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ABSTRACT 

Pavement design is a process of determining most economical combination of material 

types, layer thickness and properties of subgrade materials. Traditionally pavements have 

been categorized as either flexible or rigid. Both types of pavements are consisting of 

combination of layers of different materials. These layers have  varying strength and 

thicknesses depending on design factors, such as expected traffic loads, environmental 

conditions and material behavior. In general, pavements account for about 30% of the total 

cost of road construction. Granular base and subbase materials require to satisfy certain  

criteria which broadly reflect their properties and are  directly related to their performance 

in a pavement.  

The California Bearing Ratio (CBR)  has remained popular since last 70 years for the 

design of flexible pavements. Still many countries are using it as a strength measurement 

parameter of pavement material and as an  input to pavement design charts. Stability of soil 

mixture in  pavement is studied by CBR test. India consists of about 20% of its soil as a 

black cotton soil. It is a major regional deposit. Larger part of Indian highways consists of 

flexible pavements. Indian Road Congress has also adopted CBR as subgrade strength 

parameter. 

Many attempts have been  made to correlate CBR with fundamental  soil properties for its 

prediction. Results are also correlated with other penetration test like standard penetration 

test  and dynamic cone penetrometer test to examine the bearing capacity of subgrade 

materials. Elastic modulus and resilient modulus are other important parameters which are 

helpful to understand deformation behavior of base and subbase materials. They are also 

well correlated with CBR. Extensive research is going on to modify the bearing capacity 

and shear parameters  of clayey soil. Use of fly ash, lime, blast furnace slag, and geotextile 

materials are widely used to improve these properties. 

Several  researchers  have  studied  CBR of cohesive and cohesionless materials in past viz;  

Hight and Stevens (1982); Babic,B., et al. (2000); Matthew,W., et al. (2004); Amir and 
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Hasan (2009); Danistan and Vipulandan (2011);Yanrong,Li., et al. (2012); Ali and Amir 

(2016). Relationships amongst various properties of soil and CBR have been established by 

these investigators. Relationships between CBR and various classification parameters are 

also examined and models are obtained, which are found to be generally satisfactory. 

Literature review indicated that no comprehensive study has been carried out on the 

influence of cohesion on CBR value of soil mixtures consisting of clay-gravel and clay-

sand-gravel. It has been observed that fine grained soil is given due attention in the 

investigation but clay- sand- gravel mixture has not been attended in detail.  Subgrade and 

subbase course mostly consist of such kind of materials (especially the roads built in hilly 

terrain) and contribute directly to the structural performance of pavement. It is also noticed 

that no definite relationship exists to estimate CBR of subgrade consisting of clay-gravel 

and clay-sand-gravel mixtures. The present investigation is taken up to fill the above 

mentioned gap in the knowledge and a new methodology is proposed.  

EXPERIMENTAL SETUP : 

The extensive experiments were conducted to obtain CBR of clay-gravel and clay-sand-

gravel mixtures. The clayey soil mass was collected from a farm in Bhal region through the 

visual inspection as there was no deleterious substances  present there. Sample collected 

was obtained at a depth of 0.5 to 0.6 m from the upper most layer of  ground surface by 

using shovel.  Sand and gravel used in the present investigation were collected from 

Sabarmati river basin near Ahmedabad city. The particle size distribution curve indicates  

the amount of clay present 21%, silt content 68% and sand content 11 % in the sample. The 

median size of clay was observed as 0.012 mm. The engineering properties of clay material 

were: specific gravity of soil solids = 2.71, liquid limit (LL) = 54%, plastic limit (PL) = 

27% and plasticity index (PI) = 27%. The clay was classified as CH  i.e. clay with high 

plasticity. Compaction characteristics of clay were : optimum moisture content (OMC) = 

18%, maximum dry unit weight = 17.1 kN/m3. The median size of sand was 0.47 mm. The 

median size of gravel was 7.1 mm. Experiments were conducted on two types of cohesive 

soil mixtures in first; clay is mixed with gravel in proportion varying from 10 to 50 % at an 

increment of 5% and in other; gravel and sand in equal proportion by weight were mixed 
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with clay in proportion varying from 10 to 50 % again at an increment of 5%. In all, nine 

different samples at different proportion of clay-gravel and clay-sand- gravel were prepared 

for the testing. Specimens were prepared under five moisture content: (1) at optimum 

moisture content (OMC), (2) below 2% and 3.5% of OMC and (3) above 2% and 3.5 % of 

OMC.   

Maximum dry unit weight and optimum moisture content of clay-gravel and clay-sand-

gravel mixtures were found out by following the procedure of modified proctor test as per 

the IS: 2720 (Part-8). California bearing ratio test was conducted on remolded specimen as 

per the IS: 2720 (Part-16). Unconsolidated undrained tri-axial tests were performed as per 

the IS: 2720 (Part-11) to determine undrained shear parameters.  

 

ANALYTICAL CONSIDERATION IN THE PREDICTION OF CALIFORNIA 

BEARING RATIO : 

 

Little or no information is available from the literature review regarding the computation 

of CBR of cohesive soil consisting of clay-gravel and clay-sand-gravel mixtures. The 

highway and railway embankment in the hilly region mainly consist of such cohesive soils. 

The computation of CBR is carried out through laboratory experimentation. The functional 

relationships for the computation of California bearing ratio of clay-gravel and clay-sand-

gravel mixtures are formulated with the help of dimensional consideration. 

Dimensional consideration (Unsoaked condition) 

A large number of variables influence the variation of California bearing ratio of cohesive 

soil mixtures. It is therefore difficult to investigate such variation through analytical 

methods. The same is therefore studied herein using the dimensional analysis. An 

inspection of various theoretical and semi-theoretical approaches on the prediction of 

California bearing ratio in the case of cohesionless soil revealed that CBR is function of 

size of soil particle only. However, in the case of cohesive soils, because of physico-

chemical properties, other factors such as clay percentage, moisture content, dry unit 

weight, shear strength etc. become important in the computation of California bearing ratio 
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of cohesive soil mixtures. The California bearing ratio in the case of clay-gravel and clay-

sand-gravel mixtures is mainly affected by the following variables: 

       

Here Pc in clay percentage, γd is dry unit weight, PI is plasticity index of soil mixture, w is 

moisture content,  G is specific gravity of soil solids, C is the cohesion and ɸ is the angle of 

friction and da is the arithmetic mean size of soil mixture. The da is calculated by 

multiplying the fractional weightage of proportion (by weight) of clay, sand and gravel to 

their median size respectively present in the clay-sand-gravel or clay-gravel mixtures 

(Lodhi et al. 2015).  

Using dimensional analysis, the variables of above equation can easily be arranged into the 

following non-dimensional form (Peerless, 1967): 
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This functional relationship can be used to develop a relationship to compute California 

bearing ratio of cohesive soil consisting of clay-gravel and clay-sand-gravel mixture under 

unsoaked conditions.      

Dimensional consideration (Soaked condition) 

 In case of determination of California bearing ratio under soaked condition, samples are 

soaked under a surcharge weight, therefore following functional relationship can be written 

to compute CBR in case of clay-sand-gravel and clay-gravel mixtures under soaked 

conditions: 

               

Here S is the surcharge pressure applied on the mould during soaking period wherein 

surcharge weight was kept 2.5 kg. It is difficult to compute the shear strength parameters 

under soaked conditions of specimen in tri-axial apparatus therefore, C and ɸ have been 

dropped from further analysis. A new functional relationship for CBR is written as 
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Using dimensional analysis, the variables of above equation can easily be arranged into the 

following non-dimensional form (Peerless, 1967): 
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This functional relationship is used to develop a relationship for the computation of 

California bearing ratio of clay-gravel and clay-sand-gravel mixtures under soaked 

conditions.   

Using multiple linear regression with all pertinent parameters, the following relationships 

are proposed to compute CBR of clay-gravel and clay-sand-gravel mixtures under 

unsoaked and soaked conditions. The significance of all proposed models has been studied 

through statistical tests. 

Clay-gravel mixture (unsoaked condition) 

             

                  

Clay-sand-gravel mixture (unsoaked condition) 

                   

                  

  

 Clay-gravel mixture (soaked condition) 

            

                 

 

Clay-sand-gravel mixture (soaked condition) 
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 SENSITIVITY ANALYSIS : 

 

 ANN methodology was adopted to predict the contribution of each variable. Four different 

methods viz; connection weight approach, Garson algorithm, Olden algorithm and Lek's 

profile model are used to assess the influence of variable parameters. Out of these four 

methods Connection weight method   and Garson model are quantative methods, whereas 

Olden model  and  Lek's profile model are qualitative  methods. The Garson method gives 

magnitude of  relationship where as Olden method gives idea about both, magnitude and 

sign of relationship between the variables relative to each other. In Lek's profile model, 

different types of  curves are generated. It  gives a set of profiles of variation of dependant 

variables according to the input of variables. These methods provide a means for 

interpreting contribution of input variables in the neural network modeling process. 

 Combined effect of clay and moisture content obtained  by connection weight approach 

and Garson model indicate that, cohesion has  stronger affiliation with CBR for clay-sand-

gravel mixtures than clay-gravel mixtures. The results of Olden model are in line with the 

Lek's profile response. For clay-gravel mixtures in unsoaked condition, cohesion has 

moderately strong relation with CBR as per  connection weight method and Garson model. 

Olden model also indicates positive association of cohesion with CBR. Lek's profile gives 

left skewed curve, which shows that  increase in cohesion will gradually increase  CBR 

response when all other variables are held at some constant values. For clay-sand-gravel  

mixtures in unsoaked condition, response of cohesion is  nearly similar to the response of 

cohesion for clay-gravel mixtures. The difference in the contribution of cohesion observed 

is very narrow for both mixtures. However, as per Garson model, for both mixtures,  

cohesion contribution is about 20% more than connection weight method. Olden model and 

Lek's profile both show positive association of cohesion with CBR in unsoaked condition. 

For soaked condition, clay has marginal negative effect in clay-gravel mixtures and 

moderately positive effect in clay-sand-gravel mixtures. Role of moisture content is  

strongly negative for clay-gravel combination and strongly positive for clay-sand-gravel 

combination. Similar trend is observed  in Olden model and Lek's profile results. 
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CHAPTER 1 

Introduction 

1.1      General 

All civil engineering structures such as highways, buildings, dams, embankments, retaining 

walls and bridges have a strong association with soil. All these structures need a strong 

layer of soil to ensure that the structures remain safe and stable. The engineering properties 

of soil are more complex and difficult to characterize. The failure of soil may make the 

structure weak and may collapse or fail. Therefore, the proper analysis of soil is necessary 

to ensure that these structures remain safe and free from undue settlement.  

Pavement design is a process of determining most economical combination of material 

types, layer thickness and properties of sub-grade materials. Traditionally pavements have 

been categorized as either flexible or rigid. Both types of pavements are consisting of 

combinations of layers of different materials. These layers have varying strengths and 

thicknesses depending on design factors, such as expected traffic loads, environmental 

conditions and material behavior. In general terms, pavements account for about 30% of 

the total cost of road construction. Granular base and sub-base materials require to satisfy 

certain criteria which broadly reflect their properties and are also directly related to their 

performance in a pavement. 

Well graded mixtures of gravel and sand are generally used as base course in road 

pavement. These mixtures form a dense mass upon compaction. The quantity of fines in 

limited extent is used to allow good interlocking between the granular components. 

Concurrently the fines should not swell unacceptably with moisture changes.  

Amount and type of soil, particle size distribution, consistency of the fine fraction, bearing 

ratio and shear strength are the parameters responsible for material behavior of base and 

sub-base of a pavement. Most of the Indian highways system consists of flexible 

pavement. It is a multilayer system comprising of a surface layer, a road base layer and a 

sub-base layer installed on a compacted sub-grade. Each layer has particular functions and 



Introduction 

 

[2] 

 

characteristics. The fundamental purpose of the base course and sub-base course is to 

provide a stress transmitting medium to spread the surface wheel load in such a manner 

that prevent shear and consolidation deformation.  

Pavement materials are placed in layers over the soil subgrade. These layers transmit the 

vertical load to the lower layers by grain to grain transfer through the points of contact in 

the subgrade material. It is essential that at no time, the subgrade is over stressed. The base 

and sub-base layers are the main structural elements of the pavement. It plays a major role 

in distributing the load imposed at the surface so that the stresses transmitted to the sub-

base and subgrade does not exceed the strength of these layers. A well compacted granular 

material can transfer the compressive stresses through a wider area and thus forms a good 

flexible layer. In road construction, entirely cohesive or non- cohesive materials are not 

used. The role of cohesion is proved important in the performance of soil. The shear 

strength of non-cohesive soil depends only on friction between the particles, where as the 

shear strength of cohesive material depends on both, cohesion and frictional resistance. 

The bearing capacity of subgrade soil plays an important role for the design of pavements. 

Different methods are available for the design of flexible pavement. Many tests are known 

for measuring the strength properties of the sub-grades. Mostly the tests are empirical and 

are useful for their correlation in the design. The California Bearing Ratio (CBR) is 

commonly used as an empirical laboratory test for predicting subgrade strength of flexible 

pavement.  

CBR values of unsoaked and soaked samples can be measured directly in the laboratory 

test in accordance with IS 2720 (Part-XVI) [33]. Lower CBR value results in thicker 

pavement compared with the subgrade that has higher CBR value. Specimen has to be 

prepared at predetermined optimum moisture content and maximum dry unit weight 

obtained from standard proctor compaction. An attempt has also been made by engineers 

to correlate CBR value statistically with the liquid limit (LL), plastic limit (PL), plasticity 

index (PI), maximum dry unit weight (MDD) and optimum moisture content (OMC) of 

soil, gradation, because these tests are simple and can be completed easily. Over the years, 

number of studies and investigations have been carried out and  many correlations are 

developed for the estimation of CBR by various researchers. 
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1.2 Soil complexity 

A natural soil deposit is quite unlike than any other material of construction known to man. 

The other materials like concrete and steel can be expected to behave in a predictable 

manner, but the properties of soil changes with time, environment, pressure and drainage 

conditions. Sometimes it is possible to improve soil by various treatments but in most of 

the cases soil has to be accepted in its natural state. Different soil deposits have wide range 

of characteristics. Even at a given site, samples of soil taken from two locations not too far 

apart, from the same stratum, may show wide variety of properties. (Coduto, 2018) [16]. 

Unexpected changes take place in soils when certain environmental changes occur. 

Vibration alters the state of sand deposit from loose to dense state. Some clay which is 

extremely hard when dry can turn into slush having very little strength, when their water 

content becomes high. Water is the most important variable controlling the behavior of fine 

grained soil ( Nagaraj and Suresh, 2018) [58]. 

Natural soil deposits are complex to deal with, because 

• The stress-strain relationship for a soil deposit is non-linear. 
 
• Soil behavior is vastly affected by their stress history. 
 

• Soil deposits being far from homogeneous, exhibit properties which vary from 

location to location. 
 
• One has to rely on tests carried out on small samples obtained from selected depth and 

locations. Since there is a constraint on the number of samples that can be taken, there 

is no guarantee that the soil parameters are truly representative of the field strata. 
 

• No sample is truly undisturbed. In a soil which is sensitive to disturbance, the 

behavior summarized from the laboratory tests may not reflect the likely behavior of 

the field stratum. 

1.3 Brief description on state of the art of the research 

The behavior of a soil depends on the composite effect of several interacting factors viz; 

amount and type of soil, shape and size of particle, gradation, unit weight and of particle 

moisture. Clay minerals produce very important soil types. These soils possess high 

plasticity, cohesion and swelling potential, but low hydraulic conductivity and angle of 

friction. They are also known for their dominating influence on the behaviour of entire soil 

mass even if they exist only as a small fraction. The clay properties are only mobilized by 
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the presence of water. The physico-chemical interactions between clay minerals and water 

resulting from surface hydration and diffused double layer, affect many properties of 

clayey soil. The amount of clay fraction in a soil is crucial in determining its properties 

required for all geotechnical applications. India is covered by black cotton clayey soils in 

about 20 percent of its area. Engineers face difficulties with economically sourcing sand 

and gravel for subgrade application. Any reliable research finding that recommends an 

optimum clay content to be used with sand-gravel can be of significant importance. Such 

findings for clay-gravel and clay-sand- gravel soil are rarely available in the literature. 

1.4    Present state of knowledge 

The California Bearing Ratio test (CBR) has remained popular since last 70 years for the 

design of flexible pavements. Even though it is a tedious and time consuming test, still 

many countries are using it as a strength measurement parameter of pavement material and 

as an  input to pavement design charts. Stability of soil mixture in pavement is studied by 

CBR test. India consists of about 20% of its soil as a black cotton soil. It is a major 

regional deposit. Larger part of Indian highways consists of flexible pavements. Indian 

Road Congress has also adopted CBR as subgrade strength parameter. 

Many attempts have been made to correlate CBR with fundamental soil properties for its 

prediction. Results are correlated with other penetration test like standard penetration test  

and dynamic cone penetrometer test to examine the bearing capacity of subgrade materials. 

Elastic modulus and resilient modulus are other important parameters which are helpful to 

understand deformation behavior of base and sub-base materials. They are also well 

correlated with CBR. Extensive research is going on to modify the bearing capacity and 

shear parameters of clayey soil. Use of fly ash, lime, blast furnace slag, and geotextile 

materials are widely used to improve these properties and ease the problem. 

The bearing capacity and CBR properties of such mixtures are altered to a great extent by 

combined effect of moisture and clay content. Type of mineral present has also a 

remarkable influence on CBR values. In the absence of moisture, there is no diffuse double 

layer in clay, thus only mechanical forces act on clay particles. This affect the formation of 

soil fabrics and mechanical properties like shear resistance and CBR. Gravel content has a 

more visible effect on shearing properties in sand-gravel mixtures,. How much gravel is 
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too much is still not understood clearly. The shear resistance and hence CBR is controlled 

by frictional resistance when gravel content is more than 70%.  

Several researchers have studied CBR of cohesive and cohesionless materials in past viz; 

(Hight and Stevens, 1982) [26], (Babic et al. 2000) [9], (Matthew et al. 2004) [51], (Amir 

et al. 2009) [5], (Danistan and Vipulandan, 2011) [17] , (YanrongLi et al. 2012) [86],  (Ali 

and Amir, 2016) [2]. Relationship amongst various properties of soil and CBR has been 

established by these investigators. Relationships between CBR and various classification 

parameters are also examined and models are obtained, which are found to be generally 

satisfactory. Majority of proposed CBR correlations are found for fine grained soil. The 

coarse fraction along with fines is not investigated in detail. 

Most untreated road building materials have grading on the fine side of ideal grading. 

There is a lack of enough knowledge of influence of cohesion on CBR. Clay is studied  as 

only  packing parameter controlling the CBR performance. There is a  need to improve the 

understanding of correlation of cohesion parameter and CBR value for different proportion 

of clay-gravel and clay-sand- gravel mixtures. 

For cohesionless soil, the main resistance is provided by weight of sediment, but in 

cohesive soils, the net attractive inter-particle surface forces, frictional interlocking of grain 

aggregates, and electrochemical forces control the resistance to detachment. (Jain and 

Kothyari, 2008) [44]. These forces vary with the type of clay, antecedent moisture 

conditions, type of shear application, and drainage conditions. (Ansari et al. 2003) [6]. The 

detachment of cohesive soils is controlled not only by macroscopic physical sediment 

properties such as its density but also by inter-particle bond strength and its fabric 

characteristics. (Mazurek et al. 2001, 2003) [52,53], the resistance mechanism of cohesive 

soils depends on both physico-chemical properties and complex mechanical characteristics 

such as shear stress and shear strength. The amount and type of clay, antecedent moisture 

content, bulk density, and shear strength are considered to be the easily measured variables 

representing the factors controlling erosion characteristics of cohesive soil mixtures. (Jain 

and Kothyari, 2008) [44] .  

When a large amount of coarse detritus including sand and gravel mixes with clay, the 

interactive behavior among different sized soil particles becomes more complex (Kothyari 

and Gurg, 2014) [43]. Therefore, complex behavior of clay-gravel and clay-sand-gravel 

https://www.tandfonline.com/doi/full/10.1080/00221681003696317
https://www.tandfonline.com/doi/full/10.1080/00221681003696317
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mixtures is studied here after considering clay percentage, moisture content, dry density 

and shear strength of mixtures. 

1.5    Definition of the problem 

With the adoption of Indian Road Congress-37-2012 [27], there is a need to characterize 

subgrade soil in terms of bearing ratio. The quantity and type of fines have a major 

influence on the performance of an unbound aggregate road-base. The inter-particle forces 

are relatively important in case of fine grained soils. The amount of clay fraction in a soil is 

therefore very crucial in determining its properties required in geotechnical applications. 

The effect of moisture on California Bearing Ratio (CBR) value is significant because it 

changes the soil fabrics. The other properties like unit weight, particle size, cohesion, angle 

of friction can have significant effect of subgrade strength. Literature review indicates that 

no comprehensive study has been carried out on the influence of cohesion on CBR value of 

soil mixtures consisting of clay-gravel and clay-sand-gravel. It has been observed that fine 

grained soil is given due attention in the investigation but clay- sand- gravel mixture has 

not been attended in detail.  Subgrade and sub-base course mostly consist of such kind of 

materials (especially in the roads built in hilly terrain) and contribute directly to the 

structural performance of pavement (See Fig.1.1). It is noticed that no definite relationship 

exists to estimate CBR of subgrade consisting of clay-sand-gravel and clay-gravel mixture. 

The present investigation is taken up to fill the above mentioned gap in the knowledge and 

a new methodology is proposed.   
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FIGURE 1.1 Hill road embankment in north-east region made up of  

clay-sand-gravel (Bayan G.K. 2013) 

 

1.6      Objectives of the study 

The significant review clearly indicates that the California Bearing Ratio of cohesive 

material is affected by a variety of parameters. No detailed investigation has been carried 

out so far to compute CBR of clay-gravel and clay-sand-gravel mixtures. There is a need of 

in depth study to quantify the presence of cohesive material on CBR of clay-gravel and 

clay-sand-gravel mixtures. Therefore, this study was undertaken through extensive 

experiments. 

The specific objectives of present investigation are listed below: 

1. To evaluate effect of cohesion (with varying proportion) on California Bearing Ratio 

value and untrained shear parameters of clay-gravel and clay-sand-gravel mixtures. 

2. To identify parameters influencing the CBR of clay-gravel and clay-sand-gravel 

mixtures.  

3. To carry out sensitivity analysis of parameters influencing CBR of these mixtures. 

4. To develop relationship to predict CBR of clay-gravel and clay-sand-gravel 

mixtures using multiple linear regression and artificial neural network.  
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1.7      Scope of the work 

The scope of the present study is as under. 

