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ABSTRACT 

The introduction and appreciation of the low volume sealed road technique in Kenya 

has heralded a new era in construction of efficient and effective rural road network. 

The performance of such roads are affected by various environmental parameters 

including changes in the in-situ moisture. The objective of the research was to 

investigate the effects of in-situ moisture and density on the pavement performance 

of Low Volume Sealed Roads (LVSRs) before, during and after improvement by 

modification of the cross-section profile, side drains and surface sealing. This was 

done by conducting field Dynamic Cone Penetrometer (DCP) test and laboratory 

California Bearing Ratio (CBR) test and establishing the DCP-CBR correlation. 

Appropriate testing with the simple DCP device was used to assess the in-situ 

conditions including material quality and moisture regimes along the road alignment. 

This information was used to identify uniform sections; the in-situ layer strength 

diagrams of each of these sections were analyzed to determine the layer quality and 

thicknesses. The method of data analysis of pavement entailed assessment of the in-

situ moisture, pavement strength and correlation of CBR-DCP results and moisture 

changes. Sampling was conducted on the alignment before construction, pavement 

and subgrade during construction and after allowing traffic flow were tested and 

analyzed as per the ASHTOO and BS standards. The research shows that, alignment 

soils before improvement the MDD and OMC for Wamumu - Karaba were 1090 

kg/m³ and 46.5% respectively while the Maximum Dry Density (MDD) and the 

Optimum Moisture Content (OMC) for Kyeni - Karurumu were 1125 kg/m³ and 

45.1% respectively and were predominantly borderline granular materials were 

susceptible to effects of moisture. As such they exhibited inferior characteristics but 

were improved by processing the subgrade and compacting heavily to improve the 

strength and reduce permeability. During construction, by adding sub-base and base 

layers, since the pavement had not fully consolidated it required 3 mm/blow to 

penetrate to 150 mm thickness and at a higher CBR of 102, hence reduction of 

moisture and increased pavement strength. A DCP –CBR correlation of 3.0 for 

Kyeni Karurumu and 2.7 for Wamumu Karaba was established hence along the road 

sections works could continue based on the DCP and CBR only used for 

confirmation on both sections. After construction and opening to traffic, the CBR 

achieved was 152% for the 0-150 mm layer and 106% for the 151-300 mm layer. 

This showed improved pavement strength due further consolidation and reduction in 

moisture content. In conclusion, the existing alignment materials can be used as the 

subgrade by processing and compacting at or near optimum moisture content 

(OMC). During construction, by adding sub-base and base layers, improving drains 

and sealing surface the resulting pavement becomes stronger. Further consolidation 

is achieved when the pavement is opened to traffic. It is recommended that the 

effects of in-situ moisture be assessed before, during and after traffic flow when 

upgrading or constructing new LVSRs as this will inform the use of existing 

alignment soils, required pavement strength and proper drainage.
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CHAPTER ONE 

 INTRODUCTION 

1.1 Background Information  

Kenya, like other developing nations, has majority of its road network (90%) as low 

volume roads (Classes D, E and the unclassified). Over the past years, the main 

infrastructure investment has been towards high volume roads (Classes A, B and C 

roads), (Roads Design Manual Part 1). Low Volume Roads (LVSRs) principally 

involve sealing of existing gravel roads using a layer of bitumen with or without any 

improvements as preliminary strength tests may dictate. LVSRs, defined as those 

roads that carry less than 300 vehicles per day (VPD) and about one million 

equivalent standard axles over the design life, constitute a significant proportion of 

the Kenyan classified road network.  

Special attention must be drawn to the LVSRs. Through the recently launched Road 

annuity Programme, the Kenyan Government was planning to improve on its roads 

infrastructure with emphasis on the low volume roads by sealing the existing gravel 

roads to the tune of 2,000 km within 2014-2015 fiscal year, (MoTI, 2014). The main 

focus of this policy intervention is to produce appropriate cost effective pavement 

design for low volume sealed roads using the Dynamic Cone Penetrometer (DCP) 

design method that will enable Kenya upgrade a larger proportion of the rural 

network than the current traditional methods can allow. 

The new material specifications and design requirements for low volume sealed 

roads in these studies is derived from class D and E roads. The design and 

construction step applied recognizes the controlling influence of the road 

environment on the deterioration of lighter pavement. 

The main focus of the project is on appropriate, cost effective pavement design for 

LVSRs using the DCP design method. However, appropriate geometric standards 

with regard to current and future traffic as well as traffic safety issues are also being 

considered. In order to successfully design long lasting LVSRs, information on the 

effects of the in-situ moisture content of the existing gravel roads is very important. 
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This is because moisture content usually has a significant effect on the performance 

of conventional roads. 

1.2 Statement of Problem 

Source of gravel as a wearing course is becoming more and more depleted and 

Kenya’s LVSRs are washed by floods due to poor internal and external drainage. 

Experience in Kenya has shown that the best wearing course gravels have either been 

depleted or are no longer available. The lack of suitable gravel may be a function of 

either economic or for environmental factors. Other aspects such as the need for 

regular grader maintenance, the generation of dust and the erosion of materials into 

water courses may also mitigate against the continued use of unsealed roads. The 

most beneficial solution to these problems is usually to reconstruct the roads with a 

bituminous surfacing, (Roads 2000 Programme Nyanza Report). 

Optimizing the use of traffic loading, moisture variation, compaction of the 

pavement layers usually results in a reduced need to import large quantities of virgin 

gravel material. 

 Sealing of the existing gravel roads without giving due attention to the in-situ 

moisture and its influence on the performance of the road could lead to roads which 

have to be reconstructed after a very short time due to premature failure. 

By making optimal use of the in situ conditions and minimizing the quantity of 

imported material required, a reduction in the construction cost with an immediate 

impact on the life-cycle costs of the pavement was achieved, provided that the 

maintenance needs for this new road are not significantly higher than a conventional 

pavement structure. 

The goal of the study was to produce a design with respect to the effect of in situ 

moisture content on pavements that achieve construction and operational efficiency, 

but also cost effective, be aesthetically pleasing and minimize environmental 

impacts. 

1.3 Objectives 

By answering the above research questions, the study was to achieve the objectives 

shown below. 
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1.3.1 Overall Objective 

To investigate the effect of in-situ moisture on the pavement performance of Low 

Volume Sealed Roads (LVSRs) before, during and after improvement by 

modification of cross section profile, side drainage and bituminous surfacing. 

1.3.2 Specific Objectives 

a) To assess in-situ moisture and pavement strengths of various sections of 

LVSRs before improvement by modification of cross section profile, side 

drainage and bituminous surfacing. 

b) To assess in situ moisture, pavement layer strength and subgrade strength of 

various sections of LVSRs during improvement by modification of cross 

section profile, side drainage and bituminous surfacing. 

c) To determine pavement strength and moisture after improvement to LVSRs 

and traffic flow. 

1.4 Research Questions 

This research seeks to answer the following questions: 

i. How does in-situ moisture affect the pavement strength of LVSRs 

before improvement by modification of cross section profile, side 

drainage and bituminous surfacing? 

ii. Does the moisture content of the pavement layers for LVSRs 

change during improvement by modification of cross section 

profile, side drainage and bituminous surfacing? 

iii. Does the pavement strength and moisture change after 

improvement and traffic flow of the LVSRs? 

1.5 Justification of the Study 

Currently the government through the Roads Authorities through the Roads 10,000 

km policy is emphasizing on enhancing the roads infrastructure as a tool to spur 

economic growth by improving LVSRs network to sealed standards. This is because 

the major challenges facing the Roads Authority has been the management of a large 

network of unpaved roads due to the use of non-renewable gravel resource which is 

being seriously depleted. The Authorities have thus adopted the design of LVSRs 
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using the DCP design method to determine suitable pavement structure. It is used to 

a certain the strength and bearing capacity of the existing gravel road which is to be 

incorporated as part of the new pavement structure.  

This study therefore seeks to establish the effect of in-situ-moisture on strength and 

bearing capacity of the LVSRs before and after construction especially now that the 

DCP technique is going to be used.  That there is significant adoption of the LVSRs 

the study will come in handy to the decision makers on the influence of the 

environmental factors on the planning, design, construction and maintenance stages. 

1.6 Scope and Limitations of the Study 

1.6.1 Scope of Study 

Whereas the DCP design for LVSRs encompasses traffic, geometrics, pavement and   

materials, the study will dwell with moisture and strength component of the 

pavement design. A little mention however, was made about other characteristic 

factors on pavement.  

The scope of this research will include determining the effects of in-situ moisture 

contents and pavement strengths on two roads with varying climatic conditions, soil 

types but with almost similar traffic levels. The research was done in three stages 

namely during design, construction and after allowing traffic to flow. 

1.6.2 Limitations of study 

This research was confined to the two roads and was limited to the assessment of 

outcomes as a basis of acceptance of work accomplished. The results can be 

generalized to similar roads with caution. 

The research is further limited with time as the performance of the road requires the 

study to take over two years. Collecting and analyzing all the data might prove 

difficult in terms of time and financial limitations, however, positive endeavors was 

put in place to strike this target. 
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CHAPTER TWO 

 LITERATURE REVIEW 

2.1 Introduction on Low Volume Roads 

Pratico and Giunta (2011) defined low-volume roads as facilities outside built-up 

areas with a traffic volume of less than 400 annual average daily traffic (AADT). In 

spite of the fact that these roads are of lower use because of their location, low-

volume roads play an important social and economic role and sometimes represent a 

large part of the regional and national road network (Russell and Kornala, 2003; 

Pratico and Giunta, 2011). 

It is well known that the unpaved roads are roads built without an asphalt or 

concrete wearing surface, so they derive all structural support from their aggregate 

base layers. In principle, the unpaved roads are used for many purposes including 

industrial and private roads, temporary roads, detours and rural roads. Because 

unpaved roads have no asphalt or concrete wearing surface to help support traffic 

loads, they require a greater depth of aggregate base than the paved roads. This is 

applicable in designing roads for the same traffic. However, it is important here to 

mention that because of the increasing cost associated with asphalt repaving, interest 

has been rising in turning back damaged asphalt roadways into maintainable 

aggregate driving surfaces (Shearer and Scheetz, 2011). 

According to Wayne et al. (2010), the flexible pavement structure for a low traffic 

volume road (LVR) consists of a relatively thin asphalt-concrete wearing course 

and an aggregate base course constructed on subgrade layer. An asphalt wearing 

course provides a good riding surface and moisture protection for the base course. 

Service life of a thin asphalt pavement depends on material quality and thickness 

of granular layers (Wayne et al., 2011). 

