et al. (1983) reported that soil moisture 

content significantly affected the actual change in 

soil compaction. At moisture contents above the 

Proctor optimum for compaction, wheel si ip can 

contribute to compaction as significantly as loading 

(Raghavan et al., 1989). At high slips, topsoil 
structure is damaged by smearing. Deep ruts and 
sideways displacement of soil due to greater sinkage is 

also a problem at high moisture contents.
The degree of curvature around the peak of the 

Proctor curve can be used to decide a probability range 

for soil moisture estimation (Raghavan et al., 1989). 

The sharper the peak, the more critical the accuracy of 

the estimate of moisture content tends to be near the



optimum at usual times of traffic. Optimum curves can 
serve as guidelines for estimating critical soil 
compaction I imits in terms of yield for expected 
climatic conditions. Optimum curves expressed as yield 
versus degree of compactness could, by way of models be 
expressed in terms of yield as a function of sequences 
of operations, i.e. in terms easily interpreted at the 
farm level.

Several authors have reported that the pressure in 
the upper soil layer is described by mean ground 
pressure and soil deformation. Subsoil compaction on 
the other hand is largely a function of total load 
carried and is much less affected by the mean ground 
pressure (Taylor et al., 1986; Schuler and Lowery, 

1986; Froehlich, 1934; Soehne, 1953; Taylor et al., 

1980 and Hakansson et al., 1981),
The review by ISTRL Volume 1 (1981) also 

reported that the zone of maximum compactness tends to 

approach the surface with repeated passes. It was 
stated that greater attention should be paid to the 
vertical and horizontal distribution of changes in 

the soil properties during compaction of field soils. 

However, this might require sensitive methods of 

measuring soil compaction like the use of pressure 

cells which are sometimes cumbersome to put in the soil 

especially where a large amount of data is required.

Subsoil compaction, which is mainly caused by use 

of tyres requires greater effort to eliminate by
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ripping than surface compaction (Bashford et al.,
1 98 7 ). In addition they noted that the resulting
effect of small differences in bulk density resulting 
from cumulative trafficking, when accumulated over a 
long span of time is not known but could be detrimental 
to the soils.

The present study takes keen concern on both 
surface and subsurface soil compaction because more 
than one harvest is obtained out of one crop of 
sugarcane. In al1 these harvests the crop is carried 
out of the field using heavy transport vehicles which 
result in both surface and subsurface soil compaction. 
Depending on the depth of compaction, surface soil 
compaction may not be completely ameliorated by inter- 

row cultivation and any other tillage operations 
carried out afterwards. As a result the crop may 

suffer because of the induced unfavourable soil condi­

tions.

A soil which is exposed to extensive compaction 

experiences low infiltration rates, a high runoff and 

increased soil erosion rates (Raghavan et al., 1989).

The review by ISTRL Volume 2 (1982) also reported 

that, permeability of a hidrol-humic latosol in Hawaii 

below 30 cm was 160 mm/h before ploughing and 57 mm/h 

after ploughing with a loaded wheel running in the 

furrow bottom.

Reduced permeability in wheel ruts has been 

observed to lead t.o water erosion problems (ISTRL
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Volume 2, 1982). Additionally, the review stated that 
ploughing land which has previously been subjected to 
sufficient wheel traffic to increase its bulk density 
and/or aggregate size can produce some degree of wind 
erosion control.

Compaction wi 1 1 reduce soi 1 permeabi 1 ity and the 
opportunity to remove excess water by drainage may 
diminish (ISTRL Volume 2, 1982).

Compaction-induced changes in the air-water regime 
affect microbial activity such that the nitrogen 
balance favours ammonium over nitrate nitrogen as 
compaction levels increase (Raghavan et al., 1989 and 

Schuler and Lowery, 1986).

2.1.2. Crop Response to Compaction

Higher mechanical impedance of compacted soils 

restricts the depth of root penetration as well as the 

overall root density, which implies slower root devel­

opment (Raghavan et al., 1989). Similar observations 
were reported by a review of the ISTRL Volume 2 (1982). 
T)ils leads to a reduced access to water and nutrients.

The review by ISTRL Volume 2 (1982) also reported 

that root distribution of maize was found to be closely 

associated with both the number of passes and the 

contact pressures of the tyres running over the soil 

either before or after seeding. The depth to which 

dense rooting extended was 90 cm in the absence of 

traffic at sowing whereas for 1, 5 and 15 passes of a



14

whef?l with a contact pressure of 62 kPa dense rooting 
was restricted to 60, 45 and 25 cm respectively.

Plant growth arid yield are likely to show optimum 
responses at certain level of soil compactness (1STRL 
Volume 2, 1962). The position of the optimum however 
is related to soil type, crop growth stage and climatic 
cond i t i ons.

The review by the ISTRL Volume 2 (1982) further 
reported that heavy traffic prior to or during seedbed 
operations for wheat, sorghum and maize did not 
decrease the yield; in some cases there was an increase 

as a result of better continuity of water filled pores, 
leading to better plant establishment. Similar 
observations were made by Gunjal et al. (1987).

Compaction caused emergence of maize to be delayed 

in the first growing season and plant height differ­
ences to be large (Schuler and Lowery, 1986). The 

delay also increased with increased compacting load. 

They attributed the delay to the larger surface soil 

clods resulting from compaction.
Ellwein and Froelich (1989) reported that research 

in Sweden indicated that it took six to seven years 

for recovery of an initial crop loss from 11 tonne 

axle load on a 40% clay soil, and an initial crop yield 

reduction of 30% had not been recovered after seven 

years on a 70% clay soil. Additionally, research in 

Indiana (USA) on subsoil compaction of silt loam soil 

showed a 55% reduction in maize yield during the first
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year due to a 6* increase in soil density, and a 23% 

yield reduction the following year. Crop yield reduc­
tions ranging from 5 to 10% were due to axle loads as 
low as 5 tonnes, although such compaction and less can 
usually be alleviated through normal tillage oper- 
a tions.

2.2. Measures of Controlling Soil Compaction

Soane (1985), and Soane and Boone (1986) suggested 
that new indices be developed to provide stronger links 
between traffic-soil and soil-plant interactions. 
Efforts in this direction have been made by Ellwein and 
Froelich (1989), Dias and Nortcliff (1984), and Trouse 
and Humbert (1968) who came up with recommended cone 
index and bulk density values for various soils (see 
Tables 2.1 and 2.2).

Trouse and Humbert as reported by Humbert (1968) 

studied root distribution in principal sugarcane soils 

compacted from 0.69 to 1.89 g/cJ. Radioactive rubidium 
was placed In the centres of the compacted cores which 
were then placed in pots of the same soil type, and 

planted with sugarcane. The effectiveness of root 

systems in compacted soil was measured by the rate at 

which the rubidium was removed. Critical levels of 

soil compaction were established in terms of soil 

density, a measurement which may be easily 

determined in the field. When operations of heavy 

equipment cause puddling and compaction beyond these
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Tablp 2.1. Cone indices and ground pressures (kPa) at 
which sugarcane development's affected

1?Field condition A B C
1 . Field capac i ty 1380 2090 —
2. Relatively wet - - AO to 503. Hoi s t - - 80 to 100A. Dry — 200 8, above

A = cone index value that causes reduced root growth,
B = cone index value that causes reduced yield, and
C = recommended ground contact pressures.

Table 2.2. Dry bulk dens i t ies ( g/cm^') at wh i ch
sugarcane root development is af f ec ted

So il type A B C
1. Silt loam - - 1. A0
2. A 1 1uv i a 1 - - 1.55
3. Low humic latosols, (surface) 

[Ferralic CAI1BIS0LS, Appendix 21
1.06 1.21 1.58

A. Low humic latosols (subsoil) 1.05 1.20 1.51
5. Hydrol humic latosols (surface) 0.60 0. 7A 1. 10
6. Grey hydromorphic clay (surface) 1.21 1.30 1.76
7. Grey hydromorphic clay (subsoil) 1.05 1. 1A 1.7A
8. Silt cl ays 1.05 1.2A 1.58

A = bulk density at which roots grow normally,
B = bulk density at which roots become flattened, and
C = bulk density at which roots are restricted.

Source: Trouse and Humbert (1968), root studies in
Hawaii; Ellwein and Froelich (1989) and Dias 
and Nortel iff ( 198A).

critical levels, corrective measures are required to 

restore the soils to a satisfactory tilth.

In the absence of satisfactory reconditioning, 

yields suffer a decline in the subsequent ratoon crop.
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In order to make use of the recommended critical bulk 
density values one must clearly classify and name 
appropriately the soils in which a test is conducted.

A review by The ISTRL Volume 2 (1982) recommended 
that for heavy trailers with axle loads up to 160 kN 
the compaction in the subsoil could be reduced by using 
a tandem axle. The review concluded that to reduce 
incidence of compaction it would be desirable to reduce 
average ground pressures of tyres on the field below 
200 kF’a (29 ps i ), and preferably below 100 kPa (14.5 
ps i ) . In the case of load-carrying vehicles this would 
result in a considerable increase in the cost of the 
running gear.

Large contact area of a track, as compared to a 

tyre, has a potential of reducing soil compaction 

resulting from use of large agricultural tractors 
(Bashford et al., 1987).

An alternative that is presently receiving more 

attention is that of controlled traffic (Raghavan et 

al., 1989). The concept behind this approach is that 

a small percentage of the total field area is devoted 

to machinery traffic with energy advantages from the 

point of view of traction, while the rest of the field 

is never compacted.

2.3. Economic Considerations

The total economic impact of soil compaction is

difficult to assess due to the vast number of
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interrelated factors involved (Raghavan et al., 1989). 
Diseases, soil fertility, variety of crop, weather 
(climate), drainage and soil structure (compaction) 
are some of the factors that affect development of a 
crop and the resulting yield.

Economic impact may be assessed in terms of yield 
reductions; higher fuel costs in tillage; higher runoff 
and erosion rates; higher operational costs of 
irrigation due to poor infiltration and presumably, 
higher evaporative losses, on compacted soils; wear and 
tear and breakage of tillage tools in compacted soils; 

less efficient use of fertilizers and future costs of 
restoring soil structure (Raghavan et al., 1989).

Optimum tractor size depends on crop and weather 
conditions and small tractors are not necessarily 
better if traffic intensity (percentage of area

covered) is taken into account (Gunjal et al., 1987) 

and (Raghavan et al., 1989). This however, does not 

consider the long-term cumulative effect of subsoil 
compact i on.

2.4. Methods of Measuring Soil Compaction

Dry bulk density and penetration resistance are 

generally accepted as good indicators of soil

compaction (Raghavan et al., 1989).

2.4.1. Dry Bulk Density

Dry bulk density is defined as the weight of
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mineral matter divided by the volume of the entire 
element < l.ambe and Uhitman, 1979).

Core and excavation are direct methods and require 
removing and weighing the soil from a known or measured 
volume. Bulk density is related to the attenuation and 
scattering of nuclear particles passing through soil. 
Uith proper calibration these indirect methods can be 
used to estimate soil bulk density (Erbach, 1987).

The core method employed in this study usually 
uses a cylindrical metal sampler that is pressed or 
driven into the soil to desired depth and is carefully 
removed to preserve a known volume of soil as it 
existed in situ (Erbach, 1987).

The San Dimas soil core sampler is hand operated 

with a rotary cutter around a stationary collector tube 

(Andrews and Broadfoot, 1958).
The Kachinskii method (Revut and Rodes, 1969) uses 

cylindrical rings that are pressed into the soil. The 
cutting edge of the rings are chamfered from the 
outside. The inside of the cylinder is relieved above 

the cutting edge to eliminate distortion of the soil 

sample caused by friction with the cylinder walls.

(Jells (1959) developed a core sampler consisting 

of a sampling tube and trimming ring that can be driven 

into the ground with a heavy hammer. A hollow shafted 

borer slips over the sampling tube and is turned by 

hand to remove the surrounding soil. The sampler takes 

a 5 cm core and can sample to 120 cm in steps of 15 to
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30 cm. He found little soil disturbances across the 
core but there were some problems with compression of 
the core.

Foale and Upchurch (1982) described a hand 
operated device for taking cores of 20 to 50 mm 
diameter to depths of 2 m. The system uses a drop 
hammer or electric jack hammer for driving the corer 
and a ladder jack for removing the corer.

2.4.2. Cone Index

Attempts have been made to relate cone index, the 

force per unit base area required to push a 
penetrometer through soil, to soil density. Ayers and 
Perumpral (1982) as reported by Erbach (1987) developed 

Equation 2.1 to predict soil density from cone index 

and soil moisture content.

pd = MCI/CjJCj + <MC-C3)2]1/C4 .... 2.1

where:
3pd = dry bulk density (g/cm ),

Cl = cone index (kPa),
MC = moisture content <% dry weight), and 

Cj, C2, C3 and C4 are constants that depend on the soil 

type

Gameda et al. (1989) developed a relationship 

between soil strength and structural parameters for a 

clay soil consisting of 72% clay, 22% silt and 6% 

sand, (see Equation 2.2).



21

IK/CII = A lpd/ p / e b* ....  2.2

where:
Cl = cone index (kPa),
K = bulk modulus ( kPa), 

pj = dry bulk density (g/ccl, 
ps = soil particle density (g/cc),
♦ = soil moisture content (% dry weight), and 

A, b and n are soil constants dependent on moisture and 
tex ture.

A relationship between cone index and bulk modulus 
would allow for the in situ determination of material 
properties for layered, non-homogeneous soils. The 
results were however restricted to one soil type. In 

order to develop comprehensive models, further studies 
needed to be conducted to account for different soil 

strengths prior to compaction, the influence of soil 

textural properties, and the effect of layered soils 
(Gameda et al., 1989).

Sands et al. (1979) found that for a sandy soil, 

resistance to penetration was largely independent of 

water content and was directly related to soil bulk 

density. At constant bulk density, penetration

resistance increased with depth because of an increase 

in overburden pressure and a decrease in organic matter 

content. Chesness et al. (1972) found that remoulded 

soil samples do not exhibit the same characteristics as 

in situ soil and concluded that bulk density and soil
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moisture content are not sufficient to describe 
penetration resistance in field sandy loam soils.

2.5. Studies on Soil Compaction at Mumias

The Mumias Sugar Company Agricultural Services 
Annual Report of 1987/88 indicated that 47.8% of 
sugarcane is delivered to the factory by the company 
fleet, 47.6% by contractors and 4.6% by others. In 
order to haul in excess of a 45% quota, some 
contractors have fleet capacities which are excessively 
high, 1 up to 1 2  tonnes payload) on a single axle 
t r a i l e r .

3Dry bulk densities of up to 1.81 g/cm were 
obtained within the wheel track of such a trailer 

during a preliminary study of this project on a sandy 
clay loam soil. Uncompacted sections recorded a dry 

bulk density value of 1.67 g/cm3. An earlier study on 

soil compaction at Mumias (Anonymous, 1985)
subjectively reported a sugarcane yield loss per crop 
of 5 to 10% attributable to soil compaction. However, 

the yield loss may also have resulted from cane stool 

destruction as the transport vehicles normally trample 

on them.
Drew (1972) in a report on Cane Transport Trials 

at Mumias reported some minimum ground contact 

pressures. He recommended that the pressures be kept 

below 104 kPa on the soils of Units 3 and 4 and 173 kPa 

on the soils of Units 1 and 2 (see Table A1 in
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Appendix 1). However, he did not make reference to the 
moisture contents in the fields.

The acceptable pressures would probably be related 
to the soil type, soil moisture content, the crop grown 

and the number of passes. Therefore more extensive 
onsite tests need be conducted at Mumias under wet soil 
moisture conditions where compaction is likely to be 
max i m i sed.

Observation on traffic movement in the fields 
shows that on the Nucleus Estate, traffic is generally 
restricted to the inter-row and trampling damage to 
stools is limited. Compaction may be significant in 
the inter-row but it should not affect the root zone 
and it can be relatively relieved by inter-row deep 

ripping. In the outgrowers farms, the failure to 
control infield traff ic movement has been a problem for 

many years and no satisfactory solution has been found 

to date. Awareness amongst farmers on the damage 

caused to sugarcane and soil may lead to consideration 

in regulating traffic movement.
The major impetus which led to this topic and the 

objectives therein for study are the recommendations by 
Kamau (1988). The study compared the bulk densities 

and cone index values in tracked and untracked sections 

travelled by a twelve tonne trailer. The study, 

however, did not record any results pertaining to the 

magnitude of the axle loads, ground contact pressures 

and tyre inflation pressures beyond which compaction
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would be regarded as being detrimental to the soil 
structure. In addition the study was I imi ted to a 
narrow range of moisture and soil conditions.

Kamau (1980) found that there was a significant 
difference between field sections travel led by a twelve 
tonne single axle basket type trailer and the untracked 
sections. The study reported a recommended maximum 
ground contact pressure of 152 kPa for Mumias Sugar 
2one. However, Kamau found no practical justification 
for this pressure. He further reported that single 
bundle and nucleus estate trailers exerted ground 
contact pressures of 180 and 207 kPa respectively 
while the twelve tonne basket type trailer exerted a 
pressure of 318 kPa, a value which is more than twice 

the maximum recommended for Mumias sugar zone.



3. THEORY OF SOIL COMPACTION

Soil compaction may be defined as the compression 
of a mass of soil into a small volume (Raghavan et al., 
1989). Changes in bulk properties are accompanied by 
changes in structural properties, thermal and hydraulic 
conductivity and gaseous transfer characteristics. 
This in turn affect chemical and biological balances.

Because of the highly complex character and almost 
infinite variability of soils and of the natural and 
man-imposed forces acting on soils, understanding the 
soil compaction process is quite challenging to both 
the practical farmer and the researcher. Many factors 
such as soil type, moisture content, load rate and 
magnitude, vehicle and type of running gear affect soil 

compaction. A clear understanding of the mechanics of 
soil compaction however, is necessary if soil 
compaction is to be minimized. To enhance the

understanding, models and empirical equations continue 

to be formulated by researchers studying soil

compac t i on.

3.1. Description of the Compaction Process
i

Barnes et al. (1971) reported that when a soil is 

subjected to an appl i ed load that is sufficient to 

cause a volume change, there are four possible factors 

to which the change could be attributed. These 

factors are: a compression of the solid particles, and

25
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of the liquid and gas within the pore spaces; a change 
in the I iquid and gas contents in the pore spaces, and 
rearrangement of the solid particles.

3.1.1. Compression of the Solid Particles

Barnes et al. (1971) reported that when an 
external force is applied to a partly saturated soil 
element, liquid is displaced from between the particles 
and the contact area between the particles increases. 
The increase in contact area depends on the deformation 
of the soil particles. The deformation is usually 
assumed to be elastic in nature and the soil particles 
will rebound upon release of the applied load. A 
stress-strain relationship, as determined for metals 

where stress is directly proportional to strain until 

the elastic limit, has not been developed to describe 

the deformation of the individual soil particles. The 

general stress strain law for other materials would 

probably apply; however, the moduli of elasticity for 
different soil mineral particles would have to be 
determined. The applied load in most cases is larger 

than any surface tension forces that exist in the soil- 

water interface.