1. To identify source of clay, sand, gravel and procurement of materials  

2. To determine all index properties of clay for its characterization and investigate type 

of mineral present in clay using X ray diffraction method. 

3. To evaluate compaction characteristics:- optimum moisture content and maximum dry 

unit weight using Modified proctor Test for nine different proportion of clay-gravel 

and clay-sand-gravel mixtures. 

4. Evaluation of subgrade strength of above nine soil mixtures by California Bearing 

Ratio test for unsoaked and soaked conditions and untrained shear parameters by 

Triaxial testing. 

5. To identify the parameters influencing the CBR of clay-gravel and clay-sand-gravel 

mixtures and their sensitivity. 

6. Development of correlation based on dimensional analysis using multiple linear 

regression and artificial neural network. 

1.8      Original contribution by the thesis 

In this thesis, California bearing ratio of clay-gravel and clay-sand-gravel mixtures under 

unsoaked and soaked conditions is determined experimentally. Undrained shear parameters 

of these mixtures are also evaluated. Samples are prepared for nine different combinations 

of clay percentage (10% to 50% at an increment of 5 % by weight) under five ranges of 

moisture content.  

1. Combined effect of moisture content, dry unit weight and clay fraction on California 

bearing ratio is studied for clay-gravel and clay-sand- gravel mixtures. Influence of 

cohesion on CBR of these mixtures is analyzed.  

2. Functional relationships have been identified to estimate CBR of clay-gravel and 

clay-sand-gravel mixtures under soaked and unsoaked conditions. 

3. Using multiple linear regression analysis, relationships are proposed to estimate CBR 

of clay-gravel and clay-sand-gravel mixtures under soaked and unsoaked conditions. 

4. The statistical analysis is carried out to judge the behavior of the pertinent variables 

on CBR. Significance of the developed models is studied through F test and t test. 
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5. Artificial neural network (ANN) analysis using R programming is also performed to 

adjudge the behavior of the pertinent variables on CBR. Sensitivity analysis is done to 

check the effect of input variables on unsoaked and soaked CBR values. 

6. Sensitivity bar plots are developed by Garson’s method, Olden’s method and Lek’s 

profile method in the case of clay-gravel and clay-sand-gravel mixtures under soaked 

and unsoaked conditions. 

1.9      Limitation 

The present study is confined to particular size of sand and gravel. Only one type of gravel 

finer than 10 mm and retained on 4.75 mm sieve was used. The median size of gravel was 

7.0 mm. It is fine gravel with a sub-angular type shape. The coefficient of uniformity and 

coefficient of curvature of fine gravel was 1.52 and 0.94 respectively. Only one type of 

sand finer than 2.36 mm and retained on 75 micron sieve was used. The median size of 

sand was 0.48 mm. The coefficient of uniformity and coefficient of curvature of sand was 

1.56 and 1.0 respectively. For both the materials, value of coefficient of curvature Cc is 

less than 2, which indicates that they are uniformly graded materials. For clay-sand-gravel 

mixtures, ratio of sand and gravel by weight was kept equal. One type of clay was used in 

the experiments. The percentage of clay was varied at an increment of 5%.  
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CHAPTER 2 

Review of Literature 

2.1  Back ground of research  

Soil materials are not made to order and thus always do not exhibit desirable qualities. 

They are comprised of individual particles that can slide, sleep  and roll relative to one 

another when subjected to repeated loading. The engineering properties of soil mass can be 

improved by modification at the site. Unbound materials are most commonly used  as a 

subgrade for the construction of  base and subbase layer of flexible pavements in India and  

all over the world because of its satisfactory mechanical strength. The performance of    

subgrade as base layer is highly dependent on properties   of  constitutient  particles, which 

include fine fraction, sand and coarse materials. The most economical combination of  

material types   is selected in the process of design of pavement.  

CBR of  subgrade materials is typically characterized by the resistance to deformation 

under load  and highly dependent on properties of coarse and fine fractions. In pavement 

design, the California Bearing Ratio of a soil is accepted as a widely acknowledged 

performance parameter to measure the soil strength. It depends on soil parameters like 

gradation, presence of mineral type, moisture - density relationship  and shear parameters . 

The soils that do not have desired strength or the one that loses its strength due to 

environmental effects attract application of soil modification. (Punamia, 2008) [63]. The 

mechanical stabilization of the soils by mixing good soil with the poor, results in the 

betterment of the desired characteristics of the poor soil. 

At places where the local soil has low CBR value, attempts are made to enhance it by 

mixing good soils. Depending upon the availability of the material in the near vicinity of 

the area either the sand or the gravel or both can be a choice to mix with the poor soil in 

different proportions. This necessitates testing of large number of soil samples which often 

becomes a laborious and time consuming task. Hence to ease this issue and to have an 

independent check on the test results, development of empirical correlations of CBR with 

basic soil properties is a good choice. Engineers always come across with difficulties in 
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obtaining representative CBR value for design. Due to limited budget and poor planning 

conditions, insufficient soil investigation data are obtained in many cases. On the other 

hand, many times  laboratory CBR test  results are not accurate. Therefore the development 

of correlation among soil properties and prediction models have become a base of the 

judgment. The knowledge about the relationships between two or more soil types is 

essential in geotechnical application. Among all of them, clay-gravel and clay-sand-gravel 

mixtures are more prominent in nature and largely available. Generally, well graded 

mixtures of gravel and sand are used in base course of road pavement. The quantity of 

fines in limited extent is used to provide good interlocking between the granular 

component They form a dense mass upon compaction. 

2.2  Literature Review 

A critical literature survey was carried out regarding compaction characteristics, bearing 

ratio and undrained shear parameters of cohesive and cohesionless soil materials. The main 

focus of literature survey was to have a new insight in the past-developed correlations 

related to the strength parameters for the subgrade strength evaluation and is discussed in 

this chapter. The literature study was focused on the various factors affecting CBR and 

modeling techniques. In the  first part of  chapter, CBR of cohesive material is described, 

in second part, CBR of cohesionless material and in the third part various modeling 

techniques are discussed. An overview is also presented on available models to predict 

CBR . 

2.3  Characteristics of cohesive material 

Cohesive soils are made of clayey soils. Clay is a naturally occurring material primarily 

composed of fine-grained minerals, which is generally plastic at appropriate water 

contents. These minerals  become harden when dried and mostly responsible for imparting 

cohesion. Cohesion is the force that holds molecules together or like particles within 

a clayey soil.  In cohesive soil, the fine grained particles are formed, when the silt and clay 

closely sticks together. The grain size is lesser than 0.075 mm. Cohesive soil does not 

crumble, and can be excavated with vertical side slopes. Cohesive soil is hard to break  

when it is in dry state. It exhibits significant cohesion when moisture content increases. 

Cohesion is usually determined  in  the  laboratory using  Box shear test,  Unconfined 

Compression test or Triaxial shear test. 
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2.3.1   Structure of clay and physico-chemical properties 

Clay minerals are basically composed of tiny crystalline substances of one or more 

members of a small group of minerals, which are commonly known as clay minerals. Clay 

are separated from sand, gravel and silt due to the negative electrical load on the crystal 

edges and positive electrical load on the face. Clay minerals consist of two basic structures 

as shown in Fig.2.1.Tetrahedron unit: silica oxygen which is formed through the bonding 

of silicon ions to the oxygen atoms on all four sides. Second, octahedron unit:  which is 

formed with aluminum and magnesium ions coordinated on eight-sides with oxygen and 

hydroxyl ions. All clay minerals are formed from octahedral and tetrahedral sheets with 

certain types of cations, which are in various forms. They are connected to each other in a 

certain system. Changes in the structures of the octahedral and tetrahedral sheets result in 

the formation of different clay minerals. More common clay mineral groups include 

kaolinite, illite and smectite (montmorillonite).  

 

FIGURE  2.1 (a) Silicon–oxygen tetrahedron unit   (b) Aluminum or magnesium                                

octahedral unit. (Thair and Olli, 2008) 

Certain features like isomorphs substitution, surface anion and cation exchange capacity 

affect the structure of soil. It determines its properties such as orientation of particles,  
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strength, settlement and swelling and thus governs the engineering behavior of soil (Das, 

2008).[18] 

2.3.2   Flocculation and dispersion of clay particles 

The behavior of clay particles is  governed by net  attractive or repulsive forces between 

the particles. Figure 2.2 shows schematic diagram of the same.  The attractive forces are 

mainly attributed due to orientation effect also known as  Van der Waal’s force. As the 

distance between particles increases, net attractive or repulsive forces decrease. The 

diffused double layer is  primary force responsible for repulsion between two clay 

platelets. A decrease in the thickness of double layer reduces the electric repulsion and 

causes a tendency towards flocculation. 

 
 

FIGURE 2.2 Attractive and repulsive forces in clay particle with distance 

                             (Das, 2008)    

 

 When colloidal particles in a suspension approach each other, they will reach an inter 

particle distance where their double layer interacts. Depending on the distance of 

separation, if the magnitude of the repulsive force is greater than the magnitude of the 

attractive force, clay particles will settle individually and form a dense layer at the bottom. 

They will remain separate from their neighbors. This is referred  as the dispersed state of 

the soil. (See Fig. 2.3). 
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       FIGURE 2.3 Dispersion and flocculation of clay in a suspension  (Das, 2008) 

Dispersed fabric is formed by settlement of individual clay particles with more or less 

orientation. On the contrary, if the net force between the particles is attraction, flocs will be 

formed and these flocs will settle to the bottom. This  flocculated fabric  has edge to edge 

or edge to face association of particles. Dispersion or flocculation determines the 

engineering behavior of soil mass. (Punamia, 2008) [63]. 

2.4  Shear strength of cohesive material 

Shear strength is the principal engineering property which controls the stability of soil 

mass under loading conditions. Soil can exhibit significantly different shear strength under 

different field conditions. Soil derives its shear strength from interlocking of particles, 

frictional resistance between individual soil grains and cohesion. The angle of friction is 

very negligible for cohesive soils. The shearing strength of cohesive soil is affected by the 

consistency of the materials, mineralogy, grain size distribution, shape of the particles, 

initial void ratio and features such as layers, joints, fissures and cementation. The part of 

resistance mobilized against sliding, which is independent of normal stress is known as 

cohesion. It is an  inherent property of the soil. The component of sliding resistance, which 

is normal stress dependant, is known as friction. Cohesion and friction are not directly 

related with each other. The  cohesion develops  from the binding between soil grains and 

internal friction value comes from particle sliding, rolling or sleeping. There are some 

common default values of cohesion for different consistency stages. The development of 

cohesion is attributed to one or more following reasons. 
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• Cohesion due to cementation 

• Pronounced reduction in cohesion when soil is remolded 

• Cohesion due to negative capillary pressure 

• Cohesion due to soil aging 

• Cohesion due to adhesion and interlocking of soil particles 

True cohesion is the result of bonding between soil particles. The type of inter particle 

bonds that make and affect soil cohesion may be classified in the three categories: 

• Chemical bonds due to presence of cementing agents , such as calcium carbonate 

(CaCO3) or iron oxide (Fe2O3) (Clough,et al, 1981) [15]. 

• Electrostatic and electromagnetic bonds. These forces are very small and do not 

produce significant shear strength in soil. 

• Mechanical bonds. 

Apparent cohesion is due to the negative pore water pressure. Each of the cohesion 

component react independently, may or may not be present and participate in soil shear 

resistance. The effect of each component of cohesion in soils may be measured by simple 

laboratory tests. Sand is a granular material and normally has size greater than 600µ in 

diameter. It behaves as cohesionless material. Sand and gravel has rare cohesion and each 

particle can easily dislocate. When sand, gravel or mixture of sand and gravel is mixed 

with clay in various proportion, the resulting mixtures show enough amount of cohesion. 

Incorporation of clay can fill the small voids in the particles of sand-gravel and play a role 

in developing the cohesion. The proportion of clay influences strength formation 

mechanism of sand-gravel mixture to a large extent.  

Based on laboratory testing Coulomb proposed  a theory for rupture in materials. The 

theory is used for predicting the shear resistance in terms of cohesion and friction values. 

The  failure along a plane in a material occurs by a critical combination of normal stress  

and shear stresses, and not by normal stress or shear stress alone. For cohesive material, 

shear strength is given by  

τ  =  C + σ tan ϕ                        (2.1) 

Here, C is cohesion, σ is normal stress and ϕ is angle of internal friction of the mixture. 

Normal stress has a capacity to hold the material together and thus increases the internal 
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shear resistance. Type of shear test, drainage condition and strain rate strongly affect 

cohesion and friction parameters (Das, 2008). 

2.5  CBR of cohesive materials 

Shear strength of soil is its resistance to inter-particle-movement. It is characterized by 

cohesion,  friction angle  and normal load. The shear  parameters  primarily, define the 

soil maximum ability to resist shear stress under defined load. Cohesion is the non-

frictional part of the shear resistance which is independent of normal load. Water content 

has a tremendous effect on cohesion. Cohesion changes with deviation in water content. 

Towards  the liquid state it decreases and becomes maximum around the plastic limit. It is 

generally independent of  normal load. Water acts as a lubricant and binding agent on dry 

side of OMC. It is expected for the shear strength to decrease with the increase  in water 

content beyond OMC. This assumption is in accordance with Nikol (2011) [58 ], who says 

that clayey materials compacted drier than optimum moisture content behave in a coarser 

fashion, due to aggregation. Dry of the optimum, the material tends to be more 

flocculated, therefore the shear strength increases, while on the wet side of the optimum 

the material is more dispersive (Arora, 2011).[2] In general, the element of flocculated soil 

has a higher strength than the same element of soil at the same void ratio, but in a 

dispersed state (Lambe and  Whitman, 1979). [45] 

Investigations into the influence of clay content on the engineering properties of sandy 

soils have been carried out  by various researchers in the past using reconstituted sand and 

clay mixture viz; Hasan and Mehdi (2015) [25] ,  Yanrong et al.(2013) [83], Naser Al 

Shayea (2001) [57], Simoni and Houlsby (2006) [70], Liu et al. (2009) [48], Vallejo and  

Mawby (2000) [79] reported that when the fine content is less than 25% in the mix, shear 

strength of clay-sand mixtures was controlled by the sand. Salgado et al. (2000) [68] 

stated that shear strength and dilatency of a composite matrix were controlled by the fine 

content when it was more than by 20%.  Naser Al Shayea (2001) [57] concluded that in a  

clay and sand mixture, for moisture content slightly above the OMC, clay addition 

increases the  cohesion of the mix. This variation is similar to a shape of compaction 

curve. Here the  improvement may not be attained if the moisture is far beyond the OMC. 

The limited data cannot give precise range but are sufficient to confirm the trend. Addition 

of  10% sand by weight  increases CBR value by about 20% in a composite matrix of  

sand-clay grains. In general, clay properties are mobilized in presence of water content 
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due to diffused double layer and surface hydration activities. A small increase in moisture 

above OMC may result significant loss in bearing capacity and hence CBR. Thus cohesive 

materials, their associated properties and interaction determine the subgrade CBR 

estimation. 

Suksun et al.(2013) [72] examined a generalised relationship between CBR and dry unit 

weight to suggest the compactive effort. As the fine grained soils are used for subgrade and 

the lateritic soils and crushed rocks are used for subbase and base course, these three types 

of soils were considered in the analysis. 60 samples of fine grained soil, 65 samples of 

crushed rocks and 70 samples of lateritic soils were analysed. The compaction and CBR 

tests were performed under the standard proctor energy for fine grained soil and the 

modified proctor energy for lateritic soil and crushed rocks. The optimum moisture content 

was in the range of 11 % to 23 % for fine grained soil, 7 % to 12 % for lateritic soil and 

from 6% to 7 % for crushed rocks. The maximum dry unit weight value range from 15 to 

20 kN/m3 for fine grained soil, 19. 5 to 21.5 kN/m3 for lateritic soil and 22.2 to 22.8 kN/m3 

for crushed rocks. 

It is observed that dry unit weight and CBR values increases with the logarithm of 

compaction energy. CBR value of a given soil is essentially controlled by densification. 

Regression analysis was carried out to develop a generalised relationship between CBR 

and dry unit weight. The co-efficient of correlation was  0.94 for developed relationship. 

From the analysis of test data, they suggested the field compaction procedure, material 

selection and field compaction control. 

Denistan et al. (2011) [17] studied and analyzed 20 field compacted samples of two 

different soil types (clay of low plasticity, CL and clayey sand, SC) for unsoaked 

California bearing ratio value. The liquid limits for the soil were in the range of 22% to 

44% and dry densities of field compacted soils varied from 15 to 21 kN/m3. The analysis 

were carried out for all the soils together and separately for each soil type. Since variation 

in specific gravity of soil solids was minimum for all soil studied, it was not included in the 

analysis. CBR values of unsoaked samples had a good correlation with undrained shear 

strength.  CL type of soil had a better correlation with CBR than SC type of soil.  By 

observing (R) values of individual parameters, undrained shear strength showed the highest 

(R) values and hence better correlation with CBR. Table 2.1 shows correlation values of 

various parameters with CBR. 
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Table 2.1 Individual power correlations  (R values) 

Parameter L.L.(%) PI(%) Gs M.C.(%) 
Dry unit 

weight 
UCS Modulus 

CBR(%) 0.1036 0.1017 -0.1036 -0.3971 0.279 0.8079 0.4306 

where L.L. = liquid limit, PI= Plasticity index, Gs = specific gravity of soil solids, M.C. = 

moisture content, UCS = Unconfined compression strength. 

Ambrish (2010) [4] carried out laboratory testing of class F fly ash stabilized with hydrated 

lime and phospho gypsum (obtained from fertilizer industry) in varying proportion. CBR 

tests were performed on above specimens at modified proctor characterization for different 

curing period. Both unsoaked and soaked bearing ratio tests were performed. From the 

analysis of the experimented results, it was concluded that addition of 4% lime and 

addition of small percentage 0.5% to 1% of phospho gypsum gives optimum CBR. 

Experimental results indicated that pond ash - lime - phospho gypsum mixes have potential 

for applications as road base and subbase materials. Using multiple regression analysis,  

developed an empirical model to estimate the bearing ratio through a non-dimensional 

parameter. He performed F test and t test of ANOVA to check the adequacy of the 

developed model. 

Liu et al. (2009) [48] analyzed the influence of different factors on the CBR value of silt 

road bed. The CBR value was measured by changing silt particle content, initial water 

content, adding salt content and changing over load pressure. The specimens were prepared 

by heavy compaction and soaked in water for four days. The test results show that the CBR 

value of silt filling become larger as the silt particle content reduced. The initial moisture 

content has a remarkable influence on CBR values and the CBR value reaches the 

maximum with optimum moisture content. They also concluded that the CBR value 

reduced to a great extent as the salt content increases. CBR value of silt became larger as 

the over load pressure improved because the water cannot easily enter the voids of soil 

during its soaking. Hence water film between the particles becomes thinner and CBR value 

increases.  

Yang et al.(2008) [82] studied influence of clay on CBR value. They  performed  the 

physical and chemical testing on fifteen groups of subgrade materials. In the analysis, 

influence of distribution of particle size and clay mineral component was studied. They 

observed that the CBR values of two samples were relatively different for the soil with 
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same plasticity index under standard condition. This was due to presence of different clay 

mineral content. CBR values decreased drastically as the clay to silt ratio  increases in the 

mixture. This is because, when the clay content is relatively low, the cementation between 

the clay around silts is weak. Therefore, they concluded that type of mineral component 

and its content are the main factors influencing CBR, clay to silt ratio and particle size 

have lesser influence on CBR values.   

Many attempts have been made to correlate maximum dry density and optimum moisture 

content (OMC) considering all  Proctor energy level for fine grained soils. Studies of 

Yesim and Sridhran (2004) [84] have shown a linear and curvilinear relation with γd  max 

and OMC. 

γd  max = 22.26-0.28*OMC                                                         (2.2) 

γd  max = 22.68e (-0.013OMC)                                                          (2.3) 

Here, γd = dry unit weight and e = void ratio. 

Prakash et al.(2014) [62] performed experiments on seven fine grained soil samples which 

belong to soil type clay of high plasticity (CH) and silts of high compressibility (MH) 

group. Light and heavy compaction tests were carried out on all samples to find the 

maximum dry unit weight and optimum moisture content. Correlations were developed 

among OMC, plasticity index (PI), γd max., liquid  limit and plastic limits. They observed 

that there is a definite relationship between OMC and PI. They also derived  good co 

relation between the dry unit weight and OMC at all compactive  energy levels. The 

equation obtained matches very well with the equation given by Gurtug and Sridhran 

(2004). 

γd  max = 22.836e (-0.017OMC)                                                     (2.4) 

Matthew et al. (2004) [51] presented the findings from repeated load Triaxial testing on 

fine grained subgrades. The objective of the study was to measure threshold stress from 

permanent strain reading. From the testing data, they examined permanent strain and 

resilient modulus to predict long term behaviour of pavements. For clayey subgrade, higher 

the value of deviator stress, lower was the modulus until a higher stress is reached 40-60 

kPa. They termed this stress as a threshold stress after which constant modulus i.e. stiffness 
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asymptote was observed. The stiffness asymptote and threshold stress were different for 

different samples. As the deviator stress increases, permanent strain also increases.  

Nagaraj and Suresh  (2018) [56] tested forty natural soils with wide range of plasticity 

properties. Twenty two samples were CL-ML type with kaolinite as principal clay mineral  

and eighteen samples were CI-CH type with montmorillonite as principal clay mineral 

present. Findings from this study show that, clay mineralogy of soil has significant effect 

on both,CBR and unconfined compressive strength. Soils have separate CBR correlations 

with maximum dry unit weight based on clay minerals present. 

(CBR)k  = 1.94 γd  max - 25.67                                                         (2.5) 

(CBR)m  = 0.31 γd  max - 3.26                                                          (2.6) 

(UCS)k  = 65.49 γd  max - 869.75                                                     (2.7) 

(UCS)m  = 12.05 γd  max - 123.25                                                    (2.8) 

Here, γd = dry unit weight . 

It was seen that both CBR and UCS bear good increasing relationships with maximum dry 

unit weight. However this relationship is different depending upon the soil type. Only 

marginal increase was noted in CBR and UCS for montmorillonite soil, whereas increase 

in CBR and UCS for kaolinite soil was almost double. This clearly indicates that clay 

mineralogy of soil has a significant influence on both CBR (indirect measure of strength) 

and Unconfined Compression strength  (direct measure of strength), having separate 

relationships based on whether the soil is kaolinitic or montmorillonitic. In case of 

kaolinite soils, the contribution of  strength mainly comes from the mobilization of net 

attractive forces which results in increased flocculation, where as in case of 

montmorillonitic soils, contribution is coming from viscous shear resistance contributed by 

diffuse double layer that reflects as strength.  