2.2.1 Design Principle for Low Traffic Volume Roads 

In spite of the fact that there are similar basic principles for pavement design, 

each country has adopted individual methods and structures that suit their 

requirements according to their experience. In general, unpaved-road 
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construction using gravel requires that the material meets certain basic 

engineering demands. These demands include the following: Adequate 

cohesion to resist erosion, a particle size distribution that assists a tight 

engagement of the individual material particles, and adequate strength to 

support the applied traffic loads without significant deformations. 

Mahgoub et al. (2011) reported that motorists traveling on a gravel road will 

encounter the problem of corrugation. Nevertheless, there is no long-term solution 

for this problem which requires continual maintenance to control its appearance. 

Traffic volumes, subgrade and gravel properties, and vehicles speeds are factors 

that may cause corrugation. Research results have shown that when the aggregate 

base and subgrade soil intermix, this will reduce the effective thickness and in 

turn, the load-bearing capacity of the road structure will outcome ruts that must be 

periodically refilled with aggregate. 

Pavement deterioration is controlled mainly by how the road responds to 

environmental factors, such as moisture changes in the pavement layers, fill and 

subgrade, rather than to traffic. The appropriate design options for LVSRs therefore 

need to be responsive to a wide range of factors as captured in the road environment 

with the most critical being internal and external drainage. 

2.3 Typical Low Volume Road Pavement Structures 

Pavement conditions are monitored in terms of moisture, strength (in-situ CBR 

measured with DCP), density, riding quality (roughness), deformation (rutting) and 

deflection at the end of each wet and dry surface conditions. The layout of a typical 

test section with measurement position is as shown in Figures 2.1 and 2.2. 

According to Bradbury et al. (2005) cross-sections within each test section were 

tested with the DCP. The number of measurement positions chosen depended on the 

width of the road, but always included the outer and inner wheel-tracks (OWT and 

IWT, respectively) and the centre-line (CL). Further measurement positions were 

concentrated between the OWT and the shoulder. The longitudinal measurement 

position was relocated about 1 m further along the road in each successive survey. 

Thus, over time, there were only relatively small variations in the measurement 
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position, and results from successive surveys are comparable. The transverse 

measurements at these locations were always made at the same offset positions. 

 

Figure 2.1: Typical section of LVSRs – Bradbury 2005 

 

Figure 2.2: Typical LVSRs profile- Bradbury 2012 
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2.3 Road Level 

The crown height of an LVSR, i.e. the vertical distance from the bottom of the side 

drain to the finished road level at the centre line, is a critical parameter that correlates 

well with the in-service performance of pavements constructed from naturally 

occurring materials. This height must be sufficiently great to prevent moisture 

ingress into the potentially vulnerable outer wheel track of the carriageway for which 

a minimum value of 0.75 m is recommended (SATCC 2003). 

 

Figure 2.3: Crown height for LVSRs –SATCC 2013 

The recommended minimum crown height of 0.75 m applies to unlined drains in 

relatively flat ground (longitudinal gradient, g, less than 1%). The recommended 

values for sloping ground (g > 1%) or where there are lined drains. 

In addition to observing the crown height requirements, it is also equally important to 

ensure that the bottom of the sub-base is maintained at a height of at least 150 mm 

above the existing ground level. This is to minimize the likelihood of wetting up of 

this pavement layer due to moisture infiltration from the drain. Because of the critical 

importance of observing the minimum crown height and minimum height of the 

bottom of the sub-base above existing ground level, along the entire length of the 

road, the measurement of this parameter should form an important part of the 

drainage assessment carried out during and before construction. This is to ensure that 

any existing drainage problems associated with depressed pavement construction, 

often observed on gravel roads that have evolved over time with no strict adherence 

to observing minimum crown heights are avoided (SATCC 2003). 
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Figure 2.4: Potential drainage problems of LVSRs - SATCC 2013 

2.5 Traffic and Loading 

Accurate quantification of the traffic that the road will carry is essential. This, is 

however, considered to be a much bigger problem on lightly trafficked roads than on 

more highly trafficked roads. The main reason for this is that the small heavy vehicle 

counts normally obtained on such roads are dramatically affected by any intermittent 

or temporary (often seasonal) increases in traffic arising from the development of 

new infrastructure along the road, seasonal agricultural traffic and intermittent 

mining traffic. A sudden but small increase in heavy traffic can have a severe effect 

on the estimation of the overall cumulative standard axle estimation. It is thus vitally 

important that traffic counts capture all of the traffic using the road – this may 

require 24 hour counts, often during various seasons and at different times of the 

local commercial cycles, and should include axle weight surveys where necessary 

(Paige-Green & du Plessis, 2009). 

Many better quality unsealed roads attract overloaded vehicles that avoid higher 

standard roads in order to minimize the possibility of being caught and prosecuted 

for overloading. Indeed, the possibility that unsealed roads may attract such traffic 

after sealing should also be assessed. The traffic counts need to be converted to 

cumulative standard axles (in terms of 80 kN axle loadings), which was used for 

classification of pavement structures within the design ‘catalogues’ or ‘layer strength 

diagrams’ that will form the basis of the DCP design method. 

Research (Kleyn & Savage, 1982) has shown that, for balanced pavements (Paige-

Green & du Plessis, 2009), the exponent (n) used to calculate the equivalency factor 

EF= (P/80)n can differ significantly from that normally used (i.e. 4.2 based on the 

AASHTO road test). 
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 Recent studies (Paige-Green & Overby, 2010) have shown that roads on deep and 

strong subgrades can have n-exponents as low as between 1 and 2. This obviously 

has a major impact on determining a realistic cumulative axle count for the pavement 

design and will often reduce the estimated number of standard axles being carried 

significantly and a layer strength diagrams (LSD) for that traffic can be developed. 

This can be established from existing pavement design catalogues, although this is 

not really any more cost-effective than conventional pavement design as it would be 

based on traditional designs.  

Typically, a series of catalogues or layer strength diagrams should be developed for 

specific roads, based on in situ moisture conditions (not soaked conditions, using the 

conventional CBR, assuming that the drainage standards are appropriate and drains 

are correctly maintained) and preferably making use of information collected from 

existing low volume roads in an area, such that the in situ conditions can be related to 

known performance. 

2.6 The Design Process for LVR Pavements 

The design fundamentals of low volume road pavements should not differ from any 

other pavement type. The standard procedures for appraising the pavement design 

loading, design strategy and analysis period must be followed (COLTO, 1996). It 

should, however, be noted that aspects such as traffic characterization may entail 

considerably more work. The actual design method still requires that the pavement 

structure bearing capacity must be appropriate for the estimated traffic that  was 

carried over the life of the road. 
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l 

Figure 2.5: Flow chart of DCP pavement design process-Paige-Green 2012 

2.6.1 Applicability of DCP Methods of Design 

DCP-based methods, can be applied to most design situations found in practice in 

tropical and sub-tropical regions of the world. It should be noted, however, that the 

DCP method cannot be used directly if the proposed road is in cut or on fill, where 

the final formation level of the alignment would be outside the influence zone of an 

existing alignment DCP survey. In such cases, the material to be used for the 

embankment would need to be tested to determine its properties at varying densities 

and moisture contents. Fills can then be designed in accordance with the relevant 

catalogue to ensure that all the layers comply with the specifications of the respective 

design method. This will allow designers to go straight to design catalogues for 

contractual quantities (Paige-Green and Van Zyl, 2018).   

As with all empirical methods of pavement design, the four main requirements of the 

design procedure are generally as follows (Rolt and Pinard, 2016); assessment of 

subgrade strength, design traffic loading, selection of pavement materials and 

determination of pavement layer requirements (thickness and/or strength).  
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2.6.2 DCP-DN method  

The DCP-DN design method is empirical in nature and the findings are currently 

based on measurements and observations on a range of soil types and environmental 

conditions prevailing in South Africa. The method is now being commonly and 

effectively used in a number of countries in Africa, including Malawi, Tanzania, 

Ghana and Kenya and could be effectively used in geotechnical environments similar 

to those countries. In dissimilar environments, further verification and performance 

monitoring may be required (Kleyn, 1984; Paige-Green and Van Zyl, 2018).   

2.6.3 Assessment of subgrade strength 

 This is based on the strength (DN value) of the subgrade layer at the anticipated 

long-term equilibrium moisture content (EMC) of the road after it has been upgraded 

or rehabilitated to a paved standard. Depending on environmental conditions, the 

EMC in the subgrade may be expected to equilibrate above, at or below OMC when 

compacted to the highest practicable field density, i.e. refusal density or “compaction 

to refusal” which is a specific feature of the DCP-DN method (Paige-Green and Van 

Zyl, 2018).   

Testing to ascertain the durability properties of the material is undertaken separately 

from the DCP-DN test based on appropriate durability testing. Determination of 

pavement layer requirements is specified in a single DCP-DN structural catalogue 

that prescribes the pavement layer thicknesses and strengths in 150 mm increments 

to a depth of 800 mm, i.e. the required strength profile. The layer strengths are varied 

in relation to traffic loading and increase (decreasing DN value) gradually in relation 

to an increase in design traffic loading. The design method can be adapted for any 

selected layer thicknesses or materials available (Kleyn and van Zyl, 1989) and 

(Paige-Green, 1994).    

2.6.4 DCP-CBR method 

Assessment of subgrade strength is based on the in-situ worst-case long term 

conditions similar to that obtained in the laboratory soaked CBR test. However, in a 

dry/moderate climate it is assumed that the subgrade CBR strength value is halved 

which is equivalent to a shift upwards of one subgrade class (Gourley, 2002). 
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The DN values are converted to CBR values, based on the TRL DCP-CBR 

correlation, for input into a CBR catalogue. It should be noted, however, that the 

ratio between soaked and unsoaked CBRs is significantly less than the research-

based ratios developed by both Emery (Emery, 1985) and Paige-Green (Paige-Green 

et al, 1999). This is likely to lead to the use of higher quality/thicker/costlier 

pavement layers.   

Selection of pavement materials is based on the laboratory soaked CBR test, 

regardless of climate, and at a specified density likely to be attained in the field. 

Requirements are placed on the allowable plasticity and grading of the material, the 

limits of which are related to the class of material, i.e. the higher the class, the more 

stringent the limits and the type of material, i.e. different for pedogenic and non-

pedogenic materials.     

Determination of pavement requirements (thickness and/or strength) is based on the 

use of two structural design catalogues, one for dry-moderate climates (N-value > 4) 

and one for wet climates (N-value < 4).  Pavement layer thicknesses are variable and 

range from 120 mm to 275 mm.  For a given traffic loading, layer strengths and/or 

thicknesses are higher/greater in the wet zone than in the dry/moderate zone (TRL, 

1993).     