3.1.2. Compression of the Liquid and Gas 
within the Pore Space

A liquid may be considered i ncompress ible for most 

engineering problems unless it is subjected to sudden

or large change in pressure. Compressibility can be



expressed in terms of the hulk modulus of elasticity, 
defined as the ratio of increase in pressure to 
decrease in volume. For a given volume V of 1iquid 
subjected to a change in pressure:

SV = -  V £ f V k  .............  3 . 1

w h e r e :

k = bulk modulus of elasticity (Pa),
3SV = change in volume of liquid (m ), and

SP = change in pressure (Pa).

As a liquid is compressed, its resistance to additional 
volume change increases. The change in volume of water 
can be disregarded as affecting soil compaction for 
practical purposes. This conclusion is supported by 

tests conducted by Hovanesian (1958) in determining a 

relationship between mean stress and changes in bulk 

dens i ty.
The relationship shown in Equation 3.2 based on 

perfect gas laws, between pressure and volume change is 
valid at constant temperature for air present in the 

soi 1 e 1 ement.

£V = <RT/(P+£P) - V I ®
3.2

where:

R

T

3volume change of air in pore space (m ), 

universal gas constant, and 

absolute temperature <K).
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The difficulty in using this relationship is 
determining the magnitude of the pressure acting on the 
gas in th«* pore spaces.

3.1.3. Rearrangement of the Soil Particles

Rearrangement of the soil particles depends on 
several factors. The change in state of compaction 
depends on movement of either the liquid or the solid 
phases, or both. This is because the solid and the 
liquid phases are relatively incompressible and do not 
undergo appreciable volume change under loads usually 
applied to the soil mass. For unsaturated granular 
soils volume change is due to soil particles changing 
positions by rolling or sliding. In a saturated 

condition, the controlling factor for a large volume 

change is the rate at which liquid moves within the 

soil mass and, to a limited degree, from the soil. 
For fine-grained, partly saturated soils, composed 
predominantly of clay, the volume change depends upon 

reorientation of the particles and displacement of the 

water molecules between particles. In a saturated 

state, water movement plays an important role as very 

little volume change occurs by compression of water.

The movement or rearrangement of the soil 

particles depends on the structural arrangement of the 

particles and in fine-grained soils, on the degree of 

bonding between adjacent particles. The change in 

state of compaction resulting from rearrangement of the
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particles is due primarily to a change in the volume of 

the voids. The empirical relation (see Equation 3.3) 
as reported by Barnes et al. (1971) has been determined 
from uniaxial compression tests in the general field of 
soil mechanics to show the variation of soil void ratio 
with applied load.

i = € 0 - c log P/F0 ....  3.3

where:
(. = the void ratio due to applied pressure P,

€q = the void ratio at initial pressure PQ and
c = slope of the curve on semilogarithm plot.

Soehne (1950) determined that for arable soils
compaction could be described by the relationships in 

equa t i on 3.A.

n = - A l n P + C  ....  3.4

where:

n = porosi ty,
C = porosity obtained by compacting loose soil at a 

pressure of 69.1 kPa, and 

A = the slope of the plotted curve.

From empirical results that have been obtained, 

the conclusion is that the relationship between change 

in void volume and externally applied load is not 

linear. An exponential or logarithmic function would 

best describe the relationship. The particle-size
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distribution will influence the change in void volume 
mainly because of the rearrangement of soil 
particles. Well-graded soil containing both coarse 
and fine-erained par ticles will have more contacts 
between particles than will poorly graded soil. 
Consequently, the resistance to shear-induced motion 
will be proportionately larger and the change in void 
ratio for any single load application will be less for 
a well-graded soil than a poorly graded soil.

3.1.4. Change in Liquid and Gas Contents

Liquid retained by the soil may be forced from 
between the particles when the soil is subjected to an 
applied load. The amount forced out into the voids 

depends upon the magnitude of the load applied, the 
moisture content of the soil, the type of soil 

particles, and the bonding forces between 1 iquid 

and soil particles. If the quantity of liquid 
displaced does not exceed the capacity of the pore 
spaces, the liquid is drawn back between the particles 

bv the soil-liquid forces of attraction when the load 

is released. For saturated conditions at the time the 

load is applied and for saturation resulting from 

liquid displacement, volume change is a function of 

1 iquid movement.

The pressure generated in the pore liquid affects 

compaction. In confined saturated soils external loads 

are sustained primarily in the liquid phase of the
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soil. If the volume of liquid is reduced, the 
hydrostatic stress is transferred to interpartic1 e 
stress. The amount of stress transferred depends on 
the quantity of the liquid lost. The hydrostatic 
pressure influences not only the movement of liquid but 
also the movement of soil particles to a new position. 
Volume change is a function of both movements.

3.2. Relations Between Applied Forces 
and Resulting Compaction

The difficulty of developing a mathematical model 
that will accurately relate stress and strain without 
being so complicated as to be impractical has led to 
the development of empirical equation* for deaoriblng 
part of the relationship between the applied load and 

the resulting volume change. One of the oldest models, 

the Mohr-Coulomb formula, (see Equation 3.5), relates 

the stresses acting on a plane through the soil by 

using the analogy of simple sliding friction. Strain 

is not included in the relationship; however, the 

equation may be used to predict failure and thus 

provide information about one phase of the compaction 

process.

F(o) = c + aloj+cjl/Z ~ (ai_a3>/2 ....  3.5

where:

F = stress at failure (Pa), 

c = the vertical intercept on the q-axis, 

a - slope of the failure surface,
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o | = major stress experienced at failure (Pa), and 
= minor stress experienced at failure (Pa).

In studies of agricultural implements as reported 
by Bekker (1957) Berstein developed an equation that 
relates the ground pressure P (Pa) and sinkage z (m) of 
a given area:

P = k z' 3. 6

where:
k = the modulus of deformation (Pa) depending upon 

the size of loading area and properties of soil, 
m = an exponent depending upon the type of soil.

In order to separate the soil properties the 

cohesional effect, and frictional properties, Bekker 
(1957) introduced the following expressions:

k = kg/b + k| 3.7

P = <kc/b + k|) z" 3. 8

where :

kc -

k* =

a cohesive modulus of deformation, 

the frictional modulus, and 

= the smaller dimension of the loading area,

While this relationship is satisfactory for 

certain aspects of soil compaction, the equation does 

not relate force to volume change. Most of the 

emphasis is on changes in location of a soil-loading
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plate surface, while the phenomena within the soil as 
well as the effects of soil variables are included in 

parameters obtained from empirically designed tests 
applied to the soil at the location in question.

Brandon et a). (1986) developed the constitutive 
relationship for a sandy clay soil with a plastic limit 
of 11.3%, a liquid limit of 22.5% and a moisture 
content of 10% dry basis, (Equations 3.9 to 3.12).

Elastic part: 0.0% < €, < 0.2524%

(fff 0 3)/<J3 = Ei€i ....  3.9

Plastic part: (-j > 0.2524%

(a1-o3 )/a3 = Et€, + (l/o3)n ___  3.10

Unloading portion:

(oj-ojl/o-j = E jEj .... 3.11

Reloading portion:

( a i“ ® 3 1 / <* 3 = fI/a3(a+b€) .... 3.12

where:

a, b = constants determined experimentally,

E. = modulus of elasticity in kPa,

Et = tangent modulus or slope in kPa, 

a j = axial pressure in kPa,

<*3 = confining pressure in kPa,

n = the influence factor, and

axial strain.
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The plastic portion of the stress-strain curves was 
dependent on confining pressure and tangent modulus 
while the elastic portion was dependent on modulus of
elasticity.

Dexter et al. (1988) measured pressure 
transmission beneath the wheels of moving agricultural 
vehicles in two soil conditions, <1 oamy-mixed-thermic 
and coarse- Ioamy-carbonatic-thermic). The vertical
component of soil pressure was found to decrease more 
rapidly with depth than predicted by equation 3.13 
usually used in soil mechanics. These prompted them to 
propose other equations like equation 3.14, which 
provided much better descriptions of the experimental 
data.

cz /<j# = i 1- (R/z ) 2 ] v/2 ....  3.13

where:
a = vertical component of pressure (Pa) at depth z, 
a = contact pressure (Pa) between the plate and soil, 

R = the radius of the plate (m), and 

v = stress concentration factor.

Equation 3.14 was developed for the mean maximum peak 

soil pressures at various depths below the tractor 

wheels while running in coarse loamy soils.

a/a = exp( -z/z )* ....  3.14t o  o

where:

maximum pressure at the soil surface (Pa)
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UNl^ , r y

z0 = an adjustable reference depth at which a?/aQ is 
equal to 1 /e (m), and

v = an adjustable parameter which, in combination 
with zQ, describes the rapidity of attenuation 
of the peak soil pressure with depth.

Equation 3.15 developed by Brandon et al. (1987) 
does not show a direct relationship between the 
applied force and the resulting compaction. The model 
is based on Mohr-Coulomb failure criteria. It was 
found that simulated data compared fairly well with 
experimental results, except that there was a tendency 

of over-prediction at higher stress levels.

F = C ♦ aiat + o )/2 - H a t~ay)/2 + (ffxy)2)* .... 3.15

where:
F = the stress at yield point (Pa),

C = the vertical intercept on the q-axis in the p-q 

space,

or = the slope of the failure surface, 

a ̂ = direct stress applied in the x-direction (Pa), 

tTy = direct stress applied in the y-direction (Pa), 

and
« = the stress applied in the xy-direction (Pa).

3.3. The Interaction Between Soil and the Running Gear

In a study of the effects of dynamic load on 

thrust components along the soil-tyre contact zone 
(Wood et al., 1989) observed that the tyre developed

n v i v e ( ? s ,
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thrust more uniformly across the lug face in loose than 
in compacted soil conditions.

Salokhe et al. (1989) measured lug forces on a 
single model cage wheel lug in wet clay soil. They 
found that increase in lug sinkage showed almost 
proportionate increase in lug forces while increase in 
soil moisture showed decrease in lug forces. In
addition they noticed that lug angle, lug width, lug 
shape and travel reduction had a strong effect on lug 
forces. Further, the measured lug forces were found to 
be in reasonable agreement with the forces predicted by 
using the conventional passive pressure theory in a two 
dimensional perspective, (see Equation 3.16).

P = tZ2Nt + CZNc + CaZNa + qZNq ....  3.16

where:
P = force created on the device (kN ), 

t = specific weight in kN/m,

Z = sinkage in m,
C = soil-metal cohesion in kPa,
Ca = soil-metal adhesion in kPa, and 

Nt , Nc , N a and Nq are dimensionless constants.

The explanation offered for the observation by 

Salokhe et al. (1989) was that at the time of lug 

entry, soil failed vertically due to the initial 

compression caused by the downward movement of the lug. 

The soil just below the lug offered a severe resistance 
to this compression. Due to the compression, normal
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lug force increased continuously until it attained a 

peak value. After a few degrees of initial lug rota­
tion the vertical failure changed into a horizontal 
failure. Due to this, further lug rotation caused a 
horizontal pushing of soil in front of the lug and the 
soil flowed above the horizontal soil surface where it 
experienced the least resistance to deformation.

Overall, a good understanding of how the forces 
act on the running gear enables one to predict the 
magnitude and type of forces whenever there is need 
for design. More consideration on soil compaction may 
be made with such knowledge.

3 . 4 .  E f f e c t s  o f  R o l l  P r o p e r t i e s  o n  F o r c e - C o m p a c t i o n  
R e 1 a t  i  o n s h i p s

3.4.1. Effect of Type of Soil

In tests conducted by Vanden Berg (1958) the 

relationships determined between mean stress and bulk 

density were influenced by soil type. Typical curves 
from Decatur silt clay loam and Llyod clay with mois­
ture contents of 16 and 19% respectively showed that 

both the rate of change and total change in bulk 

density were greater for silt loam than for the clay, 

within the range of mean stress conditions. Similar 

data for a sandy loam soil with an average moisture 

content of 9* indicated a rate of change in bulk 

density slightly higher than of the silt clay loam.

Hovanesian (1958) noted that soil type affects the
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relationship between mean stress and bulk density. 
Bekker (1957) also noted that the parameters in equa­
tion 3.6 depended on the type of soil. These parame­
ters were higher for loam than sandy loam soil when 
compared at the same moisture content. Soehne (1958) 
found that the slope in equation 3.4 varied with soil 
type. Values of A were about 10, 14 and 12 for sand, 
loam and loam clay respectively. For a given pressure 
increase, the porosity of the clay decreased more than 
the other soil types, while the smallest decrease 
occurred in the sandy soil.

3.4.2. Effect of Particle-Size Distribution

Partic1e-size distribution influences the chemi­

cal, physical, and biological properties of soils. 
Larger particles of sand and gravel form the skeleton 
of the soil and determine many of its mechanical 

properties. The fine particles of clay have large 
surface areas per unit volume and they determine most 
of the chemical and physica1 -chemica1 properties of 

soils.
Particle-size distribution has an influence on 

strength, compressibility, water movement, temperature 

and aeration in soils. A change in void ratio with 

compaction is greater for a poorly graded soil than for 

a well-graded soil. A well graded soil contains both 

coarse- and fine-grained particles. In this soil the 

number of particle contacts and the areas of contact
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for any on? particle will be greater than in poorly 

graded soil. Resistance to shear-induced motion will 
therefore be greater and the change in void ratio for 
any single load application will be less than would 
occur with a poorly graded soil. In fine-grained soils 
where the pore size is smalIer than in coarse-grained 
material the effect of capillarity will be greater and 
the amount of moisture present should be greater than 
in coarse-grained soils.

3.A.3. Effect of Type of Clay Mineral

Two clay soils with the same pa r t i c 1 e-s i z e dis­
tribution can have very different colloidal properties, 
depending upon the mineral type. Clay particles are 

always surrounded by layers of water molecules called 
adsorbed water. Plasticity, compaction, interpartic1 e 

bonding, and water movement in soils are all related 

to the water layers. Each successive layer is held 

less strongly and the bonding quickly decreases to that 
of free water. The properties of the water close to 
the clay are different from those of free water.

Density is higher for the layer of water molecules 

close to the soil particle and it decreases outwards 

from the particle. The viscosity of the water layer 

close to the soil particle may be a hundred times 

greater than that of free water. The amount of swell­

ing depends on the clay minerals and their arrangement 

or orientation. The swelling also depends on
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exchangeable cations, pore-water salt concentration, 
and cementing bonds between clay particles.

Transition soils (fine sand, rock flour, silt) are 
soils with characteristics between sand and clay soils. 
When these soils are compacted at increasing moisture 
content, soil strength increases up to a maximum at the 
optimum moisture content then it decreases. This can 
be attributed to the following. The bonds between the 
particles are weak, and are therefore very sensitive to 
any variation of water content. A small percent 
change may lead to the complete loss of strength. This 
loss in strength as more water is added makes the 
compaction of the soil increase because the resistance 
offered by the soil particles to the compacting force 

is reduced (Kezdi, 1979).
If macro-pores (sphere-1 ike pores which are much 

greater than the grains) are present, then the compres-

sion of the sample at static 1 oad will be si i g h t

(Kezdi,1979). However, with water added a sudden

co!lapse occurs. increase in the amount of water in 
the soil perhaps leads to more collapse of the grains

enabling the soil compaction to increase as well.

VIhen the soil is relatively dry, during compaction 

no change in the moisture content occurs. The soil is 

far from being saturated and the deformation is 

inelastic. As moisture content increases to the 

vicinity of the optimum value the soil becomes highly 

elastic such that an increase on load may compact the



soil, but on removal of the load the particles rebound 
to their original positions.

When the moisture content is increased beyond the 
optimum, compaction is achieved only if water is 

squeezed out. In a Froctor test the soil is confined 
such that moisture does not escape easily. The 
response of soil to an applied load is merely a dis­
placement one. This reduces the amount of soil per 
given volume in the compaction mould. The position of 
the limit line depends on the mutual effects of the 
solid-water system on the physical properties of the 
grain surface and on the grain size distribution curve. 
Compaction leads to a decrease in both void ratio and 
pore water.

3.4.4. Effect of Soil Moisture Content

Moisture is almost always present in the soil mass 

and it influences the behaviour of the soil in response 

to external forces. Coarse-textured soils exhibit high 

capillary potential at low moisture contents. Finer 

textured soils hold a greater quantity of water at the 

same potential because of the greater number of con­

tacts. There is an optimum moisture at which maximum 
compaction occurs for a given amount of energy applied 
during the compaction process. In general, for

partly saturated conditions, the higher the 

moisture content of the soil, the more it is compacted 

by a given pressure. After reaching the saturation
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point, changes in compaction would result only by 
squeezing water out of the sample.

Data obtained by Hovanesian (1958) in developing 
equation 3.17 presented below, indicated that both soil 
type and soil moisture must be considered in using the 
relationship to predict changes in bulk density when a 
mass of soil is subjected to a given condition of mean 
stress.

pb = pQ + B 1 n( ( pB/pQ+ c ) / ( 1 +c ) ) ....  3.17

where:
= bulk density (g/cc),

pQ = initial bulk density under initial load condi­
tion PQ (g/cc), 

pB = mean stress (Pa), and 
c, B = parameters that depend on soil properties.

In studies of hardpan formation (Gerard et al., 

1964), it was found that the most important factor 
influencing compaction in soils under cultivation was 
the moisture content during the tillage operations. 

Coarse-textured soils were extremely susceptible to 

compaction when tilled at high moisture contents. 

Hegedus (1958) reported that very slight changes in 

moisture content modify the magnitude of the parameters 

in equation 3.7. In general, the three parameters in 

the equation decrease as the moisture content of the

soil i nc reases.
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3.4.5. Effect of Bulk Density

Although the state of compaction can be completely 

specified by giving the bulk density, the usual defini­
tion of the weight of oven-dry soil per unit of the 
bulk volume is the most difficult to use to predict 
behaviour of a soil subjected to an applied load. The 
bulk density can be related to porosity and void ratio, 
(Equations 3.18 and 3.19).

n = 1 ~ P|/Ps ... 3.18

n = e / ( 1 ♦ e ) 3. 19

where

n =

e =

I’b

Ps

porosity defined as the ratio of the volume of 

pore spaces or voids to the total volume, 

void ratio defined as ratio between void volume 

and volume of solids, 
dry bulk density (g/cc), and 

unit weights of the solid (g/cc).

At a given moisture content, an increase in 

initial bulk density increases values of kc and 
k» in equation 3.8. In general, for a given soil 
subjected to a set of external forces, the lower the 

Initial bulk density, the greater the volume change. 

This is particularly true if the structure of the soil 

has been affected by tillage operations.



4. MATERIALS AND METHODS

4.1. Soi1 Samp Iing Process

An easily assembled core sampler was locally 
fabricated as described by Wells (1959) and is shown in 
Figure 4.1. The samples were used to determine soil 
bulk density and moisture content values. Other 
alternative equipment like the piston-type, single 
tube barrel and double tube barrel soil samplers were 
not available.