 

For improving the different properties of cohesive soil, an exhaustive study was 

undertaken by Tapas KR (2013) [78] to test various types of sand with varying proportions 

ranging from 5% to 15% as admixture to cohesive soil. He analyzed  plastic properties, 

compaction properties and strength properties in terms CBR of the mixtures. Two types of 

alluvial soils have been tested and based on liquid limit and plasticity index, were 
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classified as CI and CH respectively. The uniformity coefficient of fine, medium and 

coarse sand was 4.71, 3.06 and 1.80 respectively and the coefficient of curvature was 0.99, 

0.91 and 1.84 respectively. CBR tests in unsoaked condition were performed at OMC as 

per  IS 2720  (part-16) to determine the strength characteristics of soils  with addition of 

sand in varying proportions. OMC values indicated a gradual decreased with increasing in 

the values of sand percentages added, irrespective of the sand used. Both soils show  a 

significant increases in the values of MDD with addition of any of the three types of sands 

used. Addition of fine sand with both types of soil compare to that of other two types of 

sand e.g. medium and coarse sand, CBR value increases from 4.65% to 9.28% and 5.35% 

to 9.84% for addition of fine sand upto 15% with CI and CH soil respectively. This change 

may be occurred due to achieving the better grain size distribution of the mixed soil 

sample. 

Hasan  and Mehdi (2016) [25] studied  the effects of four variables, including the 

angularity of gravel and sand, the amount of fines and the plasticity index of the fines, on 

the dry and saturated CBR, and the coefficient of permeability. Sixteen  different mixtures 

were investigated in this research. The mixture with angular gravel and sand, and 5% of 

non-plastic fines was selected as the control. For a mixture with zero plasticity index of 

fines and 100% angularity of sand and gravel, the CBR in saturated condition is higher 

than that in the dry condition. It seems to be due to the shear strength enhancement due to 

the surface tension of the water in voids (Chapuis, 2004).[12] From the Fig.2.4 it can be 

seen that 5%  amount of fines content is the required amount to fill the voids between the 

mix of gravel and sand particles, beyond which their contact is lost and the shear strength 

is decreased. Due to higher specific surface area, the effect of sand angularity on the 

strength is higher than that of angularity of gravel.  
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FIGURE 2.4  Variation in CBR with percentage fines (Hasan  and Mehdi,2016) 

Ali Firat et al.(2015) [3] examined the behavior of sand- clay mixtures in CBR, unconfined 

compressive strength and compaction. For the sand, the coefficient of uniformity (Cu) and 

coefficient of curvature (Cc) were calculated as 3.09 and 1.29 respectively. The cohesion of 

the clay was 15 kPa. angle of friction ϕ = 22º and PI= 27. The results of the test showed 

that specimen with higher amount of sand reached to their maximum CBR with a small 

change in water content. However the specimen with less amount of sand reached to their 

maximum CBR with a larger change in water content as shown in   Fig.2.5 This behavior 

is mainly due to the water absorption capacity of fines available in specimen.  Figure 2.6 

demonstrates  the variation of stress with penetration for the clay with 50 % sand at various 

water content. 

 

          FIGURE 2.5  Variation of CBR with moisture content  (Ali Firat et al., 2015) 
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   FIGURE 2.6  Variation of stress with penetration for clay with 50% sand in mixture 

(Ali Firat et al, 2015)    

  Mauwia (2013) [54] performed direct shear test on 15 clay-sand mixture for variation in 

moisture and clay content. Local construction sand and CH type of clay with high liquid 

and plastic limit were used in the study. Specific gravity of sand was 2.66, values 

corresponding to Cu = 1.737 and  Cc = 1.078, respectively indicated poorly graded type of 

sand. D10, and median size D50 were measured as 0.20 mm and 25 mm respectively. All 

samples were prepared at the maximum dry density as obtained in a standard compaction 

tests. Moisture range considered for the clay sand mixtures was 15%, 17.5%, and 20% 

whereas for the sand alone 7, 10, and 13% were selected. Cohesion increases with clay at 

lower moisture content, but for a higher percent of clay, a steep drop was noted in cohesion 

as the moisture content was increased. These changes are not independent of the density 

state of clay-sand mixtures. For moisture content slightly above the optimum moisture 

content, the clay addition improves the cohesion of the mix. This improvement may not be 

continued if the moisture is far above the optimum moisture content. This limited data 

cannot give precise ranges but are sufficient to confirm the trend. The influence of clay 

content on both shear strength parameters is very significant. As seen from the charts, the 

20% moist clay-sand mixture is showing steep drop in both cohesion and angle of internal 

friction when the clay content is high. Very moist clay-sand mixture showed steep drop in 

both in both angle of friction and cohesion when the clay content is high (Fig. 2.7 and Fig. 

2.8). 
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FIGURE 2.7  Influence of moisture content on cohesion  (Mauwia, 2013) 

 

FIGURE 2.8  Influence of clay content on cohesion (Mauwia, 2013) 

 

FIGURE 2.9  Influence of clay content on angle of friction (Mauwia, 2013) 
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From the Fig. 2.9 it is observed that minimum value of angle of friction was at 10% clay 

addition. Very moist clay-sand mixture showed steep drop in both cohesion and angle of 

internal friction when the clay content is high. Figs.2.7 shows effect of moisture content on 

cohesion and Fig.2.8 to Fig. 2.9, show effect of clay content on cohesion and angle of 

friction at 15% to 20% variation in moisture content. is the moisture content. 

 Nasar and Al Shayea (2001) [57] studied the behavior of artificial clay-sand mixtures with 

varying water and clay content. Combined effect of   clay and water content was studied 

through determination of consistency limits, drained Triaxial test, hydraulic conductivity 

and volume change characteristics for various combination of water and clay content in the 

mixtures. They observed that cohesion of the clayey sand is found to increase with increase 

in water content to a certain limit, above which it decreases. The angle of friction was 

found to decrease with increase in water content. The hydraulic conductivity sharply 

decreases with increase in clay up to 40 percent and then it becomes less significant. It was 

established by Naser Al Shayea (2001) [57] that clay minerals have a dominating influence 

on the behavior of the entire soil mass even if they are present only as  small fractions of 

the soil. Also the level of clay fraction in a soil is crucial in determining its geotechnical 

characteristics such as strength and compressibility. Figure 2.10 and 2.11 depict the 

combined effect of  clay content and moisture content on cohesion parameter. Cohesion 

increases with increasing clay content up to a certain limit and then it decreases. 

 

FIGURE 2.10  Effect of moisture content on cohesion at various clay percentage 

(Nasar and Al Shayea, 2001) 
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FIGURE 2.11  Combined effect of moisture content and clay on cohesion                   

(Nasar and Al Shayea, 2001) 

Chris.JS et al.(1994) [13] conducted brief literature survey on effect of the individual 

properties on compatibility of untreated road building materials. They concluded that 

compaction is the single most important factor influencing the compatibility and bearing 

capacity. Apart from this, the grading has an extremely important influence on the 

moisture regime of the materials. Although influence of shape and texture is not very 

critical in case of compatibility of materials. However it is very critical for the bearing 

capacity in terms of elastic properties of soil. As the material changes from a well graded 

to a uniformly graded, the influence of shape and texture is reduced. The crushing strength 

is generally not a very serious problem in road building materials, as the particles are 

generally fairly small. According to Scott (1963)[69] and  Marshal (1967) [50], the contact 

pressure will normally be much lower than the crushing strength of the material.      

2.6  CBR of cohesionless materials 

California Bearing Ratio and undrained shear parameters in unbound granular materials are 

key technical characteristics of layers in a flexible pavement design. Among the factors 

affecting these two parameters, the aggregate gradation is most important. 

Mohsen et al.(2016) [53] studied the effect of aggregate gradation on resilient modulus and 

CBR of unbound granular materials. The results showed that in the gradation boundaries 

determined by AASHTO, the difference between specific gravity of soil solids values was 

insignificant. In CBR and resilient modulus tests, there was a significant difference 

between test results in upper and lower limits of gradation. The results indicated that 
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strength is the highest in the lower limit of gradation. Therefore, the use of well graded 

coarse grained aggregates could significantly increase the strength. He concluded that 

maximum gradation changes of aggregate base and subbase courses in the standard range 

is 5%. Therefore specific gravity of soil solids changes are not considerable and have no 

significant effect on pavement performance. 

Amir et al.(2009) [5] investigated the shear strength of sandy soils containing different 

gravel contents. Uniform clean sand and gravels with a maximum size of 25 mm were used 

to prepare sand-gravel mixtures. The tests were conducted using a large scale box shear 

apparatus with a 300 mm x 300 mm x 170 mm size of box. All tests were performed on dry 

samples in drained condition. The gravel contents of 20, 40 and 60 percent were used in 

sample preparation with three different densities of 30, 60 and 85 percent and three 

different surcharges of 150, 300 and 450 kN/m2. It is observed that maximum dry unit 

weight increases with the gravel content up to 60 percent. The study indicates that dilation 

increases with increase in shear displacement. The increase in dilation also contributes to 

the increase in shear strength with increase of gravel content. The friction angle of 

mixtures increases with both gravel content and relative density. From the Fig. 2.12 and 

Fig. 2.13 it may be concluded that the maximum and minimum unit weights decrease when 

the gravel content exceeds 60 percents. Maximum and minimum void ratio decreases at 60 

percent gravel. 

 

FIGURE 2.12  Effect of gravel content on dry unit weight (Amir et. al., 2009) 
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FIGURE 2.13  Effect of gravel content on void ratio  (Amir et. al., 2009) 

Babic et al. (2000) [9] determined the effect of fine particles content in granular materials,  

natural gravel with rounded grains and crushed stone aggregates on bearing capacity  

(CBR) and permeability properties of unstabilized base course. Percentage of fine 

particles ranged from 0 to 10 by mass. Two type of fine particles were tested, those of 

stone and clay origin. The specimens were compacted at optimum moisture content using 

five energy levels. Bearing capacity (CBR test) and permeability characteristics were 

tested. They observed that within the research limit of 0 to 10 % by mass, fine stone 

particles have positive effects and the bearing capacity increases. They concluded that 

addition of fine clay content not higher than 5% by mass is acceptable for all kind of 

mixtures. When the addition of clay content in the mixture is  more than 5 % , bearing 

capacity decreases. 

2.7  Prediction of CBR from soft computing techniques  

With the growth of statistical modeling in geotechnical engineering, multiple linear 

regression (MLR) and artificial neural network (ANN) have been applied by researchers to 

address the problems associated with pattern recognition and prediction. The general 

purpose of the MLR is to discover the relationship between predictor variables and a 

dependent variable. ANNs have been shown to exhibit superior predictive power compared 

to traditional approaches. The primary application of ANNs involves development of 

predictive models to forecast future values of a particular response variable from a given 

set of independent variables. Most researchers found that ANN performs better than MLR. 

Many models are developed by several researchers to predict CBR based on index 
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properties, compaction characteristics and shear parameters of the soils for local region. 

Some recent correlations based on the MLR and  ANNs are mentioned here. 

Suneet et al.(2011) [73] developed a method for predicting CBR values using neural 

network modeling. Six variables were selected as input to develop a model. They were 

clay, sand and gravel fraction, liquid limit, plasticity index, and maximum dry unit weight. 

The data was segregated in to two assortments, 66 percent data were used for training set 

and 33 percent data were used for testing set. Innovative technique proposed by Garson 

was used to interpret the sensitivity of input variables. It was found that plasticity index 

followed by the liquid limit appeared to be the most important parameters. Other  variables 

had nearly same impact on CBR. Relative importance of input data obtained was as under. 

Table 2.2 Relative importance by Garson model 

Factor Relative importance (%) 

Gravel fraction 15.54 

Sand fraction 13.38 

Fine fraction 16.96 

Liquid limit 19.11 

Plasticity index 22.22 

Maximum dry unit weight 12.79 

Harini (2014) et al. [23] developed  (ANN) and (MLRA) models  to estimate California 

Bearing Ratio (CBR) of coarse  grained soils. MLRA was carried out by STATISTICA 

software and ANN analysis was performed using MATLAB. To correlate CBR with 

properties of soil, input variables selected were   optimum moisture content,  maximum dry 

unit weight, liquid limit, and coarse fraction. The CBR was better predicted through ANN 

than MLRA and coefficient of correlation was quite high for ANN model. ANN analysis 

indicated that liquid limit, coarse fraction, OMC and MDD have been found to be the most 

sensitive parameters in correlating CBR with Correlation coefficient (CC) of 0.9. Two 

developed models indicated that maximum dry unit weight is most sensitive parameter for 

coarse grained soil. (Equation 2.7 and 2.8) 

CBR= (WL*0.0797) + (CF*0.0902) + (OMC*0.03103) + (MDD*7.145) - 15.53)     (2.9) 

CBR = ((WL*0.0822)+(MDD*7.1136)+ (CF*0.08586)-14.8805)                               (2.10) 

Here, WL = Liquid limit, CF. = Coarse fraction, MDD = Maximum dry unit weight and  
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OMC = Optimum moisture content 

Sabat (2013) [66] developed and compared artificial neural network (ANN) and multiple 

regression analysis (MLR) model for predicting CBR of non-expansive clayey soil 

stabilized with lime and quarry dust. Total 90 samples were prepared which generated 90 

data sets. Out of 90 data sets, 68 datasets were used for training the model (ANN Model) 

and 22 data sets for testing the model. Feed forward neural network, with back propagation 

training algorithm, was used to develop the model. The numbers of inputs taken were five, 

number of hidden layer taken was one and numbers of neurons in the hidden layer were 

five. The activation function for input layer, hidden layer and output layer was hyperbolic 

tangent sigmoid. The neural networks tool box of MATLAB was used for necessary 

computations required for development of the model.  Garson's algorithm was used to rank 

the input  variables for prediction of CBR,  

 

FIGURE 2.14  Sensitivity Analysis (Garson, 1991) 

From the results of sensitivity analysis shown in Fig.2.14, it is observed that MDD is the 

most important input variable followed by OMC, lime curing period and quarry dust. He 

also concluded the performance of ANN model relatively better than MLR model. The 

MLR model has been developed using software package MINITAB. The model is,    

CBR = 83.7 - 3.12 L + 0.540 QD + 0.442 CP - 5.08 MDD + 0.32OMC             (2.11) 

Here, L= lime, QD = quarry dust, CP = curing period 
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Taskiran (2010) [77] investigated the applicability of two AI methods, artificial neural 

network (ANN) and Gene Expression Programming (GEP) for prediction of California 

bearing ratio.CBR tests results of fine grained soils, belonging to A-4, A-5, A-6, A-7 soil 

groups were selected. Seven ANN and GEP models which have different combination as 

input parameters were tested to establish the best inter-relationship between basic soil 

properties and the parameter CBR. The ANN toolbox of MATLAB computer aided 

software was used to perform the necessary computations. In order to develop the 

appropriate ANN architecture, seven input independent variables, one hidden layer with 

four neurons were tried to predict best CBR values. For the study, 21% of the original data 

was extracted at random and used for the test stage. The remaining 79% of the data were 

used to train the neural network. Good correlations were obtained between basic soil 

properties and CBR by ANN and GEP. 

 

 

 

 

 

 

FIGURE 2.15  Sensitivity results for CBR (Taskiran, 2010) 

Here, γk is dry unit weight and Wopt is optimum water content. Sensitivity analysis obtained 

by Garson model as shown in Fig.2.15 indicated that dry unit weight is the most effective 

parameter on CBR. All other variables contribute almost equally in prediction of CBR. 

From the study, it was also observed that the performance of each model obtained with 

both methods (ANN and GEP) are similar in terms of R2 and MSE for the majority of 

models. 

Yildirim and Gunaydin (2011) [85] were among the first to estimate California Bearing 

Ratio (CBR) results using MLRA and ANN models. MLR analysis was carried out to 



Review of Literature 
 

[32] 

 

determine the relationship between independent variables related to the CBR test results. 

The predictive model and CBR, derived by the MLR analysis is as below.  

CBR = 0.22 G + 0.045 S +4.739 MDD + 0.122 OMC             R2 = 0.88              (2.12) 

Here, G = gravel (%) and S = sand (%)  

Confirmation of the CBR prediction model was done by considering correlation 

coefficient, the F test and the t test. The F values calculated herein were higher than the 

tabulated (critical) F values showed that the reliability of MLRA method is high. t tests 

were also performed for the results obtained from MLR and it was observed that MLR for 

CBR produced a good result for CBR.  

 

 

 

 

 

 

 

 

FIGURE 2.16 Comparison between  CBR vs. percentage gravel  (Yildirim, 2011)  
 

 

FIGURE 2.17  Comparison between CBR vs. percentage of fine grained soil                             
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Figures 2.16 and 2.17 indicated that good linear correlations were obtained between CBR 

and gravel (%),  CBR and fine grained (%).   

It was expected that the effects of maximum dry unit weight, optimum moisture content 

and percentage of gravel and sand were higher than the effects of other data (Atterberg's 

limits and percentage of fine grained) on CBR in respect of the MLR result. This can be 

inferred from the fact that t values are higher than the tabulated t values. Five ANN 

models, which have different number of input parameters, were developed for  estimation 

of CBR using a total of 124 test results of nine different soil types. It was concluded from 

all findings that use of the basic soil properties such as grain size, Atterberg's limits and 

compaction parameters appear to be reasonable in the estimation of California Bearing 

ratio. Nevertheless, while percentage of gravel and fine grained soil were the dominant 

parameters for the estimation of CBR with simple regression analysis, maximum dry unit 

weight, optimum moisture content and percentage of gravel and sand became the dominant 

parameters with MLRA. It is shown that the constructed ANN model exhibits a higher 

performance than traditional statistical model (SRA and MLRA) for predicting CBR.  

2.8  Concluding remarks 

Several interacting factors  such as  type of soil and its proportion, shape and size, 

gradation, unit weight, moisture and its composite effect governs the soil mass behavior. 

For the construction of base and subbase layer of flexible pavement, unbound aggregates 

are the most common type of materials used worldwide. Binder plays a vital role in the 

performance of unbound aggregates. In the absence of binder, the behavior is dependent on 

the properties of the gravel (particles retaining on sieve 4.75mm), sand (particles passing 

sieve 4.75 mm and retained on sieve 0.75 mm) of the mixture. Grading has an extremely 

important influence on moisture content. Clay minerals produce very important soil types, 

which are known to have high plasticity, cohesion and swelling potential, but low 

hydraulic conductivity and friction angle. They are also known for their dominating 

influence on the behavior of entire soil mass even if they exist only as a small fraction. The 

clay properties are only mobilized by the presence of water. 

The physico-chemical interactions between clay minerals and water resulting from surface 

hydration and diffused double layer, affect many properties of clayey soil. Literature 

review indicated that PI is the most effective parameter controlling the strength of the mix 
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as it appears to be independent of fines type for fine grained soil. In some cases the soil 

with same PI has different CBR value. This is due to the type of mineral present in clay 

fraction. For cohesionless soil, CBR mostly depends on particle size. The effect of 

moisture on CBR value is significant. On the wet side of OMC, as the moisture increases, 

CBR value decreases significantly. CBR value of fine grained soil with low plasticity (ML) 

and clayey silt with medium plasticity (MI) bears significant correlation with PI, MDD and 

OMC. CBR value decreases with the increase in the plasticity index and optimum moisture 

content of soil but increases with the increase in the maximum dry unit weight. CBR value 

of soaked silt increases with sand content. For the soil with same plasticity index, the main 

influence factors of CBR value are the type of mineral component and its content, secondly 

distribution of particle size. The clay to silt ratio is an important influencing factor to 

evaluate the CBR value. The water content and compactive energy have remarkable 

influence on CBR, so these factors should be strictly controlled in the field. The particle 

inter-locking is modified due to presence of fine particles.  It is difficult to compact highly 

variable material. Gradation of the aggregate is the most important parameter for CBR 

characteristics of flexible pavement. The great variation in the optimum moisture content 

of material due to different grading is observed. The behavior of clayey soil is highly 

influenced by coupled interaction between water and clay content. The cohesion of clayey 

sand is found to increase with increasing water content to a certain limit. The angle of 

friction of clayey sand generally decreases with increasing in water content. Even a small 

fraction of clay governs the behavior of entire soil mass. A large number of variables 

influence the variation of CBR of cohesive soil. For cohesionless soil, CBR is a function of 

particle size only. However in case of cohesive soil, because of physico - chemical 

properties, other factors such as percent of clay, moisture regime, dry unit weight and shear 

parameters become important in computation of CBR. 

2.9 Research gap 

Above review indicates that although fine grained soil is given due attention in the 

computation of CBR, but clay-gravel and clay-sand-gravel mixtures have not been 

comprehensively attended. However, subgrades are often built of such mixtures during 

road pavement construction. Also no systematic study has been carried out to identify the 

influence of cohesion on CBR value of soil mixtures consisting of clay-gravel and clay-

sand-gravel. It is also noticed that no definite relationship exists which relates behavior of 
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such mixture in estimating CBR of subgrade. The present investigation is taken up to 

fulfill the above mentioned gap. In literature review, it is also observed that involvement of  

shear parameters viz; cohesion and angle of friction are very rare reported in analysis of 

CBR. 
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CHAPTER 3 

Analytical consideration in the prediction of 

California Bearing Ratio 

3.1 Introduction 

This chapter summarized proposed methodology to compute the California bearing ratio 

for the results obtained through laboratory testing. The main objective of the present 

investigation is to assess the influence of cohesion on California bearing ratio of clay-

gravel and clay-sand-gravel mixtures. The functional relationship is worked out for the 

determination of California bearing ratio of clay-gravel and clay-sand-gravel mixtures 

under various antecedent conditions. A mathematical model has been proposed to 

compute the CBR of clay-gravel and clay-sand-gravel mixtures under soaked and 

unsoaked conditions. 

3.2 Analytical consideration  

The literature studied in the chapter-2 revealed that California bearing ratio of 

cohesionless soil has been studied extensively. However little or no information is 

available regarding the computation of CBR of cohesive soil consisting of clay-gravel and 

clay-sand-gravel mixtures. The highway and railway embankment in the hilly region 

mainly consist of such cohesive soils. The computation of CBR is mainly carried out 

through laboratory experimentation. The functional relationships for the computation of 

California bearing ratio are also formulated herein. 