2.6.5 TRH4 method 

Assessment of subgrade strength is based on the soaked CBR value, regardless of 

climatic zone. A minimum CBR value of 3% at 95% Mod. AASHTO is assumed for 

design purposes, but lower layers in the catalogue may be omitted if the subgrade 

CBR strength is higher than 3% or, conversely, added if the subgrade CBR strength 

is lower than 3%. Also, the selection of pavement materials is based on the soaked 

CBR value. In addition, requirements are placed on the allowable plasticity and 

grading of the material, the limits of which are related to the class of the material, i.e. 

the higher the class, the more stringent the limits as stipulated in TRH4 (Theyse et al.  

2006).      

Determination of pavement requirements (thickness and/or strength) is based on the 

use of two structural design catalogues, one for dry-moderate climates (N-value > 2) 

and one for wet climates (Nvalue <2). Pavement layer thickness varies between 100 
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and 200 mm and layer strengths are varied in relation to the geo-climatic zones – 

dry/moderate (Weinert N value > 2) and wet (Weinert N value < 2). Thus, for a given 

traffic loading, layer strengths are higher in the wet zone than in the dry/moderate 

zone (TRL, 1993).    

Assessment of subgrade strength is based on the moisture content equal to the wettest 

moisture condition likely to occur in the subgrade after the road is opened to traffic, 

i.e. the long-term, in-service, equilibrium moisture content. Three categories of 

subgrade condition are assessed:  

Category 1 Subgrade where the water table is sufficiently close to the ground surface 

to control the subgrade moisture content. In this case, the moisture content is 

determined from similar roads in the vicinity or from a knowledge of the relationship 

between suction and moisture content for the subgrade soil. In practice, this moisture 

content is likely to be at or above OMC.  

Category 2 Subgrade with deep water tables and where rainfall is sufficient (> 

250mm) to produce significant changes in moisture conditions under the road. The 

moisture condition for design purposes can be taken as the optimum moisture content 

given by the BS Standard (Light) Compaction Test (2.5 kg rammer method).   

Category 3 Subgrade in areas with no permanent water table and where the climate is 

dry throughout most of the year (annual rainfall 250 mm or less). For design 

purposes a value of 0.80 OMC obtained in the BS Standard (light) Compaction test 

(2.5 kg rammer method).    

 Selection of pavement materials is based on the soaked CBR of 80% for the base 

course and 30% for the subbase, regardless of climatic zone.  Requirements are 

placed on the allowable plasticity and grading of the pavement materials, the limits 

of which are related to the design traffic class and moisture regime, i.e. the higher the 

class and the wetter the anticipated moisture regime, the more stringent the limits 

(TRL, 1993).    

 Determination of pavement requirements (thickness and/or strength) is based on the 

use of one structural design catalogue. Pavement layer thickness varies between 100 

and 350 mm and layer strengths are varied as discussed above. The layer strengths 
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are varied in relation to traffic loading and increase (decreasing DN value) gradually 

in relation to an increase in design traffic loading. 

2.6.6 The DCP Test 

The Dynamic Cone Penetrometer (DCP) is a simple yet robust piece of equipment 

that can characterize the ground conditions in and beneath an unsealed road quickly 

and with accuracy appropriate to the requirements of the design procedure. Since its 

development in the 1950s (Scala, 1956), the apparatus and its use and interpretation 

of results has increased significantly (Paige-Green & Du Plessis, 2009). The result is 

that the DCP is used extensively for many road projects, including the rehabilitation 

design of even heavily trafficked roads (COLTO, 1997). Although its use for the 

design of light pavement structures was first proposed in 1987 (Kleyn & Van Zyl, 

1987), its implementation was minimal. Paige-Green (2011) reported on his personal 

experience with its use and presented a slightly refined technology for its 

implementation.  

The DCP equipment consists of a steel cone (20 mm diameter with a 60º angle) that 

is driven into the ground under a fixed energy (an 8 kg mass falling through 575 

mm). The rate of penetration into the gravel or soil material (DN in mm/blow) has 

been found to be a reasonably good predictor of the California Bearing Ratio (CBR) 

at the prevailing in situ moisture and density conditions. Of major significance is the 

fact that the DCP test assesses the material conditions at their in-situ density and 

moisture content. Both of these need to be taken into consideration when interpreting 

the results of the DCP survey (Kleyn, 1984) 

Tables to convert DCP penetration rates into in-situ CBR values (in terms of the 

South African G-class materials classification system) for unsealed road wearing 

courses and subgrades as well as sealed low volume road structural layers and 

subgrades have been developed and published (Paige-Green 2011). As the DCP 

penetration rate (DN) and the CBR values are essentially interchangeable, either of 

these can be used in the pavement design process.  
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2.6.7 DCP Survey 

For an old unsealed road that has carried many heavy vehicles over its service life, 

the underlying in situ material is often highly compacted giving strong support over 

considerable depth (deep pavements usually with a well-balanced structure) (Paige-

Green & Du Plessis, 2009). This deep pavement structure should be retained and 

used to greatest benefit in the new pavement structure. 

In order to determine the condition of these materials beneath the proposed pavement 

structure, a DCP survey should be carried out. This will normally consist of a DCP 

test (to 800 mm depth) at a spacing of between 100 and 500 m depending on the 

typical material types, variability, drainage conditions, etc. When in doubt, or in the 

absence of data regarding the in situ conditions, the smallest spacing should be used. 

It is imperative that an estimate of the in situ moisture condition is made at the time 

of DCP testing. This should assess the moisture condition in and beneath the 

unsealed road in terms of whether it is at the expected in-service moisture condition 

(outer wheel track) or much wetter or much drier. Based on this assessment, a 

statistical estimate of the likely strength in the final road pavement was made. As 

many DCP tests as possible should be carried out during the survey and it is 

suggested that at least 20 test results should be available for each uniform section. 

This will ensure some statistical reliability. 

DCP tests are designed to eliminate the structural capacity of pavement layers and 

embankments. Livneh et al. (1989) demonstrated that the results from penetration 

test correlate well with the in-situ CBR values. Livneh and Ishai (1987) conducted a 

correlative study between the DCP values and the CBR value. During their studies, 

both CBR and DCP tests were done on a wide range of undisturbed and compacted 

fine grained soil samples, with and without saturation in the laboratory. Field tests 

were performed on natural and compacted layers representing a wide range potential 

pavement and subgrade materials. It is generally recognized that the performance of 

a pavement is strongly affected by the characteristics of the subgrade soil. The 

presence and variations of moisture affect the durability and strength characteristics 

of soil, subsequently the ability of the pavement to support the pavement. Based on 

the moisture regime at the time of testing, a percentile value for the DN value of each 
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layer can, however, be determined. The recommended percentiles used are those 

shown in Table 2.1, although these can be modified depending on the experience and 

judgment of the designer. 

Table 2.1: Percentile values of DN 

 

 

Percentile of strength profile (maximum 

penetration rate – DN) 

Materials with strengths 

not moisture sensitive* 

 Materials with 

strengths 

that are moisture 

 

sensitive* 

Wetter than expected in 

service  

Expected in service moisture  

Drier than expected in service 

20 

50 

80 

20 - 50 

50 - 80 

80 - 90 

* Moisture sensitivity can be estimated by assessing the ‘flatness’ of the CBR 

moisture content curve. Materials with a flat curve are considered to be of low 

moisture sensitivity while steep curves indicate highly moisture sensitive 

materials. 

The rationale behind these percentile values is shown in Table 2.1, where the dry 

and wet seasonal distributions of the DN values and their 20th and 80th percentiles 

are plotted and compared with the average in service condition. It can be seen that 

DCP data collected during the dry season was stronger (lower DN) than that 

collected during the wet season. The use of the respective 80th and 20th percentiles 

effectively results in an estimate of the expected in-service moisture conditions. It 

should also be noted that by using the weighted average DN values, thicker parts of 

the layer with weak materials will result in a higher overall penetration rate. This 

ensures that the effects of weak sections within the layer are adequately taken into 

account (Livneh and Ishai, 1987). 

2.6.8 Representative DN Values 

In practice, many methods rely on the use of the DCP to determine uniform sections 

of the road under design by undertaking a CUSUM analysis of the range of values 

within that uniform section as follows:  
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 DCP-DN uses the 80th, 50th or 20th percentile of the range of values depending on 

whether the anticipated long-term EMC in the pavement is respectively wetter than, 

the same or drier than at the time of the DCP survey. TRH4 uses the 90th/10th 

percentile of the range of CBR/DN values found along the road, as determined from 

a DCP survey. DCP-CBR uses the mean, lower quartile or lower decile value of the 

range of CBR/DN values. ORN31 uses the 90th/10th percentile of the range of 

CBR/DN values within a uniform section as determined from a DCP survey.     

The above percentile values for the different design methods were used in the 

determination of the design subgrade strength in a uniform section of road for 

pavement design purposes (Gourley and Greening, 1999). 

2.6.9 Conversion from DN to CBR 

The following relationships (Equations 2.1 and 2.2) were used to convert DN values 

to CBR values as developed by Kleyn (Kleyn, 1984) and TRL (Samuel and Done, 

2005).     

Kleyn:     Equation 2.1 

  TRL:    Equation 2.2  

  Where DN = the average penetration rate in mm/blow. 

It should be appreciated however, that the conversion from DCP-DN values to 

equivalent CBR values at any stage of the design process will introduce errors due 

to the relatively poor correlation between DCP and CBR measurements (material 

specific correlation coefficients range from 0.67 – 0.79 (Sampson and Netterberg, 

1990).    

2.6.10  Conversion from in-situ DCP CBR to laboratory soaked CBR values  

A key requirement for comparing the pavement structures derived from the various 

pavement design methods is to convert the in-situ DCP-CBR values to equivalent 

laboratory soaked CBR values for use in the DCP-CBR, TRH4 and ORN31 

methods. This was achieved by using the relationship between soaked CBR values 

and field DCP-CBR values (Paige-Green et al 1999). 
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2.7 Borrow Pit Materials as Structural Layers 

 Comparing the in-situ strength and the required strength of a pavement to carry the 

design load very often indicates the need to import additional layers e.g. subbase 

and/or base of appropriate quality. Historically, using the DCP CBR design 

approach, the required strengths of these additional layers were expressed in terms 

of CBR and suitable materials sourced. The drive towards optimising the use of 

local materials resulted in testing the DN of available materials at different moisture 

contents and compaction efforts in the laboratory. Using the DN value determined at 

different moisture contents and densities for selecting materials as the sole 

determinant of layer strength would also permit the use of a wide range of locally 

occurring materials that would otherwise have been rejected. The influence of 

grading and plasticity of such materials is indirectly measured by the resistance to 

penetration and would thus not have to be specified separately as discussed earlier 

(Paige Green and Van Zyl 2019).  