The sampling equipment consisted of a sampling
tube of 52 mm internal diameter and 100 mm depth in

3which two core rings were placed. Each of the 100 cm 
core rings measured 49.0 mm internal diameter and

52.5 mm high. To provide least distortion to the
samples, the cutting edge of the sampling tube was
chamfered from the outside, the inside of the cylinder 

was relieved above the cutting edge, the walls were 

thin and the sampler head was not allowed contact with 

the soil surface. Hammering however caused some starts 
and stops that might have fractured the soil core.

When sampling soil, it was expected that the upper 

core ring received least disturbances, therefore it 

is the one that should be taken for bulk density 

analysis. However, in this experiment It was not

possible to fill the upper core ring with enough soli 

even after letting the whole depth of the sampling tube 

into the soil. In effect soil In the lower core ring
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was ♦’.he one used for bulk density measurement.

hammering point

ex tens i on rod

samp Ier head

samp 1 i ng tube 
core ring

Fig. 4.1 Core soil sampler.

4.2. Measurement of Soil Bearing Capacity

Barnes et al. (1971) reported that penetration 

tests have long been used in studying soil properties 
and their relations to stresses imposed by external 
agencies. However, the results of penetration tests 

are affected by the size, shape, and surface textures 

of the penetrating element, the rate and manner in 

which the element is advanced and the method of inter­

preting the results.
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In this study, penetrometer tests provide a quick 
and less laborious method of measuring soil compaction. 

The penetrometer was first calibrated to convert the 
scale readings to kilogramme force (kgf). These were 
changed into newtons then converted to cone index 
values < kPa ) by dividing with the base area of the cone 
element used. The element used a 30° cone with a base 
area of 96 mm .

4.3. Soil Compacting Equipment

A Water Bowser (Plate 1) was used instead of 
sugarcane trailers as a compacting unit. The unit 
carried more weight than most trailers in the sugar­

cane transport fleet when filled with water.

Apart from the general configuration of the water 
bowser, its load transfer was fairly close to that of 
both the single bundle and the nucleus estate trailers 

(see Plates 2 and 3).

The weight of the vehicle (tractor and bowser) on 

the weigh-bridge was 6400 kg. The bowser axle load was 

2590 kg. The weight of the tractor alone was 2810 kg. 

The weight of the empty bowser was therefore 3590 kg 

When empty the bowser transferred 1 0 0 0  kg to the 

tractor. This was slightly less than the load 

transferred to the tractor by either a single bundle 

trailer or a box type (nucleus estate) trailer of 1560 
and 1600 kg respectively.

To increase the axle loading of the bowser, an
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The presence of trash in the field may be reduced the 
induced soil compaction by traffic.

Plate 1. Water Bowser.

extra 2 . 3  tonnes of a metal load was added into it. 
The axle loads could easily be varied by letting out 
some water. This made room for the easy control of 

axle loads applied to the soil. The water bowser was

calibrated before it was used (see Appendix 3). During 

the test one merely made a water level reading and 

with the help of calibration results the corresponding

axle load was determined.
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Plate 2. Single Bundle Trailer.

Plate 3. Nucleus Estate Trailer.
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4.4. Soil Compaction Studies

To complete a study on compaction effects of 
transport vehicles on Mum ias Sugar Company sugarcane 
fields both field and laboratory tests were performed. 
To start with, investigations into the extent of 
compaction due to previous field traffic were con­
ducted. These were followed by field tests to estab­
lish safe axle loads beyond which the compaction 
induced by various transport vehicles would be con­
sidered detrimental to the soil.

Data was then collected on loaded trailer axle 
loads and payloads for various trailers. The data 
collected was used to select trailer units that would 

be unlikely to cause detrimental soil compaction based 

on the established safe axle loads and ground contact 

pressures.
Laboratory test were conducted to establish the 

relationships between moisture content, bulk density 

and compaction effort. The results would be compared 

with the ones obtained from field tests. The graphs 

for these relationships would be useful in predicting 

induced soil compaction levels under various soil and 

effort conditions.

4.4.1. Comparison of Soil Compaction Levels in 
Trafficked and Non-Trafficked Fields

4.4.1.1. Experimental Set Up

The bulk density comparisons were conducted at
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Mum i as in the Nucleus Estate sugarcane fields A8 , A10 

and a forest adjacent to them. Figure 4.2 shows the 
experimental set up. Textural and organic matter 
analysis were conducted on the soil using the standard 
hydrometer and Ua1k1ey-B 1ack methods respectively. The 
research sites were two extensively trafficked fields 
and one non-traffieked field. Each site measured 
15x20 m.

15 m 15 m 15 m
Forest

X X X  X

X X X X

X X X X

X X X X

X X X X

X X X  X

X X X X

X X X  X

Field A10
xx 
X X 

X X 

X X 

X X 

X X 

X X 

X X

x: samples for dry bulk density determination
taken from here.

Figure 4.2. Sites for trafficked <AB and A10) and 
non-traffieked (Forest) fields.

4.4.1.2. Procedure and Analysis

Samples for bulk density were taken from a depth 

of 10 cm up to 50 cm in steps of 10 cm using the core 

soil sampler shown in Figure 4.1. A total of 48 and 

32 soil samples were taken at random on the surface and 

in the subsoil (respectively) at each site. Soil was 

trimmed flat, using a sharp knife, at the top and 

bottom ends of the desired core ring to maintain a
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volume of 100 cm3. The samples were weighed before and 
after oven drying at 105°C for two days. Dry bulk 

density was calculated by dividing the dry weight of 
the soil by the inside volume of the core ring. The 
moisture content was calculated by dividing the weight 
of the water after oven drying by the wet weight of 
the soil.

Graphs showing the profiles of dry bulk density 
and gravimetric water content for extensively 
trafficked and non-trafficked sugarcane fields were 
drawn. The dry bulk density profiles helped in 
identifying the depth to which compaction due to 
traffic influence had extended. The moisture profiles 
on the other hand showed the effect of compaction on 

soil moisture.

A statistical analysis using a t-test based on the 
principle of comparison of two independent samples with 
an equal variance at 5 percent confidence level (Steel 

and Torrie, 1987) was performed. This test compared 

mean dry bulk density values in trafficked and non- 

trafficked fields, first on the surface layer (0 to 30 

cm) and next in the subsoil layer <30 to 50 cm).

The influence of soil moisture content on soil dry 

bulk density was also statistically analyzed. The 

influence of soil type on dry bulk density was 

determined. To decide on whether soil type affected 

the measured dry bulk density values, a comparison of 
the various proportions of sand, silt and clay for the



52

different soils tested was made. In case the type of 
soil affected the measured dry bulk density, variation
in the proportions of say sand for one of the soil
types would be fol 1 owed by variation i n dry bu 1 k
dens i ty vaIues.

4.A.2. Establishment of Safe Axle Loads

4.4.2.1. Experimental Set Up

Following the preliminary studies at Mumias 
reported above, field studies were established in 
February 1990 at three different sites in the Nucleus 
Estate. The sites were selected on the basis of crop 
stage, bulk density and type of soil. All the three 
fields had on them sugarcane ready for harvesting. 
Fields A18x and D118x had a plant crop, and field B3 

had a first ratoon crop. Sugarcane was harvested and 

carried out of the fields by hand labour. The trash, 

however, was carried out with the help of a 3.5 tonne 

bell loader running on 18.4x30 tyres with an inflation 

pressure of 104 kF'a. This unit was chosen because its 
soil compaction effects compared with that from sugar­
cane transport vehicles were considered negligible.

At each site three levels of moisture content and 

inflation pressure and four levels of axle load of soil 

compaction were utilized in a split-split, plot design 

as shown in Figure 4.3. The detailed experimental 

layout is shown in Appendix 4.
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Soil m.c 2 Soi1 m.c. 1 Soil m.c. 3

P 2 P! P3
A4 A2 AO A3 A 1
X

0

X

0

X

Figure 4.3. A schematic diagram of the experimental 
layout.

This is a split-split plot design in which each site 
is a block, each moisture is a main plot, each tyre 
inflation pressure is a subplot and each axle loading 
is a sub-subplot. Here Pt to P3 are different trailer 
tyre inflation pressures, AO to A4 are different axle 
loads appl ied, and x and o are the points in which 
samples for bulk density and penetrometer readings were 
taken (respectively).

The control treatment involved no compaction 

except from that caused by previous field operations. 

The highest moisture content obtained in all the three 
fields was after heavy rains. Lower moisture contents 
were achieved by letting the fields dry naturally. A 

water bowser was used for the compaction treatments. 

The experiments were designed in such a way that on any 

particular day a set of treatments had to be completed 

lest the weather conditions varied. Tyre inflation 

pressures used were 180, 207 and 235 kPa depending on 

the treatment required. The tractor tyre inflation 

pressures were 152 and 180 kPa for the front and rear 

respectively, and the water bowser axle loads used
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ranged from 5 to 10 tonnes.

4.4.2.2. Procedure and Analysis

The test involved running the vehicle forward and 
then reversing it out at a reasonably slow speed in 
sugarcane rows previously chosen at random. Two and 
three replicates (respectively) of penetrometer read­
ings and soil samples for bulk density analysis were 
taken. The cone readings were taken to a depth of 
40 cm in steps of 8 cm starting at the soil surface. 
Samples for bulk density were taken using the soil 
sampler shown in Figure 4.1 and described in 
Section 4.1. The samples were taken at depths of 10 
and 20 cm. Further depths of 30 and 40 cm were used 

for samples in the 9 tonnes and control treatments. 
These would be used in showing the variation of soil 

compaction with depth.
An estimate of tyre contact area was obtained from 

equation 4.1. This equation shows the relationship 
between the area of contact and the largest dimensions 

of an ellipse.

Area of contact = 0.886 x LU .... 4.1

where:
L, V) = the largest length and width of the ellipse 

r espect i ve1y (m ).

The elliptical patches were obtained by sprinkling a 

white powder around the edge of the contact area. The
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vehicle was then driven off, and a sheet of clear 

plastic (polythene) was placed on the soil. The 
contact area, clearly outlined by the white powder, 
was then drawn with felt pen. The contact area was 
later measured from the plastic sheet by counting the 
squares covered. The largest length and width were
measured for al 1 the el 1 ipses formed. A regression 
analysis was performed on some randomly chosen el 1 ipses 
traced out of the area of contact to develop this 
relationship, (see Appendix 5).

To analyze the data, graphs showing the following 
relationships were developed:
(i) mean dry bulk densities against loaded trailer 

axle loads for various levels of soil moisture 

content, inflation pressure and different soil 

types,
(ii) ground contact pressures against loaded trailer 

axle 1oads and
(iii) mean cone index values against ground contact 

pressures for various levels of soil moisture 
content, inflation pressure and different soil 

types.
Two types of curves were considered to best 

describe the data. These were a power curve (Equation 

4.2) and an exponential curve (Equation 4.3). Using 

curvilinear analysis, Little et al. (1978), empirical 

equations based on these two curves were determined. 

The equations related induced soil compaction and the
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compacting effort. Possible explanations for the 
graphical observations were offered.

Y = aXb .... 4.2

Y = 3bl“ .... 4.3
where:

Y = resulting compaction Ig/ccl,
X,x = compacting effort < kN ) and 

a, b, k = are constants which depend on soil 
prope r t i es.

Two approaches were used to establish the safe 
trailer axle loads. These were:
(i) the safe trailer axle loads were computed on the 

basis of a critical bulk density value chosen from 
Table 2.2.

(ii) the safe trailer axle loads were established from 

a statistical analysis. Here the significance 

difference of induced soil compaction due to 

various compaction efforts from the compaction in 

non-treated sections were determined.
Using the critical bulk density approach the safe 

trailer axle load was computed directly from the 

relationship between dry bulk density and the applied 

trailer axle load. To avoid extrapolation, graphs 

whose maximum induced soil compaction values exceeded 

or were close to the critical soil bulk density value 

were the only ones considered for the computation of
safe trailer axle loads.
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The statistical approach on the other hand 
compared ♦ lie induced soil compaction levels for the 
various compaction pressures with soil compaction in 
sections where no load was applied. The analysis used 
t tests based on the principle of comparison of two 
independent samples with an equal variance at 5 percent 
confidence level (Steel and Torrie, 1987). A safe 

ground contact pressure beyond which compaction was 
considered significant was established. Using this 
safe ground contact pressure and relationships between 
ground contact pressures and trailer axle loads, safe 
axle Ioads were computed.

It was important to choose one of these two 
methods (that is the critical bulk density and the 

statistical methods) based on the one which gave 
reasonable safe trailer axle loads. In order to make 
this choice tyre specification manuals for an 

agricultural environment were used. In these manuals 
tables for the permissible trailer axle loads for 
various tyre sizes and inflation pressures are given. 

The method whose computed safe trailer axle loads at 

the various inflation pressures was close to the values 

in the tables was selected as the better of the two. 

The safe trailer axle load obtained using this method 

was then used in the analysis of suitable trailers

units.
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4.4.3. Analysis of Suitable Trailer Units

4.4.3.1. ExperinentaI Set Up

Data to be used to select trailer units that would 
be unlikely to cause detrimental soil compaction was 
collected at the weigh-bridges of Mumias between 
February and April, 1990. Two types of trailers were

4

utilized: single bundle trailer (SBT) and box type or 
nucleus estate trailer (NET), (see Plates 2 and 3). 
A sma1 1 amount of data was gathered for a High Capacity 
Ein Trailer (HCBT, Plate 4) due to its low availabil­
ity. Five types of prime movers were used to pull

FI  a t e  4. H i g h  C a p a c i t y  B i n  T r a i l e r .
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both the SBT and NET. These were: John Deere 2250, 
2WD; Same Explorer 80, 4UD; Same Centauro 75, 4UD; Same 
Saturno 80, 2UD and Ford 5610, 2UD tractors. The HCBT 
was pulled by either a Deutz-Fahr tractor or a 4UD 
Lamborghini 956.

4.4.3.2. Procedure and Analysis

Data collection involved recording weigh-bridge 
readings when the:

(i) loaded vehicle was on the weigh-bridge,
(ii) loaded trailer was alone on the weigh-bridge,
(iii) empty vehicle was on the weigh-bridge and,
(iv) empty trailer was on the weigh-bridge.

Regression and correlation coefficients for the

loaded trailer axle loads against payloads were deter­
mined and graphs showing the relationships were drawn. 
The mean and standard deviations of payloads and axle 
loads, when the trailers were loaded were determined.

To select the trailer units that do not cause 

detrimental soil compaction, the proportion of the 

number of trailers, for each trailer type, that carried 

in excess of the established safe axle load was com­

puted. Where the proportion was zero the type of 

trailer considered did not cause significant soil 

compaction. Otherwise some of the trailers caused 

significant soil compaction.
Safe payloads were determined from the established 

relationships between loaded trailer axle loads and
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payloads. Where the safe payloads fell above the sum 

of mean payload and the corresponding standard devi­
ation, it was recommended that the amount of sugarcane 
carried by this type of trailers should be increased to 
the maximum possible payload to get maximum profits.

4.4.4. The Proctor Test Analysis

It was necessary to conduct laboratory tests to 
determine the relationships between soil moisture, bulk 
density and the compaction effort. These would be used 
to predict compaction levels for a wide range of soil 
moisture and load conditions. The moisture range 
available during the field tests was very narrow, 
therefore there was need to look for an alternative 
method which would widen this range. There was also 
need to find out if maximum compaction had been 

attained with the narrow field moisture range used. A 

comparison of the results of the Proctor test and field 

treatments would be useful in the prediction of 

compaction due to machinery in the fields knowing field 

and loading conditions.
The response of soils in the fields to compaction 

pressures was greatly affected by such factors as 
variability in soil structure, soil strength, distribu­

tion of soil moisture and organic matter. Only under 

laboratory conditions was it possible to have uniform­

ity in soil strength, soil structure and soil moisture 

by thoroughly mixing the soil.
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A.A.4.1. F.xper i oionl.a i Set Up

To compare field and laboratory results, it was 
desired that a sampler as described by Foale and 
Upchurch (1982) be used to get undisturbed soil samples 
to depths of about 40 cm. This equipment was not 
available. The samples would be subjected to 
pressures similar to ground contact pressures developed 
by sugarcane transport trailers. The degree of soil 
compaction at various depths would then be investigated 
by measuring soil bulk densities at different points 
along the sample depth.

The Proctor Test, Appendix 6 (Bowles, 1978), with 
modifications provided an alternative suitable approach 

for the comparison between field and laboratory 
results. Instead of using an impact force as used in 
Proctor Tests, a compression force was applied. This 

simulated pressures that are normally exerted to the 

soil by field vehicles. A seIf-fabricated compaction 

mould and a compacting unit attached to a penetrometer 

(see Fig.4.4) were used to generate these pressures.

Notch

Mould

Base plate

Fig. 4.4. Apparatus used in the Proctor test.
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The dimensions of the mould were as per the
requi rements of the standard Proctor Test. The
penetrometer was used because it provi ded the sea 1e on
which to read directly the pressure being applied.

4.4.A.2. Procedure and Analysis

The test to determine the relationships between 
soil moisture content, dry bulk density and compaction 
effort were conducted in the Agronomy Section Labora­
tory of Mumias Sugar Company. Soil was sampled from 
the three experimental sites of Section 4.4.2 from both 
surface and subsoil layers. The soils from the two 
layers were mixed for each field. The soils were then 
sun-dried for three days and crushed to pass through 

Number Four sieve. Eight levels of moisture content in 
increments of 2% from 6 to 24% (wet weight) were used. 

In order to use compaction pressures close to the 

values caused by the compaction vehicles used in the 
field, stress values of 108, 142, 151 and 169 kPa were
appI i ed.

Since the load applied was compressive (and not an 

impact one as in the standard Proctor Test) aspects 

like dwell time, number of cycles of loading and stress 

to be used had to be determined. An assumed average 

speed of 4 km/h (1.11 m/s) for sugarcane transport 

vehicles was used to calculate dwell time.

A print length of 70 cm was obtained from an 

18.4x30 tyre. Dwell time was 0.63 seconds per pass.
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For four passes dwell time was 2.52 seconds. This was 
approximated by a 3.0 second duration. Four passes 
were achieved out of the 18.4x30 tyres on the vehicle 
during the field tests. The assumption was that the 
sum of ground contact pressures developed by the 
tractor rear and front tyres was equal to that 
developed by the water bowser tyre. This is supported 
by the calculation shown in Appendix 7.

The number of cycles of loading per layer was 
obtained by dividing the area of the mould by that of 
the compacting unit.

The results were first used to plot graphs of dry 
bulk density against moisture content at various load 
applications for the different soil types. A 

comparison of the Proctor and field tests results for 

the same soil type, compaction pressure and moisture 

content was made. The moisture content at which 

maximum compaction occurred was determined. This gave 

an indication of the moisture conditions under which 
the soils of Mumias Sugar Company are most vulnerable

to compaction.