3.2.1 Dimensional consideration (Unsoaked condition) 

A large number of variables influence the variation of California bearing ratio of cohesive 

soil mixtures. It is therefore difficult to investigate such variation through analytical 

methods. The same is therefore studied herein using the dimensional analysis. An 

inspection of various theoretical and semi-theoretical approaches on the prediction of 

California bearing ratio in the case of cohesionless soil revealed that CBR is function of 

size of soil particle only. However, in the case of cohesive soils, because of physico-

chemical properties, other factors such as clay percentage, moisture content, dry unit 
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weight, shear strength etc. become important in the computation of California bearing 

ratio of cohesive soil mixtures. The California bearing ratio in the case of clay-gravel and 

clay-sand-gravel mixtures is mainly affected by the following variables: 

),,,,,,,( adc dCGPIwPfCBR =       (3.1) 

Here Pc in clay percentage, γd is dry unit weight, PI is plasticity index of soil mixture, w is 

moisture content,  G is specific gravity of soil solids, C is the cohesion and ɸ is the angle of 

friction and da is the arithmetic mean size of soil mixture. The da is calculated by 

multiplying the fractional weightage of proportion (by weight) of clay, sand and gravel to 

their median size respectively present in the clay-sand-gravel or clay-gravel mixtures 

(Lodhi et al. 2015).  

Using dimensional analysis, the variables of Eq. (3.1) can easily be arranged into the 

following non-dimensional form (Peerless, 1967) [63]: 
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The functional relationship of Eq. (3.2) can be used to develop a relationship to compute 

California bearing ratio of cohesive soil consisting of clay-gravel and clay-sand-gravel 

mixture under unsoaked conditions.      

3.2.2 Dimensional consideration (Soaked condition) 

In case of determination of California bearing ratio under soaked condition, samples are 

soaked under a surcharge weight, therefore following functional relationship can be written 

to compute CBR in case of clay-sand-gravel and clay-gravel mixtures under soaked 

conditions: 

  ),,,,,,,,( adc dSCGPIwPfCBR =             (3.3) 

Here S is the surcharge pressure applied on the mould during soaking period wherein 

surcharge weight was kept 2.5 kg. It is difficult to compute the shear strength parameters 

under soaked conditions of specimen in tri-axial apparatus therefore, C and ɸ have been 

dropped from further analysis. A new functional relationship for CBR is written as 

  adc dSGPIwPfCBR ,,,,,,=

 

       (3.4) 
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Using dimensional analysis, the variables of Eq. (3.4) can easily be arranged into the 

following non-dimensional form (Peerless, 1967) [63]: 
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The functional relationship in the form of Eq. (3.5) can be used to develop a relationship 

for the computation of California bearing ratio of clay-gravel and clay-sand-gravel 

mixtures under soaked conditions.  

3.3 Statistical analysis using Multiple Linear Regression: 

Regression analysis is a statistical process for estimating the relationships among variables. 

It includes many techniques for modeling and analyzing several variables, when the focus 

is on the developing relationship between a dependent variable and one or more 

independent variables. Regression analysis is used to understand which among the 

independent variables are related to the dependent variable, and to explore the forms of 

these relationships. 

Multiple linear regression analysis (MLRA) explains the outcome value y as the weighted 

sum of influences from multiple independent variables x1, x2, x3; etc. The equation of 

multiple linear regression model can be represented as 

 
y = k + ax1 + bx2 + cx3 + … + ε                                                                      (3.6) 

 

where k is the intercept of the line on the y-axis; a, b, and c are the slopes of the relations 

between y and x1, x2, and x3, respectively; and ε is the random error term. The final output 

is an equation which describes statistical relationship between response variable and one or 

more independent variables. 

Various regression modeling techniques are used for analyzing several variables to identify 

the relationship between a dependent variable and one or more independent variables. 

MLRA provides insight to understand which among the independent variables are related 

to the dependent variable, and to explore the forms of these relationships. Regression 

analysis performance is related to the form of the  data generating process  and how the 

regression approach is being used.  Regression analysis often depends to some extent on 

about:blank
about:blank
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making assumptions about this process because true form of the data generating process is 

generally unknown in most of the cases. (Richard and Andrew, 2017) [67] 

3.3.1 Interpretation of regression coefficients  

After fitting the multiple regression line, it is important to investigate the various results of 

the output of multiple linear regression model statistics as residuals to determine whether 

or not they appear to fit the assumption of a normal distribution. Regardless of two large 

values which may be outliers in the data, the residuals do not seem to deviate from a 

random sample from a normal distribution in any systematic manner. Coefficient of 

determination R2 which is a statistical metric, is used to measure how much of the variation 

in outcome can be explained by the variation in the independent variables. R2 always 

increases as more predictors are added to the MLR model even though the predictors may 

not be related to the outcome variable. R2 by itself cannot thus be used to identify which 

predictors should be included in a model and which should be excluded.  R2 value indicates 

the perfection of the predictive value. Greater  the R2 value, greater is the perfection of the 

prediction value. F distribution and t  distribution are among the number of different types 

statistical tests used for hypothesis testing. (Kothari and Gurg, 2014) [43]. 

3.3.2  P-values  and t statistics 

A P-value is the probability that the results from the sample data occurred by chance. P-

value of 0.01 means that there is only 1% probability in which the results from an 

experiment happened by chance. In most cases, a P-value of 0.05 (5% confidence level) is 

accepted to mean that the data is valid. The level of significance is defined as the 

probability of rejecting a null hypothesis by the test when it is really true. The common 

level of significance is 0.05 and the corresponding confidence level is related to the 95%. 

A larger P value is insignificant and it suggests that changes in predictor are not associated 

with changes in response. Lower P values are meaningful and  indicate greater evidence 

against the null hypothesis. Every P value has a t value to go with it. t value is a ratio of 

intercept coefficient and standard error. Larger t values are more uncertain. Value of any 

one cannot be changed without changing the value of other. Thus, P value and t value are 

inextricably connected. 
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3.3.3  F-statistic 

F test is the core of any analysis of variance. Only to look at the P-value and overlooking 

the degrees of freedom may mislead the interpretation. Degrees of freedom are also 

important parameter that determines the exact shape of a particular distribution. Using each 

combination of the two degrees of freedom, there is a different F distribution. Hence, 

larger F values lead to some thing is significant while smaller P-values shows all results 

are significant. Larger F values lead to smaller areas under the curve, which entails smaller 

P-values. Here F ratio can be expressed as  

F Ratio = Between group variability / Within group variability 

Below illustration explains the meaning of various numbers in statistical test. 

For example, F (2, 21) = 68.14,  and P = 0.02, Here,  

2- is the between the group degree of freedom, 

21- is the within the group degree of freedom, 

68.14 is  F statistics and 0.02 is probability value. 

In F-statistic calculation the numerator term defines the between-group variability. As  

between group variability increases, sample means grow further apart from each other. In 

other words, the samples are more probable to be belonging to totally different 

populations. The F-statistic calculated here is compared with the F-critical value for 

making a conclusion. Critical values for F distribution can be obtained using F table for 

given degree of freedom and level of significance. If the value of the calculated F-statistic 

is more than the F-critical value for a significance level, then one can  reject the null 

hypothesis and can say that the variable has a significant effect. P value and F statistic 

must be used in combination to check the adequacy of the results. 

3.4 Analysis by Neural Network using R programming 

R is an Open Source and freely available statistical programming language and 

environment for all mainstream operating systems. The most significant advantage of using 

R over other statistical software is its philosophy. Using R programming, by typing the 

commands on the R prompt, statistical analyses are normally done as a series of steps. 

Intermediate results can be  stored in objects. The objects are later investigated for the 

information of interest storing the results in objects so that information can be recovered at 
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later times. It provides  many built in plot functions which enables the users to visualize  

data. 

3.5   Basic concept of ANNs and model methodology   

Researchers are using more complex methods in geotechnical  engineering with the growth 

of statistical modeling like ANNs. Artificial neural networks (ANNs) have 

predictive quality, explanatory capacity. It is a  powerful tool for modeling relationships 

between variables.  It addresses very well the problems related to prediction models. The 

neural interpretation diagram consists of input layer of independent variables, intermediate 

or hidden layer and output layer of target or response variable. With just one hidden layer, 

most of the problems can be solved satisfactorily (Suneet et al., 2011) [75]. In the network, 

neurons are like central processing unit which perform  mathematical operation to generate 

output from a set of inputs which is similar to biological neurons. The output of a neuron is 

a function of the weighted sum of the inputs plus the bias. The connection weights between 

neurons  gives the link between inputs and outputs in the neural network and therefore they 

also provide links between the problem and solution. They are partially analogous to 

coefficients in regression model. 

Contribution of the independent variables to the predictive output of the neural network is 

depending mostly on the magnitude and direction of the connection weights. Higher 

connection weights contribute significantly and more important in prediction process. The 

positive connection weights represent excitatory effects on neurons and increase the value 

of the predicted response. Negative connection weights correspond to inhibitory effects on 

neurons. They decrease the value of the predicted response. Given the obvious importance 

of connection, most of neural network is applied for supervised learning and prediction. 

Based on the output values, the weights and biases are adjusted. In the case of neural 

networks, the output layer is built on the type of target variable. For neural networks, all 

the dependent and independent variables need to be numeric, as the neural network is 

based on mathematical models. 

3.6  Methods for determining the contribution of variables 

The connection weight method to determine the relative importance of variables in a model 

of neural network have been proposed and applied by numerous researchers. A connection 

weight approach was presented by Olden. The actual values of input-hidden and hidden-
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output weights were used in this method. It calculates consequence as the summed product 

of the rare input-hidden and hidden-output connection weights among each input and 

output node. Each connection weight is maintained in sign and magnitude using the 

relative contribution.  

Contribution of a given input variable is shown  below: 

                                        1
*                          

h

j jk kk
RI w w

=
=             (3.7)                                                 

Here,  the relative importance of the variable ix  with respect to the output neuron j is jRI , 

the total number of neurons in the hidden layer is h , jkw  is the synaptic connection weight 

between the input neuron i  and the hidden neuron k , and  kw  is the synaptic weight 

between the hidden neuron k and the output neuron j. 

3.7  Sensitivity Analysis 

A number of investigators have used sensitivity analysis to determine the spectrum of input 

variable contributions in neural networks. Sensitivity analysis evaluates the direct or 

indirect contribution of the input parameters towards the output parameter. A positive 

value of relative importance of an input parameter indicates a direct contribution or higher 

impact on the output while a negative value indicates minimal effect on the output. The 

relative importance of individual input variable considered in selected activation function 

based neural network architecture is thus revealed by sensitivity analysis. In recent period, 

a number of alternative types of sensitivity analysis have been proposed. 

Connection weight method, Garson method, Olden method and Lek's profile method were 

used to determine how a particular dependent variable is affected by different values of an 

independent variable impact under a given set of assumptions.  

3.7.1  Garson’s algorithm 

For partitioning the neural network connection weights, Garson (1991) [21] proposed a 

simple and innovative method to determine the relative importance of each input variable 

in the network. Relative importance is strength of association of input with output variable. 

In Garson algorithm, connection weights are absolute values while calculating variable 

contributions. Because of this reason, it does not provide the direction of the relationship 

between the input and output variables. Garson presents importance scale from zero to one. 

The results are obtained in the form of bar charts. 
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3.7.2   Olden’s algorithm 

It provides magnitude and direction of the relationship between the input and output 

variables. In this method, relative contributions of each connection weight are maintained. 

A canceling effect is observed in connection weights that changes sign (e.g., positive to 

negative) between the input-hidden to hidden-output layers. Based on the absolute 

magnitude, Olden (2002) [61] provides different results. Evaluation of neural networks 

with multiple hidden layers and response variables is an additional advantage in the olden 

function. The significance values assigned to each variable are also taken as units based on 

the summed product of the connection weights. 

3.7.3  Lek's profile model 

The Lek’s profile method can be used to check the relationship between the predictor of interest 

and outcome variable, while holding other predictors in a set of constant values. Lek's profile 

method not only classifies the input variables by relative importance but also describes 

how these inputs contribute to the output. It produces profile plot for output variable with 

respect to one input variable. All remaining variables are held at constant value while 

evaluating the effect of each variable of interest. Constant values are set in the range of 0-1 

(Marcus, 2018) [49]. The nature of these curves may be bi-model, left skewed, and right 

skewed, decreasing response or flat response curve. Bi-model curves give maximum 

response of input variable at intermediate values. The left skewed response curve indicates 

that input variable contributes greatest at high values, and exhibits minimal influence at 

low and intermediate values. The right skewed response curve indicates that input 

variables contribute greatest at low values, and exhibits minimal influence at high and 

intermediate values. (Olden and Donald,2002) [61] 

3.8   Code of R Programming for generating Neural Network and plots   

The following section presents the code of R programming used in modeling of artificial 

neural network to predict California bearing ratio of clay-gravel and clay-sand-gravel 

mixtures. 

KLTNNCBRU <- read.csv("C:/Users/ADMIN/Desktop/KLTNNCBRU.csv") 

#  Random sampling 

data= KLTNNCBRU.csv 
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samplesize = 0.60 * nrow(data) 

set.seed(80) 

index = sample( seq_len ( nrow ( data ) ), size = samplesize ) 

# Create training and test set 

datatrain = data[ index, ] 

datatest = data[ -index, ] 

max = apply(data , 2 , max) 

min = apply(data, 2 , min) 

scaled = as.data.frame(scale(data, center = min, scale = max - min)) 

# install library 

install.packages("neuralnet ") 

# load library 

library(neuralnet) 

# creating training and test set 

trainNN = scaled[index , ] 

testNN = scaled[-index , ] 

set.seed(2) 

NNneuralnet        

(CBRUnsoaked~Cohesion+Clay+MoistureContent+AngleofFriction, 

trainNN, hidden = 3,linear.output = T ) 

plot(NN)                                                                                                                         

        summary(NN) 

predict_datatest=compute(NN,datatest[,c(1:4)])                                                                                 

predict_datatest 

install.packages(("NeuralNetTools"), repos="http://cran.r-project.org") 

library(NeuralNetTools)# Sensetivity Analysis  

garson(NN) 

olden(NN) 

lekprofile(NN) 

lekprofile(NN, group_vals = 4) 

lekprofile(NN, group_vals = 4, group_show = TRUE) 

 

# Code for comparison of  predicted vs observed CBR  results 
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data=KLTNNCBRU 

index <- sample(1:nrow(data),round(0.60*nrow(data))) 

train <- data[index,] 

test <- data[-index,] 

maxs <- apply(data, 2, max) 

mins <- apply(data, 2, min) 

scaled <- as.data.frame(scale(data, center = mins, scale = maxs - mins)) 

train_ <- scaled[index,] 

test_ <- scaled[-index,] 

library(neuralnet) 

n <- names(train_) 

f <- as.formula(paste("CBRUnsoaked ~", paste(n[!n %in% "CBRUnsoaked"], 

collapse = " + "))) 

nn <- neuralnet(f,data=train_,hidden=c(5,3),linear.output=T) 

plot(nn) 

print(nn) 

pr.nn <- compute(nn,test_[,1:4]) 

pr.nn_<-pr.nn$net.result*(max(data$CBRUnsoaked)-

min(data$CBRUnsoaked))+min(data$CBRUnsoaked) 

test.r<-(test_$CBRUnsoaked)*(max(data$CBRUnsoaked)-  

min(data$CBRUnsoaked))+min(data$CBRUnsoaked) 

MSE.nn <- sum((test.r - pr.nn_)^2)/nrow(test_) 

print(paste(MSE.nn)) 

par(mfrow=c(1,2)) 

   plot(test$CBRUnsoaked,pr.nn_,col='red',main='Realvspredicted  

   NN',pch=18,cex=0.7) 

abline(0,1,lwd=2) 

 

3.9   Concluding remarks  

The functional form of non-dimensional relationships are hypothesized for the 

determination of CBR value of clay - gravel and clay - sand - gravel  mixtures for 

unsoaked and soaked conditions. Procedure to perform statistical analysis using Multiple 
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Linear Regression analysis and its interpretation is described. A mathematical model has 

been proposed to compute the CBR of clay-gravel and clay-sand-gravel mixtures under 

soaked and unsoaked conditions. Basic concept of artificial neural networks  and model 

methodology  for determining the contribution of variables is explained. 
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CHAPTER 4 

Experimental procedure and laboratory 

investigation 

4.1      General 

A comprehensive laboratory experimental program has been carried out to determine 

California Bearing Ratio of various clay-gravel and clay-sand-gravel mixtures. This 

program consisted of determination of index properties of the materials used, compaction 

characteristics, bearing ratio  in soak and unsoak condition and undrained shear parameters 

of mixtures. The testing was carried out according to the relevant IS standards. 

4.2     Procurement of materials 

Appropriate site selection is very important to get the clear information of soil properties, 

because mechanical strength and developed correlations entirely dependent on collected 

soil samples. The clayey soil mass was collected from a farm in Bhal region through the 

visual inspection as no deleterious substances was present there. Sample collected was 

obtained at a depth of 0.5 to 0.6 m from the upper most layer of ground surface by using 

shovel.  Composition of sand and gravel vary from place to place and mainly depends on 

weathering process. Generally clean sand and gravel are found in the river and stream.  

Sands and gravel used in the present investigation were collected from Sabarmati river 

basin near Ahmedabad city. 

4.3     Experimental program  

The important physical properties, relating the state of the soil or the type of soil include 

grain size, particle shape, specific gravity of soil solids, plasticity, compaction and shear 

characteristics. The properties of the clay, sand and gravel were determined as per Indian 

Standards Code (IS-2720- Part 3, 4,5,8,11,16 and 40). 
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4.3.1     Material Characterization 

Clay: Clay, sand and gravel materials were used in the experiments to form clay-gravel 

and clay-sand-gravel mixtures. Firstly, clay obtained from the field was dried in the 

sunlight to remove moisture and mechanically grinded to convert into powder form. This 

powder clay was used in the preparation of cohesive soil mixture.  

Hydrometer analysis was performed to obtain grain size distribution curve of clay. In 

hydrometer analysis, about 50 gm of dry soil sample passing through 75 μ was taken for 

testing in 1000 cc jar of constant cross sectional area. The particle size distribution curve 

indicates  the amount of clay present 18 %, silt content 71 % and sand content 11 % in the 

sample. The median size of clay was observed as 0.012 mm (See Fig.4.2). The engineering 

properties of clay material were: specific gravity of soil solids = 2.71, liquid limit (LL) = 

54%, plastic limit (PL) = 27% and plasticity index (PI) = 27%. Compaction characteristics 

: optimum moisture content (OMC) = 18%, maximum dry unit weigh = 17.1 kN/m3.   

The collected soil has clay 18 % and silt 71 %. Silt posses a little amount of frictional 

resistance. Therefore it was decided to conduct Triaxial test rather than the unconfined 

compression test. The value of cohesion was 145 kN/m2 and angle of internal friction 12º 

at optimum moisture content.  It is termed as a medium to stiff type of soil.  The free swell 

index was 44%. As the plasticity index of clay is between 10 to 35 and shrinkage limit 10 

to 16, the swelling potential of clay is termed as medium. Based on the liquid limit and 

plasticity index, soil was classified as clay with high compressibility (CH) type. Clay was 

identified as kaolinite clay using X Ray Diffraction test. 

Gravel: Gravel finer than 10 mm and retained on 4.75 mm sieve was used. The median 

size of gravel was 7.1 mm (see Fig. 4.2). It is a fine gravel with a sub angular type shape. 

The co-efficient of uniformity (Cu) is 1.52 and coefficient of curvature (Cc) is 0.94 for fine 

gravel.  

Sand: Sand finer than 2.36 mm and retained on 600µ sieve is used. The co-efficient of 

uniformity (Cu) is 1.56 and coefficient of curvature (Cc) is 1.00 for sand. The median size 

of sand was 0.48 mm (see Fig. 4.2). The main purpose of using uniform size is that, as the 

material grading changes from a well graded to uniformly graded, the influence of shape is 

reduced. For both the materials, value of coefficient of curvature (Cc) is less than 2, which 
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indicated that it is a uniformly graded material. Sand and gravel  are designated as poorly 

graded sand with little or no fines (SP) and poorly graded gravel with no fines (GP) 

respectively. Figure 4.1 shows photographic view of clay, sand and gravel, used in present 

investigation. 

 

FIGURE 4.1  Photograph of clay, sand and gravel 

 

 FIGURE 4.2 Particle size distribution for clay, sand and gravel 

Table 4.1 shows a detailed description about sizes of sand and gravel. 

Table 4.1  Effective size for sand and gravel 

Sr. No. Particle size Sand Gravel 
IS 

Standard 

1 D10 0.32mm 5.0 mm 

IS-2720 

Part-IV 

2 D30 0.40 mm 5.74 mm 

3 D50 0.48 mm 7.0 mm 

4 D60 0.50 mm 7.8 mm 

5 Cu 1.56 1.52 

6 Cc 1.0 0.94 
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Here, D10 represents a size, in mm such that 10% of the particles are finer than this size. 

Similarly, the soil particles finer than D30 size are 30 percent and the soil particles finer 

than D60 size are 60 percent of the total mass of the sample. 

Soil particles generally vary greatly in size.  Arithmetic mean size of mixture is the portion 

of particles with diameters smaller and larger than this value are 50%. Arithmetic mean 

size is important as a means by which the size and shape of an irregular shaped particle can 

be easily quantified, whether the particle is treated as an individual solid body, or as one 

that is representative of many particles in a disperse system. In order to simplify the soil 

mass property, D90 or D10 of mixture is not used. 

 

4.3.2    X-Ray Diffraction Experiment  

The X-ray diffraction test was performed to assess the composition of mineral present in 

the clay. X-ray diffraction gives an idea about the  structural characteristics of the clay 

mineral. X-rays are electromagnetic radiation of wavelength about 1 Å (10-10 m), which is 

about the same size as an atom. Peaks of X-ray diffraction are produced by constructive 

interference of a monochromatic beam of X-rays scattered at specific angles from each set 

of lattice planes in a sample. 

The peak intensities are determined by the atomic positions within the lattice planes. They 

occur in that portion of the electromagnetic spectrum between gamma-rays and the 

ultraviolet rays. Different minerals with different regular patterns of crystalline structure 

will diffract X-rays to yield different X-ray diffraction patterns. This method is used for the 

fingerprint characterization of crystalline materials and the determination of their structure. 

The result is shown in Fig.4.3. By comparing the images of X-ray diffraction pattern 

available in literature, it is concluded that the mineral present in the clay is kaolinite type. 

Also parameters like plasticity and swelling potential suggest presence of kaolinite 

mineral. 

https://www.sciencedirect.com/topics/engineering/lattice-plane
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scanning angle (2α) 

FIGURE 4.3  X ray diffraction test of clay particle 

Table 4.2 presents the physical testing results of clay sample used in the study. 