The conventional limits for grading and plasticity would be considered in this 

decision although the primary selection criterion would be the strength (as DN in 

mm/blow) as measured in the laboratory by the DCP. Materials with a grading 

modulus of less than 1 are normally considered to be unacceptable for structural 

layers in roads during routine testing and control.  

2.8 Move towards an Environmentally Optimized Design (EOD) Approach  

A further development with the DCP-DN method was combining it with the 

Environmentally Optimized Design (EOD) concept (TLL, 2008) for low volume 

roads. This entails the definition of uniform sections along the road based on the 

DCP DN value, including local environmental issues (e.g. topography, drainage, 

etc.) that will affect the pavement design and performance. In this way, the 

pavement design (particularly in terms of the expected moisture conditions) can be 

varied to accommodate localised drainage conditions. Although it has been clearly 

shown that the moisture content in roads seldom exceeds the optimum moisture 

content for the materials involved (Emery 1985)], localized impeded drainage 

conditions may require the use of soaked material results over limited sections of the 

roads.  
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2.9 In-Situ Moisture Content and Pavement Strength of Low Volume Roads 

Subgrade soil strength and/or stiffness are major factors that affect the design and 

performance of pavements, particularly low-volume pavements. A practical method 

of realistically estimating in situ moisture content significantly improves the 

determination of the appropriate resilient modulus to be used for pavement design. 

Because of the variability in soil properties and soil behavior under repeated traffic 

loads, environmental factors, geometric factors, and site conditions, and because of 

the complexity of moisture movement in soils, the prediction of subgrade moisture 

content has been unreliable and complicated. 

The upper and lower equilibrium limits for subgrade moisture contents are estimated. 

These equilibrium values are independent of environmental factors and are solely 

dependent on soil properties and site conditions. Regression equations to predict 

upper and lower equilibrium values from soil properties are developed. It is shown 

that reasonable predictions of in situ moisture content may be developed, given the 

range of subgrade moisture content variation for a given soil type and the trends of 

moisture variation with temperature, precipitation, and depth. In addition, guidelines 

and issues to be considered when establishing a subgrade moisture content 

monitoring program are given. The information presented could provide agencies 

with responsibility for low volume roads valuable tools for obtaining reasonable 

estimates of subgrade moisture conditions without the need for extensive (and 

expensive) soil sampling and testing programs (Paige-Green and Van Zyl, 2018) 

Drainage is undoubtedly one of the most important factors that affects the long-term 

performance of a LVR, given adequate construction practice, maintenance attention 

and control of overloading. Thus, the assumed long-term equilibrium moisture 

content (EMC) is critical in that it affects the strength of the material in the pavement 

layers and the subgrade.    

For purposes of the pavement design and LCC analyses, it has been assumed that, for 

all four design methods under consideration, adequate drainage prevails. In terms of 

currently recommended practice, this means that the level difference between the 

crown of the road and the invert of the drain (gradient dependent), should be about 

0.75 m on relatively flat ground and slightly less on steeper ground) and, where 
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feasible, the level distance between the original ground level and the underside of the 

subbase layer should be about 0.15 m (Emery,1985). 

2.10  Moisture Regime 

The moisture regime in which a LVSR pavement must operate has a particularly 

significant impact on its performance due to the use of locally occurring unprocessed 

materials which tend to be relatively moisture sensitive. This places extra emphasis 

on drainage and moisture control for achieving satisfactory pavement life. 

Each climatic zone will generally provide a different moisture regime which, other 

than in localized areas of micro climate, would be related to the Weinert N-value – 

the lower the N-value, the greater the availability of moisture during the year to 

wet up the pavement, and vice versa. The various sources of moisture infiltration 

into a pavement are illustrated in Figure 2.6. 

 

Figure 2.6: Moisture movements in pavements and subgrades -SATCC 2003 

2.11 Summary of Literature Review and Research Gap 

LVSRs studies by Pratico and Ginta (2011), and Russell and Kornala (2003) have 

contributed on the need to seal LVSRs for social economic roles. Shearer and 

Scheete (2011) and Wayne et al, (2011) have discussed the flexible pavement 

structure of LVSRs constructed on subgrade layer and that service life depends on 

material quality and thickness of granular layer. 

Paige Green and Du Plessis (2009) have researched on the need to retain and use in-

situ material for the new, deep pavement structure through the use of DCP. Livheh et 
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al, (1989) has also demonstrated the correlation of DCP values and CBR values on 

undisturbed and compacted fine grained soil samples. 

Bradbury 2012, Paige-Green (2009), Overby (2010), Colto (1996) and SATCO 

(2003) have carried out studies that delved with the effects traffic and loading on the 

strength of LVSRs pavements. 

Paige-Green (2019), Rolt and Pinard (2016), and Grourley (2002) have researched on 

the effects of material densities and moisture on performance of pavement. 

This research intends to study the effects of moisture changes on pavement layers’ 

performance before, during and after improvement by modification of cross section, 

side drainage and bituminous surfacing of LVSRs. 

2.11 Conceptual framework 

This study intends to determine the effect of In-situ moisture in the low volume 

sealed roads by additional sub base and base layer, sealing of the surface and 

enhanced drainage system. The method includes analysis of the in-situ moisture, the 

material densities and the DCP-CBR relationship. The performance correlations will 

thus indicate how better performances can be obtained. 

In this study, the approach would focus on two key critical characteristics that affect 

the pavement performance and this include the In-situ moisture and density. A range 

of other variables that affect performance like plasticity and grading were also 

recorded. 

 
Figure 2.7: Flow diagram of LVSR concept 
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CHAPTER THREE 

 MATERIALS AND METHODS 

3.1 Introduction 

Two roads with varying climatic conditions, soil types but almost similar traffic 

levels were identified for this research. The Road sections were D470 Kyeni – 

Karurumo and E628 Wamumu Karaba. The tests on the roads pavement were carried 

out in three stages: Before construction, during construction and after allowing traffic 

to flow. 

Tests were carried out during construction stage: In-situ moisture content test, 

classification tests namely: sieve analysis, plasticity limit, liquid limit test and linear 

shrinkage test, pavement strength tests namely: Dynamic Cone Penetrometer Test 

(DCP) and California Bearing Ratio Test (CBR). 

The following tests were carried out after allowing traffic flow on the road: In-situ 

moisture content test, Pavement strength tests 

3.2 Data Collection Equipment 

The following equipment were used to collect and analyze this data: The DCP win 

tool, camera for taking still pictures of the various machines and laboratory testing 

equipment 

3.3 In-situ moisture and pavement strength of LVSRs sections before 

improvement 

Classification test including grading, atterberg limits and linear shrinkage, 

compaction test including MDD and OMC, strength test including CBR soaked, 

OMC and 0.75 OMC, pavement layer properties including IDD and MC and field 

confirmation of road side drainage 

3.4 In-situ moisture, pavement layer strength and improved subgrade strength 

of LVSRs section during improvement 

Classification test including grading, atterberg limits and linear shrinkage, 

Compaction test including MDD and OMC, strength test including CBR soaked, 
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OMC and 0.75 OMC, pavement layer properties including IDD and MC, field 

confirmation of road side drainage and DCP and CBR correlation 

3.5 Determination of pavement strength and moisture after improvement to 

LVSR and traffic flow 

DCP correlation, visual assessment, surface deflection test, rut depth comparison and 

skid resistance and riding quality 

3.6 Data analysis 

Assessment of the in-situ moisture and pavement strength through tests before the 

improvement, assessment of the in-situ moisture and pavement strength through tests 

during the improvement, the pavement strength and moisture change tests after the 

improvement and traffic flow and correlation of CBR and DCP results and moisture 

change before, during and after the improvement. 

3.7 Compaction of samples 

Some natural, particularly pedogenic, gravels (e.g. laterite, calcrete) exhibit a self-

cementing property in service, i.e. they gain strength with time after compaction. 

This effect was evaluated as part of the test procedure by allowing the samples to 

cure prior to testing in the manner prescribed below. 

The samples were thoroughly mixed and split each borrow pit sample into nine sub-

samples for DN testing in a CBR mould at three moisture contents: (a) soaked, (b) at 

OMC and (c) at 0.75 OMC and three compactive efforts: (a) BS Light, (b) BS 

Intermediate and (c) BS heavy. 

The sample was allowed to equilibrate for the periods shown below before DN 

testing was carried out to dissipate compaction stresses and to allow the samples to 

cure. 

(a) 4 days soaked: After compaction, soak for 4 days, allow draining for at 

least 15 minutes, then undertaking a DCP test in the CBR mould to 

determine the soaked DN value. 

(b) At OMC: After compaction, seal in a plastic bag and allow to “cure” for 

7days (relatively plastic, especially pedogenic, materials (PI > 6), or for 

4 days (relatively non-plastic materials (PI < 6)), then undertake a DCP 
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test in the CBR mould to determine the DN value at OMC.  The curing 

period is required to dissipate pore pressure generated during the 

compaction process). 

(c) At 0.75 OMC: Air dry the sample in the sun (pedogenic materials) or 

place the sample in the oven to maximum 50 degrees Celsius (non-

pedogenic materials) to remove moisture. Check from time to time to 

determine when sufficient moisture has been dried out to produce a 

sample moisture content of about 0.75 OMC (it doesn’t have to be 

exactly 0.75 OMC, but as close as possible). Once this moisture 

content is reached, seal the sample in a plastic bag and allow curing for 

7 days (pedogenic materials) or for 4 days (non-pedogenic materials) to 

allow moisture equilibration before undertaking the DCP test at 

approximately 0.75 OMC. Weigh again before DCP testing to 

determine the exact moisture content at which the DN value was 

determined. 

3.8 Particle Size Distribution 

Two methods used ware the sieve analysis generally used for coarse grained soils 

and the sedimentation method, using a hydrometer, used for analyzing fine grained 

soils or part thereof. The difference between the two methods lies only in the way of 

making the observations, and sieving is a more direct method for determining 

particle sizes.  

3.8.1 Sieve analysis 

A soil was divided into some fractions of percent finer than or passing (AASHTO 

T88) using a series of sieves; sieves are wire screens made to different standards and 

having square openings. The finest sieve used in the sieve analysis is 75micron 

(0.075mm) opening. Wet sieve analysis was carried out where the soil contained a 

substantial portion of fines passing the 75µm sieve (over 10% by dry weight). Here, 

the soil of known initial dry weight was washed over this75µm sieve, dried in the 

oven at 105±5°C and weighed again on cooling to provide the amount of fines as the 

difference between the initial and final weight. Dry sieve analysis then followed as 

described below.  
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In dry sieve analysis, the final weight of washed and oven-dried soil sample was 

poured into a series of sieves stacked according to their sizes, with the larger aperture 

sieves over the smaller ones. A receiver or pan was placed at the bottom and a cover 

to the topmost sieve of the stack. The soil sample was passed through the stack of 

sieves by shaking manually for about 10 minutes. 