5. RESULT S AND A N A L Y S I S

To accomplish objectives of the research study on 
the effects of soil compaction on the sugarcane fields 
of Mumias Sugar Company it was necessary to make 
careful observations during the field tests.

5.1. The Types of Soil in Trafficked 
and Non-Trafficked Fields

A textural analysis for the soils at the three 
experimental sites was done (see Tables 5.1 and 5.2). 
Table 5.1 shows that the three sites had different soil 
types in the soil surface with no difference in the 
subsoil. The differences in the proportions of sand, 
silt and clay for the soils of fields A8 and F were 
only 5.6. 3 and 2.6 percent (Table 5.2) respectively. 
Similarly the differences in proportions of sand and 
clay for field sites A8 and A10 were as high as 17.4 

and 21.4 percent (respectively).

Table 5.1. Types of soil in trafficked (AQ and A10) 
and non-traffieked (F) fields.

Field surf ace subsoi1

A8 sandy clay 1oam sandy clay 1oam
A10 1 oam sandy clay 1oam
F sandy 1oam sandy clay 1oam

64
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Table 5.2. Soil texture in trafficked (A8 and A10) and 
non-trafficked (F) fields.

T ex ture ( % )

surface ( 0 - 3 0 ) cm subso i1 ( 30-50 ) cm
Field sand c 1 ay s i l t sand c 1 ay s i l t

A8 64.8 21.2 14.0 69. 9 24.7 5.40
A10 47.4 17.2 35.4 66.4 30.2 3. 40
F 70. 4 18.2 11.4 72.2 24.4 3.20

5.2. D r y  B u l k  D e n s i t y  a n d  M o i s t u r e  D i s t r i b u t i o n

In order to confirm that infield traffic causes 
significant soil compaction, the levels of soil 
compaction between sugarcane fields with and without 
infield use of transport vehicles were measured. 
Samples for this study were taken from fields A8 and 
A10 (fields with traffic influence) and F (field 
without traffic influence). Profiles of dry bulk 
density and gravimetric water content in the field 
sites at the time of sampling are shown in Figures 5.1 

and 5.2.
Comparison of graphs A8 and A10 with F 

(Figure 5.1 and Table 5.3) shows that the fields with 
traffic influence had higher dry bulk density values 
which were significant at 5 percent confidence level 

In the layer between 0 and 30 cm soil depth than those 

without traffic influence. The difference was

insignificant for the soil layer between 30 and 50 cm 
for trafficked and non-trafficked fields. The mean
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dry bulk density in the soil layer O to 30 cm 
fields without traffic influence was 1.35 j/cml

Dry bulk density, g/cc.

1.2 1.3 1.4 1.5 1.6 1.7

for

Figure 5.1. Profiles of bulk density for trafficked 
and non-trafficked fields.
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Table 5.3. Mean dry bulk densities (g/cm^> for
trafficked (A8, A10) and non-trafficked
(F) fields.

S u r f a c e  ( 0 - 3 0 )  c m S u b s o  i  1 ( 3 0 - 5 0 ) c m

Field m e a n s . d d f t m e a n s . d d f t

A 8 1 . 5 9 0 . 0 8 7 7 0 5 . 2 5 4  * 1 . 5 5 0 .  0 7 8 4 6 0 .  2 3 5
A 1 0 t .  5 5 0 . 0 7 6 9 4 5 . 9 6 9 » 1 . 5 4 0 . 0 5 4 6 3 0 .  2 7 2
F 1 . 3 5 0 . 2 1 5 1 . 5 2 0 .  1 9 1

df = degrees of freedom when the mean dry bulk
density value for fields A8 or A10 is compared 
with that for F.

* = s i gn i f icant 
s.d = standard deviation

t = observed t value at 5% probability level.
Tabulated t lies between 1.980 and 2.021 in 
all cases

Figure 5.2 shows that moisture content in the 
trafficked fields was lower than in the non-trafficked 

fields, up to about 15 cm soil depth.
However, beyond 30 cm depth moisture content was 
higher in the trafficked than in the non-trafficked 

f i eIds.
Table 5.4 shows the trend of dry bulk density as 

it varied with increasing moisture content. From 
Table 5.4 it can be seen that there was a general 
decrease in dry bulk density as moisture content 
increased. However there was no significant 

difference in moisture content in the three fields. 

It is also noticeable that the differences in mean 

moisture content between fields A8 and A10, and A8 and 
F were similar while the corresponding differences in
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Figure

Moisture content, w(%).

18 19 20 21 22

5.2. Profiles of gravimetric water content 
for trafficked (A8 and A10) and 
non-trafficked (Forest) fields.

mean dry bulk density values were not.
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Table 5.4. Dry bulk density variation with increasing 
moisture content

Field A8 A10 F
m. c b. d m. c b. d m. c b. d
19. 5 1.64 18. 3 1.52 19. 7 1.46
20. 6 1.56 19.3 1.56 19.9 1.45
21.5 1.55 20. 1 1.55 20.0 1.55
21.6 1.56 20.6 1.54 20. 9 1.24
22.0 1.55 20.8 1.53

mean 21.0 1.57 19.8 1.54 20. 1 1.43
t < p=0.05 ) 0. 59 0. 18

Table 5.4. ICont'd 1

d i f f erence i n mean va1ues

Field m. c b. d

A8 and A10 1.2 0. 03
A8 and F 0. 9 0. 14

t(p=0.05) = two-tailed t-test at 5 percent level 
comparing the mean moisture contents 
of AS or A10 with F for the same 
number of samples as in Table 5.1.

5.2. Relationships Between Dry Bulk 
Density and Applied Load

Tables 5.5a to 5.5c show dry bulk density values 
as affected by the applied load. The dry bulk density 
data for each tyre pressure row is related to the 

applied load by Equation 5.1. A curvilinear analysis 
as described by Little and Hills <19781 was performed 

to determine the constants a and b in Equation 5.1, and 
the corresponding correlation coefficient. The results 

are also shown in Tables 5.5a to 5.5c.
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Pd = a ebL ....  5.1

where:
a,b = soil constants, 
pd = mean dry bulk density (g/cm3), and 
L = load per tyre, kN.

Figures 5.3 and 5.4 are based on the data from 
Tables 5.5a and 5.5b. They show the effect of the
applied load per tyre on mean dry bulk density at sites 
A18x and B3 respectively. The figures show that in 
general there was an increase in mean dry bulk density 
with increased load application for moisture contents 
not greater than 22 percent (wet weight).

Table 5.5a. Soil dry bulk density (at 10 cm soil 
depth) as affected by applied load per 
tyre (L) at site A18x for various 
moisture and tyre pressures

L ( kN ) 26.0 34.4 39.3 44.2

A B Bulk density lg/cc) a b r2

180
207
235

17.2
1.487 
1.507 
1.567

1.493 
1.517 
1.584

1.507 
1.528 
1.590

1.520 
1.568 
1.600

1.438 
1.423 
1.522

0.0012
0.0020
0.0011

0.914 
0.802 
0. 995

180
207
235

21.3
1.520
1.527
1.480

1.553 
1.550 
1.524

1.560
1.577
1.520

1.590 
1.613 
1.571

1.430
1.408
1.370

0.0024
0.0030
0.0030

0. 965 
0. 950 
0.881

180
207

22. 1 1.368
1.467

1.426 
1.409

1.373
1.493

1.340 
1.373

1.439
1.559

-0.0012
-0.0023

0. 137 
0. 220
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Table 5.5b. Soil dry bulk density (at 10 cm soil 
depth) as affected by applied load per 
tyre (L) at site B3 for various moisture 
contents and tyre pressures

L ( kN ) 26.0 34.4 39. 3 45.2
A B Bulk dens i ty (g/cc) a b

180 1.474 1.4 93 1.496 1.513 1.425 0.0013 0. 968207 18.3 1.514 1.512 1.519 1.524 1.497 0.0004 0.6 90
235 1.508 1.542 1.582 1.602 1.389 0.0031 0. 984
180 1.487 1.494 1.513 1.570 1.375 0.0027 0. 790
207 20.8 1.463 1.487 1.524 1.587 1.302 0.0042 0. 918
235 1.487 1.491 1.487 1.554 1.400 0.0020 0.551
180 1.429 1.433 1.501 1.504 1.313 0.0031 0. 777
207 20. 9 1.482 1.535 1.508 1.512 1.463 0.0009 0. 233
235 1.509 1.507 1.516 1.516 1.496 0.0003 0. 593

Table 5.5c. Soil dry bulk density (at 10 cm soil 
depth) as affected by applied load per 
tyre (L) at site D118x for various 
moisture contents and tyre pressures

L (kN) 26.0 34.4 39.3 45.2
----- y-

A B Bulk density (g/cc) a b r2

207 22.4 1.258 
1.341

1.314 
1.320

1.362 
1.474

1.259 
1.301

1.257 
1.346

0.0009
0.0002

0.034
0.001

235 24.4 1.578 
1.259

1.286 
1.251

1.276 
1.283

1.213
1.317

2. 159 
1. 171

-0.0130
0.0024

0. 869 
0.710

a, b = constants In (pd = aebL), equation of best 
fit for the data in each row,

A = tyre pressure (kPa),
B = soil moisture content, w(%) wet weight, 
p. = mean dry bulk density (g/cc),
L = applied load per tyre < kN ) , and 
r = correlation coefficient.
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Load per tyre, kN.
Fig. 6.3 Soil bulk danally aa attmotad by lb* appllad load.



73

The relationships between mean dry bulk density 
and the applied load were inconsistent for moisture 
contents greater than 22* at sites A18x and DllBx (see 
Tables 5.5a, 5.5b and 5.5c). Where the relation was
positive when the moisture content was above 22* (wet 
weight), the square of the correlation coefficient was 
less than 0.5. Otherwise it was greater than 0.5 for 
a negative relationship. The squares of the correla­
tion coefficients were always greater than 0.6 for the 
relationship between dry bulk density and the applied 
load when the moisture content was not greater than 22 
percent (wet weight).

The effect of tyre pressure on soil compaction was 
also investigated. Figure 5.3 shows graphs relating 
bulk density and load per tyre at different tyre 
pressures for a moisture content of 21.3* (wet weight) 
at site A 18x. Initially the difference in mean dry 

bulk density for trailer tyre pressures of 180 and 
207 kPa was only 0.007 g/cm3 (see Table 5.5a).
The difference, however, became larger at high

loads, (0.017 and 0.023 g/cm3 for 39.3 and 44.2 kN 
load per tyre respectively), with the graph for tyre 

pressure of 207 kPa lying above that for 180 kPa.
The graph for 235 kPa tyre pressure with a low 

initial soil dry bulk density lay distinctly below 
those for 180 and 207 kPa pressure (see Figure 5.3). 

However, in Figure 5.4, at a moisture content of 

17.2* (wet weight), the graph for 235 kPa tyre pressure
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with a high initial soil dry bulk density separated 
from and lay above those for 180 and 207 kPa inflation 
pressures.

At high moisture content the mean dry bulk 
density for a tyre pressure of 207 kPa (Table 5.6) 
decreased. Where soil moisture was uniform, soil bulk 
density tended to increase with increase in load 
application, (see Table 5.6) as evidenced by a tyre 
pressure of 180 kPa with a standard deviation of 0.72 
for moisture content.

Table 5.6. Effect of soil moisture distribution on 
soil compaction (10 cm soil depth) at one of 
the experimental sites

Tyre pressure ( kPa ) 180 207

Load/tyre 
( kN ) m. c b. d

Load/tyre 
( kN ) m. c b. d

26.0 21.85 1.3680 39.3 19.3 1.493
34.4 21.88 1.3727 26.0 20. 5 1.467
39.3 21.92 1.4263 45.2 20. 9 1.373
45.2 22.56 1.3400 34.4 22. 1 1.409
00.0 23.53 1.3677 00.0 25.8 1.297

Mean 
Std Dev.

22.35 
0. 72

21.7
2.5

The effect of initial soil dry bulk density on

soil compaction was also investigated (see Table 5.7).

From this table the mean change in dry bulk density due
3to increased load application were 0.035 and 0.099 g/cm 

for initial dry bulk densities of 1.480 and 1.410 g/cm^

respect ively.
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Table 5.7. Effect of initial dry bulk density on soil 
compaction (10 cm soil depth) at site B3

L ( kN >
moisture (%) b. d (g/cc) Df - Do
20. 8 20. 9 20. 8 20. 9 20. 8 20. 9

0.0 21.0 21.6 1.480 1.410
26.0 21.5 21.0 1.463 1.482 -0.017 0.072
34. A 21.2 20. 3 1.487 1.535 0.007 0. 125
40. 2 20. 1 20.2 1.524 1.508 0. 044 0.098
44. 2 20. 2 21.2 1.587 1.512 0. 107 0. 102

Mean 20.8 20. 9 0.035 0.099

Dj = dry bulk density after treatment 
D = initial dry bulk density 
L = load per tyre, kN.

The effect of axle load on mean dry bulk density 
for the two soils is shown in Figure 5.5. Mean dry 
bulk density increased with axle load application.
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The graph for the brown sandy loam soil of site A 18x
lay above that for the sandy c 1 ay 1 oam soil at site
B3. The change i n mean dry bulk dens i ty from one axle
loading to another was fairly uni form for the two soil
types.

The relationsh ip between ground contact pressure
and the applied 1oad per tyre was investigated. The
resu1t s are shown i n T ab1es 5 .8a and 5.6b. The
contact pressure data i n each tyre pressure column was
related to the app1i ed 1oad by Equation 5.2. A
regression analysis as described by Little and Hills 
(1978) was performed to determine the constant b in 
the equation and the corresponding correlation 
coefficient. The results are also shown in Tables 
5.8a and 5.8b.

Table 5.8a. Contact pressure as affected by applied 
load per tyre at site A18x for various 
tyre pressures and moisture content

Tyre pressure 180 
( kPa)

207 235 180 207 235

Moisture (%) 17.2 21.3

Load/ty r e. kN Contact pressure (kPa)

0.0 0.0 0.0 0.0 0.0 0.0 0.0
26.0 99.0 98.5 106.2 110. 4 113.7 104. 9
34.4 128.3 135.2 140.0 148.5 138.6 140.5
39.3 144.6 162.2 152. 1 156.2 153.0 161.4
44.2 165.0 180.2 166.9 173. 8 169.7 180.7

b 3.730 4.026 3. 982 4.071 3. 969 4.231
r2 1.000 0. 996 0. 998 0. 992 0. 992 0.982
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Table 5.8b. Contact pressure as affected by applied 
load per tyre at site B3 for various 
tyre pressures and moisture content

Tyre pressure 180 
< kPa)

207 235 180 207 235

Moisture <%> 18.3 20.8
Load/tyre , kN Contact pressure (kPa)

0.0 0.0 0.0 0.0 0.0 0.0 0.0
26.0 99.0 98.3 108. 6 104. 9 92. 9 95.6
34. 4 134.8 129.2 127.0 141.9 113.6 122.7
39. 3 148.7 136.8 138.0 149.8 133.5 133.5
44.2 167. 1 158. 1 153. 6 186.9 153.6 161.3
b 3. 787 3. 954 3. 954 4.032 3. 402 3.537
r2 0. 998 0. 994 0. 978 0. 994 0. 998 0. 998

b = constant in <CP = bL), best fit equation for 
the data in each column,

CP = contact pressure, kPa 
L = applied load per tyre, kN. 
r = coefficient of correlation.

CP = bL .... 5,2

wher e :
CP = ground contact pressure, kPa 

L = applied load per tyre, kN and 

b = constant

Figure 5.6 was derived using the data of Table 

5.8a. It is seen from this figure that an increase in 

the load applied increased the ground contact pressure

1i near 1y.
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The graphs for tyre inflation pressures of 180 and 

235 kPa were on average higher than, but not distinctly 
separate from, that for 207 kPa pressure. This implies 
that for the same axle load application higher ground 

contact pressures were developed for 180 and 235 kPa 

than 207 kPa tyre inflation pressures.

5.4. C o n e  I n d e x  Distribution

Whereas the dry bulk density method was laborious 

and time consuming, the use of a cone penetrometer 

facilitated an alternative approach to the 

establishment of safe axle loads. However, cone index 

values are affected by soil moisture content. It was 
found that initial soil strength affected the constants



in the empirical equations developed. The
penetrometer was calibrated before use as shown 
in Table A8 in Appendix 8.

Samples of the profiles of the cone indices are 
shown in Figures 5.7a and 5.7b. Soil strength 
increased with increase in axle load application 
at depths of 8 and 15 cm at sites B3 and A18x respec­
tively. There was no specifiable trend of change in 
soil strength at the surface or beyond 15 cm depth with 

increased axle load.
The relationships developed between soil strength 

and the compacting effort was investigated. The 
results are shown in Tables 5.9a and 5.9b. Equation 

5.3 was used to relate cone index and the applied 
ground contact pressure for each tyre pressure. The 
constants a and b, and the coefficient of correlation 

were determined from a curvilinear analysis.

Cl = a ebP ....  5,3

\

where:
Cl = cone index, kPa 
P = ground contact pressure, kPa 

a, b = constants.

Figure 5.8 represents one such relationship. The 

figure shows that an increase in compacting pressure 

increased soil strength. When compared to bulk

79

density and the applied load relationship, the rela.
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Cone index, kPa.

0 1000 2000 3000 4000

Figure 5.7a. Profiles of cone indices for various 
load applications at site A18x.

tionship between cone index and compacting pressure 

give better correlation coefficients even when the 

initial soil strength is considered.
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Cone index, kPa.

1000 2000 3000

Figure 5.7b. Profiles of cone indices for various 
load applications at site B3.
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Table 5.9a. Cone Index as affected by ground contact 
pressure at site A18x for various tyre 
pressures and moisture contents

m. c i. p a b--P(X ) ( kPa )
17.2 180 P 0 99 128 145 165

C 1 626 910 1479 1877 216 1 566 0.0076 0. 903
17.2 235 P 0 107 140 155 173

Cl 1479 1934 1991 2047 2218 1486 0.0022 0. 980
21.0 180 P 0 110 133 145 156

Cl 910 1080 1194 1308 1422 885 0.0026 0. 878
21.3 207 P 0 114 139 153 170

Cl 1308 1479 1649 2218 26 16 1202 0.0035 0. 663
21.0 235 P 0 87 115 126 154

Cl 796 1137 1308 1536 1706 777 0.0050 0. 974

Table 5.9b. Cone index as affected by ground contact 
pressure at site B3 for various tyre 
pressures and moisture contents

m. c i. p a b--P
(X) ( kPa)
18. 3 180 P 0 99 135 149 167

Cl 910 1308 1536 1706 2047 880 0.0045 0. 960

18. 3 207 P 0 98 129 137 159
C 1 1365 1479 1649 1877 1990 1310 0.0022 0. 782

a, b
C 1 
P 
r

i . p 
m. c

= constants in (Cl = aebP) equation relating 
cone index and ground contact pressure,

= cone index in kPa,
= ground contact pressure in kPa,
= coefficient of correlation,
= tyre inflation pressure, and 
= soil moisture content.

give better correlation coefficients even when the

initial soil strength is considered
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Fig. 5.8. Cone index as affected by ground 
contact pressure at site Alox.