Table 4.2 Physical testing results of clay sample 

Sr. No. Test Result Obtained 

1 Specific gravity of soil solids 2.71 

2 Sand (%) 11 

3 Silt + clay( %) 89 

4 Liquid limit( %) 54 

5 Plastic limit ( %) 27 

6 Shrinkage limit(%) 11 

7 Plasticity Index 27 

8 Free swell index (%) 44 

9 Optimum Moisture Content (%) 18 

10 Maximum dry unit weight  (kN/m3) 17.1 

11 Cohesion (kN/m2) 145 

12 Angle of friction (ϕ) 12 

13 CBR (%) -Unsoaked condition 1.48 

14 CBR (%) -Soaked condition 0.94 

15 Classification of soil CH 
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4.4    Details of experimental set up 

4.4.1  Modified Proctor Test 

All the desired qualities of construction soil mass is associated with higher unit weight, 

which is achieved by compaction. Subgrade materials have to be compacted well to resist 

and reduce deformation. The degree of compaction of soil mass is measured by its dry unit 

weight. For a given type of compaction, higher compactive effort leads  to higher 

maximum dry unit weight. Laboratory compaction includes standard and modified proctor 

tests. The proctor test is a reference test for density and moisture content for subgrade 

materials.(IRC-37,2012) [27]. 

Modified compaction closely represents expected field compaction for subgrade materials. 

Modified Proctor compaction  tests  were performed to  understand compaction 

characteristics of different soil mixtures with change in moisture content. The test 

generally consists of compacting soil at known moisture content into a cylindrical mold of 

volume 1000 cc using a compactive effort of controlled magnitude.  

4.4.2 Measurement of dry unit weight and  moisture content 

In the study, nine different samples at different proportion of clay-sand-gravel and clay - 

gravel were prepared for the test. Air dried soil mass weighing 3.0 kg  mass with specified 

percentage  was taken  for testing. The same mould is used in modified proctor test as used 

in standard proctor test. (See Fig.4.4) However it was filled with soil mixtures in five 

layers and each layer was compacted 25 times. The hammer used for the modified 

compaction has a face diameter 50 mm and  mass 4.9 kg with a free drop of 450 mm.  This 

process is then repeated for various moisture contents and the dry unit weight are 

determined for each moisture content. The graphical relationship of the dry unit weight to 

moisture content is then plotted to establish the compaction curve. Maximum dry unit 

weight and optimum moisture content of clay-gravel and clay-sand-gravel mixtures were 

found out by following the procedure of modified Proctor test as per the IS: 2720 (Part-8). 

The variation in optimum moisture content and maximum dry unit weight with varying 

proportion of clay percentage was recorded. Figures 4.5 and 4.6 respectively show various 

compaction curves for clay-sand-gravel and clay-gravel mixtures. It can be revealed from 

the figures that dry unit weight decreases with the increase in water content. In a dry soil 

better compaction is achieved by first adding water to raise its moisture content to near 
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optimum. The added water softens clay bonds, provides lubrication and reduces surface 

tension forces within the soil. (Naser and Alshayea, 2001) [59]  However optimum water 

content increases with the increase in clay content in the clay-sand-gravel and clay gravel 

mixtures as depicted in Fig 4.5 and Fig 4.6. 

 

FIGURE 4.4 Photographs of modified proctor test 

 

 

FIGURE. 4.5  Variation in dry unit weight with moisture content for  

(Clay-sand-gravel mixtures) 
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FIGURE  4.6  Variation in dry unit weight  with moisture content for  

(Clay-gravel mixtures) 

 

The response of soil mass to external loading depends on the nature of the interacting 

particles within the soils mass. Generally subgrade materials are compacted near the 

relevant OMC to achieve maximum density. Moisture on either side of OMC has 

influence on soil fabrics and thus on its mechanical properties. In order to cover whole 

range of moisture content for each percentage of clay in clay-sand-gravel and clay-gravel 

mixtures (see Figs 4.5 and 4.6), the range of moisture content was selected as OMC-3.5%, 

OMC-2%, OMC, OMC+2% and OMC+3.5% 

When the soil is in dry side (state), the exchangeable cations adhere to the particle surface. 

Because of the attractive force at the particle contacts, soils forms flocculated structure. 

Flocculated structure possesses better resistance to external loads and thus has high shear 

strength and low compressibility (Arora, 2010) [7].  

On the wet side of OMC, when the water content of soil increases, water acts as a shield 

and it penetrates the space between the particle surface and the cations, and hence 

decreases the attractive force between the two. As the repulsive forces are dominant over 

attractive forces, the shear strength of soils in dispersed structure is very low (Arora, 

2010) [7] Therefore, in order to make an accurate judgment of the expected mechanical 

response of the soils, it is necessary to conduct test below and above OMC. 
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4.4.3  California bearing ratio test 

The California Bearing Ratio test is an empirical test widely applied in the design of 

flexible pavement. The test is performed to assess  relative bearing ratio and expansion 

characteristics under known surcharge weight of base, subbase and subgrade material.  

Unbound materials are  characteritized by CBR and also some fundamental soil properties 

are correlated with it. The test can be performed in the laboratory on prepared samples.  

4.4.4   Details of CBR equipment used     

The CBR testing equipment used in the study consists of loading system comprised of twin 

column frame incorporating a motorized drive system. Electronic  load transducers and 

displacement transducers were attached with plunger on the top horizontal bar of the 

frame. The equipment was compiled with microprocessor based control system and digital 

display. Digital LCD display can show penetration and load simultaneously. It also retains 

the peak value of CBR until it is cleared. Rapid adjustment of the platen was provided.  

Platen diameter was 133 mm and maximum vertical clearance was 800 mm. A screw jack 

with detachable handle was also available to move  platen up and down as shown in 

Fig.4.7. The adjustable top bracket for vertical clearance has a facility  for connecting 

standard load cells. Rate of strain equal to 1.25 mm/min was kept during the testing. 

4.4.5  Sample preparation for CBR test 

Required amount of accurately weighed clay powder, sand and gravel were mixed 

thoroughly. Already calculated amount of water was then added into this mixture. It was 

again mixed uniformly. The prepared mixture was left covered with a polythene sheet for 

few hours. It was done to achieve uniform distribution of moisture throughout the mixture. 

The mixture was again mixed thoroughly prior to placing it into the test section. The 

correct weight of the soil mixture was determined and was filled in the mould by static 

compaction method. The so prepared soil specimen was placed in CBR apparatus and 

experiments were conducted under five moisture content.: (1) at OMC, (2) below 2 % and 

3.5 % of OMC and (3) above 2 % and 3.5%  of OMC 

4.4.6  Testing procedure for CBR test 

California bearing ratio Test was conducted on remolded specimen as per the IS: 2720 

(Part-16) [33]. The CBR mould of 150 mm diameter and 175 mm height having volume 
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2250 ml was used in the testing. The spacer disc was placed at the bottom of the mould 

over the base plate. The wet soil was placed in the mould and filter paper was placed on 

the top and bottom of the specimen to avoid loss of fine material during soaking. Another 

spacer disc was placed at the top of the filter paper. Thus prepared moulds were tested for 

unsoaked and soaked conditions. To simulate worst conditions in the field, the specimen 

were kept submerged in water for four days after placing a filter paper on the top surface 

with 4.5 kg of over burden weight.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 4.7  Photographic view of CBR testing equipment 

The mould filled with compacted soil was inverted and placed over the base plate. To 

prevent the upheaval of soil, a 2.5 kg annular weight was placed on the soil surface. The 

mould with base plate and specimen was placed under the penetration plunger of loading 
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machine. Load at a rate of 1.25 mm/minute penetration rate was applied. Load was 

recorded at penetration of 0.0,0.5,1.0,1.5,2.0,2.5,3.0,4.0,4.5, and 5.0 mm. 

Appendix A presents the data of penetration value corresponding to the load of 3 samples 

tested for an experiment of clay - gravel mixture. Similar observations  were recorded in 

case of all experiments performed on clay - gravel and clay - sand - gravel mixtures, but 

are not shown here due to space limitation. 

Minimum three samples are prepared at every value of moisture content to obtain CBR of 

clay-gravel and clay-sand-gravel mixtures under soaked and unsoaked condition. The 

average value of CBR is considered for the computation. The maximum variation in the 

CBR value was well within the permissible variation as specified in IRC: 37-2012 [27]. In 

general, CBR value at 2.5 mm penetration was observed greater than that of 5 mm 

penetration. The load value for the initial penetration will always be greater than the latter 

penetration. In the latter case, all particles will already be disrupted and it will be easier to 

break them as compared to fully packed strata. In very few testing, CBR value 

corresponding to 5 mm penetration exceeded that of 2.5 mm penetration. In such cases, the 

test was repeated and identical results were not observed. Therefore, CBR corresponding to 

2.5 mm penetration was considered for the analysis and hence concavity correction was not 

applied.  

Experiments have been conducted to compute soaked and unsoaked CBR of clay-gravel 

and clay-sand-gravel mixtures. Appendix B and C present the summary of test results  in 

case of clay-gravel and clay-sand-gravel mixtures respectively. Figure 4.8 (a) shows data 

aquisition of CBR during testing and Fig.4.8 (b) is a tested CBR samples under soaked 

condition.  
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FIGURE 4.8  Photographs of CBR test 

4.4.7  Measurement of undrained shear parameters 

Triaxial test is a versatile and most widely used laboratory test to measure undrained shear 

parameters of a sample. The typical Triaxial system (Fig.4.9) used in the experiment 

consists of the following components: 

Load Frame – The  load frame is used to apply deformation to the Triaxial specimen. The 

capacity of motorized load frame was  50 kN (5000 kgf) giving 8 different rates of strain. 

Load Cell – The load cell  provides the load required to shear a Triaxial specimen. An 

external data logger was  used to store transducer readings taken during the test.  

Displacement transducer –LVDT type transducer ( displacement sensor)  is used to 

measure the accurate deformation applied to the Triaxial specimen during shearing. It is    

having a range of ± 25 mm with resolution of 10 microns (0.01 mm). 

Data acquisition unit- Convert the analogous reading from load cell to digital data 

Triaxial Cell – House the specimen and cell fluid, consisting of Perspex chamber, anvil,  

air vent and no volume change type valves and kit.  

Sample preparation equipment - 'O' rings, one drainage connection, base plate, hinged 

clamp, porous discs, ruler, balance and filter papers compatible for electronic outfit system.  

Lateral pressure assembly -  0-10.5 kg/cm2 with pressure chamber, pressure gauge, water 

reservoir and foot pump. 
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FIGURE 4.9 General set-up of a Triaxial test  

4.4.8  Sample preparation for Triaxial test 

Unconsolidated undrained Triaxial tests were performed as per the IS: 2720 (Part-11) [32] 

to determine undrained shear parameters. The samples, 50 mm in diameter and 100 mm in 

height were prepared to fit in Triaxial test cell. The specimens were prepared using a steel 

split compaction mould. Specimens were prepared under five moisture content: (1) at 

OMC, (2) below 2 % and 3.5 % of OMC and (3) above 2 % and 3.5%  of OMC.  The 

mixed soil was placed in mold in three lifts. A hand held compactor was used for 

compacting the specimen shown in Fig.4.10(a). Non porous discs or end caps are placed at 

top and bottom of the specimen as shown in Fig.4.10 (b) and (c).The cylindrical soil 

sample is enclosed in a thin rubber membrane and placed inside a Triaxial cell. A vacuum 
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line was attached to the mold to hold the membrane tight against it. After compaction, the 

vacuum was removed from the sample thereby causing a confinement by membrane. 

(SeeFig. 4.10 (d)) ‘O’ rings were carefully  placed at proper location to minimize sample 

disturbance. 

 

FIGURE 4.10 Sample preparation for Triaxial test 

4.4.9     Shearing of sample in Triaxial test 

The Triaxial test typically involves placing a cylindrical specimen of soil  into a cell that 

can be pressurised. Most specimens have an approximate 2:1 height-to-diameter ratio. The 

shearing process primarily depends upon the confining pressure. The cell was filled with 

water and samples were given confining pressure equal to minor principal stress (σ3) of   

0.5 kg/cm2, 1.0 kg/cm2 and 1.5 kg/cm2 respectively. During the shear stage, soil was loaded 

axially  at a constant strain rate of 1.2 mm/ min. This rate of loading was kept slightly 

higher as undrained condition was maintained. As no drainage is allowed during shearing, 
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this situation is referred as constant volume state. Figure 4.11 shows the shearing process 

of the sample during testing. As the test progresses, buldging of sample is observed. The 

deviator stress  is generated by applying an axial load  to the soil sample. The deviator 

stress acts in addition to the confining stress in the axial direction. Therefore combined 

stresses is equal to the axial stress or  principal stress (σ1). The failure condition is 

approximated when load indicater moves in the reverse direction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 4.11 Shearing of  sample during Triaxial test 

Three samples at every value of moisture content are  tested to obtain shear parameters in 

the case of both mixtures. Utmost care was taken in the sample preparation to maintain the 

desired moisture content and same care was also observed during the testing procedure. 

The data was obtained by a portable data logger attached to a computer. Mohr circles were 

plotted to get the cohesion and frictional resistance values of tested samples.Figs. 4.12 and 

4.13 show Mohr circle plots fot clay - gravel and clay - sand - gravel respectively.Similar 

plots were drawn for all mixtures but are not shown here due to space limitation.  
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Appendix D and  appendix E show the cohesion and frictional resistance values of clay-

gravel and clay-sand-gravel mixtures respectively. 

                

FIGURE 4.12 (a) Mohr circle plot for 20 % clay in clay-gravel mixture at OMC 

 

 

FIGURE 4.12 (b) Mohr circle plot for 35 % clay in clay-gravel mixture                                

at + 2 % of OMC 
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   FIGURE 4.12 (c) Mohr circle plot for 50 % clay in clay-gravel mixture                               

at +3.5 of OMC 

 

FIGURE 4.13 (a) Mohr circle plot for 10 % clay in clay-sand-gravel mixture at OMC 
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    FIGURE 4.13 (b) Mohr circle plot for 25 % clay in clay-sand-gravel mixture 

at +2% of OMC 

 

 

FIGURE 4.13 (c) Mohr circle plot for 40 % clay in clay-sand-gravel mixture                         

at +3.5 % of OMC 
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CHAPTER 5 

Analysis of Data, Results and Discussions 

5.1      Introduction 

This chapter presents the findings of experimental results on compacted laboratory CBR 

samples and undrained Triaxial tests. The sample preparation and test procedure is detailed 

in chapter 4.  The primary objective of this research is to determine influence of cohesion 

on California bearing ratio of clay-gravel and clay-sand-gravel mixtures. Since no data is 

available on prediction of California bearing ratio of cohesive soil consisting of clay-gravel 

and clay-sand-gravel mixtures, the data collected during present study are analyzed and 

results obtained are discussed in this Chapter.  

Various aspects like dry unit weight, moisture content, California bearing ratio value under 

unsoaked and soaked condition and undrained shear parameters were studied 

experimentally.  Test results are summarized in graphical form with some elementary 

analyses where ever appropriate. The dimensional analysis is carried out as explained in 

chapter 3. 

Statistical analysis is carried out using multiple linear regression analysis through 

application of ANOVA technique. F  distribution  test and  t  distribution test for 

hypothesis testing were performed on obtained results. Artificial neural network 

methodology was adopted to understand the sensitivity effect of each parameter 

contributing to CBR. Based on the functional relationships derived in Chapter-3, new 

methods are proposed for the computation of California bearing ratio of cohesive soils 

consisting of clay-gravel and clay-sand-gravel mixtures. 

5.2      Visual analysis 

Visual inspection of clay-gravel soil mixture samples (containing various percentage of 

clay) at the end of measurement of shear parameters in Triaxial apparatus was carried out. 

The behavior of soil at different percentage of clay in clay-gravel mixtures during Triaxial 

shear testing is described herein. At lower percentage of clay (20%) in the sample, failure 
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is observed by particle dislodging. With the increase in clay content in the soil sample, 

failure of sample took place with the development of a crack at the inter-transition zone 

(Fig.5.1). With further increase in clay percentage in soil sample bonding between clay and 

gravel enhances and improvement in clay-gravel soil matrix takes place. However, strong 

cracks are observed at the top and bottom of sample at the failure. With the maximum clay 

content present in the soil mixture, strong crack has not been seen in the sample and failure 

took place by bulging along with minor cracks (Fig. 5.2). 

  

 

 

 

 

 

 

 

 

 

FIGURE 5.1 Pattern of crack in clay-gravel mixtures 

(30% clay, w below 3.5 % of OMC) 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 5.2 Pattern of bulging  in clay-gravel mixtures 

(50% clay, w @ OMC) 

Crack at inter transition 

zone at failure 

Clay percentage = 30 % 

Gravel = 70% 

Moisture content = - 3.5 % of OMC 

Clay percentage =50 % 

Gravel = 50% 

Moisture content = OMC 

Failure by bulging at top of 

sample 
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5.3      Quantification of variables affecting CBR of clay-gravel and clay-

sand-gravel mixtures for unsoaked condition 

As  mentioned  in chapter - 4, the California  bearing  ratio of clay-gravel and clay-sand-

gravel mixtures has been computed experimentally under unsoaked and soaked conditions   

and same is analyzed herein. Experiments were conducted under five moisture conditions 

(1) one sample at optimum moisture content (OMC), (2) two samples on wet side of OMC 

i.e. 2% and 3.5% above of OMC and (3) two samples at dry side of OMC  i.e. 2% and 

3.5% below of OMC.  

The CBR value is essentially controlled by the size and gradation of individual soil 

particles. A clayey soil generally has a low CBR value. Sands are more granular and drain 

better and will generally have CBR values between 15 and 35. Gravel has the 

highest CBR values, generally 25 and more. In case of a flexible pavement, different 

layers are expected to have different CBR values. The scope of this research work was to 

assess the influence of cohesion on CBR values of clay - gravel and clay-sand-gravel 

mixtures. 

Clay imparts cohesion. The cohesion of the mixture is found to increase with increasing 

water content to a certain limit above which it decreases. CBR decreases with the increase 

in cohesion in case of both mixtures. The overall response of cohesion is found 

moderately positive (+16% to 25% as per different models). For both mixtures in 

unsoaked condition, cohesion has moderately strong relation with CBR. 

Figures 5.3 and 5.4 show the variation of California bearing ratio with clay percentage in 

clay-gravel and clay-sand-gravel mixtures respectively. It is evident from the figures that 

CBR reduces with the increase in the clay percent in case of both the mixtures. Addition of 

clay particles fills the voids of the mixtures. Therefore initially higher CBR value is 

obtained for clay-gravel mixtures as compared to clay-sand-gravel mixtures. But with 

addition of 50% clay, CBR for clay-gravel mixtures is much less as compared to clay-

sand-gravel mixtures. The maximum value of CBR is obtained for the experiments 

conducted at the optimum moisture content. From these figures, it is evident that California 

bearing ratio decreases sharply as water in the sample reached to wet side of OMC. It is 

also confirmed here that the CBR value of soil sample containing higher percentage of fine 

particles reduces drastically but the reduction is not exactly linear. The reduction is 

significant at lower percentage of clay. 
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FIGURE 5.3 Variation in CBR with clay percent (clay-gravel mixtures) 

 

 

FIGURE  5.4 Variation in CBR with clay percent (clay- sand- gravel mixtures) 

In order to investigate the influence of moisture content on California bearing ratio of clay-

gravel and clay-sand-gravel mixtures under unsoaked condition, Figs.5.5 and 5.6 were 

prepared. The maximum value of CBR is obtained for the experiments conducted at the 

optimum moisture content. In the absence of moisture, only mechanical forces act on clay 

particles. As the water content is increased, formation of diffused double layer causes 

repulsive forces between the particles, hence bonding results in formation of aggregates. 

Due to such soil fabric formation, CBR decreases with increase in moisture content. 

Similar observations are also noted by Nikol and Tanaka, (2011) [60].  
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FIGURE 5.5 Variation of unsoaked CBR with moisture content at various clay 

percentage (clay-gravel mixtures) 

 

 
 

FIGURE  5.6  Variation of unsoaked CBR with moisture content at various clay 

percentages (clay- sand- gravel mixtures) 

The detailed study of Figs. 5.5 and 5.6 revealed that experiments conducted with dry side 

of OMC showed larger value of California bearing ratio. However experiments conducted 

at OMC showed the largest value of California bearing ratio. The similar results were also 

observed by Liu et al. (2009) [48]  in the investigation of CBR in the case of silt road bed. 

It is also evident that California bearing ratio decreases as water content in the sample 

reached to wet side of OMC. Therefore it is advised to compact subgrade in road pavement 

construction on dry side of OMC to achieve ample strength (Arora, 2011) [7] This is due to 
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the fact that on a dry side of OMC, a decrease in the thickness of diffused double layer 

reduces the electric repulsion and causes a tendency towards flocculation. Soils with 

flocculated structure possess better resistance to external loads and thus have high shear 

strength. Such soils offer more resistance to deformation under loads and their 

compressibility is less.  

Figures 5.5 and 5.6 also depict the variation of CBR with clay percentage in mixtures. The 

whole data is divided into three ranges of clay percentage available in clay-gravel and clay-

sand-gravel mixtures. CBR decreases with an increase in clay percentage in the case of 

both mixtures. Similar results are also obtained by Hasan and Mehdi (2015) [25]. They 

stated that the dry and saturated CBR decreases with decreasing percentage of angular sand 

and gravel, and increasing the percentage of fines. The results obtained in the present study 

are in the conformity with results of previous investigator. The parallel lines shown in the 

Figs. 5.5 and 5.6 are drawn by eye judgment and they merely illustrate that data can be 

partitioned on the basis of clay percentages. However a few data may encroach into 

neighboring zone where clay percentage is higher.  

The influence of dry unit weight on California bearing ratio under unsoaked condition for 

both the mixtures is shown in Figs 5.7 and 5.8. The experiments are conducted under five 

values of dry unit weight viz; at maximum dry unit weight, at dry unit weight 

corresponding to moisture content 2% and 3.5% below OMC and at dry unit weight 

corresponding to moisture content 2% and 3.5% above OMC. The value of dry unit weight 

for the corresponding water content was obtained using Figs 4.5  and 4.6 for the case of  

clay-gravel and clay-sand-gravel mixtures respectively. It is evident from these figures that 

California bearing ratio increases as dry unit weight increases in general under unsoaked 

condition for both the mixtures. Higher CBR values are obtained on the dry side of OMC 

than that of wet side. However maximum value of CBR is obtained in the experiments 

conducted at maximum unit weight.  