               

Figure 3.1: An illustration of sieve analysis 

The amount of soil retained on each sieve was determined and weighed separately. 

The weight of material retained on each sieve was converted to a percentage of the 

total dry weight of sample.  

Grain sizes corresponding to 60% finer (D60), 30% finer (D30), and 10% finer (D10) 

are significant and are called grading characteristics. They were, where possible, 

read off the grading curve. To indicate gradations or uniformity in a soil sample, 

these values were used to compute the uniformity coefficient and the coefficient of 

curvature thus: 

i) Uniformity coefficient,      (Eq.3.1)  

ii) Coefficient of curvature,     (Eq. 3.2)       

Grading was performed on the two neat materials only with the resulting grading 

curves defining the limits of the grading envelope for the composite materials. 
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Curves for the individual composite materials at step percentages were not carried 

out. 

3.8.2 Sedimentation analysis 

The sedimentation analysis is most convenient for determining the grain size 

distribution of silts and clays with soil fraction finer than 75µm size. This was 

carried out by the hydrometer method as shown in figure 3.2, which is simpler and 

does not require very accurate weighing like the alternative pipette method. 

Assuming that the soil grains are spherical in shape and have the same specific 

gravity, the Stokes equation for spheres falling freely in a fluid of known properties 

was used for this purpose. Stokes law is applicable for spheres of diameter between 

0.2 mm and 0.0002 mm (Taylor, 1948).  

This is because spheres of diameter larger than 0.2 mm, falling through the water 

cause turbulence whereas the velocity of settlement for spheres of diameter less than 

0.0002mm is too small for accurate measurement (Ranjan and Rao, 1993). 

This application is not absolutely correct since most fine grained soil particles are not 

rounded but rather flat or plate-shaped. However, the method is still in wide use 

since the resulting effects are of little engineering significance and it is also felt to be 

a practical way of obtaining reasonable approximations of particle sizes for cohesive 

soils (McCarthy, 1988).   

 

Figure 3.2: Use hydrometer in sedimentation test 
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The soil was made into a solution with distilled water. 50g of the dry soil sample 

passing through 75 µm sieve was taken, put in a beaker and then 100cc solution of a 

deflocculating agent (33 g sodium hexametaphosphate and 7 g sodium carbonate per 

liter of distilled water) added to it. The sample was allowed to soak for 5 minutes 

then transferred into the dispersion cup of a mechanical stirrer. The cup was filled to 

a depth not more than ¾ with distilled water and the soil sample stirred for 10 

minutes. The suspension was then transferred into a special 1000 cc glass cylinder of 

constant cross-sectional area. The total volume in the cylinder was brought to the 

1000cc ring mark by adding more distilled water. A duplicate cylinder with the 

deflocculating agent only was made to the same concentration and level. The two 

cylinders were immersed in a water bath and the suspensions allowed adequate time 

to attain the temperature of water in the bath. 

The soil suspension in the cylinder was agitated and mixed thoroughly by firmly 

placing the palm of the hand on the open end and turning the cylinder upside down 

and back several times for about 1 minute. Once the suspension is mixed well, the 

cylinder was replaced inside the water bath and a stopwatch started at the instance 

when the cylinder is held upright prior to its replacement in the bath. The soil particle 

was permitted to settle out of the suspension and as settling occurred, the average 

specific gravity of the suspension decreased. Readings were made using a 

hydrometer at different time intervals, as the specific gravity of the suspension at the 

centre of volume of the hydrometer, to provide an indication of the weight of soil 

remaining in suspension and also the information on the particle sizes that have 

settled out of the suspension. The hydrometer was carefully inserted into the 

suspension immediately and its readings taken after 1 and 2 minutes; the hydrometer 

was then removed from the suspension and placed in the duplicate cylinder where it 

stayed when not in use. Further readings of the hydrometer were taken after 5, 15, 30 

minutes, 1, 4 and 24 hours with the hydrometer being inserted into the suspension 

about 30 seconds before each reading so that it is stable by the time the reading was 

due. Since the suspension is opaque, the hydrometer reading corresponded to the 

upper level of the meniscus. 

 Most conventionally, the test data are reduced to provide particle diameters and the 

percentage (by weight) that is finer than a particle size. The weight of solids present 
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at any time is calculated indirectly by using the density readings of soil suspension. 

However, the following corrections were first applied to the observed hydrometer 

readings: 

i) A meniscus correction (Cm) – added to bring the hydrometer reading to the 

true lower level of meniscus, and 

ii) The temperature correction (F) – read off a table if temperature of the 

suspension was other than the calibration temperature, usually 20°C.   

 

Figure 3.3: Hydrometer calibration 

The grain size D corresponding to elapsed time t and effective depth was determined 

thus: 

   `   (Eq. 3.3) 

or      (Eq. 3.4) 

The percentage of particles finer than D is equal to: 

  (Eq. 3.5) 
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If Rc was the corrected hydrometer reading, then the percentage of particles 

smaller than D was:  

       (Eq. 3.6) 

3.9 Free Swell 

The free-swell test is a fairly simple test that was suggested by Holtz and Gibbs 

(1956). The test is performed using dry soil passing through the 425-micron sieve. 

Composite materials for the separate step percentages were also be prepared. Exactly 

10cc of each soil specimen was poured slowly into 100cc graduated glass cylinder 

filled with distilled water. The volume of swell was read after 24 hours, from the 

graduation of the cylinder.  

The free swell value is then determined as: 

       (Eq. 3.7)       

3.10 Specific Gravity 

Also known as relative density, specific gravity is the ratio of the mass of a given 

volume of material (soil particles) to mass of the same (absolute) volume of water. It 

is the density or unit weight of a soil relative to that of water. Thus,  

          (Eq. 3.8)                 

For the fine soils, a density bottle of 100ml capacity is used to determine the specific 

gravity of soil particles. The weight of a clean and dry density bottle is determined. 

An appropriate quantity of oven-dried soil is placed in the bottle and weighed. The 

soil is then submerged in de-aired distilled water and agitated to remove air bubbles. 

After carefully topping up the bottle with water and drying the surface, the bottle is 

weighed again with soil and water. Finally, the bottle is emptied, cleaned, and topped 

up with de-aired water and then weighed again full of water.  

The specific gravity of the soil particles is obtained thus: 

    (Eq. 3.9)      
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Where W1 = Weight of empty density bottle  

 W2 = Weight of bottle + dry soil 

 W3 = Weight of bottle + soil + water 

 W4= Weight of bottle full of water 

3.11 Indices of Consistency 

Consistency is that property of a soil which is manifested by its resistance to 

mechanical deformation or flow, and it varies in proportion to the water content. 

Thus, a clay sample may behave like a liquid, exhibit plastic behavior or may be very 

stiff depending upon the water content. The numerical values assigned to the 

boundary moisture content between these states of a soil are popularly known as 

Atterberg Limits.  

The consistency limits is measured by a standard procedure and expressed in 

percentages of water content as follows: 

a) Liquid Limit – Denoted as wL, this is the boundary between the liquid and 

plastic states when a soil mixed thoroughly with some water changes from 

liquid to plastic state.  

b) Plastic Limit – Denoted as wP, this is another boundary where the soil sample 

changes from plastic state to the semi-solid state when the water content is 

reduced further.  

c) Shrinkage Limit – Denoted as wL, this is the boundary where the soil changes 

from a semi-solid to a solid state with a further reduction in the water content. 

Figure 3.4: The Casagrande Apparatus 
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3.11.1 Determination of liquid limit 

The liquid limit is determined in the laboratory using a standard apparatus, popularly 

known as the Casagrande apparatus (Figure 3.4) that is universal. This consists of a 

brass cup, suitably mounted and resting on a vulcanized rubber compound base. The 

cup can be raised and made to fall on the rubber base through a cum arrangement 

operated by a handle. The height of fall of the cup is adjusted to 1cm by means of an 

adjusting screw. The apparatus comes with a grooving tool that is used to cut a 

groove in a pat of soil.  

About 120 g of air-dried soil passing 425 micron is taken and mixed with distilled 

water until it attained a putty-like consistency. A portion of the paste is carefully 

placed in the cup to a maximum depth of about 1cm. A groove is cut in the soil pat 

using the grooving tool resulting in a groove 2mm wide at the bottom, 11mm wide at 

the top and 8mm deep. In cutting the groove, the tool is drawn through the sample 

along the symmetrical axis of the cup towards the front, always holding 

perpendicular to the surface of the cup. The handle is rotated at the rate of 2 

revolutions per second. The number of blows necessary to close the groove for a 

length of 12.5mm is noted and recorded, ensuring that the groove closed by flow and 

not by slipping of soil. About 10g of soil near the closed groove was taken to 

determine moisture content by oven-drying at 105± 5°C.  

By altering the water content of the sample, the procedure is repeated and 4 to 5 

readings of water content in the range of 10 to 40 blows obtained. A graph known as 

flow curve is then plotted for the water content on a natural scale against the number 

of blows on a logarithmic scale. The liquid limit is read off as the water content 

corresponding to 25 blows on the flow curve. The slope of this curve, If, is called the 

flow index. 

3.11.2 Determination of plastic limit 

About 50g of air-dried soil passing 425 micron is taken and mixed with a sufficient 

quantity of distilled water to make a soil mass plastic enough to be easily shaped into 

a ball. A portion of the ball was taken and rolled on a glass plate with the palm of the 

hand into a thread of uniform diameter throughout its length. On reaching a diameter 

of 3mm, the soil is remolded into a ball and rolled again. The process of remolding 
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and making the thread is repeated until the sample at a diameter of 3mm just start 

crumbling. Some of the crumbled portion of thread is dried in the oven at 105±5°C 

for water content determination.  

The test is repeated twice with fresh samples. The average of the three values of 

moisture content is taken as the plastic limit of the soil. 

3.11.3 Determination of linear shrinkage 

The actual shrinkage limit test uses the liquid metal mercury and it was not 

performed because of the environmental hazards involved. The simpler and safer 

linear shrinkage test that uses a standard brass mould was performed. 

Figure 3.5: Linear shrinkage brass mould 

The brass mould was cleaned and a thin film of oil was applied internally; its internal 

length was also measured and recorded. 150g of air-dried soil passing 425 micron 

sieve was taken for the linear shrinkage test. This portion was thoroughly re-mixed 

with distilled water to form a smooth homogeneous paste at approximately the liquid 

limit of the soil. The soil paste was placed into the mould, taking care not to entrap 

air, and the surface was then struck off level. The soil was allowed to air-dry until it 

had shrunk clear of the mould and then placed in the oven to complete the drying at 

105±5°C. After cooling, the final length of the sample was measured and the linear 

shrinkage obtained the equation 3.10: 

 …… (Eq. 3.10) 

 If the soils have very small clay content like the laterite soil, the liquid and plastic 

limit tests results are not reliable.  