5.5. Establishment of Safe Axle Loads

Table 5.10 shows the established safe loads for an 

18.4x30 tyre based on the relationship between dry bulk 
density and the applied load per tyre. As an example,

the safe load when the soil 
percent for a tyre pressure 

(see Table 5.5a) was determ 
tyre pressure the values of 
0.002 (respectively). From 

bulk density value of 1.58 g< 

safe load. Inserting these 

Equation 5.1 a safe load 
computed. Safe loads at

loisture content was 17.2 
of 207 kPa at site A18x 
,ned as follows. At this 
a and b are 1.423 and 
Table 2.2 a critical dry 

cm3 is used to compute the 

values of a, b and Pj, in 

per tyre of 52.3 kN is 
the other soil moisture
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contents, soil types and tyre pressures shown in Table
5.10 were computed likewise using the corresponding 
values of a and b from Tables 5.5a and 5.5b while 
maintaining a critical dry bulk density value of 
1.58 g/cml

Table 5.10. Safe loads established from dry bulk 
density and load per tyre relationships

Site Inflation Safe 1oad/tyre
(soil type) m. c. pressure (18.4x30 size)

( X ) ( kPa ) (kN )
A 18x 17.2 207 52. 3

Brown sandy 17.2 235 34.0
1 oam 21.3 180 41.6

21.3 207 38. 4
21.3 235 47.3

B3 18.3 235 41.6
Brown sandy 20.8 180 46. 1
clay 1oam 20.8 207 51.5

Mean 44. 1

Tyre load limits at various inflation pressures 

are shown in Table 5.11. The computed mean safe load 
per tyre was 44 kN. Comparison of Tables 5.10 and 5.11 
shows that the established safe loads per tyre ranged 
from 1.23 to 1.89 times the load limit at 180 kPa

inflation pressure.
Using the established safe load per tyre of 

44 kN, Equation 5.2 and the appropriate value of the 

constant b from Tables 5.8a and 5.8b, safe contact 

pressures shown in Table 5. 12 with a mean of 174 kPa 

were computed.
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Table 5.11. Tyre inflation pressures (kPa) for various 
loads (kg) for traction-type tyres

Tyre
size

Ply
rating

Tyre loads 
pressures,

at various cold inflation 
maximum speed 32 km/h

152 166 180
18.4x28 10 2477 2609 2732
18.4x30 10 2559 2691 2822
18.4x30 10 27 13 2854 2991

Loads and inflations are for maximum speeds up to 
32 km/h.
Source: Tire and Rim Association (Traux et al . , 1985).

Table 5.12. Safe ground contact pressures established 
from dry bulk density and ground contact 
pressure relationships

Site Inflation Safe ground
(soil type) m. c . pressure pressure

(%) ( kPa) ( kPa)

A 18x 17.2 207 177
Brown sandy 17.2 235 175

1 oam 21.3 180 179
21.3 207 175
21.3 235 186

B3 18. 3 235 174
Brown sandy 20. 8 160 175
clay 1oam 20. 8 207 150

Mean 174

A statistical analysis on dry bulk density results 

was performed to determine whether the compaction due 

to the different loads applied were significantly 

different from non-treated sections (see Tables 5.13a 
to 5.13d). Different strips were used for the various 

ground contact pressures applications. As a result
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Table 5.11. Tyre inflation pressures (kPa) for various 
loads (kg) for traction-type tyres
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Ply
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Tyre loads 
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at various cold inflation 
maximum speed 32 km/h
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(%) (kPa) ( kPa)
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Brown sandy 17.2 235 175

1 oam 21.3 180 179
21.3 207 175
21.3 235 186

B3 18.3 235 174
Brown sandy 20. 8 180 175
clay 1oam 20. 8 207 150

Mean 174

A statistical analysis on dry bulk density results 

was performed to determine whether the compaction due 

to the different loads applied were significantly 

different from non-treated sections (see Tables 5.13a 
to 5.13d). Different strips were used for the various 
ground contact pressures applications. As a result
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variability in the initial soil bulk density occurred.

Table 5.13a. Soil dry bulk density (at 10 cm soil 
depth) as affected by compaction pressure 
IP), site A18x, 21.3% moisture content

P (kPa) 0.0 109.7 150.0 156.8 17A. 7

Replicates Dry bulk density (g/cc)

R1 1.5303 1.A898 1.5296 1.5603 1.5903
R2 1. A803 1.5301 1.570A 1.5A03 1.5802
R3 1.5201 1.5A06 1.5599 1.5796 1.6005
RA 1.5203 1. A698 1.5396 1.570A 1.6097
R5 1.5A01 1.5001 1.5203 1.6597 1.6002
R6 1.5101 1.6096 1.5899 1.5010 1.6295
R7 1. A397 1.500A 1.5002 1.5501 1.5708
R8 1. A90A 1. A005 1.5A03 1.A703 1.569A
R9 1. A603 1.5396 1.5303 1.5A06 1.5721

Mean
t(p = 0.05 )

1. A991 1.5089 
0.AA51

1.5A23 
2.9871

1.5525 
2.5559

1.591A 
7.0132

Table 5.13b. Soil dry bulk density (at 10 cm soil 
depth) as affected by compaction pressure 
(P), site A 18x, 17.2% moisture content

P (kPa) o O 101. A 13A. 5 153. 8 172. 7

Replicates Dry bulk dens i ty ( g/cc)

R 1 1. A798 1.A30A 1.A798 1.A799 1.5000
R2 1. A602 1.6103 1.5105 1.5001 1.5A05
R3 1. A90A 1.A20A 1.A897 1.5A00 1.5201
RA 1. A799 1.A30A 1.5A01 1.5195 1.6095
R5 1. A895 1.5A99 1.AA03 1.5703 1.5797
R6 1. A903 1.5398 1.570A 1.5000 1.5297
R7 1.570A 1.5803 1.5900 1.5798 1.6098
R8 1.5597 1.5501 1.5901 1.5997 1.5901
R9 1.5105 1.5698 1.5703 1.5927 1.6006

Mean 1.503A 1.5201 1.5312 1.5A2A 1.56AA
t ( p=0.05) 0.6113 1.27AA 2.0071 3.2A93

In Table 5.13a and 5.13b ground contact pressures used 
for each load applied are average values for the tyre 
inflation pressures of 180, 207 and 235 kPa.
Tabulated t(p=0.05) = 2.12 for 16 df.

»•
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Table 5.13c. Soil dry bulk density (at 10 cm soil 
depth) as affected by compaction pressure 
(P), site B3, 18.3% moisture content

P (kPa ) 0. 0 106.2 135. 9 147.0 166.4
Rep 1 icates Dry bulk density (g/cc)

R1 1.4402 1.4505 1.4603 1.4666 1.5643
R2 1.5004 1.5300 1.4797 1.4700 1.5848
R3 1.4497 1.4399 1.5403 1.5524 1.3903
R4 1.5416 1.5374 1.5034 1.5186 1.5545
R5 1.4568 1.4755 1.4716 1.4813 1.5645
R6 1.5103 1.5298 1.5622 1.5565 1.4543
R7 1.4193 1.4704 1.6167 1.5380 1.5965
R8 1.5507 1.5327 1.5305 1.6013 1.5850
R9 1.4 173 1.5219 1.6539 1.5461 1.6262

Mean 1.4763 1.4987 1.5354 1.5256 1.5467
t(p=0.05) 1.0487 2. 1224 2.1723 2.3260

Table 5.13d. Soil dry bulk density (at 10 cm soil 
depth) as affected by compaction pressure 
(P), site B3, 20.8% moisture content

P (kPa) 0.0 101.8 130. 9 144.7 173. 9

Replicates Dry bulk dens i ty (g/cc)

R1 1.4590 1.4605 1.4910 1.5304 1.5698
R2 1.4908 1.5003 1.5201 1.4996 1.5901
R3 1.5099 1.4998 1.4704 1.5099 1.5501
R4 1.4702 1.4096 1.4502 1.5198 1.5498
R5 1.4704 1.5199 1.5690 1.5003 1.6304
R6 1.4990 1.4590 1.4403 1.5510 1.5801
R7 1.4897 1.4605 1.4404 1.5010 1.5310
R8 1.4805 1.4597 1.5710 1.4890 1.6197
R9 1.4390 1.5403 1.4603 1.4697 1.5110

Mean
t(p=0.05)

1.4787 1.4788
0.0081

1.4903 
0.6182

1.5079 
2. 7197

1.5702 
6.1016

In Table 5.13c and 5.13d ground contact pressures used 
for each load applied are average values for the tyre 
inflation pressures of 180, 207 and 235 kPa.

Tabulated t(p=0.05) = 2.12 for 16 df.
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The established ground pressures beyond which 
induced soil compaction was considered significant at 
5 percent confidence level are shown in Table 5.14. 
The mean ground pressure was 146.3 kPa and it was 
approximated to 150 kPa.

Table 5.14. Ground contact pressures above which 
induced soil compaction is significant

S i te/so il Ground contact pressures ( kPa)
A18x/sandy loam 
B3/sandy clay loam

154(17.2* 
136(18.3*

m. c. ) 
m. c. )

150(21.3* m 
145(20.8* m

. c. ) 

. c. )
Mean 146

A statistical analysis on cone index results was 
performed to determine whether the compaction due to 

the applied compacting ground pressure was significant­

ly different from non-treated sections (Table 5.15a to 
5.15c). The mean safe ground contact pressure was 
136 kPa and it was approximated to 140 kPa.

Table 5.15a. Cone index as affected by ground contact 
pressure (P), site A18x, 17.2* moisture

P (kPa) 0.0 102.9 134.2 149. 6 169.0

Penetrometer dial read i ng

60 80 80 85 95
70 90 95 95 100
30 25 65 85 80
25 55 65 80 110

Mean 46.25 62. 50 76.25 86.25 96.25
t(p = 0.05 ) 0. 89 2. 27 3. 48 3. 93

Tabulated t(p=0.05) 2.447.
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Table 5.15b. Cone indiex as «affected by ground contact
pressure (P), site A 18x , 21.1% mo i sture

P (kPa) 0.0 103.5 142. 1 153. 6 160. 1
Peine trometer dial read i ng

55 75 70 100 120
60 55 75 95 110
30 55 60 80 65
40 45 55 55 85
25 50 50 60 45
55 45 55 55 80

Mean 44. 17 54. 17 60.83 74. 17 84. 17
t ( p = 0. 05 ) 1.33 2. 32 2. 93 3. 12
Tabu 1ja ted t<p=0.05) = 2.228 •

Table 5. 15c. Cone i ndex as af fected by ground contact
pressure (P), site B3, 18.3% mo i s ture

P (kPa) 0.0 98.7 132.0 142.8 163.0
Penetrometer dial read i ng

65 65 65 100 85
55 65 80 65 90
30 55 75 80 75
50 60 60 70 105

Mean 50.00 61.25 70.00 78. 75 88.75
t( p=0 .05) 1.45 2. 31 2.69 4.01

Tabul a ted t<p=0.05) = 2.447 •

Safe 1oads were es tab 1i shed f rom a saife ground

press ur e of 150 kPa, and the relaticms betw<jen ground

pressures and load pelr tyre were used , (see Tables 5.8a

and 5 . 8b) . As an example, at 207 kPa tyre pressure and

a soil moisture content of 17.2% the value of b in

Equation 5.2 is 4.026 (Table 5.8a). Using this 

equation and a safe ground contact pressure of

150 kPa, a safe load per tyre of 37.3 kN was computed.
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Safe loads at the other soil moisture contents, soil 
type and tyre pressures shown in Table 5.16 were 
computed likewise using the appropriate value of b from 
Tables 5.8a and 5.8b. The average safe loads per tyre 
for an 18.4x30 tyre obtained were 37 kN and 40 kN at 
sites A18x and B3 respectively.

Table 5.16. Safe loads established from statistical 
ana lysis

S i te(so iI ) Inf 1 at i on m. c • Safe load per tyre
pressure (X) <18.4x30)

kPa kN
A18x (sandy loam) 207 17.2 37.3

235 17.2 37.7
180 21.3 36. 9
207 21.3 37. 8
235 21.3 35. 5

B3 (sandy clay 235 18. 3 37.9
l oam) 180 20. 8 37.2

207 20. 8 44. 1

5.6. Selection of Suitable Trailer Units

The data collected for the selection of suitable 
trailer units are shown in Tables 5.17 and 5.18. The 
tables show values of payloads and trailer axle loads 

for loaded single bundle and nucleus estate trailers.
Some data was recorded for a high capacity bln 

trailer (HCBT1. This is shown in Table 5.19. The high 

capacity bin trailer had two axles and on average each 

axle carried a load of 7030 kg. The maximum recorded 

load per axle was 7585 kg.
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Tjblf 5 .17.  Payloads and axle loads in kg for SBTs.

Serial
nuaoer

Reg. Mo Tractor make 
and model

Height of loaded 
vehicle in kg.

Payload Axle load (kg) 
(kg) (loaded trailer)

Axle load (kg) 
(empty trailer)

1 KXL 450 Ford 5610 2ND 12740 6420 6530 2340
2 KW 479 Same S 80 ZHD 10790 5110 5260 2200
3 KW 478 Same S 80 ZHD 11140 5610 5100 2010
4 KZG 233 J. Deere 2250 11890 6240 5850 2120
5 KUV 476 Same S 80 2WD 12200 6640 6200 2050
6 KZG 935 J. Deere 2250 13460 7350 6300 2120
7 KXL 465 Ford 5610 ZHD 11220 5390 5260 2120
B KXL 456 Ford 5610 ZHD 12470 6220 5950 2230
9 KYF 427 J. Deere 2250 11700 6010 5450 2100

10 KXL 458 Ford 5610 2HD 12870 6660 5920 2310
11 KZG 938 J. Deere 2250 11690 5420 5620 2410
12 KXL 365 J. Deere 2040 11270 5470 5200 2100
13 KXL 360 J. Deere 2040 10950 5200 5320 2120
14 KXL 470 Ford 5610 ZHD 10130 4340 4660 2020
15 KZG 936 J . Deere 2250 12280 6150 5790 2200
16 KZ6 934 J . Deere 2250 10240 4170 5350 2230
17 KW 479 Same S 90 2W> 10110 4430 4430 sroo

ie KXL 470 Ford 5610 2HD 12090 6300 5950 2020
19 KZG 935 J. Deere 2250 14290 8180 7350 2120
20 KZG 936 J . Deere 2250 14240 8110 7350 2200
21 KXL 361 J .  Deere 2250 10300 4190 4900
22 KXL 360 J .  Deere 2250 11370 5620 5780 2120
23 KUV 473 Same S 80 2W0 11100 5430 5390
24 KUV 476 Same S B0 2ND 10840 5280 4950 2050
25 KYF 427 J .  Deere 2250 11880 6190 5720 2100
26 KYF 425 J .  Deere 2250 11550 5440 6100
27 KUV 482 Same S 80 ZHD 11050 5360 5380
28 KXL 361 J . Deere 2250 12830 6690 6650
29 KZG 938 J .  Deere 2250 12060 5790 6280 2410
30 KZG 936 J .  Deere 2250 12300 6170 5700 2120
31 KXL 458 Ford 5610 2HD 12680 6470 6090 2310
32 KUV 473 Same S 80 ZHD 11900 6230 6280 2150
33 KW 476 Same S 80 ZHD 10350 4790 4810 2050

Mean 2161.786

Operators of the vehicles with some 
forgot to stop by the weigh-bridge on after sugarcane delivery.

data
their

missing 
way out
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Ta&ie 5.10. Payloads and axle loads in kg for NETs.

serial
nunfier

Reg. No Tractor make 
and nodal

Height of loaded Payload Axle load (kg) Axle load (kg) 
vehicle in kg. (kg) (loaded trailer) (empty trailer)

1 KZ6 629 Sana E 90 4WD 13120.00 6320.00 6950.00 2610.00
2 KHU 300 Sana C 75 4HD 13030.00 6090.00 6930.00 2610.00
3 KtW 311 Sana C 75 4HD 15650.00 8650.00 8960.00 2610.00
4 MW 298 Sana C 75 4HD 14760.00 7900.00 8180.00 2480.00
5 KZG 625 Sane E 00 4HD 15190.00 8340.00 8560.00 2680.00
6 KZG 629 Sana E 80 4HD 13540.00 6720.00 7310.00 2600.00
7 MU 300 Sane C 75 4HD 13490.00 6540.00 7370.00 2610.00
5 KHU 258 Sane C 75 «HD 14200.00 7200.00 7700.00 2660.00
9 KZ6 624 Sane E 00 4HP 15180.00 7270.00 8720.00 2800.00

10 1ZG 625 Sane E 80 4HD 12340.00 5485.00 5490.00 2680.00
11 K1W 311 Sane C 75 4HD 14800.00 7800.00 8220.00 2610.00
12 MW 296 Sane C 75 4HD 16260.00 9260.00 9320.00 2680.00
13 t ZS 625 Sane E 00 4HD 13600.00 6750.00 7550.00 2680.00
14 KZG 626 Sane E 80 4HD 12530.00 5680.00 6830.00 2680.00
15 KZG 629 Sana E 80 4HD 14100.00 7300.00 8200.00 2610.00
16 KXL 533 Sane C 75 4HD 15970.00 8750.00 8950.00 2700.00
17 KZG 631 Sana E 80 4HD 14040.00 6760.00 8050.00 3100.00
18 KZG 625 Sane E 80 4HD 15250.00 8400.00 8630.00 2680.00
19 KXL 531 Sane C 75 4HD 14410.00 7230.00 7820.00 2690.00

20 KHU 258 Sane C 75 4HD 15020.00 8020.00 8410.00 2680.00

21 KZG 624 Sane E 80 4HD 15430.00 8580.00 8730.00 2800.00

22 KXL 532 Sane C 75 4HD 14030.00 6280.00 7910.00 3370.00

23 KHV 298 Sane C 75 4HD 14100.00 7240.00 7610.00 2680.00

24 KHU 296 Sane C 75 4HD 15650.00 8650.00 8830.00 2680.00

25 KZG 625 Sane E 80 4HD 13520.00 6670.00 7500.00 2680.00

26 KHU 258 Sane C 75 4HD 14400.00 7400.00 7850.00 2660.00

27 !NV 311 Sane C 75 4HP 15010.00 8010.00 8880.00 2610.00

28 I HU 300 Sane C 75 4HD 14020.00 7080.00 7690.00 2610.00

19 KXL 533 Sane C 75 4HD 15000.00 6580.00 8900.00 2700.00

30 KHV 298 Sane C 75 4HD 14550.00 7690.00 8020.00 2480.00

31 KZ6 625 Same E 80 4HD 14520.00 7670.00 7900.00 2680.00

32 KHV 298 Sane C 75 4HD 14970.00 8110.00 8340.00 2480.00

33 KZG 629 Sane E 9*) 4HD 14700.00 7900.00 8390.00 2610.00

34 KZG 625 Sane E 80 4WD 15010.00 8160.00 8580.00 2680.00

35 KHU 258 Same C 75 4HD 14350.00 7350.00 7820.00 2660.00

36 KHU 258 Same C 75 4HD 14990.00 7990.00 8390.00 2680.00

37 KXL 533 Sane C 75 4HD 15690.00 8470.00 8810.00 2700.00

39 KZG 631 Same E 80 4HD 14200.00 6920.00 8150.00 3100.00

39 KXL 531 Same C 75 4HD 14410.00 7230.00 7840.00 2690.00

40 KXL 532 Sane C 75 4HD 13990.00 6240.00 7870.00 3370.00

He an 2709.25
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Table 5.19. Payloads and load per axle in kg for a high 
capacity bin trailer.