Analysis of Data, Results and Discussions 

[71] 

 

      

FIGURE 5.7 Variation of unsoaked CBR with dry unit weight at various clay 

percentages (clay-gravel mixtures) 

Before examining the effect of shear parameters on CBR, it was intended to study the 

influence of clay percentage on cohesion of clay-gravel and clay-sand-gravel mixtures. 

Figures 5.9 and 5.10 are prepared in this regard.  Cohesion of both the mixtures 

consistently increases with increase in clay content in the mixtures for the samples 

compacted at OMC and on the dry side of OMC. 

 

FIGURE  5.8 Variation of unsoaked CBR with dry density at various clay 

percentages (clay-sand- gravel mixtures) 

However for samples compacted on wet side of OMC, the variation of cohesion does not 
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percentage  upto certain value. Cohesion decreases further with the increase of clay content 

in the case of both mixtures (Fig.5.9 and Fig.5.10). The variation of cohesion in this range 

of moisture content in the sample is somewhat similar to variation as reflected in 

compaction curve.  This is also in conformity with the results of Mitchell (1993) [ ]. 

Cohesion increases with clay content for all other water contents.  Similar results are also 

obtained by Nasar and Alshayea (2001) [59]. The cohesion value becomes maximum 

around plastic limit and thereafter it decreases towards liquid limit (Nikol, 2011).[60] 

 

FIGURE  5.9 Variation in cohesion with clay percent  (clay-gravel mixtures) 

 

 

FIGURE 5.10 Variation in cohesion with clay percent  (clay-sand- gravel mixtures) 

In order to examine the effect of shear parameters on the California bearing ratio, Figs. 
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and angle of internal friction. On careful investigation of these figures, it is revealed that in 

general CBR increases with the increase in angle of internal friction of both mixtures. The 

effect of change of moisture content of mixture on angle of friction is not quite noticeable. 

However the samples tested at OMC and below OMC gave higher value of angle of 

internal friction. Also CBR decreases with the increase in cohesion in case of both 

mixtures. The mixtures having moisture content more than optimum moisture content 

showed a slight different behavior than the rest of the samples (Figs.5.13 and 5.14). This 

distinct behavior may be attributable to particle orientation due to presence of larger 

moisture (above OMC) in clay-gravel and clay-sand-gravel mixtures. 

 

FIGURE. 5.11   Variation in CBR with angle of friction (clay-gravel mixtures) 

 

 

   

FIGURE 5.12 Variation in CBR with angle of friction (clay-sand-gravel mixtures) 
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FIGURE  5.13 Variation in CBR with cohesion (clay-gravel mixtures) 

 

 

FIGURE  5.14  Variation in CBR with cohesion (clay-sand-gravel mixtures) 

 

5.4   California bearing ratio of clay-gravel and clay-sand-gravel mixtures under 

unsoaked condition 
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Due to presence of gravel in soil mixtures used in present study, it was difficult to calculate 

plasticity index (Kothyari and Jain, 2008) [44]. Therefore, plasticity index has been 

eliminated from further analysis. Also analysis of results showed that variation in specific 

gravity is minimal for all mixtures, therefore it is also dropped from the further analysis 

(Danistan and Vipulanandan, 2008) [17]. Hence a new functional relationship for CBR is 

written as 
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It is clear from earlier analysis that the bearing ratio of mixtures of cohesive and 

cohesionless soil depends on composite effect of several interacting factors like molding 

moisture content, dry unit weight, particle size and shear parameters. Transforming all data 

into logarithm and using multiple linear regression with all pertinent parameters 

influencing CBR of clay-gravel and clay-sand-gravel mixtures (as identified in section 

5.3), the following models are proposed to compute CBR of clay-gravel and clay-sand-

gravel mixtures under unsoaked conditions. 

In case of clay-gravel mixtures 

 

                 (5.3) 

In case of clay-gravel mixtures 

                                                                                                                                             

          (5.4) 

            

5.5   Significance of the developed model through F test and t test for unsoaked 

condition  

The significance of proposed models has been studied through following statistical tests 

(Ambrish, 2010) [4]  and (Tapas, 2013) [80]. These tests are used for checking adequacy of 

proposed model. 
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5.5.1  F Test 

Significance of the multiple regression co-efficient as a whole of the model presented in 

Eqs. (5.3 and 5.4) is checked using F test. Critical values for F distribution can be obtained 

using F table for given degree of freedom and level of significance. From the table of the F 

distribution with significance level α = 0.05, degree of freedom- df1=4, df2=40, it is found 

that F (0.95, 4, 40) = 2.61, and Fcal = 284.35,  which  is greater than the tabulated Fcritical = 

2.61 in the case of clay-gravel mixtures . Similarly in the case of clay-sand-gravel 

mixtures, from the table of the F distribution with α = 0.05, df1=4, df2=40, it is found that F 

(0.95, 4, 40) = 2.61, and Fcal, = 204.06 which is greater than the tabulated Fcritical = 2.021. 

Therefore it can be concluded that all the variables of regression model (Eqs. 5.3 and 5.4) 

have a strong correlation with CBR. 

5.5.2  t  Test 

The multiple regression coefficients of Eqs. (5.3 and 5.4) have been studied through the t 

statistics. Critical values for t distribution can be obtained using t table for given degree of 

freedom and level of significance. Table 5.1 and 5.2 presents the summary of t statistics of 

the coefficients in the case of clay-gravel and clay-sand-gravel mixtures respectively. 

Parameters clay percentage,  moisture content, dimensionless cohesion and angle of 

friction showed t values (See Table 5.1 and 5.2) higher than t critical value  t (0.975, 40) = 

2.021, which rejects null hypothesis. There is strong evidence that the explanatory 

independent variable of regression model of Eqs. (5.3 and 5.4) helps to explain the 

variation in CBR. P values in the table 5.1 and 5.2 for each variable is well below the 

significance level α =0.05. This indicates that there is a strong correlation between each 

independent and dependent variable. Therefore proposed models to compute California 

bearing ratio of clay-gravel and clay-sand-gravel mixtures are statistically significant. 
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Table 5.1 Value of t statistics for unsoaked clay-gravel mixtures 

  
Coefficients 

Standard 

Error 
t Stat P-value 

tcritical   = 

t(0.975,40) 

Intercept 2.3558 0.1108 21.2552 0.0000 

2.021 

 

Clay (%) -0.4092 0.2014 -2.0323 0.0488 

Moisture Content (%) -0.2179 0.1063 -2.0506 0.0469 

Angle of Friction   2.6440 0.1911 13.8356 0.0000 

Dimensionless 

Cohesion       ad d

C


 

0.2310 0.1027 2.2496 0.0300 

                                                                                                                                                 

Table 5.2 Value of t statistics for unsoaked clay-sand-gravel mixtures 

 

  
Coefficients 

Standard 

Error 
t stat P-value 

tcritical   = 

t(0.975,40) 

Intercept 2.2843 0.1365 16.7351 0.0000 

2.021 

 

Clay (%) -0.4383 0.1906 -2.2994 0.0268 

Moisture Content (%) -0.2639 0.0938 -2.8119 0.0076 

Angle of Friction   1.2532 0.1051 11.9272 0.0000 

Dimensionless 

Cohesion  

  
ad d

C


 

0.2365 0.1040 2.2733 0.0285 

In order to check the adequacy of the proposed models, the experimentally computed 

values of California bearing ratio are plotted against their values predicted by the proposed 

relationships (Eqs. 5.3 and 5.4) for clay-gravel and clay-sand-gravel mixtures respectively. 

Figures 5.15 and 5.16 show the comparison of predicted and computed CBR for both the 

mixtures. It can be seen from these figures that, the proposed relationships predict 

California bearing ratio of both mixtures with a maximum error of ±10% for all the data 

under unsoaked conditions. It is necessary to mention here that no experimental data on 

unsoaked CBR of clay-gravel and clay-sand-gravel mixtures is available in the literature. 

Therefore, the data obtained in the present study only are shown in Fig. 5.15 and Fig.5.16. 

The calculated value of multiple co-efficient of determination (R2), multiple co-efficient of 

determination (R2adj), and standard error (Es) of the model are 0.960, 0.969, 0.0654 

respectively in the case of clay-gravel mixtures. Similarly, the calculated value of multiple 
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co-efficient of determination (R2), multiple co-efficient of determination (R2adj), and 

standard error (Es) of the model are 0.96, 0.948 , 0.0519 respectively for clay-sand-gravel 

mixtures. 

 

FIGURE. 5.15  Comparison of predicted and computed CBR for clay-gravel mixtures 

 

FIGURE 5.16 Comparison of predicted and computed CBR for                                             

clay-sand-gravel mixtures 
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5.6  Modeling the computation of CBR by Artificial Neural Network using R 

programming 

Artificial neural networks have been successively used by many researchers in 

geotechnical engineering in the case of investigations connected with prediction process. 

ANN's have predictive quality and explanatory capacity.  It is a   powerful tool for 

modeling relationships between variables. The 'Neural-Net-Tools' package provides a 

simple approach to gain understanding into relationships among variables. It was used to 

generate various models to evaluate variable importance. The data set obtained from 

laboratory testing  was segregated   into two parts. 60% data was employed to develop 

neural network architecture, called training set and 40% data was employed to check the 

performance of the developed model. Four different models viz; connection weight 

approach, Garson model, Olden model and Lek's profile model were developed to predict 

the value of  unsoaked CBR of clay-gravel and clay-sand-gravel mixtures.  

5.6.1  Package structure 

Neural-Net-Tools is a package used for interpretation of supervised neural network created 

in R. It can be installed from  Comprehensive R Archive Network (CRAN)   and loaded as 

follows: 

R> install.packages("NeuralNetTools") 

R> library("NeuralNetTools") 

Functions in the package are used to visualize a model using a neural network 

interpretation diagram, evaluate variable importance by disaggregating the model weights, 

and perform a sensitivity analysis of response variable. Neural-Net-Tools includes four 

main functions for evaluating variable importance. The functions include plotnet to plot a 

neural network interpretation diagram and lek's profile for a sensitivity analysis of neural 

network response to input variables. Three algorithms are available in Neural-Net-Tools 

for evaluating variable importance. They are: Garson’s algorithm for relative importance 

and Olden’s connection weights algorithm and lek'f profile algorithm. The output is 

generated in the form of a bar plot for Garson and Olden models. Lek's profile gives 

response curves as an output.. 



Analysis of Data, Results and Discussions 

[80] 

 

Using Neural-Net-Tools package of R and applying supervised learning to 60% data of 

training and 40% data of testing, the following results were obtained. 

5.7  Neural network architecture for unsoaked CBR of clay-gravel and clay-sand-

gravel mixtures 

Figures 5.17 and 5.18 shows the architecture of neural network model for the computation 

of CBR of clay-gravel and clay-sand-gravel mixtures under unsoaked conditions. The 

network architecture needs both an optimum number of hidden layer between input and 

output layers and optimum number of nodes in each layer.  Four independent variables are 

considered in analysis, therefore 50% of it, 2 nodes are sufficient in hidden layers 

(Khanlari et al., 2012) [40]. The developed network consists of three layers viz; one input 

layer of four variables, one hidden layer of two neurons and one output layer of one neuron 

which is the dependent variable i.e. CBR. Neurons are like central processing units which 

perform mathematical operations and generate output. Weight parameters are the links 

between nodes. Bias parameters are additional inputs that are similar to the intercept term 

in a linear model. They help the model to adjust statistically. 

 

FIGURE 5.17  Neural Network architecture for prediction of CBR 

 (clay-gravel mixtures) 
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FIGURE 5.18  Neural network architecture for prediction of CBR 

 (clay-sand-gravel mixtures) 

It is evident from Figs 5.17 and 5.18 that, the trained neural network provides basic 

information about the training process like the overall error and the number of steps needed 

to converge. The relationship between the inputs and outputs is determined in two steps 

since there are input-hidden layer connections and hidden-output layer connections.  

Connection weight approach calculates the product of the raw input-hidden and hidden-

output connection weights between each input neuron and output neuron and sums the 

products across all the neurons. Connection weight approach uses raw connection weight 

which accounts for direction of relationship between variables. It provides final result in 

form of importance value of explanatory variable and thus its rank. 

 

In the following section, interpretation of connection weight and variable contributions in 

neural network by Garson method is explained. Calculations for four input neurons, two 

hidden neurons and one output neuron are shown in tables 5.3 and 5.4 for clay-gravel and 

clay-sand-gravel mixtures respectively. Finally relative importance of each input variable 

is obtained and shown in Table 5.11 and 5.12 for clay-gravel and clay-sand-gravel 

respectively. 
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From the neural network diagram, the connection weights for various variables between 

the nodes and bias are shown in Table 5.3 and Table 5.4 for clay-gravel and clay-sand-

gravel mixtures respectively under unsoaked condition. 

Table 5.3 Matrix containing input-hidden-output and bias connection weights 

 (clay-gravel unsoaked mixtures) 

Weights Biases 

Neuron Intercept Clay 
Moisture 

content 
Cohesion 

Angle of 

friction 
CBR Bhk B0 

Hidden 

neuron 

(k=1) 

-0.659 -1.023 -0.116 0.214 2.833 0.896 -0.659 0.356 

Hidden 

neuron 

(k=2) 

-0.035 1.344 1.032 -1.823 -1.095 -0.515 -0.035  

Table 5.4  Matrix containing input-hidden-output and bias connection weights  

(clay-sand-gravel unsoaked mixtures) 

Weights Biases 

Neuron Intercept Clay 
Moisture 

content 
Cohesion 

Angle of 

friction 
CBR Bhk B0 

Hidden 

neuron 

(k=1) 

-0.627 -0.775 -0.129 -0.282 2.597 0.747 -0.627 0.411 

Hidden 

neuron 

(k=2) 

-0.301 1.840 1.545 -1.989 -2.203 -0.689 -0.301  

 

Bo= Bias at the output layer, Bhk = Bias at kth neuron of hidden layer 

Table 5.5 and Table 5.6 shows matrix containing input-hidden neuron connection weight 

for clay-gravel and clay-sand-gravel mixtures respectively. Here signals  indicate 

magnitude  and direction of connection weight. 
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Table 5.5 Matrix containing input-hidden-output neuron  connection weight 

                (clay-gravel unsoaked mixtures) 

Input Variable Hidden A Hidden B 

Input 1 ( Clay) -1.023 1.344 

Input 2 ( Moisture Content) -0.116 1.032 

Input 3 (Angle of Friction) 2.833 -1.095 

Input 4 (Cohesion) 0.214 -1.823 

Out put (CBRUnsoaked) 0.896 -0.515 

 

Table 5.6  Matrix containing input-hidden-output neuron connection weight  

(clay-sand-gravel unsoaked mixtures) 

Input Variable Hidden A Hidden B 

Input 1 ( Clay) -0.77 1.84 

Input 2 ( Moisture Content) -0.12 1.54 

Input 3 (Angle of Friction) 2.59 -2.20 

Input 4 (Cohesion) -0.28 -1.98 

Output (CBR Unsoaked) 0.74 -0.68 

 

 Contribution of each input neuron to the output via each hidden neuron is calculated as the 

product of input-hidden and hidden output connection. Coefficients for hidden neurons A 

and B are calculated and shown in Table 5.7 and 5.8 for clay-gavel and clay-sand-gravel 

mixtures respectively.  For Table 5.7, Coefficient for hidden neuron A= (-1.023)*(0.869) 

= -0.888,  hidden neuron B = (1.344)*(-0.515) = - 0.692. The output is the total of 

absolute value  of coefficients of hidden neuron A and B.  In  Table 5.8.,  hidden A =  

 (- 0.77)*(0.74) = -0.56 ,  Hidden B = (1.84)*(-0.68) = - 1.25. Total of absolute value = 

2.75  and 5.72  for hidden A and hidden B respectively. 
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Table 5.7   Contribution of each input neuron to the output 

(clay-gravel unsoaked    mixtures) 

Input Variable Hidden A Hidden B 

Input 1 ( Clay) - 0.888 -0.692 

Input 2 ( Moisture Content) - 0.100 - 0.531 

Input 3 (Angle of Friction) 2.461 0.563 

Input 4 (Cohesion) 0.185 0.938 

Output  (Total of absolute value) 3.661 2.724 

Table 5.8  Contribution of each input neuron to the output 

 (clay-sand-gravel unsoaked mixtures) 

Input Variable Hidden A Hidden B 

Input 1 ( Clay) -0.56 -1.25 

Input 2 ( Moisture Content) -0.08 -1.64 

Input 3 (Angle of Friction) 1.91 1.49 

Input 4 (Cohesion) 0.20 1.34 

Output (Total of absolute value) 2.75 5.72 

Table 5.9 and table 5.10 shows relative contribution of each input neuron in the out going 

signal of each hidden neuron. For Table 5.9, considering absolute value relative 

contribution of each input neuron is  calculated as: For hidden A=  (0.888)/ (3.661) =  

0.242 and for hidden B (0.692)/(2.724) = 0.254. In Table 5.10, for hidden A (0.56)/(2.75) = 

0.20 and for hidden B (1.25)/(5.72) = 0.22  

Table 5.9  Relative contribution of each input neuron  

(clay- gravel unsoaked mixtures) 

Input Variable Hidden A Hidden B Sum 

Input 1 ( Clay) 0.242 0.254 0.496 

Input 2 ( Moisture Content) 0.027 0.194 0.221 

Input 3 (Angle of Friction) 0.672 0.206 0.878 

Input 4 (Cohesion) 0.050 0.344 0.394 
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 Table 5.10  Relative contribution of each input neuron 

(clay-sand-gravel unsoaked mixtures) 

 

Relative importance of input variables for clay-gravel unsoaked mixtures is calculated as  

0.496/(0.496+0.221+0.878+0.394.) = 0.25, shown in Table 5.11.    

Relative importance of input variables for clay-sand-gravel unsoaked mixtures is calculated 

as  0.42/(0.42+0.32+0.95+0.30) = 0.21, shown in Table 5.12.  

 

Table 5.11  Relative importance of each input variable 

(clay- gravel unsoaked mixtures) 

 

Input Variable Relative Importance (%) 

Input 1 ( Clay) 25 

Input 2 ( Moisture Content) 11 

Input 3 (Angle of Friction) 44 

Input 4 (Cohesion) 20 

 

Table 5.12 Relative contribution of each input variable 

 (clay-sand-gravel unsoaked mixtures) 

 

Input Variable Relative Importance (%) 

Input 1 ( Clay) 21 

Input 2 ( Moisture Content) 16 

Input 3 (Angle of Friction) 48 

Input 4 (Cohesion) 15  

5.8     Methods for testing the contributions of the different variables in prediction of 

unsoaked CBR of clay-gravel and clay-sand-gravel mixtures 

The relationship between variables in geotechnical engineering is always very complicated 

due to combined effect of inter-particle activities. Importance of variables and their 

sensitivity are the key aspects of exploratory data analysis. Many researchers have used 

Input Variable Hidden A Hidden B Sum 

Input 1 ( Clay) 0.20 0.22 0.42 

Input 2 ( Moisture Content) 0.03 0.29 0.32 

Input 3 (Angle of Friction) 0.69 0.26 0.95 

Input 4 (Cohesion) 0.07 0.23 0.30 
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Garson method for contribution analysis. However, Olden method and Lek's profile 

methods are not previously used in geotechnical engineering. Olden's algorithm calculates 

importance as the summed product of the raw input-hidden and hidden-output connection 

weights between each input and output node. The Lek's profile method differs 

fundamentally from the variable importance algorithms. It evaluates the behavior of 

response variables across different values of the input variables. 

5.8.1   Garson’s algorithm 

 

The method proposed by Garson is based on connection weights of various variables. It 

considers only absolute values of connection weights. In this model, all the variables are 

assigned importance value from 0 to 1. After performing the dependency analysis amongst 

pertinent variables, it was revealed that angle of internal friction is the most important 

parameter influencing CBR in the case of both mixtures. Figures 5.19 and  5.20  illustrates 

the results for clay-gravel and clay-sand-gravel mixtures  highlighting the relative 

importance of the input  variables. Predictor contributions ranged from 12 to 45%, with 

angle of friction exhibiting the strongest relationships with predicted CBR. However clay 

percentage, cohesion and moisture content of mixtures have decreasing influence 

respectively on CBR as evident from Figs.5.19 and 5.20 for clay-gravel and clay-sand-

gravel mixtures. 

     

Figure.5.19 Relative importance of variables from Garson Method 

 (clay-gravel mixture) 
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FIGURE 5.20  Relative importance of variables from Garson Method  

(clay-sand-gravel mixture) 

 

 

 

5.8.2  Olden’s algorithm 

Olden’s method accounts for relative importance variables based on magnitude and signs 

of connection weights. Similar to Garson’s  model, bar plots are generated as an output in 

Olden model . The height of the bar plot gives importance of variables. The Value of 

variable in the bar plot below the base line indicates negative relationships. After 

performing the dependency analysis amongst pertinent variables in 'Neural-Net-Tools' 

package, it was found that CBR response is increasing with the increases in angle of 

internal friction and cohesion of clay-gravel mixtures as show in Figs. 5.21 and 5.22 for 

clay-gravel and clay-sand-gravel mixtures. This is turn indicates that CBR of both mixtures 

have positive relationship with these variables. It was also revealed from Figs. 5.21 and 

5.22 that the CBR response is decreasing with moisture content and clay percentage in 

clay-gravel mixtures. 
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FIGURE 5.21  Relative importance of variables from Olden method                      

(clay-gravel mixtures) 

 

 

FIGURE. 5.22  Relative importance of variables from Olden method  

(clay-sand-gravel mixtures) 

 

In Garson algorithm, for each input node, all weights connecting an input through the 

hidden layer to the response variable are identified to return a list of all weights specific to 

each input variable. Summed products of the connections for each input node are then 

scaled relative to all other inputs. The direction of the response cannot be determined in 

this method due to its limitation.  In order to avoid the counteracting influence due to 

positive and negatives values, all connection weights were given their absolute values in 



Analysis of Data, Results and Discussions 

[89] 

 

the Garson algorithm. Garson’s algorithm shows importance as absolute values varying 

from 0 to 1.  

The olden function is a more flexible approach to evaluate variable importance using the 

connection weights algorithm (Olden et al. 2004). This method calculates importance as 

the summed product of the raw input-hidden and hidden-output connection weights. 

Olden’s algorithm preserves sign and magnitude. In Lek's profile algorithm, moisture 

content and clay has decreasing response curve showing negative relationship for both 

clay-gravel and clay-sand-gravel mixtures which also confirms the results from Olden’s 

model. Therefore importance values for Olden’s algorithm are more reliable. 