According to Whitlow (1996), an approximation of plasticity index may be obtained 

in such cases from the linear shrinkage using the equation 3.11: 
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 ………………    (Eq. 3.11)  

3.12 Compaction 

Compaction is a process that typically employs an input of mechanical energy to 

force soil particles, lubricated with some water, into a closer state of packing with a 

corresponding reduction in volume, and the expulsion of air.  

To assess the compaction potential of a soil, one of three standard laboratory tests – 

the Proctor test – was used on the neat black cotton soil and its composites with the 

laterite soil. The state of compaction of soil was conveniently measured using the dry 

density, the attainable values of which were related to water content.  

Figure 3.6: Manual Proctor compaction apparatus 

3.11 Proctor Compaction Test 

The standard compaction (AASHTO T99) test was employed to express the 

moisture/density relations of soils using a standard mould. The volume of the mould 

was not more than 1000cm3 (it was actually 997.5cm3), together with a 2.5 kg 

rammer having a free-fall of 30 cm. About 5-6 batches of soil passing 20mm sieve 

and each weighing 2.5kg were mixed with water that is varied by 5% intervals from 

the initial air-dry condition of the soil. Fresh soil specimens were used each time 

since materials susceptible to crushing like the laterite soil must not be re-used for 

the test. The fraction of material retained on 20mm, was recorded for purposes of 

adjusting the final results. Each batch was compacted in the mould in 3 equal layers 

that received 25 blows each from the 2.5 kg rammer, using an automatic compaction 

machine. The bulk density of the compacted specimen is computed thus: 

      (Eq. 3.13) 
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From the values of bulk density (ρ) and water content (w) obtained, the dry density is 

calculated thus:  

                                                          (Eq. 3.14) 

The graph of the dry density against water content is plotted for each soil or 

admixture, and the all-important parameters of the Maximum Dry Density (MDD) 

and Optimum Moisture Content (OMC) was read off. 

3.13 California Bearing Ratio  

The California Bearing Ratio, popularly referred to as the CBR, is a special and 

simple strength test; it compares the bearing capacity of a material with that of a 

standard well-graded crushed stone. Actually, it is a comparative measure of the 

shearing resistance of a soil.  

The CBR test is basically a laboratory penetration test. It is normally performed on 

samples compacted at 100% MDD (AASHTO T99) after 4 days’ soak where its 

swelling is monitored.  

3.13.1 CBR Laboratory Test 

For CBR compaction, batches of soil with stabilizer were prepared by mixing with 

the desired proportion of potable water obtained from the moisture-density 

relationship. The mixes consisted of 0, 25, 50, 75 and 100 % by weight of laterite 

soil. Also, a bigger mould measuring 150 mm in diameter and 175 mm high (2360 

cm3 mould) and of known weight was used. However, a 50mm thick circular spacer 

disk was placed inside the mould to create a void at the bottom of the specimen. 

Then a filter paper, with details of the specimen written on it and facing down, was 

placed on top of the disk before using the same standard rammer weight and drop 

height to compact the soil in three equal layers. Each layer received 62 blows to 

allow for the larger surface area of compaction, trimming the final layer level with 

the top of the mould and then inverting the mould so that the void space came to the 

top. To obtain the compacted density, the mould with sample was weighted and 

moisture content of the soil determined.    

The mould was assembled for soaking of the compacted sample in a water tank by 

inserting a swell plate in the void space and mounting a special tripod stand with dial 
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gauge. The mould was raised from the tank base such that the specimen would 

imbibe water only from the bottom side of the baseplate. Water was carefully added 

to the tank to a level just below the top of the mould and swell monitored daily for 4 

days, noting whether or not water would appear on the surface of the specimen 

within the first 3 days. If water did not appear by end of day 3, the specimen would 

be submerged in water for the whole of day 4.  

The amount of swell was expressed in terms of expansion ratio as a percentage of the 

initial specimen height. 

  

 

 

 

 

Figure 3.7: Schematic illustration of CBR test 

At the end of day 4, the specimen was removed from the water tank and allowed to 

drain freely for about 15 minutes.  It was then transferred to a motorized CBR testing 

machine where a small initial seating load was applied to a standard piston size 

measuring 1935mm2. The penetration test followed and involved the application of 

load to the piston so as to penetrate the soil specimen at a constant rate of 1mm per 

minute. The total load was measured by means of a proving ring and was recorded at 

intervals of 0.5mm between 0 and 7.5mm of penetration. However, an initial reading 

was made at 0.1mm to help check on the need for curve correction. A plot was drawn 

of the force against penetration, corrections made if necessary, on the initial stage of 

the graph and the forces corresponding to the 2.5 and 5.0mm read off. 

The loads at penetration depths of 2.5 and 5mm was used to obtain the CBR value by 

expressing each as a percentage of the corresponding standard load, which are 

13.24kN and 19.96 kN respectively. Thus: 

                                          (Eq. 3.15) 
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The CBR value is taken as the greater of the two, usually at 2.5 mm penetration 
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CHAPTER FOUR 

 RESULTS AND DISCUSSION 

In this chapter, results of several material properties of selected pavement section 

sections have been presented and discussed. The in-situ moistures and densities 

before improvement, during improvement and changes after improvement and traffic 

flow tests was conducted as shown in chapter 3. 

4.1 In-situ moisture and pavement strength of LVSRs before improvement 

Alignment soils samples were collected from trial pits dug to depths ranging from 

1m to 1.5 m below existing road level at intervals of 500m. The samples were tested 

at the Norken Ltd. materials testing laboratory for the following: 

1) Atterberg Limits 

2) Linear Shrinkage 

3) Particle Size Distribution 

4) Standard Compaction Test (AASHTO T99) 

5) Particle Density 

6) Standard CBR Test (4 days soak) 

The data are given in Appendix A and analyzed results discussed in the sections that 

follow. 

4.1.1 Classification of alignment soils 

Alignment soils on the project roads are predominantly silts and sandy silts of 

intermediate to high plasticity (PI 10 to 39), interposed with short sections of sandy 

clays.  

Under the AASHTO classification system, subgrade soils are classified and rated 

according to the parameter given in Table 4.1 and in the graphs of PI verses LL given 

in Figure 4.1 and 4.2. 
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Table 4.1: Classification of the Soils 

General 

Classificatio

n 

Granular Materials 

(35% or Less Passing 0.075 mm) 

 

Silt-Clay Materials 

( More than 35%  

Passing 0.075) 

Group 

Classification 

A-1 A-3 A-2 A-4 A-5 A-6 A-7 

A-1-

a 

A-1-b A-2-4 A-2-5 A-2-6 A-2-7 A-7-5 

A-7-6 

Usual types 

of significant 

constituent 

materials 

 

Stone 

fragments, 

gravel and 

sand 

 

Fine 

sand 

 

Silty or clayey gravel and sand 

 

Silty soils 

 

Clayey soils 

General 

Ratting as 

Subgrade 

 

Excellent to Good 

 

Fair to Poor 

Plasticity index of A-7-5 subgroup is equal to or less than the LL - 30. Plasticity 

index of A-7-6 subgroup is greater than LL – 30. The AASHTO classifications of the 

soils are as shown in the figures below.  
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Figure 4.1: AASHTO classification of the soils (Wamumu - Karaba) 

 

Figure 4.2: AASHTO classification of the soils (Kyeni-Karurumo) 

The materials for both road sections are predominantly A-2 containing borderline 

granular materials. From the above findings the results of the tests for classification 

for the alignment soils conformed to the requirements of the BS standards and LVS 

design guidelines. 



 

55 

 

4.1.2 Analysis of MDD and OMC of Alignment Soils 

Road Design Manual Part III provides guidelines for classification of subgrade soils 

for pavement design based on CBR. However, Table 6.1.2 of this Manual warns that 

some ash and pumice soils (standard Compaction MDD < 1400 Kg/m3) cannot be 

classified for pavement design purposes on the basis of CBR alone. The soils in the 

project area belong to this category of soils as illustrated in the frequency analyses of 

MDD and OMC shown in 4.3. 

For figure 4.3, the MDD and OMC for Wamumu – Karaba were 1090kg/m³ and 

46.5% while from figure 4.4 the MDD and the OMC for Kyeni - Karurumu were 

1125 kg/m³ and 45.1% respectively.  In both the sections the alignment soils 

exhibited inferior characteristics that were improved by processing the subgrade and 

compacting heavily. It was observed that with proper compactive effort the soils 

improved in strength, density and decreased permeability. The findings met the 

compaction requirement of subgrade as per the BS standands. 

The MDD and OMC were indicative of the compactability and moisture sensitivity 

of materials and were dependent on the grading and plasticity (Paige-Green, 1999). 

 

Figure 4.3: MDD and OMC frequency Analysis 
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Figure 4.4: MDD and OMC frequency Analysis 

4.1.3 In-situ alignment CBR before improvement 

A plot of CBRs and resultant CUSUMs has been used to demarcate uniform sections. 

The 90th Percentile CBR (CBR design) values for the demarcated uniform sections for 

each road section are summarized in the table 4.2 below: 

Table 4.2: Percentile Design CBR 

       

Road 

Section 

Uniform 

Section 

No. 

Chainage Length 

 

km 

90th -%ile 

CBR 

( % ) 

CBR design 

 

( % ) 

 

Subgrade 

Class 

From 

km 

To 

km 

Wamumu- 

Karaba  

1 0+000 1+500 1.5 5.0 5 S2 

2 1+500 3+000 1.5 8.0 8 S3 

3 3+000 5+000 2.0 8.8 9 S4 

Kyeni-

Karurumo 

1 0+000 5+000 5.0 8.0 8 S2 

2 5+000 10+500 5.5 5.0 5 

From the table 4.2, it is apparent that in spite of the AASHTO class and low MDDs 

of the soils, certain road sections classify as having bearing strengths higher than S1. 

The higher subgrade classes (S2, S3 and S4) have therefore been ignored and 

subgrade class S1 used for all road sections. CBR values also increased with increase 

MEAN OMC =45.1 
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in compaction and therefore substandard CBR can be improved by calling for higher 

than normal compaction. The findings compared to the requirements of the Roads 

2000 Manual and the Road Design Manual Part 1. 

4.1.4 DCP analysis before improvement 

DCP tests for D470 and E628 roads were carried and material samples were taken of 

the gravel and subgrade layers for determination of in situ moisture content and the 

CBR at various compaction efforts and moisture contents as shown in Table 4.3 

below. 