Tractor type Axle 1oad Pay 1oad
Deutz-Far 6510 11830• 6995 11830
Lamborghini 956 7585 12410

Table 5.20 shows compaction results from a trial 
using a HCBT at site B3 with a moisture content of 
20.3%. A load per axle of 7585 kg was used in the 
trial. From this table, increase in bulk density

3values were 0.121 (after four passes) and 0.043 g/cm 
(after three passes) at the surface and at 10 cm soil 
depth respectively. The data was not enough to be 
used for statistical analysis.

Table 5.20. Soil compaction results for a HCBT.

Depth 
(cm) 0

Vehicle passes
1 2 3 4

Dry bulk density, g/cc

0 1.402 1.480 1.493 1.471 1.535
10 1.507 1.500 1.551 1.550 1.523
20 1.543 1.566 1.447 1.436 1.479

Regression analysis performed on the data in 

Tables 5.17, 5.18, A9.1 and A9.2 gave the relations

shown in Equations 5.4 and 5.5.

For a single bundle trailer:

Y = 0.524 X + 2618 .... 5-4

0.780
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For a nucleus estate trailer:

Y = 0.760 X ♦ 2367 ....  5.5

r2 = 0.874

where:
Y = loaded axle load in kg,
X = payload in kg and
r = coefficient of correlation.

Although these equations had high correlation 
coefficients ( r2 equal to 0.780 and 0.874 for
equation 5.4 and 5.5 respectively), they did not
represent the situation when the trailers were empty. 
The equations show that SBTs and NETs when empty on 
average developed 2618 and 2367 kg at the axle respect­
ively. The measured empty trailer axle loads averaged 
2150 and 2720 kg (Tables 5.17, 5.18, A9.1 and A9.2) for 
SBTs and NETs respectively. In order to represent 
these data more realistically, equations of the form 

shown in Equation 5.4 were developed. The Y axis 

intercepts were taken to be the average loads of 2150 
and 2720 for SBTs and NETs respectively. The slope 
value was determined by the trial and error method 
shown in Tables A9.3 and A9.4. The coefficient whose 
sum of differences between estimated and measured 

trailer axle loads approached sero was chosen to be the 

best representative for the equation developed. 

Equations 5.6 and 5.7 were developed using this
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approach.

For a single bundle trailer:

Y = 0.599 X ♦ 2150 ....  5>6

For a nucleus estate trailer:

Y = 0.7125 X + 2720 .... 5 . 7

where:
Y = loaded trailer axle load in kg, and 
X = payload in kg.

For the sane payload a single bundle trailer induced a 
lower trailer axle load than the nucleus estate 
trailer.

The mean and standard deviations of the payloads 
and axle loads are shown in Table 5.21.

Table 5.21. Mean and standard deviation for loaded 
trailer axle loads and payloads (kg)

Trailer type Mean Std. Dev.
pay 1oad axle 1oad pay 1oad axle 1oad

NET 7377 7978 1013 824
SBT 6203 5867 1108 658

Table 5.21 shows that in general NETs carried higher 

payloads and induced higher axle loads than SBTs.
Equations 5.6 and 5.7 were used to compute the 

safe payloads to be carried by a SBT and a NET

(Table 5.22).
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Table 5.22. Payloads that would safely be carried by
the trailers at var ious s i tes

S i te/soil SBT NET
A18x/sandy loam 9000 6770
B3/sandy clay loam 10020 7630

5.7. The Proctor Test Results

The effect of moisture content on dry bulk density 
using various compaction efforts was investigated (see 
Figures 5.9a and 5.9b). Moisture content was varied 
from 6 to 24 percent on wet weight. Two types of soils 
were used: a brown sandy loam soil of site A18x and a 
brown sandy clay loam soil of site B3.

It was observed that dry bulk density increased 
up to a maximum then it decreased. Increased 
compaction pressure increased the dry bulk density (see 
Fig. 5.9a). Figure 5.9 shows that the dry bulk density 

values obtained in this test were greater than the 
critical value of 1.58 g / c m3 for the soils of Mumias, 
(Table 2.2). The soils for site A18x were compacted 
more than those for site B3 for the same compaction 

pressure.
From Table 5.23 it is noticed that at optimum 

moisture content and a pressure of 108 kPa, the dry 

bulk density values at sites A18x and B3 were 1.884 

and 1.798 g/cm3 respectively. The average optimum 

moisture content was 19.5 percent (wet weight).
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Table 5.23. Maximum dry bulk densities (b.d) and 
optimum moisture content (OMC) obtained 
during a compaction test.

98

Field Compaction pressure . kPa
108 142 151 169

b. d OMC b.d OMC b.d OMC b. d OMC
A 18 x 
B3

l. 884 
1.798

18. 1 
20. 8

1.926 20. 1 1.938 
1.853 19.5 1.864

19.3
19.0

1.946 
1.872

20.6
18.8

For almost the same average compaction pressure, 
type of soil and moisture content, compaction achieved 
in the Proctor test experiment was higher than that in 
the field tests (see Table 5.24).

Table 5.24. Comparison of field and laboratory 
compaction results for site B3 with a soil 
moisture content of 18.3%

Proctor
test

Pressure (kPa) 108 142 169

* b.d (g/cc) 1.763 1.810 1.855

Field
test

Pressure (kPa) 106 147 166
* * b.d (g/cc) 1.499 1.526 1.547

* values read on Figure 5.9b 
mean values from Table 5.13c.



6 .  D I S C U S S I O N

6.1. Dry Bulk Density and Moisture Distribution

The difference in mean dry bulk density, for the 
top 30 cm soil layer, between trafficked and non-traf- 
f icked fields ranged from 0.2 to 0.24 g/cm3. This 
difference in dry bulk density was significant at 5 
percent confidence level using a t-test. The differ­
ence in mean dry bulk density of 0.03 g/cm3 beyond 
30 cm soil depth was found not to be significant. This 
shows that surface soil compaction had occurred in the 
trafficked sugarcane fields. This may have been a 
result of high ground contact pressures due to the high 
payloads carried by sugarcane transportation trailers 
at Mumias, which depend upon the inflation pressure and 

the soil deformation as explained by Taylor et al. 

(1986). Also it is most likely that induced axle loads 

did not exceed 10 tonnes (Ellwein and Froelich, 1989), 

otherwise subsoil compaction would have occurred. The 
mean soil dry bulk density increased by 0.24 to 
1.59 g/cm3, a value which is just above an average 

critical value of 1.58 g/cm3 for the type of soils found 

in Mumias (Ferralic CAMB1S0LS), Humbert (1968) and 

Buringh (1979). It is likely that sugarcane root 

development is restricted by this high bulk density.

For a 30 cm compacted layer and an average plough­

ing depth of 25.4 cm, 55 mm of compacted soil layer is 

left unploughed (Komba, 1990). This may lead to the

99
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formation of a hardpan after several cycles of plough­
ing. When a hardpan Is present the development of 
sugarcane is affected because of a restricted root 
penetration, poor water infiltration rates and a rise 
in the water table especially in lowland fields. To 
avoid the formation of a hardpan the plough depth 
should be increased to 30 cm. It should be noted that 
an increase in ploughing depth will increase the cost 
of ploughing because of the increased draft. 
Consequently fuel consumption will also rise.

The moisture content for the soil layer between 
zero and 15 cm in traffic fields was lower than that in 
the non-trafficked fields. This may be attributed to 
the fact that in the layer between zero and 15 cm the 

evapotranspi rat i on rate may have been higher for the 
canopy in trafficked as compared to non-trafficked 

fields. In addition the trafficked fields may have had 

a lower humus content than that in non-trafficked 

fields. High humus content enables a soil to retain 

more water. The trafficked fields may also have had a 
high rate of run-off than that in non-traf f i eked field. 

Compacted fields are prone to high run-off due to low 

infiltration rates. The soil moisture for the layer 

beyond 30 cm soil depth was unexpectedly higher in 

trafficked than that in non-traffieked fields. Due to 

hardpan formation in trafficked fields deep percolation 

may be impeded. The possible explanation to this 

observation is that in the layer beyond 30 cm soil
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depth, the deep rooting depth of the forest on the non- 
trafficked field as compared to the shallow sugarcane 
rooting depth on trafficked fields extracted water at 
this depth.

6.1.1. Possible Sources of Error

Soil compaction is normally affected by soil 
moisture content, type of soil, initial bulk density, 
intensity of loading and soil organic matter content. 
The results of this study were not affected by moisture 
content and type of soil. This can be attributed to 
the following. The differences in the proportions of 
sand, silt and clay for the soils of fields A8 and F 
was low yet the difference in dry bulk density was 

significant, (see Table 5.2). Similarly the

difference in proportions of sand, silt and clay for 
field sites A8 and A10 was high yet there was hardly 

any difference in bulk densities at the two sites.
However, the difference in bulk density values may 

have resulted from the following:
(i) There was little soil disturbance across the core 

but there may have been some problems with 
compression of the core a possibility reported by 

(Jells (1959).
<ii) The different fields may have had different 

organic matter content.
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6.2. Soil Response to Compacting Loads

When the soil moisture contents was less than 22 
percent, dry bulk density increased steadily with 
increase in axle load application. This can be
attributed to the fact that more energy became 
available which weakened the bonding between the soil 
particles thereby enabling the soil particles to 
rearrange themselves as they were forced together. 
This in turn caused a reduction in the volume of the 
soil and an increase in the dry bulk density until a 
limit was attained at about 22% moisture, (Section 

3. 1.3).
There was no trend in the change in soil strength 

at the surface or beyond 15 cm depth when the axle 
load was increased. This may be attributed to the fact 

that there may have been substantial varied amounts of 

humus at the soil surface which acted as a cushion to 

compacting loads and led to different soil responses to 
compacting loads. At depths greater than 15 cm the 
compacting load was not effective. The different soil 

strength values recorded may have been due to variation 

in soil structure. Cone indices increased exponential­

ly with increase in axle load application at depths of 

8 and 15 cm at sites B3 and A18x respectively. The 

influence of variations in soil water content and 

organic matter may have been minimal and therefore 

increase in soil strength was basically due to the 

applied compacting load.
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At higher moisture contents the resulting soil 
compaction was rather erratic with increased axle load 
application. Wheel rutting occurred. Perhaps the soil 
was in either a plastic or liquid state whereby it 
would offer no resistance to deformation when subjected 
to a compacting load.

Compaction due to use of tyre inflation pressure 
of 180 and 207 kPa were not different at low axle load. 
At high axle loads (greater than 75 kN per axle) the 
graph for a tyre pressure of 207 kPa lay above that for 
180 kPa. The possible explanation to this observation 
is that high axle loads induced high ground contact 
pressures which in turn increased soil compaction. 
For a 180 kPa tyre inflation pressure the trailer tyre 

was less rigid than at 207 kPa pressure. At high axle 

loads and low inflation pressures the tyre walls flexed 
thereby causing the area of contact to increase. This 

in effect reduced the ground contact pressure and as a 

result the soil was less compacted.
The graph for a tyre pressure of 235 kPa at 

certain instances was lower than the graphs for 180 and 

207 kPa while at others it was higher. The discrepancy 

was due to the initial soil bulk density which seemed 
to have had a greater effect on soil compaction than 
the tyre pressures. This implies that within the 

limits of the experimental errors and axle load 

application any of the inflation pressures can be 

employed. However, the consequences of using low or
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high inflation pressures must be considered before 
choosing the appropriate value to use.

For the same axle load application compaction in 
a brown sandy loam soil at site A18x was higher than 
that at site B3 (brown sandy clay loam soil). This 
was because site A18x had a high initial bulk density 
due to the presence of gravel. The effect of high axle 
loads on soil compaction in the sandy loam and sandy 
clay loam soils were not distinctly different. 
Therefore soil type did not influence soil compaction.

6.2.1. Possible Sources of Error

The compaction due to different load applications 
may have been affected by non-uniformity of soil 

moisture, soil structure and organic matter content. 

The method of load application may also have affected 
the soil compaction. Soil moisture variations may have 
been due to local variations in organic matter content, 
water infiltration rates, and the water transmission 
and retention capacity of the soil.

6.3. Ground Pressure and Axle Load Relationships

A rise in axle load increased ground contact 

pressure linearly. As the axle load increased the 

change in tyre contact area may have been siight such 

that the influence of area of contact on ground contact 

pressure was negligible. The area of contact did not 

change much perhaps because the ground was soft. This
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made the tyre sink, flexing little or not at all when 
the compacting load increased.

It was not possible to detect any small changes in 
the area of contact as the axle load was increased. 
This is because the method used to determine the area 
of contact could not detect such differences.

For the same axle load application, ground contact 
pressures developed by a tyre with 180 or 235 kPa 
inflation pressure were higher than those developed by 
a tyre with 207 kPa pressure. This is contrary to the 
expected observation where the order of the ground 
contact pressures developed for the three tyre infla­
tion pressures should be high for 235 and least for 
180 kPa. Errors in experimentation especially the 

measurement of contact area might have been the cause 

of the discrepancy. Another error could have been due 
to differences in initial soil bulk density. A high 

initial soil bulk density provides a high resistance to 

tyre compaction than a low one. The area of contact 

for the same axle load, tyre type and size will be 

greater for a soil with low initial bulk density than 

for one with a high initial bulk density.

6.4. Establishment of Safe Axle Loads

For moisture contents between 17 and 21 percent 

(wet basis), when compaction is maximum, a safe 

ground contact pressure of 174 kPa was established from 

axle load and ground contact pressure relationships for
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a critical soil dry bulk density of 1.58 g/cm3 (Table 

2.2). This corresponded to a mean safe load per 
tyre of 44 kN, a value which is more than one and a 
half times the load limit of 27.7 kN at 180 kPa tyre 
pressure (Traux et al., 1985). The relationships 
between axle load and bulk density seem to have 
overpredicted the results. However, at high tyre 
pressures, for example 207 kPa that is used at Mumias, 
the load limit per tyre would be greater than at 180 
kPa tyre pressure. Therefore when higher inflation 
pressures are employed it is possible to approach 
permissible loads per tyre close to the ones 

established in this research.
Based on statistical significance a mean safe 

ground pressure of 150 kPa was establ ished when bulk 

density and cone index results were considered. 
Average loads per tyre for an 18.4x30 tyre of 37 kN 

and 40 kN were computed for sites A18x and B3 (resp­
ectively). These values, although less than the 44 kN 

safe load established from axle load bulk density 

relationships, they are still higher than the permiss­
ible load of 27.7 kN at 180 kPa cold inflation.
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6-5. Selection of Suitable Trailer Units

Increased payload increased induced trailer axle 
load and for the same payload a single bundle trailer 
induced a lower trailer axle load than the nucleus 
estate trailer. The most obvious reason for this 
observation is that SBTs are lighter in build than 
NETs. Physical observation as shown in Plates 2 and 3 
indicate that a NET has more frames than a SBT. This 
increases the weight of the former. Another possible 
explanation is that the centre of gravity for the SBT 
is closer to the tractor rear than that for the NET. 
This would mean that for the same axle load the SBT 
transfers more weight to the traotor and less to the 

trailer axle than the NET.
In reference to induced axle loads the SBT offered 

a superior design than the NET. This is because low 

axle loads were developed for the same payload for a 

SBT than a NET. The difference between the two mean 
axle loads for SBTs and NETs was found to be highly 
significant at a 5 percent confidence level. The mean 
payload for NETs was significantly higher than that for 

SBTs. Therefore there is need to either Increase the 

carrying capacity of SBTs or increase the density of 

sugarcane stacks they carry.

The mean safe ground contact pressure of 174 kPa 

computed from mean dry bulk density and axle load 

relationships was unrealistic because other research 

findings show that such a pressure should be used for
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dry soils (see Table 2.1), Trouse and Humbert (1968), 

Dias and Nortcliff (1964) and, Ellwein and Froelich 
(1989).

From statistical analysis it was found that when 
ground contact pressures exceeded 150 kPa the induced 
soil compaction was significant at 5 percent confidence 
level. When this pressure and the developed empirical 
equations were used to calculate the safe axle loads, 
values of 74 (7543 kg) and 80 (8155 kg) kN at sites 
A18x (sandy loam) and B3 (sandy clay loam) respectively 
were obtained. Although these values were higher than 
the load limit of 55.4 kN at 180 kPa cold inflation, 
they were considered reasonable. This is because in 
normal sugarcane transport operations at Mumias, high 

inflation pressures are used. The load requirements 

for these pressures would definitely be higher than the 
requirement at 180 kPa pressure and may perhaps be 

close to safe axle loads established from this 

r esearch.
Table A9.3 shows that single bundle trailers did 

not developed axle loads in excess of the established 

safe axle loads (7543 kg at site A18x and 8155 kg at 
site B3) . This implies that the present SBTs do not 
induce significant soil compaction at sites A18x 

(lowland with a sandy loam soil) and B3 (upland with a 

sandy clay loam soil). Table A9.4 on the other hand 

shows that out of a total number of 60 NETs studied, 43 

(72%) had axle loads exceeding the 7543 kg safe axle
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load for site A18x while 18 (45%) exceeded the 8155 kg 

level for site B3. NETs certainly cause significant 
soil compaction in fields with similar conditions as 
site A 18x. However, there is a 55% chance that 
compaction caused by NETs in fields with similar 
conditions as site B3 is not significant.

When Tables 5.22 and 5.23 are compared it is 
noticed that SBTs from both lowland and upland fields 
carry far below the safe loads. Therefore there is 
room for increasing their carrying capacities up to a 
possible maximum of 7300 kg (sum of mean payload and 
corresponding standard deviation, Table 5.22). How­
ever, to carry up to the safe payload a new design of 
SBTs should be developed. On the other hand NETs from 

upland fields carry on average, payloads slightly below 

the safe loads while those from lowland fields carry 

siightly above these safe loads. There is need 

therefore to control the amount of sugarcane loaded on 

these trailers so that they operate within the safe 

range.
The maximum recorded load per axle of 7585 kg for 

the high capacity trailer is slightly above the estab­
lished safe axle load at site A18x but it is well below 

the established safe axle load at site B3. The HCBT 

does not therefore cause signifleant soil compaction at 

site B3 but it may at site A18x.