Statistically, influence of any variable is depicted by the "p-values" of given data set. The 

particular parameter has higher significance, if the value of "p-values" of given data set 

remains within 0.05, the confidence level. Inclusion of negative coefficient in the analysis, 

the "p-values" of given data set remains within 0.05. This indicates higher significance of 

negative coefficient in given model, hence they cannot be omitted. 

5.8.3  Lek’s profile algorithm  

Lek’s profile method not only classifies the input variables by relative importance but also 

describes how these inputs contribute to the output which is visualized in Figs.5.23 and 

5.24. 

. . 

 

 

 

 

 

FIGURE 5.23 Lek's profile response of input variables 

 (clay-gravel mixtures) 
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FIGURE 5.24 Lek's profile response of input variables 

 (clay-sand-gravel mixtures) 

In this method, effect of each independent variable of interest is evaluated by holding all 

other variables at constant value. Each input parameter varies from its minimum to 

maximum value. By keeping other variables at some constant values of their minimum, 

20th, 40th, 60th, 80th and maximum (six groups are shown in Fig. 5.23 and Fig. 5.24), the 

relationship between input and predictor of interest is shown.  Four response curves are 

generated. 

By analyzing the graph from Lek’s profile model for CBR response, it is observed that 

angle of friction and cohesion has a strongest positive relationship with CBR for both 

mixtures. Whereas moisture content and clay has decreasing response curve showing  

negative relationship for both clay-gravel and clay-sand-gravel mixtures. Angle of friction 

and cohesion have left skewed response curve, which  contributes greatest at maximum 

values. Clay percentage contributes minimally across its range to CBR for both mixtures, 

which also confirms the results from Olden’s model. The response to CBR of both 

mixtures was predicted using 'Neural-Net-Tools' package using 40% of the dataset kept 

reserved for validation. 

Figures 5.25 and 5.26 show a comparison of observed CBR (Experimentally computed for 

both mixtures) with those predicted by neural network for clay-gravel and clay-sand-gravel 

mixtures respectively. A close investigation of these figures revealed that proposed model 
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using neural network  is able to predict the CBR value of clay-gravel and clay-sand-gravel 

mixtures with reasonable degree of accuracy.  

Predictive accuracy of both neural network models is evaluated as the mean squared error 

(MSE). The mean square error (MSE) values of both the model are 0.00468 and 0.00255 

respectively for clay-gravel and clay-sand-gravel mixtures.  It is necessary to mention that 

Figs. 5.25 and 5.26 shows the comparison of scaled value of CBR as predicted from neural 

network using R programming. 

                                        

Figure 5.25   Comparison of predicted and computed CBR from ANN model 

                                            (clay-gravel mixtures)       

                       

 

 

 

 

 

 

 

 

 

 

Figure 5.26 Comparison of predicted and computed CBR from ANN model  

(clay-sand-gravel mixtures)       
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5.9    Quantification of variables affecting CBR of clay-gravel and clay-sand-gravel 

mixtures for soaked condition 

As mentioned in chapter-4, the California bearing ratio of clay-gravel and clay-sand gravel 

mixtures for the soaked condition is obtained and same is analyzed herein. Subgrade might 

have moisture content above or below OMC. As per the IRC recommendation, CBR 

should also be computed for a soaked specimen of subgrade soil.  Therefore experiments 

were conducted under five moisture conditions of sample  (1) one at optimum moisture 

content (OMC), (2) two moisture conditions on wet side of OMC at 2% and 3.5%  and (3) 

two moisture conditions on dry side of OMC at 2% and 3.5%. Nine different clay 

percentage and five different moisture range were selected for conducting soaked CBR 

tests. The influence of clay percentage at various moisture content on California bearing 

ratio under soaked condition is narrated in Fig. 5.27 and Fig.5.28 for clay-gravel and clay-

sand-gravel mixtures respectively. It is evident from these figures, that California bearing 

ratio decreases as clay percentage increases in the mixtures. The soaked and unsoaked 

CBR curves followed the same trend with clay percentage. The reduction in CBR remains 

moderate for samples at and dry side of OMC. 

      

FIGURE 5.27 Variation in soaked  CBR with clay percent 

 (clay-gravel mixtures) 
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FIGURE 5.28  Variation in soaked  CBR with clay percent  

(clay-sand-gravel mixtures) 

In order to identify the influence of moisture content on soaked CBR, Figs 5.29 and 5.30 

were prepared. It is observed  form these figures that effect of soaking on CBR reduction is 

noticeable when the samples were prepared on wet side of OMC. CBR values of samples 

on dry side are not much influenced sharply, the reduction is gradual. The same trend is 

observed for both clay-gravel and clay-sand gravel mixtures. No proper cohesion between 

clay and gravel particles is available at higher water content as compared to clay-sand-

gravel mixtures. It is concluded here that excessive quantity of clay fraction negatively 

affects soaked CBR values. 

     

FIGURE 5.29 Variation of soaked CBR with moisture content at various clay 

percentages (clay-gravel mixtures) 
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FIGURE 5.30 Variation of soaked CBR with moisture content at various clay 

percentages (clay-sand-gravel mixture) 

Figs. 5.31 and 5.32 show variation in soaked CBR with dry unit weight for clay-gravel and 

clay-sand-gravel mixtures respectively.  It is evident from both figures that, CBR of both 

mixtures increases with the increase in dry unit weight of soaked samples. It shows that dry 

unit weight increases at a moderate rate when the clay percentage increases in the mixtures. 

This may be attributed to the fact that at low clay content, clay fills the voids between sand 

and gravel particles.  It is established that the denser the sample even after soaking, more is 

the shear resistance expected.  Therefore, CBR increases with the increase in dry unit 

weight. The obtained CBR is smaller in the case of samples tested on the wet side of OMC 

for both clay-gravel and clay-sand-gravel mixtures. This is in conformity with the results 

obtained by earlier investigators (Sabat, 2013) [63]. 
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FIGURE 5.31 Variation of soaked CBR with dry unit weight at various clay                            

percentages (clay-gravel mixtures) 

 

FIGURE  5.32  Variation of soaked CBR with dry unit weight at various clay 

percentages  (clay-sand-gravel mixtures) 
 

5.10   California bearing ratio of clay-gravel and clay-sand-gravel mixtures under 

soaked condition 

 

Yoshitada et al. 1991[89] stated that cohesion tends to decrease sharply with increase in 

saturation ratio until it reaches a value of about  80%  and eventually becomes equal to 

zero when sample is fully saturated with a saturation ratio of 100% irrespective of soil type 

and density. On the other hand the angle of internal friction tends to decrease at constant 

rate with increasing saturation ratio. 50% reduction in angle of internal friction is observed 

at final value of 100% saturation. 
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In case of soaked samples, during experimentation under saturation condition with low 

content of clay for both the mixtures, it was difficult to hold sample straight vertical for 

testing. At the same time with increasing content of clay, it was also not possible to carry 

out experiment with full saturation condition. Therefore cohesion and angle of internal 

friction were not determined experimentally in the case of soaked samples and hence not 

considered in the analysis of soaked CBR. 

The functional relationship (Eq. 3.5) to compute California bearing ratio of cohesive soil 

consisting of clay-gravel and clay-sand-gravel mixtures under soaked conditions is re-

written here: 

  











=

S

d
GPIwPfCBR ad

c


,,,,        (5.5) 

Due to presence of gravel in soil mixtures used in present study, it was difficult to calculate 

plasticity index (Kothyari and Jain, 2008) [44]. Therefore, plasticity index has been 

eliminated from further analysis. Also analysis of results showed that variation with in 

Soaked CBR specific gravity is minimal for all mixtures, therefore it is dropped from the 

further analysis (Danistan and Vipulanandan, 2011).  

Hence a new functional relationship for soaked CBR is written as 
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,,        (5.6) 

 

The normal CBR test is done after placing surcharge weight on the sample. In soaked 

condition, when water enters from outside into sample containing clay fraction, pressure 

builds up inside the soil. The main purpose is to restrain the swelling of soil by vertical 

confinement of CBR sample. To enhance the resistance to CBR penetration, surcharge 

weight was introduced in soaked condition regression analysis. When surcharge is 

introduced as an independent variable in regression analysis for unsoaked condition, the 

developed regression model does not remain significant. It does not explain the dependent 

variable (CBR), the probability of observing relationship is sufficiently low. It has a 

negative associated effect. 
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It has been proven that there is a significant reduction in CBR values between unsoaked 

and soaked samples ((Muthulakshmi . et.al. 2016) [57],  which is also observed here. If the 

soil is been soaked into water, the shear strength decreases tremendously. There is a 

reduction in effective friction angle by 3° between unsoaked and soaked sample when 

sample is soaked for 7 days and  the same is 6° when sample is soaked for 14 days (Sajjad 

et al, 2018) [69]. Cohesion reduces especially in a sandy soil with increasing saturation 

ratio. Both cohesion and internal friction decrease in case of fines containing silty soils. 

The difference in deviator stress is remarkable when change of degree of saturation is from 

80% to 100% (Yoshitada et al, 1991) [89] 

If shear strength parameters are neglected in the analysis of CBR for unsoaked condition, 

poor regression performance is obtained. Goodness-of-fit measures, like R-square, and 

standard error of the regression spread is too large, which is good but not great. 

Transforming all data into logarithm and using multiple linear regression with all pertinent 

parameters influencing CBR of clay-gravel and clay-sand-gravel mixtures (as identified in 

section 5.9), the following models are proposed to compute CBR of clay-gravel and clay-

sand-gravel mixtures under soaked conditions. 

In case of clay-gravel mixtures for soaked condition, 

                 (5.7) 

In case of clay-sand-gravel mixtures 

          (5.8) 

 

The normal CBR test is done after placing surcharge weight on the sample. In soaked 

condition, when water enters from outside into sample containing clay fraction, pressure 

builds up inside the soil. The main purpose is to restrain the swelling of soil by vertical 

confinement of CBR sample. To enhance the resistance to CBR penetration, surcharge 

weight was introduced in soaked condition regression analysis. When surcharge is 

introduced as an independent variable in regression analysis for unsoaked condition, the 

developed regression model does not remain significant. It does not explain the dependent 
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variable (CBR), the probability of observing relationship is sufficiently low. It has a 

negative associated effect. 

 

5.11   Significance of the developed model through F test and t test 

The significance of proposed models has been studied through following statistical tests 

(Ambrish, 2010)[5], (Tapas KR et al. 2013) [73]. These statistical tests are used for 

checking adequacy of proposed model. 

5.11.1  F Test 

Significance of the multiple regression co-efficient as a whole of the model presented in 

Eqs. (5.7 and 5.8) is checked using F test. From the table of the F distribution with α = 

0.05, df1=3, df2=41, it is found that F (0.95, 3, 41) = 2.61, and Fcal, = 284.35,   which  is 

greater than the tabulated Fcritical = 2.61 in the case of clay-gravel mixtures . Similarly in 

the case of clay-sand-gravel mixtures, from the table of the F distribution with α = 0.05, 

df1=3, df2=41, it is found that F (0.95, 3, 41) = 2.61, and Fcal, = 242.66, which is greater 

than the tabulated Fcritical = 2.61. Therefore it can be concluded that all the variables of 

regression model (Eqs. 5.7 and 5.8) have a strong correlation with CBR. 

5.11.2  t  Test 

The multiple regression coefficients of Eqs. (5.7 and 5.8) have been studied through the t 

statistics. Tables 5.13 and 5.14 present summary of t statistics of the coefficients in the 

case of clay-gravel and clay-sand-gravel mixtures respectively. Parameters clay 

percentage,  moisture content, dimensionless dry unit weight showed t values (See Table 

5.13 and 5.14) higher than t critical value  t (0.975, 40) = 2.021, which rejects null 

hypothesis. There is strong evidence that the explanatory independent variable of 

regression model of Eqs. (5.7 and 5.8) helps to explain the variation in CBR. P values in 

the table 5.13 and 5.14 for each variable is well below the significance level α =0.05. This 

indicates that there is a strong correlation between each independent and dependent 

variable. Therefore proposed models to compute California bearing ratio of clay-gravel and 

clay-sand-gravel mixtures are statistically significant. 
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Table 5.13 Value of t statistics for soaked clay-gravel mixtures 

                                                       

  

Coefficient

s 

Standar

d Error 
t Stat P-value 

tcritical   = 

t(0.975,41

) 

Intercept 5.3734 0.2625 20.4678 0.0000 

2.021 
Clay (%) 0.4191 0.1688 2.4835 0.0172 

Moisture Content(%) -0.7578 0.0791 -9.5752 0.0000 

Dry Unit Weight  (γd )    3.4145 0.4129 8.2698 0.0000 

 

Table 5.14 Value of t statistics for soaked clay-sand-gravel mixtures 

    
Coefficients 

Standard 

Error 
t Stat P-value 

tcritical   = 

t(0.975,41) 

Intercept 5.1866 0.5032 10.3072 0.0000 

2.021 
Clay (%) -0.4000 0.1813 -2.2067 0.0330 

Moisture Content(%) 0.6430 0.0721 8.9149 0.0000 

Dry Unit Weight  (γd )    2.9248 0.2583 11.3242 0.0000 

In order to check the adequacy of the proposed models, the experimentally computed 

values of soaked California bearing ratio are plotted against their values predicted by the 

proposed relationships (Eqs. 5.7 and 5.8) for  soaked clay-gravel and clay-sand-gravel 

mixtures respectively. Figures 5.33 and 5.34 show the comparison of predicted and 

computed soaked  CBR for both the mixtures. It can be seen from these figures that, the 

proposed relationships predict California bearing ratio of both mixtures with a maximum 

error of ±10% for all the data under soaked conditions. It is necessary to mention here that 

no experimental data on soaked CBR of clay-gravel and clay-sand-gravel mixtures is 

available in the literature. Therefore, the data obtained in the present study only are shown 

in Figs. 5.33 and 5.34. The calculated value of co-efficient of determination (R2), and 

standard error (Es) of the model are 0.960, 0.0654 respectively in the case of soaked clay-

gravel mixtures. Similarly, the calculated value of co-efficient of determination (R2), and 

standard error (Es) of the model are 0.946, 0.0660 respectively for soaked clay-sand-gravel 

mixtures. 
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FIGURE  5.33  Predicted versus computed Soaked CBR in clay-gravel mixtures 

 

FIGURE 5.34  Predicted versus computed Soaked CBR in clay-sand-gravel mixtures 

 

 

 

Band indicating, 
±10% variation 

Band indicating, 
±10% variation 
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5.12   Artificial Neural Network Model for soaked clay-gravel and clay-sand-gravel 

mixtures 

After dimensional consideration, three basic parameters viz; clay fraction, moisture content 

and dry unit weight were identified influencing soaked CBR. They were taken as input 

parameters for the Neural Network model. Figure 5.35 and 5.36 show the network 

architecture for computation of soaked CBR for clay-gravel and clay-sand-gravel mixtures 

respectively. Here input layer nodes are passive nodes because they do not modify the data. 

Each input is multiplied by weight and then summed. Therefore nodes of hidden layer and 

output layers are active nodes. These nodes produce output through an activation function. 

(Marcus, 2018) [49] 

 

FIGURE 5.35 Neural Network architecture for prediction of CBR 

(clay-gravel mixtures) 
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FIGURE  5.36  Neural Network architecture for prediction of CBR 

(clay-sand-gravel mixtures) 

From the neural network diagram, the connection weights between the nodes and bias are 

shown in Table 5.15 and Table 5.16 for clay-gravel and clay-sand-gravel mixtures  

respectively. 

Table 5.15  Matrix containing input-hidden-out put and bias connection weights  

(Clay-gravel mixtures) 

Weights Bias 

Neuron Intercept Clay 
Moisture 

content 
Density CBR bhk b0 

Hidden 

neuron (k=1) 
-0.930 -0.220 1.7793 -1.9628 -1.033 -0.930 1.2299 

Hidden 

neuron (k=2) 
-0.464 0.818 0.5889 -0.8956 -0.543 -0.464 
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Table 5.16  Matrix containing input-hidden-output and bias connection weights  

(Clay-sand-gravel mixtures) 

Weights Bias 

Neuron Intercept Clay 
Moisture 

content 
Density CBR bhk b0 

Hidden 

neuron (k=1) 
0.448 0.149 0.6221 -1.558 -0.707 -0.7075 1.369 

Hidden 

neuron (k=2) 
0.336 -0.712 -1.897 -0.956 -1.368 -1.368 

 

 

Table 5.17 and Table 5.18 show matrix containing input-hidden-output connection weight 

for both mixtures. Here signals  indicate magnitude  and direction of connection weight. 

Table 5.17  Input-hidden-output neuron connection weight  

(clay-gravel mixtures) 

Input Variable Hidden A Hidden B 

Input 1 ( Clay) -0.22 0.81 

Input 2 ( Moisture Content) 1.77 0.58 

Input 3 (Dimensionless density) -1.96 -0.89 

Out put (CBR soaked) -1.033 -0.543 

 

 

 

Table  5.18   Input-hidden-output neuron connection weight 

  (clay-sand-gravel mixtures) 
 

Input variable Hidden A Hidden B 

Input 1 ( Clay) 0.149 -0.712 

Input 2 ( Moisture Content) 0.622 -1.897 

Input 3 (Dimensionless density) -1.55 -0.956 

Output (CBR soaked) -0.707 -1.368 

 

Contribution of each input neuron to the output via each hidden neuron is calculated as the 

product of input-hidden and hidden- output connection. Coefficients for hidden neurons A 

and B  are calculated and shown in following Table 5.19 and Table 5.20.  In Table 5.19, 
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Coefficient for hidden neuron A= (-0.22)*(-1.033) = 0.22,  hidden neuron B = (0.81)*     

(-0.543) = - 0.439. The output is the total of absolute value  of coefficients of hidden 

neuron A and B shown in Table 5.19 and Table 5.20.  

In Table 5.20, hidden A =  (0.149)*(-0.707) = -0.10 ,  hidden B = (-0.712)*(-1.368) = 

0.965.Total of absolute value = 1.615  and 4.82 for hidden A and hidden B respectively. 

 

Table 5.19  Contribution of each input neuron to the output (clay-gravel mixtures) 

Input Variable Hidden A Hidden B 

Input 1 ( Clay) 0.22 -0.43 

Input 2 ( Moisture Content) -1.82 -0.31 

Input3(Dimensionless density) 2.02 0.48 

Output (Total of absolute value) 4.06 1.22 

 

Table 5.20 Contribution of each input neuron to the output  

(clay-sand-gravel mixtures) 

Input variable Hidden A Hidden B 

Input 1 ( Clay) -0.98 0.965 

Input 2 ( Moisture Content) -0.434 2.57 

Input3(Dimensionless density) 1.085 1.292 

Output (Total of absolute value) 2.499 4.82 

 

Table 5.21 and table 5.22 show relative contribution of each input neuron in the outgoing 

signal of each hidden neuron. It is calculated as shown in table 5.21, For hidden A = 

0.22/4.06 =0.054 and for hidden B (0.43)/1.22=0.354. 

Table 5.21 Relative contribution of each input neuron 

(clay-gravel mixtures) 

Input Variable Hidden A Hidden B Sum 

Input 1 ( Clay) 0.054 0.354 0.408 

Input 2 ( Moisture Content) 0.448 0.254 0.702 

Input 3 (Dimensionless density) 0.497 0.393 0.890 
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Table 5.22  Relative contribution of each input neuron 

(clay-sand-gravel mixtures) 

Input variable Hidden A Hidden B Sum 

Input 1 ( Clay) 0.062 0.200 0.262 

Input 2 ( Moisture Content) 0.267 0.533 0.805 

Input 3 (Dimensionless density) 0.67 0.268 0.938 

 

In Table 5.23,  relative importance is calculated as  0.40/(0.40+0.70+0.89.) = 0.20 = 20%                   

In Table 5.24,  relative importance is calculated as  0.262/(0.262+0.80+0.938) =   

0.262/1.99 =0.131= 13%. 

Table 5.23 Relative importance of each input variable 

 (clay-gravel mixtures) 

Input variable Relative Importance (%) 

Input 1 ( Clay) 20 

Input 2 ( Moisture Content) 35 

Input 3 (Dimensionless density) 45 

 

  Table 5.24  Relative importance of each input variable 

 (clay-sand-gravel mixtures) 

Input Variable Relative Importance (%) 

Input 1 ( Clay) 13 

Input 2 ( Moisture Content) 40 

Input 3 (Dimensionless density) 47 

 

5.13     Methods for testing the contributions of the different variables in prediction of 

soaked CBR of clay-gravel and clay-sand-gravel mixtures 

To obtain the knowledge of relationship between input and output variables in a model, bar 

plots are developed by Garson and Olden methods. Lek’s profile model is also developed. 

5.13.1  Garson algorithm 

The relative contributions of the input variables given by the Garson [21] is presented in 

Fig. 5.37. Here all the bars of the plot have positive heights. After performing the 

dependency analysis amongst pertinent variables, it was revealed that dry unit weight is the 
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most important parameter influencing soaked CBR in the case of both mixtures. However 

clay percentage and moisture content of mixtures have decreasing influence respectively 

on CBR as evident from Figs.5.37 and 5.38 for clay-gravel and clay-sand-gravel mixtures. 

 

FIGURE 5.37  Bar plots showing relative importance based on Garson's  method 

(clay-gravel mixtures) 

 

 

FIGURE 5.38  Bar plots showing relative importance based on Garson's  method 

(clay-sand-gravel mixtures) 
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5.13.2   Olden algorithm 

Olden’s method (2004) [61] accounts for variable's relative importance based on 

magnitude and direction of connection weights. Instead of absolute values of connection 

weights, it uses raw values.  This model indicates that largest contribution is made by dry 

unit weight for both mixtures. It has positive relationship with CBR and increases the 

CBR response for both mixtures. Whereas moisture content and clay decrease the CBR 

response as their bars have negative heights. Clay has marginal negative effect than 

moisture content for clay-gravel mixtures as shown in Figs. 5.39. But for clay-sand-gravel 

mixtures, dry unit weight and moisture content has strong positive association  and clay 

has positive association with CBR as shown in Fig.5.40. 

 
 

FIGURE 5.39  Bar plots showing relative importance based on Olden  method 

 (clay--gravel mixtures) 
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FIGURE 5.40  Bar plots showing relative importance based on Olden  method 

 (clay-sand-gravel mixtures) 

 

5.13.3  Lek's profile algorithm 

Figure 5.41 shows the results obtained by Lek’s profile model for soaked clay-gravel 

mixtures. This method   describes how these inputs contribute to the output which is 

visualized in Fig. 5.41 and Fig. 5.42. 