Table 4.3 Moisture contents at various compaction efforts 

 Road Name: D470                                   

Layer 

Atterberg Limits 

Compaction 

T180 
Moisture 

condition 

CBR at various 

compaction levels 

Increas

e from          

93% to 

98% 

MDD OMC 

LL PL PI LS 
(Kg/m) ( % ) 93% 95% 98% 

Lateritic 

Gravel 

(for 

base) 

  

46 24 22 11 

1890 13.6 

4-Days 

soak 23 26 32 39% 

    OMC 59 62 70 19% 

    

0.75 

OMC 76 115 165 117% 

Subgrade 

  

56 26 30 15 

1510 25.5 

4-Days 

soak 6 7 8 33% 

    OMC 60 68 82 37% 

  

0.75 

OMC 100 110 125 25% 

From the Figure. 4.5 a and b below, it can be seen that at 0.75 of OMC the mean 

CBR values are higher than both the OMC and the 4-day soaked condition. 
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                           Base (a)         Subgrade (b) 

Figure 4.5: The CBR and moisture condition at base and subgrade 

For the lateritic gravel, the moisture conditions of 4-days soak results in an average 

increase of 39% at the various compaction levels. The 0.75-OMC condition gives a 

CBR of 165 at 98% compaction level giving an average increases of 117%.  

In both cases, the 0.75 of OMC results in higher CBR values than the OMC and the 

4-day soaked conditions. 

From the above findings the relationship between the CBRs of different materials 

compacted to specified densities (93%, 95% and 98%) at OMC in soaked condition 

results in scatter between 0.75OMC and soaked CBR (Pinard, 2011). 

4.1.5 DCP Correlation 

Correlation between the laboratory soaked CBRs and the DCP-CBRs gave a factor of 

0.6 for the subgrade and 0.58 for the Lateritic gravel base layer. It has been found 

that the moisture content of the pavement layers in a sealed road normally fluctuates 

between 0.75 of OMC and OMC. Non-standard, in situ materials used for Low 

Volume Sealed Roads, LVSR, have a significantly higher strength at these moisture 

contents compared to the 4-day soaked CBR values normally used in the pavement 

design. These materials were found to perform well with adequate compaction and 

that the bituminous surfacing and drainage system prevents the materials from being 

soaked during the wet season. 
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Table 4.3 clearly shows the inherent strength of the in situ subgrade and high PI 

laterite gravel at expected in service moisture contents. It is this strength one wants to 

utilize in low cost pavement design of LVSR.  

From the graphs the strength of the pavement is optimum when the in-situ moisture 

averages at 47% and above results in low CBRs of below 50.  

From the above findings, it was deduced that for a specific material the relationship 

between the DN value, density and in-situ moisture content can be established. The 

above data produced a correlation. 

Table 4.4 a: CBR at various moisture content and Compaction (Wamumu-

Karaba) 

 
 

Sample 

No 
Layer Ref. 

Moisture 

condition 

CBR at various compaction 

levels 

Increase 

from     

      93% 

to 98% 93% 95% 98% 100% 

W
a
m

u
m

u
-K

a
ra

b
a

 

555/S/2016 Gravel 0+000 4-Dsoak 20 30 40 42 100% 

      OMC 125 145 165 195 32% 

      .75 OMC 185 194 197 217 6% 

557/S/2016 Gravel 0+200 4-Dsoak 22 27 34 35 55% 

      OMC 47 56 69 78 47% 

      .75 OMC 132 144 150 155 14% 

558/S/2016 Subgrade 0+350 4-Dsoak 9 12 15 17 67% 

      OMC 62 64 68 70 10% 

      .75 OMC 128 135 146 150 14% 

559/S/2016 Gravel 0+350 4-Dsoak 5 7 11 12 120% 

    OMC 92 102 120 132 30% 

      .75 OMC 154 160 167 170 8% 
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WAMUMU-KARABA 

 

 

 

 

 

  Base Subgrade 

Figure 4.6a: The CBR and Moisture Increase on Base and Subgrade 

Table 4.4 b: CBR at various moisture content and Compaction (Kyeni-

Karurumo) 

K
y
en

i-
K

a
ru

ru
m

o
 

560/S/16 Gravel 0+000 4-Dsoak 15 17 20 22 33% 

      OMC 67 100 138 144 106% 

      .75 OMC 128 142 162 174 27% 

562/S/16 Gravel 0+450 4-Dsoak 15 18 24 26 60% 

      OMC 80 116 160 209 100% 

      .75 OMC 124 136 148 158 19% 

564/S/16 Subgrade 0+900 4-Dsoak 15 19 24 25 60% 

      OMC 90 94 100 105 11% 

      .75 OMC 134 140 146 155 9% 

K
y
en

i-
K

a
ru

ru
m

o
 680/S/16 Subgrade 0+000 4-Dsoak 8.8 9.6 10.8 11 23% 

      OMC 60 66 75 81 25% 

      .75 OMC 80 89 101 108 26% 

684/S/16 Subgrade 0+450 4-Dsoak 24 25 27 28 13% 

      OMC 60 66 75 81 25% 

      .75 OMC 80 89 100 108 25% 
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KYENI-KARURUMO  

 

 

 

 

 

     

 

 

Base     Subgrade 

Figure 4.6: The CBR and Moisture increase on base and subgrade (Kyeni-

Karurumo) 

It implies that for the road to function normally there needs to be a balanced in-situ 

moisture by ensuring that the road has proper drainage system so that ingress of rain 

water into the pavement is minimized. 

4.2 Assessment of In-situ Moisture and Layer Strengths During Improvement 

4.2.1 Wamumu-Karaba DCP data 

The DCP analysis for Wamumu-Karaba in soaked conditions gave the following 

results as given in Table 4.5. From the table, it can be seen that to penetrate top 150 

mm layer 3.2 mm/blow is required and eventually up to 50 mm/blow to penetrate to 

800 mm depth. The resulting layer strength diagrams as defined by the DN, the CBR 

and pavement depth are as shown in Figure 4.5. 

 From the results it can be seen that using DCP design there a reduction in layers and 

this is comparable to OR-31 method and SATCC method (SATCC,1998). 
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Table 4.5: DN values 

Depth (mm) 0-150 151-300 301-450 451-600 601-800 

DN (mm/blow) ≤3.2 ≤6 ≤12 ≤36 ≤50 

 

Figure 4.7: Layer strength diagrams during construction 

From the layer strength diagram in Figure 4.5 a depth of 450mm had been 

constructed by adding an improved subgrade, subbase and base and this layer had 

reduced moisture through compaction and gained strength. It can also be seen that 

the moisture had not ingressed the lower sections beyond 600mm as they gained 

even more strength. Further improvement by sealing the road and improving the 

drainage would protect the layers from wetting and keep the road at the required 

strength. 

From Table 4.5 the DCP tests showed a high variability in the DSN800 (the number of 

blows to penetrate to a depth of 800mm). From a visual assessment, the subgrade 

(500 – 600 mm) on the whole section is quite uniform. The variability is ascribed to 

the fact that due to the irregular surface, water was ponding in certain spots and 

effectively soaking the underlying layers. Other high spots on the other hand 
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remained drier and consequently stronger. Some variability was also due to stones in 

the top layer. 

The existing pavement does not show signs of deep structural failure even in 

unsealed condition. This is a good indication that the in situ subgrade has adequate 

strength for the existing traffic. The top layer however became very wet and 

disturbed during the rains and must be reshaped with more material added to form a 

uniform base layer. Additional DCP test were done towards the end of the dry 

season. The final pavement design is based on the weakest spot identified in these 

tests as shown Figure 4.5. For all layers the 20th percentile (dotted red line to the 

right of the whole red line for the average weighted DN value) is at or to the left of 

the DCP design curve, i.e. the design is on the safe side. 

 From the above findings it can be found that 80% or 20% percentiles are DN values 

depending on whether the EMC in the pavement was wetter than, the same or drier 

than at the time of DCP survey (Paige-Green, 2003). 

 

 

 

 

 

 

 

Figure 4.8: Layer Strength diagram with additional 150mm base layer  

Table 4.6 below shows the data reported for this spot before and after addition of a 

150mm base layer: 
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Table 4.6: Data report before and after adding 150mm base layer 

 Before adding 150mm 

base 

After adding 150mm 

base 

DCP Design   

Curve Pavement 

Class LV 0.3 Layer depth 

mm 

Avg. DN 

(mm/blow) 

CBR Avg. DN 

(mm/blow) 

CBR 

0-150 4.05 69 3 102 ≤3.2 

151-300 8.39 28 4.11 68 ≤6 

301-450 15.67 12 8.5 27 ≤12 

451-600 19.84 9 16.28 12 ≤36 

601-800 17.92 10 19.70 9 ≤50 

DSN 800 93  135  

Structural capacity MESA 0.5  1.8  

Pavement balance ABD  ABD  

From the graph 4.9, it can be seen that the road before improvement has consolidated 

as it requires 4.5 mm/blows to penetrate 150mm thickness at a CBR of 69. After 

improvement the road has not fully consolidated as it requires 3mm/blow to 

penetrate to 150mm thickness and at a higher CBR of 102. The correlation before 

adding 150mm base is 2.7. 
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Figure 4.9: CBR before and after adding 150mm base 

 

Figure 4.10: Layer strength diagrams during construction 

4.2.2 Kyeni - Karurumu DCP data 

The DCP analysis for Kyeni - Karurumu in wet and optimum conditions gave the 

following results as given in Table 4.4 below. From the table, it can be seen that to 



 

66 

 

penetrate top 150 mm layer 4 mm/blow is required and eventually up to 50 

mmm/blow to penetrate to 800mm depth. 

Table 4.7 DN values 

DN (mm/blow) 0-150 151-300 301-450 451-800 

DN (mm/blow) ≤4 ≤9 ≤19 ≤50 

The resulting layer strength diagrams as defined by the DN, the CBR and Pavement 

depth are as shown in Figure 4.8. From Fig 4.11, the upper 150 mm of the subgrade 

had dried out and gained strength, whereas the layers from 150 mm down were still 

more or less at the same moisture content and strength. Most of the moisture had 

penetrated from top, and by sealing the road and improving the drainage, the layers 

no longer wet up and lose strength to the same extent as before sealing. 

 

Figure 4.11: Layer Strength diagram during dry period 

The existing pavement did not show signs of structural failure even in unsealed 

condition. This was a good indication that the pavement was adequate for the 
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existing traffic. The following analysis of the weakest spot identified on the section 

was used to determine the final design. 

The pavement strength at this point was on the borderline of the requirement. It was 

thus recommended to reshape the existing wearing course and add enough gravel to 

form a 150 mm thick base layer. The top 50mm was emulsion treated for practical 

reasons during construction and additional water proofing of the pavement. 