1 10

6.6. The Induced Compaction in the Proctor Test

The Proctor test results indicated that as 
moisture content increased for any applied compaction 
pressure, dry bulk density increased up to a maximum 

then it decreased thereafter. This may be attributed 
to the fact that the bonds between the soil particles 
are weak, and are therefore sensitive to any variation 
of water content. As water was added to the soils 
there was a loss in strength. This made the compaction 
of the soil increase as the resistance offered by the 
soil particles to the compacting force was reduced. 
Soil deformation before the optimum moisture content 
was inelastic. As moisture content increased to the 

vicinity of the optimum value, the soil became highly 

elastic such that an increase on load may have com­

pacted the soil, but on removal of the load the par­
ticles rebound to their original positions. When the 

moisture was increased beyond the optimum, compaction 

was achieved only if water was squeezed out.
The soils for site A18x (sandy loam) got compacted 

more than those for site B3 (sandy clay loam) for the 
same compaction pressure. This observation can be 

explained three fold. First, the structural arrange­

ment of the two soils is different such that when a 

given compaction effort is applied, the soil particles 

for Al8x get closer than B3. Second, the degree of 

bonding between adjacent particles for the soil of A18x 

seems to be weaker than that of B3. This implies that
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the structure for the soil in A18x is, comparatively, 

easier to fracture enabling the soil grains to rear­
range better when a compaction load is applied. Third, 
particle size distribution and composition of the two 
soils may be different. The soil at site B3 may be 
more well-graded than that at site A18x. A well-graded 
soil does not get easily compacted because it offers a 
high resistance to shear-induced motion as compared to 
a poor 1y-graded soil.

The average optimum moisture content for the soils 
studied was 19.5 percent (wet weight). This value was 
within the moisture range of 17 and 21% used during the 

field tests. Therefore maximum compaction was 
attained. The fear that detrimental soil 

compaction occurs under al1 soil conditions that can be 

considered wet is thus eliminated.
For the same average compaction pressure, type of 

soil and soil moisture content, compaction achieved in 
the Proctor test experiment was higher than that in the 
field treatments. This may be attributed to the fact 
that the unconfined loading in the field treatments 

develops shear, normal and horizontal stresses. The 

soil particles got compressed and moved sideways due to 

these stresses. Consequently low soil compaction was 

atta i ned.
On the other hand the confined static loading used 

in the Proctor test mainly produced a normal stress 

which lead to high soil compaction. Sideways soil
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particle movement was limited.

Second, uniformity in soil moisture content and 
soil structure due to remoulding in the Proctor test as 
compared to field treatments may have affected the 
resulting compaction. Third, the presence of some 
trash and organic matter in the fields may have lowered 
the compaction pressure. This may have led to low soil 
compact ion.

6.6.1. Possible Sources of Error

Numerous factors influence soil compaction. In 
this test any temperature variations were due to 
changes in the weather. This is because the test
lasted about nine hours each day. The size of the 
compaction mould was kept constant at 1000 cm . The 

distribution of the compaction pressure on any layer 

was kept fairly constant. There may have been vari­

ation in the amount of soil used on each layer com­
pacted. The period, 24 hours, of curing was long 
enough. However, processing errors may have occurred 
as a result of mixing the soil by hand. Friction 

between the soil and the cylinder wall could have 

contributed to statistical errors at lower moisture

contents.



7. CONCLUSIONS AND RECOMMENDATIONS

7.1. Implications of carrying high payloads

L More powerful tractors may be required to tow
the high capacity trailers developed.

2. To support the developed high axle loads more 
rigid tyres with high ply rating and high tyre 
pressures may be required.

3. There would probably be frequent delays in the 
delivery of sugarcane to the factory during wet 
months because of bogging down of the vehicles.

4. The same amount of sugarcane will be delivered to 
the factory with fewer vehicles if transport 
operations are not i n t e r f e r e d  w i t h .

5. If the existing trailers have to be modified a 
careful consideration of the design is required. 

This is because points of weakness may develop 

when the trailer capacity is increased.

6. With fewer vehicles operating:
(a) a smaller number of operators will be required 
thus some costs will be reduced.
(b) the vehicles will transverse the fields less

and hence there will be less incidence of

compact ion.
(c) repair and maintenance costs are likely to be 

high because of over use of the available 

vehicles.
(d) the chances of reducing the percentage avail-

113
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able vehicles are high. However, with an effi­
cient Field Workshop this can be avoided.

7.2. Conclusions

1. There is evidence of significant soil compaction 
in the fields with traffic influence in the soil 
layer between 0 and 30 cm. This level of soil 
compaction may have contributed to yield losses of 
5 to 10 percent reported in earlier reports at 
Mum i as.

2. (i) It was found that for soil moisture 
contents between 17 and 21 percent (wet weight) 
ground contact pressures beyond 150 kPa (22 ps i ) 
caused significant soil compaction. This pres­

sure corresponded to payloads of about 9000 and 

6770 kg carried by single bundle and nucleus 

estate trailers (respectively), on 18.4x30, 10 ply 

rated tyres for tyre pressures between 180 and 

235 kPa. The induced axle loads were 74 and 80 kN 

for fields with similar soil conditions as sites 
A18x (lowland with sandy loam soil) and B3 (upland 
with sandy clay loam soil) respectively.
(ii) Maximum soil compaction occurs at moisture 

contents of about 20 percent (wet weight).
(iii) it was found that non-uniformity of the 

initial soil strength and soil moisture content 

greatly affected uniformity in soil compaction.
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(i v) It was not possible to differentiate between 
the influences on soil compaction at inflation 
pressures of 180, 207 and 235 kPa as these were 
overshadowed by the effect of the initial soil 
strength. However, it would not be advisable 
to operate at 180 kPa when carrying the present 
payloads as the tyres would run flat.
Within a moisture content of 17 and 21% (wet 
weight) the present single bundle trailers do 
not cause significant soil compaction. There 
are however, 45 and 72% chances that nucleus 
estate trailers induce significant compaction in 
upland and lowland fields respectively. There 
are some chances that the high capacity bin 
trailer causes significant soil compaction in 

lowland fields.

3. Recommendations

To avoid hardpan formation the ploughing depth 

should be increased from 25.4 to 30 cm. It 

should be noted that this increase will increase 

the cost of ploughing because of the increased 

draft. Consequently fuel consumption will also 

r i s e .

The current average inflation pressure of 207 kPa 

(30 psi) used in 18.4x30, 10 ply tyres is 

adequate. However, when the values established 

from this research are adopted, tyreresearch are
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specification manuals like the one established by 

Traux et al. (1985) must be used to select the 
appropriate tyre pressures.

3. To increase the tonnage delivered by the present 
single bundle trailers (SBT) the payloads carried 
should on average be 7300 kg. To carry beyond 
7300 kg up to the established safe payload of 
9000 kg a new SBT design will be required.

A. Nucleus estate trailers should be loaded to
payloads of 7630 kg in upland fields and 6770 kg 
in lowland fields for moisture contents of 17 to 
21% (wet weight) to avoid significant soil 

compact i on.
5. From the research findings it is advisable to

stick to an 18.4x30 tyre on all single and high 

capacity bin trailers. However, in order to 

continue carrying the present amount of sugarcane 

on nucleus estate trailers, wider tyres will be 

required. This is because use of wider tyres 
than 18.4x30 will reduce ground contact pressures. 
This in turn will reduce the induced soil

compact ion.
6 . A study relating levels of soil compaction and

sugarcane yield loss will be useful. This study 

should isolate soil compaction effects on yields 

from other factors that affect yields such as cane 

treading by machinery, diseases, weather, sugar­

cane variety, soil fertility, alkalinity and
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acidity and drainage.

7. There is need to establish critical soil

compaction levels for the soils of Mumias. This 
may be achieved by studying the behaviour of 
sugarcane roots as they develop in soils compacted 
to various bulk densities.

8. Investigations into the possibility of increasing 
the density of sugarcane stacks carried by the 
present single bundle trailers are necessary.

9. A study should be conducted on NETs to find out 
whether weight transfer or the build materials are 
a cause to the high axle loads they induce over 
SBTs while carrying similar payloads.

10. Good machinery management may be achieved if one 

is able to predict the level of soil compaction 

that may be induced given values of axle loads, 

soil type and moisture contents. Use of precipi­

tation rather than soil moisture content in the 

prediction of soil compaction levels would be 
faster. A_study_to_re1 ate precipitation to field 
moisture content wou 1 dj ^therefore be of profound 

importance to soil compaction studies and field 

machinery management as well.
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APTEND1X 1

The soils of Mumias

Appendix 1 shows the soil characteristics of 
Mumias Sugar Zone. The area has been divided into
eleven soil units. Main soil features in each unit,
soil limitations, drainage limitations, suitability for 
sugarcane growing and management requirements are

shown.
Source: Booker Agriculture International Limited

(1969 ) .
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APPENDIX 2

Criteria used in selection of critical 
bulk density for the soils of Huiias

In this appendix the argument following the choice 
of Ferralic CAMBISOLS (Low Humic Latosols) as represen­
tative soils in the nucleus estate of Mumias Sugar 
Company is given. The soils described here have been 
obtained from the Kenya Soil Survey Map of 1982, Mumias 
area. This soil map covers * small section of ths 

nucleus estate of Mumias Sugar Company.
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Table A2. Soils found around the Nucleus Estate of 
Mumias Sugar Company

Legend from map Soil description
and parts covered

!• 'JGjM/AB These are soils developed on acid
Nucleus Estate rocks (granite). They are found in

the uplands . They are shallow and 
well drained. They are moderately 
deep dark reddish brown to strong 
brown, friable clay, over petro- 
plinthite, marrum (Ferralic CAMBI - 
SOLS petroferric phase and orthic 
Ferralsols, petroferric phase).

2. VjC j/BC
Along River 
Nzo i a.

These are soils developed on various 
parent materials. They are complexes 
of excessively drained to well 
drained, deep yellowish brown to 
grey, loose loamy sand to sandy loam 
(Ferralic ARENOSOLS) and imperfectly 
drained to poorly drained, deep dark 
brown to dark greyish brown, mottled, 
firm, sandy clay to clay (eutri 
G 1 eyso 1s ).

3 .  U G b j / B
Factory and 
parts of the 

Nucleus Estate

Soils developed on acid igneous 
rocks (granite). They are found in 
the uplands. They are well drained, 
deep to very deep, yellowish brown, 
friable to firm, sandy clay to clay 
(orthic ACRISOLS and plinthic 
FERRALSOLS) .

Table A2 shows that the soils in the three parts 
considered have Ferralic properties. Buringh (1979) 
classifies Ferralic CAMBISOLS as Low Humic Latosols. 
Ferralic CAMBISOLS are Cambisols with ferralic prop­
erties. Ferralic properties are properties of soils 
that are almost Ferralsols, but the texture is too 
coarse and therefore are classified as a Ferralic group 
in the Cambisols and Arenosols. The soils in sections 
UGgM/AB, V c./BC and UGb,/B all have the ferralic 
properties. T h 0 classification of the soils in the 
nucleus estate of Mumias Sugar Company as Low Humic 
Latosols is therefore a close description of this 
soils. The properties of Low Humic Latosols especially 
the critical bulk density for the growth of sugarcane 
can therefore be used in the analysis.

Hydrol Humic Latosols (Humic ANDOSOLS) on the 
other hand do not show ferralic properties. These 
soils often occur in cool and humic regions, in the
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tropics at altitudes of some hundred metres or more. 
They are therefore not characteristic of the soil of 
liumias.

Gray Hydromorphic Clay are clay soils with hydro- 
morphic properties. Soil textural analysis (Tables 5.5 
and 5.6) indicate that even the lowland fields of 
Mumias have a high proportion of sand.
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APPENDIX 3

Test Vehicle Calibration

Appendix 3 describes the procedure used in the 
calibration of the test vehicle. Graphical relation­
ships between axle load and water level in the test 
vehicle were established. During the test one merely 
made a water level reading and with the help of the 
calibration results the corresponding axle load was 

de term i ned .
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Procedure

The water bowser was calibrated 
used. Conversion graphs developed 
Figure A3.

before it was 
are shown in

Fig.A3. Water level to axle load conversion graph.

To develop these graphs weigh-bridge measurements 
shown in Table A3 were used.

Table A3. Ueigh-bridge readings used to calibrate 
the Test Vehicle

U-leve 1 
bowser,

Tractor on 
w/b (k g )

Vehicle on 
w/b (k g )

Bowser on 
w/b (k g )

T-front on 
w/b (k g  )

130 47 AO 8700 4050 1530
50 6150 14360 8300 1530
20 6650 16000 9480 1530

U-level = water level (cm), 
w/b = weigh-bridge and 

T-front = tractor front axle.
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Tractor rear axle load was computed as follows:

t bowser) 
4050

(rear) 
a+ b

(front)
1530

A = B + C +  (a+ b ) ....  3.1
D = B + (a+b) ....  3.2

where:
A = weight of loaded vehicle on weigh-bridge (kg), 
B = weight of tractor front axle on weigh-bridge 

(kg) ,
C = weight of trailer axle on weigh-bridge (kg), 

and
D = weight of tractor on weigh-bridge.

From equations 3.1 and 3.2*
a+b = 3165 kg for vehicle and tractor weights of 6700 

and 4740 respectively.
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APPENDIX 4

Detailed Experimental Layout

In this appendix detailed experimental layouts at 
the test sites are shown. Axle load application varied 
from 0 to 9 tonnes. Three levels of moisture content 
and tyre pressure were used at each experimental site. 
Sites A10x and B3 each measures 67.5x15 m while site 

D118x measures 30x15 m.
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Experimental layout for Site A18x

Moisture (tt) 18.3
T. Press (kPa) 235 180 207
Axle 1oad (ton) 9 8 7 5 0 0 7 9 5 8 5 7 0 9 8

X

o
X

o
X

Experimental layout for site B3.

T.Press = tyre pressure,
x = bulk density samples taken from here, and 
o = penetrometer readings taken from here.
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Experimental layout for Site B3 (Cont'd).

Moisture (%) 2 2 .  i*

•9CM

T . Press (kPa) 2 3 5 2 0 7 2 0 7

Axle 1oad (ton) 9 5 8 0 7 9 8 7 0 5 9 0 5 8 7

X

o
X

o
X

Experimental layout for site D118x.

T.Press = tyre pressure,
x = bulk density samples taken from here, and 
o = penetrometer readings taken from here.
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APPENDIX 5

The establishment of the formula used in 
calculation of the tyre contact area

Appendix 5 shows the procedure used in the estab­
lishment of the formula used in the calculation of the 
tyre area of contact. The relation between the area, 
length and width of a few randomly chosen elliptical 

tyre prints is given.
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Procedure

The ellipses used were chosen at random in the 
course of the tests. Print length and width were 
measured. The actual area of the ellipse was obtained 
by square count. To calculate the area of the other 
ellipses whose dimensions were the only measured 
parameters, an estimate of the area was obtained from:

Area = b LW ....  5.1

where :
b = a regression coefficient,

L, U = the largest length and width of the ellipse 
respectively (cm).

The data used is shown in Table A5. The 
regression coefficient obtained was 0.886 with a 
correlation factor of 0.988. The area of contact was 
es t i ma ted by :

A rea = 0.886 LU 
Table A5. Print area values

Area by square Ellipse (cm)
count I o i j ^ I  Length Uidth LxW

2600 65 44 2860
2325 66 41 2706
2225 63 38 2394
2550 70 42 2940
2300 67 40 2680
2600 72 41 2952
2550 68 43 2924
2700 69 43 2967
2400 69 40 2760
2150 64 39 2496
2200 67 41 2747
2650 69 42 2898
2400 68 42 2856
2950 74 45 3330
2400 60 43 2580
2550 61 45 2745
2625 64 45 2880
2750 67 45 3015
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APPENDIX 6

Standard Proctor Test Procedure

In order to develop relations between soil 
compaction, soil moisture and the compacting effort a 

procedure similar to the standard Proctor Test was 

used. This appendix describes the Standard Proctor 

Test as described by Bowles (1978).
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Procedure

Note: A water-content sample should be taken 24h prior 
to this test so that the initial water content 
can be reasonably estimated; otherwise it may 
take 6 to 8 trials to obtain the compaction 
curve-especia 1 1y for any soils where OMC is 17 to 
22 percent.

1. Take 3 kg (nominal weight) of air-dry soil, 
pulverize sufficiently to run through the No.4 
sieve, then mix with the initial percentage of 
water based on estimated dry weight. The initial 
percentage of water should be based on the present 
water content, a desired initial moisture content 
4 to 5 percent below OMC, and obtain OMC from 
Fig.A6.1 or other means of estimation.
The soil and water should be premixed and cured 

for about 24h prior to the test.

I 1 ' iu ir f  l im it

Fig. A6.1. Chart to find the approximate optimum
moisture content (OMC) of a soil in the 
standard compaction test.

2. If the soil has been •cured,1 
moisture by weight [.01x3 = 0.03 
account for evaporation losses, 
into the soil carefully.

add 1 percent 
kg (30 ml)1 to Mix this water
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3. Weigh the compaction mould but do not include 
collar or base plate.

4. Measure the compaction mould to determine its 
volume.

5. Use either the standard or modified compaction 
method as specified by the instructor and compact 
a cylinder of soil. If you use a 1000 c.c. 
mould, use 26 blows per layer instead of 25 to 
produce the same compaction energy and for either 
test.

6. Carefully strike both the top and base of the 
compaction cylinder of soil with a steel straight­
edge. Fill in any holes in the compaction 
specimen with either soil or gravel which is 
smaller than the hole where the smoothing process 
removes any pebbles or soil.

Note. If the mould is not filled above the collar 
joint from the last compacted layer, do not add soil to 
make up the deficiency-redo the test. You can avoid 
this unpleasant situation, however, by carefully 
watching and, after about 10 blows on the last layer, 
if the soil is below the collar joint, adding enough 
material to fill above the collar joint and then 
continuing with the remainder of the blows. You should 
try to have more than about 6 mm of soil above the 
collar joint on the other extreme (see Fig.A6.2).
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F i g.A6.2. Compacted soil specimen with collar 
removed and initial trimming. Note 
that soil projects only about 6 mm 
above mou1d.
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If you have much more than this amount of excess 
and are not careful, you will remove the last 
layer of compacted soil cake when you remove the 
collar. If you do this, redo the test since you can 
never replace the soil cake properly. If the collar is 
hard to remove, do not risk twisting off the third (or 
last) layer of soil; take a spatula and trim along the 
sides of the collar until it comes of easily. Remember 
that you have an error multiplier of 1060 in this 
project; therefore,an error of 15 g of soil is about 
0.15 kN/m^ of compaction error-and 15 g of soil is not 
a very large quantity.
7. Weigh the mould and cylinder of soil.
8. Ext rude the cylinder of soil from the mould, split 

it, and take two water-content samples-one near 
the top and the other near the bottom-of as much 
as the moisture cups will hold (about 100 g).

9. Break the sample to (-) No.4 sieve size and add 2 
percent (based on the original sample weight of 3 
kg) of water. Carefully remix and repeat steps 
5 to 9 until, based on wet weights, a peak value 
is followed by two slightly lesser compacted 
weights.10. Return to the laboratory the following d»y and 
weigh the oven-dry water-content samples to find 
the actual average water content of each test.

11. Compute the dry unit weight and make a plot of dry 
bulk density versus water content, with dry bulk 
density as the ordinate.
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APPENDIX 7

Calculation to support choice of four 
passes in the Proctor Test

In this appendix a calculation is made showing the 
reason for simulating four passes in the Proctor Test. 
During the field test, the test vehicle made two 
passes on any treated section. Therefore the trailer, 
tractor rear and front wheels each made two passes on 
any treated section. It is shown that the sum of the 

ground contact pressures developed by the tractor front 

and rear wheels was approximately equal to that for the 

trailer wheel. When the tractor front and rear wheels 

made two passes, their influence was therefore assumed 

to be equal to two trailer wheel passes. In effect, 
for two vehicle passes an equivalent of four trailer 

wheel passes are made.
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Table A7. Area of contact for the rear and front of 
a tractor, and water bowser tyres at 
various axle loads

Axle Ioad, kg 
b-tyre t-rear t-front

oContact area, cm 
b-tyre t-rear t-front

76 10 4290 1460 384 1 2150 1162.5
6880 4000 1460 3095 2150 1112.5
6240 3750 1460 3290 2225 1112.5
3890 3400 1460 4110 2055 1162.5

Where:
b-tyre = bowser tyre,
t-rear = tractor rear tyre and
t-front = tractor front tyre.
Table A7 shows some contact area values obtained 

in the preliminary tests for the research. It seems 
that area of contact for tractor front and rear tyres 
did not vary significantly as the axle load was 
increased. This could be due to:
(i) the tractor tyres sunk deeper as the load was 

i ncreased,
(ii) the tyres did not deform as the load was 

increased,
(iii) the method of measuring contact area was not 

sensitive enough to detect any smal 1 differences 
in the values obtained.

(iv) a horizontal plane was used as the area of contact 
neglecting the contribution made by the side walls 
of the tyre.
The area of contact of the tractor front and rear 

tyres can be estimated by the mean of the values 
in Table A7. Using Figure A3 maximum ground contact 
pressures developed by the tyres are:
Tractor front = 7.5/0.11375

66.0 kPa (9.55 ps i )

Tractor rear = 24.5/0.21375
114.6 kPa (16.6 psi )

The water bowser tyres developed a ground contact 
pressure of about 169 kPa (24.5 psi). Hence the sum 
of the pressures developed by both the tractor rear and 
front tyres is approximately equal to that developed by 
the water bowser tyre.
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APPENDIX 8

Calibration of the Penetrometer

Appendix 0 shows the procedure for the calibration 
of the penetrometer used during the field tests. To be 
able to convert the penetrometer dial readings to kilo­
grammes, a regression relationship between the dial 
readings and balance readings (kg) was established. 
During the field tests one merely made p e n e t r o m e t e r

read i ngs.
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The penetrometer was calibrated before it was 
used. Table A8 shows the values that were used to 
convert penetrometer dial readings into kilogrammes.
Table A8. Penetrometer dial reading conversion

Penetrometer 
dial read i ng 

C I
Balance 
read ing 
(kg) Regression output

10 1.6 Cons tan t 0
20 3. 6 Std Err of kg Est 0. 64 1
30 5. 4 R squared 0. 998
40 7.8 No of Observations 15
50 10. 2 Degrees of Freedom 14
60 13. 4 Cl Coefficient(s ) 0. 220
70 14.6 Std Err of Coef 0.0016
80 17.6
90 20. 0
100 21.8
120 27.0
140 30. 6
160 35. 2
180 40.0
200 44.6

Equation 8 developed was used to convert penetrometer 
dial readings to kilogrammes.

P = 0.2203 b .....  8

where:
P = reading in kg and 
b = penetrometer dial reading.
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APPENDIX 9

Veigh-bridge readings for SBTs and NETs.

Appendix 9 shows weigh-bridge readings collected 
for Single Bundle (SBT ) and Nucleus Estate (NET) 
Trailers. The mean of the empty trailer axle loads was 
computed. The appendix also shows the procedure used 
in the establishment of the relationship between the 
developed trailer axle loads and payloads carried by

SBTs and NETs.
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Table A9.1. Weigh-oridge readings for Single Bundle Trailers

Serial
nutter

Reg. No weigtit of loaded 
vehicle in kg.

Payload Axle load, kg 
(kg) (loaded trailer)

Axle load, kg 
(enpty trailer)

1 CT263 11500 5600 5680 2110
2 CT270 11180 5360 5320 2000
3 CT269 12210 6420 5870 2030
4 CT1479 13730 8000 6670 2020
5 CT350 12890 6850 7040 2260
6 CT1475 13020 7330 6110 1940
7 CT269 13550 7800 6410 2050
B CT346 10330 4860 5070 2220
9 CT505 13590 7680 6620

10 CT469 12730 6730 6130 2130
11 CT145E 13180 7280 6300 2020
12 CT1460 10830 4960 4950 2060
13 CT1480 13880 7990 6410 2100
14 CT503 14060 8120 6650 2160
15 CT267 13930 7960 6210 2230
16 CT247 11520 5580 5580 2180
17 CT262 12780 6850 6380 2200
16 CT51E 12300 6540 6020 2180
19 CT496 11980 5810 5680 2310
20 CT352 13960 7990 6800 2270

Mean 2130

Source: Tyre specification in relation ;g in-field cane transport, 1985.

r
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Table A9.2. Weioft-bndoe readinos for Nucleus Estate Trailers

Serial
number

Reg. No meight of loaded 
vehicle in kg.

Payload Axle load, kg 
(kg) (loaded trailer)

Axle load, kg 
(empty trailer)

1 C7282 13750.00 6670.00 7260.00 2640.00
nL CT285 13390.00 6480.00 7110.00 2560.00
3 CT285 12730.00 6020.00 6550.00 2520.00
4 CT282 12970.00 6030.00 6900.00
5 CT280 13900.00 7040.00 7690.00 2580.00
6 CT281 12640.00 5840.00 6600.00 2600.00
7 CT298 13640.00 6540.00 7260.00 2630.00
B CT276 13280.00 6530.00 7190.00 2560.00
9 CT273 13030.00 6070.00 7020.00 2680.00

10 CT280 11840.00 4850.00 6230.00 2620.00
11 CT282 14650.00 7160.00 8150.00 2900.00
12 CT274 16060.00 8890.00 9160.00 2630.00
13 CT2e5 16140.00 9080.00 9100.00 2790.00
14 CT280 15000.00 7800.00 8460.00 2910.00
15 CT285 14000.00 7030.00 7580.00 2750.00
16 CT299 15540.00 8230.00 8940.00 3000.00
17 CT281 15450.00 8400.00 8610.00 2790.00
IS CT2B5 15050.00 8030.00 8530.00 2800.00
19 CT299 16220.00 8920.00 9420. (X1 2980.00
20 C7299 15610.00 8300.00 8680.00 2950.00

Near, 2741.56

5ource: Tyre specification in relation to in-field cane transoort, 1985.
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'aiile A?.3. Estafiiismng vaiues of k ana c in tne eauation: ¥ = iK + c 
for single oundie trailers.

Serial
rxmber

Payload Axle load, kg 
(kg) (loaded trailer)

«
0.6

Payload Axle load, xg 
(kg) (loaded trailer)

a
0.599 0.6

Differences
0.599

i c420 6530 6002 6420 6530 5995.58 -528
2 5110 5260 5216 5110 5260 5210.e? -44 -49.11

3 5610 5100 5516 5610 5100 5510.39 416 410.39

4 6240 5850 5894 6240 5850 5887.76 44 37.76

S 6640 6200 6134 6640 6200 6127.36 -66 -72.e4

6 7350 6300 6560 7350 6300 6552.65 260 252.65
7 5390 5260 5384 5390 5260 5378.61 124 116.61
8 6220 5950 5882 6220 5950 5875.78 -68 -74.22
9 6010 5450 5756 6010 5450 5749.9? 306 299.99

10 6660 5920 614o 6660 5920 6139.34 226 219.34

11 5420 5620 5402 5420 5620' 5396.58 -218 -223.42

12 5470 5200 5432 5470 5200 542o.53 232 226.53
13 5200 5320 5270 5200 5320 5264.8 -50 -55.2
14 4340 4660 4754 4340 4660 4749.66 94 89.66
15 6150 5790 5640 6150 5790 5833.85 50 43.85

16 4170 5350 4652 4170 5350 4647.83 -696 -702.17

17 4430 4630 4808 4430 4630 4803.57 178 173.57

18 6300 5950 5930 6300 5950 5923.7 -20 * i>6i j
19 8100 7350 7058 6160 7350 7049.82 -300.18

20 8110 7350 7016 8110 7350 7007.89 -334 -342.11

21 4190 4900 4664 4190 4900 4659.81 -236 -240.19

44 5o20 57B0 5522 5620 5780 5516.35 -258 _ fcCj«6*.

23 5430- 5390 5408 5430 5390- 5402.57 18 12.57

24 5280 4950 5318 5280' 4950 5212.72 368 362.72

25 6*90 5720 5864 4190 5720 5857.81 144 A W.‘ • £i

2c 5440 6100 5414 5440 6100 5408.5c -666 -691.44

27 5360' 5380 5366 536-0 5300 536*0.64 -14 -19.36

26 oe90 6650 6164 6690' 6650 6157.31 -48c -492.69

29 5790 6280 562̂ 5790 6280 5618.21 -656 -601.79

30- 6:70 5700' 5852 6170 5700 5845.82 152 143.83

wrl 6470 6090 6032 6470 6090 6025.53 -58 -64.47

£ 6230 6280 5588 6230 6280 5881.77 -392 -396.23
4790 4310 5024 4790 4810 5019.21 214 209.21

24 5600 5680 5510 5600 5680 55*04.4 -170 i i 3 ■ C

25 5360 5320 5366 5360 5320 5360.64 46 40.64

36 6420 5870 6002 6420 5570 5993.58 132 125.5E

37 8000 6o7C 6950 8000 6670 6942 28*0 272

36 6850 7040 6260 6850 7040 6253.15 -780 -786.85

39 7330 6110 6546 7330 6110 6540.67 438 430.67

r
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A9.3. (Cant'd)

Semi
>«Der

Payload Axle loac, ka 
(icq) (loaded trailer)

s
0.6

Payload Axle load, xa 
(ka) (loaded trailer)

ei
0.599 0.6

Differences
0.599

40 7800 6410 6830 7800 6410 6822.2 420 412.2
41 48o0 5070 5066 4360 5070 5061.14 -4 -8.86
42 7680 6620 6758 7680 6620 6750.32 138 130.32
43 6730 6130 6188 6730 6130 6161.27 58 51.27
*4 7260 6300 6518 7280 6300 6510.72 216 210.72
45 4960 4950 5126 4960 4950 5121.<04 176 171.04
46 7990 6410 6944 7990 6410 6936.01 534 526.01
47 E120 6650 7022 8120 6650 7013.88 371 363.8E
<e 7960 6210 692o 7960 6210 6918.04 716 708.04
49 5580 5530 5498 5580 5580 5492.42 -82 -87.58
50 6850 6380 6260 6850 6380 6253.15 -120 -126.85.
51 65*0 6C20 6074 6540 6020 6067.46 54 47.4c
52 5810 5680 5636 5810 5680' 56310.19 -44 -49.81
53 7990 6800 6944 7990 6800 6936.01 144 136.01

2150 2150 248.6 -80.181

acie: Y = axle ioao; X = oayioac in ka. Mean eaoty trailer axle loac = 2150 ka.

r*
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’jsie A9.4. Establishing values of a and c tn tne eauation: Y * aX ♦ c 
for Nucleus Estate Trailers

Serial
U M O er

Serial Axle load, kg 
nuaoer (loanee trailer)

Payload «> Axle load, kg 
(kg) 0.713 (loaded trailer)

Payload ® 
' (kg) 0.713 0.713

differences
0.713

1 1 6950.000 6320.000 7223.000 6950.000 6320.000 7223.632 273.000 273.632
2 2 6930.000 6090.000 7059.125 6930.000 6090.000 7059.734 129.125 129.734
W 3 8960.000 8650.000 6863.125 6960.000 8650.000 8883.990 -76.675 -76.010
4 4 8180.000 7900.000 8348.750 8180.000 7900.000 8349.540 168.750 169.540
5 5 8560.00-0 6340.000 6662.250 6560.000 8340.000 6663.084 102.250 103.084
6 6 7310.000 6720.000 7508.000 7310.000 6720.000 7508.672 196.000 198.672
7 7 7370.000 6540.000 7379.750 7370.000 6540.000 7380.404 9.750 10.404
e 8 7700.000 7200.000' 7850.000 7700.000 7200.000 7850.720 150.000 150.720
9 9 8720.000 7270.000 7899.875 8720.000 7270.000 7900.602 -820.125 -819.398

10 10 5490.000 5465.000 6628.063 5490.000 5485.000 6628.611 113E.0o3 1138.611
11 11 6220.000 7800.000 8277.500 8220.000 7800.000 8278.280 57.500 58.280
12 12 9320.000 9260.000 9317.750 9320.000 9260.000 9318.676 -2.250 -1.324
I TA*/ 13 7550.000 6750.000 7529.375 7550.000 6750.000 7530.050 -20.625 -19.950
14 14 6830.000 5680.000 6767.000 6830.000 5680.000 6767.568 -63.000 -62.432
15 15 8200.000 7300.000 7921.250 8200.000 7300.000 7921.980 -278.750 -278.020
16 16 8950.000 8750.000 8954,375 895C.000 8750.000 8955.250 4 • 375 5.250
17 17 8050.000 6760.000 7536.500 8050.000 6760.000 7537.176 -513.500 -512.824
18 IS 8630.000 6400.000 6705.000 8630.000 8400.000 8705.840 75.000 75.840
19 19 7820.000 7230.000 7671.375 7820.000 7230.000 7872.098 51.375 52.098
20 20 8410.000 8020.000 8434.250 8410.000 8020.000 8435.052 24.250 25.052
21 21 6730.000 B580.000 8833.250 6730.00-0 e580.000 8534.108 103.250 104.108
•mL 22 7910.000 6280.000 7194.500 7910.000 6280.000 7195.128 -715.50CJ -714.872
7 7
M 23 7610.000 7240.000 7876.500 7610.000 7240.000 7879.224 268.500 269.224
24 24 8530.000 8650.000 8883.125 8630.000 8650.000 8563.990 53.125 53.990
25 25 7500.000 6670.000 7472.375 7500.000 6670.000 7473.042 -27.625 -26.958
26 2t 7850.00ij 7400.000 7992.500 7850.000 7400.000 7993.240 142.500 143.240
2/ 27 8880.000 6010.000 8427.125 8880.000 8010.000 8427.926 -452.875 ■-452.074
28 25 7690.000 7080.000 7764.500 7690.000 7080.000 7765.208 74.500 75.208
20 2« 8900.000 8580.000 8833.250 8900.000 8580.000 eS34.10S -66.750 -65.892
30 30 8020.000 7690.000 8199.125 8020.000 7690.000 8199.894 179.125 179.894
31 31 7900.000 7670.000 8184.875 7900.000 7670.000 8185.642 284.875 285.642
TT-
«#& 32 8340.000 8110.000 8498.375 8340.000 8110.000 8499.186 158.375 159.186
33 33 6390.000 7900.000 E346.750 8390.000 7900.000 8349.540 -41.250 -40.460
34 34 8560.000 8160.000 8534.000 8560.000 8160.000 8534.816 -46.000 -45.184
35 35 7820.000 7350.000 7956.875 7820.000 7350.000 7957.610 136.675 137.610
3c 36 8390.000 7990.000 8412.875 8390.000 7990.000 8413.674 22.675 23.674
- 37 8810.000 8470.0(h) 8754.875 8810.000 8470.000 8755.722 -55.125 -54.278
38 36 8150.000 6920.000 7650.500 8150.OX) 6920.000 7651.192 •-499.500 ■■498.808
39 39 7840.000 7230.000 7871.375 7840.000 7230.000 7672.096 31.375 32.098
40 40 7670.000 6240.000 7166.000 7870.000 6240.000 7166.624 ■■704.000 ■•703.376

*



Tacle A?.4. (Cont'd)
1 4 6

Serial Serial fade ioad, rg Payloaa oi Axle ioac. *9 Payloaa « differences
nucer muoer (ioadec trailer) (kgi 0.713 (loaaec trailer) (kg) 0.713 0.713 0.713

41 41 7260.000 6670.000 7472.375 72o0.000 6670.000 7473.042 212.375 213.042
42 42 7110.000 6460.000 7337.000 7110.000 64&J.000 7337.648 227.000 227.648
43 43 6550.000 6020.000 7009.250 6550.000 6020.000 7009.852 455.250 459.852
44 44 6900.000 6030.000 7016.375 6900.000 6030.000 7016.978 116.375 116.978
45 45 7690.000 7040.000 7736.000 7690.000 7040.000 7736.704 46.000 46.704
46 4o 6600.000 5840.000 6881.000 6600.000 5840.000 6881.584 281.00C 281.584
47 47 7260.000 6540.000 7379.750 7260.000 6540.000 7380.404 119.750 120.404
45 46 71910.000 6530.000 7372.625 7190.000 6530.000 7373.278 182.625 183.278
49 49 7020.000 6070.000 7044.875 7020.000 6070.000 7045.482 24.875 25.482
50 50 6230.000 4850.000 6175.625 6230.000 4850.000 6176.110 "54. -53.890
51 51 6150.000 7160.000 7821.500 8150.000 7160.000 7822.216 -328.500 -327.784
52 52 9160.000 8890.000 9054.125 9160.000 8890.000 9055.014 -105.675 -104.986
53 53 9100.000 9080.000 9184.500 9100.000 90SO.OOO 9190.406 88.500 90.408
54 54 8460.000 7800.000 8277.500 8460.000 7800.000 8278.280 -182.500 -181.720
55 55 7580.000 7030.000 7728.875 7580.000 7030.000 7729.57S 148.875 149.578
56 56 8940.000 8230.000 8583.875 8940.000 8230.000 8584.698 -356.125 -355.302
57 57 BelO.OOO 8400.000 8705.000 8610.000 8400.000 6705.840 95.000 95.840
56 53 8530.000 8080.000 8477.000 8530.000 8080.000 8477.805 -53.000 -52.192
59 59 9420.000 8920.000 9075.500 9420.000 8920.000 9076.392 -344.500 -343.608
60 60 8680.000 8300.000 8633.750 8680.000 8300.000 8634.580 -4c.250 -45.420

2720.000 2720.000 -14.725 29.540

It. tr.:s tin tn;s :aoie: V = axie loao; X = payloaa in kg. c = 2720 kg (near, eopty trailer axie load).

T
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