Table 4.8 below shows the situation after adding a 150mm base layer with a DN = 

3mm. The layer strengths are then on the safe side all through the pavement 

structure. 

Table 4.8: DCP data before and after adding a 150mm base layer. 

 Before adding 150mm 

base 

After adding 150mm base DCP Design 

Curve Pavement 

Class 

LV 0.3 

Layer depth 

mm 

Avg. DN 

(mm/blow) 

CBR Avg. DN 

(mm/blow) 

CBR 

0-150 3.79 76 3 102 ≤4 

151-300 8.34 28 3.79 76 ≤9 

301-450 22.94 8 8.34 28 ≤19 

451-600 33.42 5 22.94 8 ≤50 

601-800 48.40 3 37.17 4 ≤50 

DSN 800 89  136  

Structural capacity MESA 0.2  0.9  

Pavement balance WBS  PBD  
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Figure 4.12: CBR before and after adding 150mm base 

From the Table 4.8, it can be seen the before adding 150mm base the structure is 

well balanced but shallow while on addition of 150mm base the structure is poorly 

balanced but deep structure. Because of the compaction of the added base layer the 

CBR value increases from 72 to 102. The other layers also increase in CBR as can be 

seen on the table above. The correlation before adding 150mm base is 3.0. 

Also, from the Figure 4.12, the DSN800 increases from 89 to 136 while the structural 

capacity also increases from 0.2 to 0.9 by adding 150mm base showing that due to 

the improvement the pavement can handle heavier traffic. From the CBR values 

down to depth of 800mm it was seen that the layer strengths decreased progressively 

and smoothly from 76 to 3 hence well balanced structure before adding 150mm base. 

The above findings conformed to the requirement of the LVS Design guidelines. 

4.2.3 Kyeni - Karurumu as Built DCP  

The DCP analysis for Kyeni - Karurumu in wet and optimum conditions gave the 

following results as given in Table 4.7  
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Table 4.9: DCP Design curve and 80-percentile DN value 

Layer (mm) Design Curve (DCP) (mm) 

penetration) 

80-percentile (mm) 

0 -150 4  3.9  

151- 300  9  5.4  

301 – 450  19  10.3  

451 – 800  50  20.4  

The resulting DN of each layer in the structure gave values that met the specification 

limits. The resulting layer strength diagrams as defined by the DN, the CBR and 

Pavement depth are as shown in Figure 4.13. 

 

 

 

 

Figure 4.13: As built DCP analysis – Average all points 

From Table 4.8, the 80-percentile (confidence level meaning that maximum 20% of 

values for the layer strength measured anywhere within the section may be weaker 

than the shown values, which is deemed to be reasonable level of safety for this class 

of road) is within the design curve specifications as in Table 4.7 

Figure 4.13 shows the layer strength diagrams and output tables of weighted 

average penetration, 80-percentile, DCP CBR and UCS compared to the DCP 

analysis used for the design. From Figure 4.13 above, it was seen that an overall 

strengthening of the pavement has been achieved, mostly for the upper 150mm base 

layer, compared to the Design DCP analysis by reworking the top of the layer and 

re-compacting, as recommended. The structural capacity has increased from 0.8 
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MESA (Million Equivalent Standard Axles) to 1.0 MESA and this compares the 

requirement of the Road Design Manual Part 1. 

The apparent reduced strength of the layer from 151-300 mm, DCP CBR 57% 

reduced from 68%, is ascribed to the fact that the Design DCP tests were taken on 

the consolidated pavement whereas the as built DCP tests include points on the 

widened pavement constructed from bottom up with in situ subgrade material. The 

underlying layers from 301 mm depth down to 800 mm show no significant change. 

4.2.4 Built design DCP average all points 

The resulting layer strength diagrams for Kyeni – Karurumo as defined by the DN, 

the CBR and Pavement depth for the sections after improvement and trafficking are 

as shown in Figure 4.14. The figure shows the strength of the pavement measured at 

3 points on the centre line. This illustrates the importance of maintaining as much as 

possible the strength of the existing pavement that has been consolidated under years 

of trafficking. The CBR achieved is 152% for the 0-150 mm layer and 106% for the 

151-300 mm layer. This shows a stronger pavement because it lies on a well 

trafficked subgrade. 

 

 

 

  

 

 

Figure 4.14: As built DCP analysis – Average points CL 

Figure 4.15 shows the strength of the pavement in the outer wheel paths (LHS and 

RHS combined), which fall in the widened sections of the pavement. The 80-

CBR 

BLOWS 
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percentile for the upper layer 0 -150 mm is marginally outside the Design Curve 

specification (4.6 mm penetration vs. 4.0 mm as specified). This was because the 

field densities achieved ware marginally below the minimum requirement of 98% 

Mod AASHTO on some points, showing that compaction to refusal was not done 

and the moisture content was too high at the time of compaction. The imported 

lateritic gravel was weaker than specified (32% at 98% compaction verses. the 

specified 45% soaked CBR).  

The OWT results showed reduction in strength with CBR values of 70% for 0 -

150mm Layer and 45% for layer 151-300 mm layer. This was lower than the results 

of the Center line because the road was widened at the sides to achieve the required 

carriageway width of 7 m. Despite this, the structural capacity in the outer wheel 

paths is 0.4 MESA, which was still well above the 15-year design traffic load for this 

road. The road was also expected to consolidate further when exposed to traffic.  

 

 

 

 

 

 

 

 

 

 

Figure 4.15: the strength of the pavement in the outer wheel paths (LHS and 

RHS combined 
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The in-situ DCP CBR strengths show a corresponding pattern to the in-situ moiture 

pattern. That is the higher the in-situ moisture content the lower the in-situ strength 

and this observation compares to the requirements TRL Design Manual (TRL, 1988), 

and ERA Design Manuals (ERA, 2013). 

Table 4.10: As built and opening to traffic analysis 

 

 

 

 

 

 

 

 

 

  Depth 

(mm) 

 W.Ave.Pen 

(mm/blow) 

Blows  SD 

(mm/blow)  

80P 

(mm/blow)  

CBR 

(%)  

UCS 

(kPa)  

Structure 

number 

(DSN80) 

109 0-150 4.00 46 0.70 4.60 70 634 

Struct. Cap 

(MISA) 

0.4 151-300 5.67 30 1.00 6.50 45 429 

RUT limit 20mm 301-450 10.93 16 2.20 12.80 20 206 

Balance 

curve is 

where 

B=31 

A=1059 

451-800 21.98 18 3.00 24.50 8 95 

MISA= Million Standard Axels. Category IV: Well-Balanced Deep Structure (WBD) 
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CHAPTER FIVE 

 CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusions 

The main conclusions drawn from the research are given under the three specific 

objectives that guided the research. 

5.1.1 Assessment of the in-situ moisture and pavement strengths of various 

sections of LVSRs before improvement 

The MDD and OMC for Wamumu – Karaba were 1090kg/m³ and 46.5% while the 

MDD and the OMC for Kyeni - Karurumu were 1125 kg/m³ and 45.1% respectively.  

The moisture conditions of 4-days soak results to an average increase of 39% at the 

various compaction levels. The 0.75-OMC condition gives a CBR of 165 at 98% 

compaction level giving an average increase of 117%. The existing alignment 

material exhibit inferior characteristics but when processed and compacted heavily to 

reduce permeability can be used as subgrade material for LVSRs. 

5.1.2 Assessment of the in-situ moisture, pavement layer strength and subgrade 

strength of various sections of LVSRs during improvement 

The road before improvement has consolidated as it requires 4.05 mm/blows to 

penetrate 150 mm thickness at a CBR of 69. After improvement the road has not 

fully consolidated as it requires 3 mm/blow to penetrate to 150 mm thickness and at a 

higher CBR of 102. 

It is also clear that during improvement by adding 150 mm base layer with a DN of 

3mm/blow gives an increased CBR value of 102 showing that the pavement has 

achieved the required strength. A correlation before and after adding the 150mm base 

of 2.7 was derived hence along the road section works can continue based on the 

DCP and CBR only used for confirmation. 

5.1.3 Determination of the pavement strength and moisture after improvement 

to LVSRs and traffic flow 

The CBR achieved is 152% for the 0-150 mm layer and 106% for the 151-300 mm 

layer. This shows a stronger pavement because it lies on a well trafficked subgrade. 
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The outer wheel path results show a reduction in strength with CBR values of 70% 

for 0 -150mm Layer and 45% for layer 151-300mm layer. This is lower than the 

results of the Center line because the road was widened at the sides to achieve the 

required carriageway width of 7 m. 

It is also clear that after improvement by sealing using bitumen and opening to traffic 

moisture ingress into the pavement has been reduced and more strength is gained 

through exposure to traffic. The rutting was at 20 mm showing that the road was 

performing well after improvement and opening to traffic. 

5.2 Recommendation 

5.2.1 Recommendations from the study 

1. From the findings, in-situ moisture can be used to measure LVSRs pavement 

strength and performance. It is therefore recommended that final LVSR 

pavement designs take into account the different in situ soil strengths and 

moisture conditions; to ensure pavement performance. 

2. From the findings, the DCP penetrates up to 800mm deeper into the pavement. It 

is recommended that pavement strengths be monitored using DSN 800 as it 

determines depths up to 800mm in layer thicknesses of 150mm and not only the 

upper50-75mm with the conventional CBR test, taking into account variations of 

in-situ moisture content while providing data quickly for analysis during 

construction. 

3. From the findings, it is possible to obtain a correlation between the In-situ DCP 

test and the Laboratory CBR test. After construction and opening to traffic it is 

recommended that the correlation of CBR and DCP be used to design and 

construct new pavements. Experience with different materials, particularly the in 

situ subgrades, from the research sections and subsequent performance 

monitoring should be compiled into a national materials inventory database. 

Develop local material performance correlations for possible specifications and 

research. 

5.2.2 Areas for further research 

The study monitored the pavement performance for up to 1.5 years of opening the 

road to traffic and it showed improvement in terms of performance in relationship of 
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the in-situ moisture. It is however not clear how the pavement would perform after 

the 1.5 years of opening to traffic. Hence, further studies on the performance and 

continued monitoring of the in-situ moisture regimes and the resulting rutting as the 

road is exposed to traffic for longer period of time say at least 3 years is 

recommended.  
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APPENDICES 

APPENDIX 1: LOCATION MAP
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Appendix 2: CLASSIFICTION OF ALIGNMENT OF SOILS 
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Appendix 3: MOISTURE CONTENT AND COMPACTION TEST 
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Appendix 4: DCP TESTS 
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Appendix 5: DCP REPORTS AND ANALYSIS 
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