 

FIGURE 5.41 Contribution plots of input variables based on Lek's profile method 

(clay-gravel mixtures) 



Analysis of Data, Results and Discussions 

[109] 

 

 

FIGURE 5.42 Contribution plots of input variables based on Lek's profile method                    

(clay-sand-gravel mixtures) 

In this method, effect of each independent variable of interest is evaluated by holding all 

other variables at constant value. By keeping other variables at some constant values of 

their minimum, 20th, 40th, 60th, 80th and maximum, (six groups are shown in Fig. 5.41 

and Fig. 5.42) the relationship between input and predictor of interest is shown. Six 

response curves for each group for three  variable are generated. By analyzing the graph 

from Lek’s profile model for CBR response, it is observed that dry unit weight has a strong 

positive relationship, whereas moisture content and clay has negative relationship for clay 

gravel mixtures. Clay percent shows flat reduced response on soaked CBR values. 

Moisture content contributes more negatively across its full range to CBR as compared to 

clay percentage.  

Figure 5.42 shows the results obtained by Lek’s profile model for soaked clay-sand-gravel 

mixtures. It is evident from the contribution plot that dry unit weight has strongest positive 

association with CBR followed by moisture content. Clay has minimal positive effect on 

CBR. It is interesting to note that role of moisture content is negative for clay-gravel 

mixtures and positive for clay-sand-gravel mixtures. These results also confirm the results 

obtained by Olden’s model. 
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5.14   Comparison of prediction performance 

Figures 5.43 and 5.44 show a comparison of observed CBR (Experimentally computed 

soaked CR for both mixtures) with those predicted by neural network for clay-gravel and 

clay-sand-gravel mixtures respectively. A close investigation of these figures revealed that 

proposed model using neural network is able to predict the CBR value of clay-gravel and 

clay-sand-gravel mixtures with reasonable degree of accuracy. Predictive accuracy of both 

neural network models is evaluated as the mean squared error (MSE). The mean square 

error (MSE) values of both the model are 0.00157 and 0.0055 respectively.  It is necessary 

to mention that for generating the neural network and plots, training and testing data were 

scaled. Figs. 5.25, 5.26, 5.43 and 5.44 are showing the comparison of rescaled value of 

CBR as predicted from neural network using R programming.  

Table 5.25 shows the mean square error in case of unsoaked and soaked CBR for clay-

gravel and clay-sand-gravel mixtures. 

Table 5.25   Predictive MSE results 

Type of 

Mixture 

Clay-Gravel 

(Unsoaked) 

Clay-Sand-Gravel 

(Unsoaked) 

Clay-Gravel 

(Soaked) 

Clay-Sand-Gravel 

(Soaked) 

MSE 0.00468 0.002556 0.001573 0.005525 

 

 

 

 

 

 

 

 

      

 

 

Figure 5.43   Comparison of predicted and computed CBR from ANN model     

  (clay-gravel soaked mixtures)   
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Figure 5.44   Comparison of predicted and computed CBR from ANN model       

(clay-sand- gravel soaked mixtures) 

 

Predictive accuracy of all four neural network models are evaluated as the mean squared 

error (MSE).These statistical results signify that, the Clay- Gravel mixture for soaked 

condition shows more significant than other three neural network models. All the results 

reported for testing dataset.  

5.15  Concluding remarks 

The findings of experimental results on compacted laboratory CBR samples and undrained  

Triaxial tests are presented using the data collected in present study. Data collected during 

present study are analyzed and results obtained are discussed in this Chapter. Visual 

inspection of clay-gravel and clay-sand-gravel soil mixture samples  at the end of 

measurement of shear parameters in Triaxial apparatus was carried out. Various aspects 

like dry unit weight, moisture content, California bearing ratio value under unsoaked and 

soaked condition and undrained shear parameters  studied experimentally has been 

presented.  Test results are summarized in graphical form with some elementary analysis 

where ever appropriate. The dimensional analysis is carried out as explained in chapter 3. 

Artificial neural network methodology was adopted to understand the sensitivity effect of 

each parameter contributing to CBR. Modeling for computation of CBR by Artificial 

Neural Network using R programming is performed. Based on the functional relationships 

derived in Chapter-3, new methods are proposed for the computation of California bearing 

ratio of cohesive soils consisting of clay-gravel and clay-sand-gravel mixtures. 
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CHAPTER 6 

Conclusions 

The objective of the research is to investigate the effect of cohesion on California bearing 

ratio (CBR) of clay-gravel and clay-sand-gravel mixtures. Several laboratory experiments 

were conducted to study the variation of California bearing ratio of these mixtures. Nine 

different clay-gravel and clay-sand-gravel mixtures were prepared by varying clay content 

from 10% to 50 % (by weight) at the increment of 5%. The testing program included 

evaluation of compaction characteristics using modified Proctor test, bearing ratio in 

unsoaked and soaked condition and undrained shear parameters by triaxial testing.  A total 

90 samples for clay-gravel mixtures and 90 samples for clay-sand-gravel mixtures were 

tested and analyzed for the computation of CBR 

The primary focus of the analysis was to develop correlations between CBR and cohesion 

along with some important interacting parameters using dimensional analysis. Statistical 

analysis was carried out by performing multiple linear regression analysis and by Artificial 

Neural Network modeling using R programming. The major outcomes based on the study 

are summarized as under:  

• Behavior of the  clay- gravel and  clay-sand -gravel mixture is highly influenced by 

coupled interaction between moisture content and clay percentage.   

 

• Experiments revealed that, with the increase in fine particles, the optimum moisture 

content increases but reduction in maximum dry density is moderate. When mixture 

has moisture content  above optimum, free moisture  particles are available which 

develops lubricating effects  while at and below optimum moisture, particles are 

adhered to soil aggregate. CBR value decreases with the increase in moisture 

content in case of both mixtures.  

 

• CBR decreases with the increase in clay percentage in clay-gravel and clay-sand-

gravel mixtures. The reduction in CBR is significant at about 20% to 35% 
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increment in clay percentage. CBR increases with the increase in dry unit weight of 

clay-gravel and clay-sand-gravel mixtures. On the wet side of OMC, when the 

water content of soil increases, water acts as a shield and it penetrates the space 

between the particle surface and the cations, decreasing the attractive forces 

between the two particles. As the repulsive forces are dominant over attractive 

forces, the shear strength of soils in dispersed structure is very low. Hence on wet 

side of OMC, even if the mixture has same unit weight of dry side, CBR value is 

low. 

 

• The shear parameters are controlled by clay fraction when it is more than 20%. The 

cohesion of the mixture is found to increase with increasing water content to a 

certain limit above which it decreases. The angle of internal friction for both 

mixtures is found generally to decrease with increasing clay percentage and 

moisture content.  

 

• CBR decreases with the increase in cohesion in case of both mixtures. The mixtures 

having moisture content more than optimum moisture content showed a slight 

different behavior than the rest of the samples as illustrated by Figs.5.13 and 5.14. 

This distinct behavior may be attributable to particle orientation due to presence of 

larger moisture (above OMC) in clay-gravel and clay-sand-gravel mixtures. In 

general, CBR increases with the increase in angle of internal friction of both 

mixtures. 

 

• Functional relationships have been identified to estimate CBR of clay-gravel and 

clay-sand-gravel mixtures for unsoaked and soaked conditions. Transforming all 

data into logarithm and using multiple linear regression with all pertinent 

parameters, the following relationships are proposed to compute CBR of clay-

gravel and clay-sand-gravel mixtures under unsoaked and soaked conditions.  
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Clay-gravel mixture (unsoaked condition) 

           

             

Clay-sand-gravel mixture (unsoaked condition) 

                      

                  

 Clay-gravel mixture (soaked condition) 

            

 

Clay-sand-gravel mixture (soaked condition) 

               

 

Regression analysis indicated strong relationship among the independent variable and 

output variable CBR for both unsoaked and soaked condition.  The significance of all these 

proposed models has also been checked through statistical tests. F test and t test of 

ANOVA in Pearson stat open source software were performed to check the adequacy of 

the models. For all developed models, the obtained R2 value is above 0.90 for accepted 

confidence level of 5%. The observed values of CBR are compared with the corresponding 

values obtained using proposed relationship. The predicted values are well within the ± 

10% variation of observed values. 

 ANN methodology was used to predict the contribution of each variables. Four different 

methods viz; connection weight approach, Garson algorithm, Olden algorithm and Lek's 

profile model are used to assess the influence of variable parameters. Connection weight 

method   and Garson model are quantative methods, Olden model  and Lek's profile model 

are qualitative  methods. The Garson method gives magnitude of  relationship where as 

Olden method gives idea about both, magnitude and sign of relationship between the 

variables relative to each other. In Lek's profile model, different types of  curves are 

generated. It  gives a set of profiles of variation of dependent variables according to the 

input of variables. These methods provide a means for interpreting contribution of input 

variables in the neural network modeling process. It is evident from the all contribution 

plots  that the overall influence of cohesion is much more positive than percentage of clay 

and moisture content. However impact of friction has strongest association than cohesion 
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on CBR values for unsoaked condition. The other two variables namely clay and moisture 

content gave negative response to the CBR values. 

• For clay-gravel mixtures in unsoaked condition, cohesion has moderately strong 

relation with CBR as per  both, connection weight method and Garson model. 

Connection weight approach uses raw connection weight which accounts for 

direction of relationship between variables. It gives positive importance value for 

cohesion and its rank-2 for both the mixtures. Olden model also indicated positive 

association of cohesion with CBR. Lek's profile gives left skewed curve, which 

shows that  increase in cohesion will gradually increase  CBR response.  

 

• For clay-sand-gravel  mixtures in unsoaked condition, response of cohesion is  nearly 

similar to the response of cohesion for clay-gravel mixtures. Cohesion has positive 

association with CBR. The difference in the contribution of cohesion observed is 

very narrow for both mixtures. However as per Garson model, cohesion contribution 

is about 20% more than connection weight method for both mixtures. Olden model 

and Lek's profile both showed positive association. Clay and moisture content are 

negatively related with CBR.  

 

• Combined effect of clay percentage and moisture content obtained  by connection 

weight approach and Garson model indicated that, cohesion has stronger affiliation 

with CBR for clay-sand-gravel mixtures than clay-gravel mixtures. The results of 

Olden model are in line with the Lek's profile response. 

 

• For soaked condition, clay percentage has marginal negative effect in clay-gravel 

mixtures and moderately positive effect in clay-sand-gravel mixtures. Role of 

moisture content is strongly negative for clay-gravel combination and strongly 

positive for clay-sand-gravel combination. Similar trend is observed  in Olden model 

and Lek's profile results. 
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Relative contribution of input  variables for unsoaked condition 

 

Mixture  Model 
Clay 

percentage 

Moisture 

Content 
Cohesion 

Angle of 

Friction 

Clay-gravel 
Connection 

weight approach 

Rank-4  

(-ve)
 
 

Rank- 3  

(-ve)  

Rank- 2 

(+ve)
 
 

Rank-1 

(+ve)
 
 

Clay-gravel 
Garson 

Algorithm 
25% 12% 20% 43% 

Clay-gravel 
 Olden 

Algorithm 

Negative 

relation 

Marginally 

negative 

relation 

Positive 

relation 

Strong 

positive 

relation 

Clay-gravel Lek's profile 

          Right 

skewed 

response 

curve 

Flat to 

decreasing 

response 

curve 

Increasing 

response 

curve 

Left 

skewed 

response 

curve 

Mixture  Model 
Clay 

percentage 

Moisture 

Content 
Cohesion 

Angle of 

Friction 

Clay-sand-

gravel 

Connection 

weight approach 

Rank- 4 

 (-ve)  

Rank – 3  

(-ve)  

Rank-2  

(+ve)  

Rank-1 

(+ve)  

Clay-sand-

gravel 

 Garson 

Algorithm 
12% 17% 24% 47% 

Clay-sand-

gravel 
 Olden Algorithm 

Strong 

Negative 

relation 

Negative 

relation 

Positive 

relation 

Strong 

positive 

relation 

Clay-sand-

gravel 
Lek's profile 

     Right 

skewed 

response 

 curve 

Flat to 

decreasing 

response 

curve 

Increasing 

response 

curve. 

Left 

skewed 

response 

curve 
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Relative contribution of input  variables for soaked condition 

 

Mixture and 

Condition 
Model 

Clay 

percentage 

Moisture 

Content 

Dimensional 

Density 

Clay-gravel 
Connection 

weight approach 

Rank -2  

(-ve)  

Rank – 3  

(-ve)  

Rank-1  

 (+ve)  

Clay-gravel Garson Algorithm 21% 35% 44% 

Clay-gravel Olden Algorithm 

Marginally 

negative 

relation 

Strong 

negative 

relation 

Strong 

positive 

relation 

Clay-gravel 
Lek's profile 

Algorithm 

Flat to reduced 

response 

curve 

Right skewed 

response  

curve 

Left skewed 

response 

curve. 

Mixture and 

Condition 
Model 

Clay 

percentage 

Moisture 

Content 

Dimensional 

Density 

Clay-sand-gravel 
Connection 

weight approach 

Rank-3 

 (+ve)  

Rank-2 

 (+ve)  

Rank-1 

 (+ve)  

Clay-sand-gravel  Garson Algorithm 13% 40% 47% 

Clay-sand-gravel Olden Algorithm 
Positive 

relation 

Strong  

positive 

relation 

Strong 

positive 

relation 

Clay-sand-gravel 
Lek's profile 

Algorithm 

Flat to 

increasing       

response curve. 

Increasing 

response  

curve 

Left skewed 

response 

curve. 

 

 

The presented models may be beneficial not only for individuals but additionally for the 

government agencies involved in pavement construction areas. The expense and time 

required for testing might be saved. Finally, the results of this research can be employed to 

develop quality assurance procedures for construction of subgrade layers.  
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Achievements with respect to objectives 

Variables influencing California bearing ratio of clay-gravel and clay-sand-gravel mixtures 

under soaked and unsoaked conditions have been identified. Functional relationships have 

been identified to estimate CBR of clay-gravel and clay-sand-gravel mixtures for unsoaked 

and soaked conditions. Using multiple linear regression analysis (MLRA), relationships are 

proposed to estimate CBR of clay-gravel and clay-sand-gravel mixtures under unsoaked as 

well as soaked conditions. The statistical analysis is carried out to adjudge the behavior of 

the pertinent variables on CBR. The proposed relationships very well predict the CBR of 

both clay-gravel and clay-sand-gravel mixtures. Sensitivity analysis was carried out by 

Artificial Neural Network modeling using R programming 

It is revealed that both the ANN and MLRA models are accurate in predicting the CBR of 

both types of mixtures. It is further concluded that MLRA and ANN models are reliable 

and quick tool for accurate estimation of CBR of cohesive soil mixtures using their basic 

soil properties. Therefore, it can be utilized as an inexpensive substitute of the laboratory 

testing of CBR. The presented experimental works as well as statistical results are useful in 

assessing and predicting the performance of subgrade layer in the pavement construction. 
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Appendices 

Appendix A: Summary of California Bearing Ratio Test (Load vs Penetration data)  

of  Clay- Gravel mixtures 

10 % Clay , @ OMC (6.40 %)  

Un soaked Samples 

Penetration (mm) Sample I Sample II Sample III 

 Load (kg) 

0 0 0 0 

0.5 127.7 120.3 199.7 

1 316.1 294.2 419.9 

1.5 570.5 537.5 642.5 

2 789.1 841.3 843.1 

2.5 903.6 978.9 998.6 

3 1137.3 1185.6 1114.9 

3.5 1308.5 1287.6 1167.3 

4 1389.5 1347.8 1227.7 

4.5 1433.9 1453.3 1238.1 

5 1481.2 1540.6 1260.3 

CBR @ 2.5 mm 77.32 73.42 72.79 

Ave.CBR @ 2.5 mm 74.51 

CBR @ 5 mm 64.99 61.88 52.97 

Ave.CBR @  5 mm 59.94 

10 % Clay ( at 6.40 % OMC) (Clay-Gravel Mixture) 

soaked Samples 

Penetration (mm) Sample I Sample II Sample III 

 Load (kg) 

0 0 0 0 

0.5 199.7 147.4 166.3 

1 419.9 288.3 258.1 

1.5 642.5 436.7 336.7 

2 843.1 541.3 441.3 

2.5 998.6 718.9 522.3 

3 1114.9 789.3 659.6 

3.5 1167.3 871.5 789.5 

4 1227.7 948.3 848.7 

4.5 1238.1 1055.6 911.63 

5 1260.3 1167.21 968.21 

CBR @ 2.5 mm 58.07 55.16 58.19 

Ave.CBR @ 2.5 mm 57.14 

CBR @ 5 mm 53.32 55.52 48.79 

Ave.CBR @ 5 mm 52.54 
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Appendix B : Summary of California Bearing Ratio Test results of   

Clay-Gravel mixtures 

Sr.

No 

 

Clay 

 

Gravel  
Moisture 

Content 

Dry Unit 

Weight 

CBR 

Unsoaked 

CBR 

Soaked 

Water 

content 

of sample 

 (%) (%) (%) (kN/m3) (%) (%)  

1 10 90 6.4 21.71 74.51 57.62 

@ OMC 

2 15 85 6.82 21.59 70.16 52.22 

3 20 80 7.19 21.4 63.36 43.71 

4 25 75 7.56 21.23 55.42 32.45 

5 30 70 7.92 20.9 44.3 25.89 

6 35 65 8.65 20.52 38.3 18.24 

7 40 60 9.42 20.2 31.6 14.21 

8 45 55 10.42 20.04 25.2 11.12 

9 50 50 11.05 19.88 20.4 7.23 

10 10 90 4.4 20.7 70.69 54.29 

(-2 %) of 

OMC 

(Dry 

Side) 

11 15 85 4.82 20.64 64.12 47.41 

12 20 80 5.19 20.5 58.37 39.56 

13 25 75 5.56 20.39 48.3 31.12 

14 30 70 5.92 20.3 40.8 23.15 

15 35 65 6.65 20.1 29.64 18.45 

16 40 60 7.42 19.9 24.9 14.89 

17 45 55 8.42 19.81 18.4 12.6 

18 50 50 9.05 19.67 14.95 7.84 

19 10 90 2.9 20.05 63.9 51.08 

(-3.5 %) 

of 

OMC 

(Dry 

Side) 

20 15 85 3.32 20 59.1 47.56 

21 20 80 3.69 19.79 54.23 41.2 

22 25 75 4.06 19.6 41.56 36.26 

23 30 70 4.42 19.52 34.12 31.59 

24 35 65 5.15 19.5 27.2 26.15 

25 40 60 5.92 19.52 22.89 22.8 

26 45 55 6.92 19.42 15.82 10.88 

27 50 50 7.55 19.32 11.89 7.47 
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Sr. 

No 

 

Clay 

 

Gravel 
Moisture 

Content 

Dry Unit 

Weight 

CBR 

Unsoaked 

CBR 

Soaked 

Water 

content of 

sample 

 (%) (%) (%) (kN/m3) (%) (%)  

28 10 90 8.4 20.23 43.12 39.62 

(+2 %) of 

OMC 

(Wet Side) 

29 15 85 8.82 20.12 38.58 31.54 

30 20 80 9.19 20.02 32.78 23.99 

31 25 75 9.56 19.93 28.29 17.5 

32 30 70 9.92 19.9 21.69 12.3 

33 35 65 10.65 19.81 18.23 10.2 

34 40 60 11.42 19.69 12.96 9.23 

35 45 55 12.42 19.54 8.36 8.16 

36 50 50 13.05 19.38 5.46 5.85 

37 10 90 9.9 20.1 36.85 29.23 

(+3.5 %) of 

OMC 

(Wet Side) 

38 15 85 10.32 20 32.21 24.45 

39 20 80 10.69 19.91 26.4 19.8 

40 25 75 11.06 19.76 18.3 17.15 

41 30 70 11.42 19.62 13.86 13.59 

42 35 65 12.15 19.43 9.51 10.23 

43 40 60 12.92 19.2 7.08 8.56 

44 45 55 13.92 18.92 4.22 5.22 

45 50 50 14.55 18.56 3.13 2.16 
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Appendix C : Summary of California Bearing Ratio Test results of  

 Clay-Sand-Gravel  mixtures 

 

Sr. 

No 

 

Clay 

 

Sand Gravel 
Moisture 

Content 

Dry Unit 

Weight 

CBR 

Unsoaked 

CBR 

Soaked 

Water content 

of sample 

 (%) (%) (%) (%) (kN/m3) (%) (%)  

1 10 45 45 8.4 21.42 69.95 59.12 

@ OMC 

2 15 42.5 42.5 8.8 21.29 63.69 54.72 

3 20 40 40 9.14 21.18 59.43 45.21 

4 25 37.5 37.5 9.6 20.9 52.38 33.95 

5 30 35 35 9.9 20.83 47.82 27.39 

6 35 32.5 32.5 10.3 20.6 40.71 20.74 

7 40 30 30 10.7 20.5 34.19 16.39 

8 45 28.5 28.5 11 20.3 26.41 14.13 

9 50 25 25 11.6 20.2 20.68 11.73 

10 10 45 45 6.4 21.05 63.36 56.79 

(- 2 % ) of 

OMC 

(Dry Side) 

11 15 42.5 42.5 6.8 20.74 58.71 50.06 

12 20 40 40 7.14 20.52 52.13 42.06 

13 25 37.5 37.5 7.6 20.45 49.84 33.62 

14 30 35 35 7.9 20.26 41.52 25.65 

15 35 32.5 32.5 8.3 20.13 34.18 20.95 

16 40 30 30 8.7 20.05 26.22 16.71 

17 45 28.5 28.5 9 19.96 22.82 14.58 

18 50 25 25 9.6 19.84 19.03 10.34 

19 10 45 45 4.9 20.38 59.26 53.58 

(-3.5%  ) of 

OMC 

(Dry Side) 

20 15 42.5 42.5 5.3 20.06 53.62 48.91 

21 20 40 40 5.64 20 48.96 40.58 

22 25 37.5 37.5 6.1 19.95 44.32 37.76 

23 30 35 35 6.4 19.78 37.06 31.71 

24 35 32.5 32.5 6.8 19.76 30.42 25.65 

25 40 30 30 7.2 19.6 26.69 20.3 

26 45 28.5 28.5 7.5 19.51 20.83 13.38 

27 50 25 25 8.1 19.35 16.4 8.97 
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Sr. 

No 

 

Clay 

 

Sand Gravel 
Moisture 

Content 

Dry 

Unit 

Weight 

CBR 

Unsoaked 

CBR 

Soaked 

Water 

content of 

sample 

 (%) (%) (%) (%) (kN/m3) (%) (%)  

28 10 45 45 10.4 20.95 45.27 42.12 

(+2 % ) of 

OMC 

(Wet Side) 

29 15 42.5 42.5 10.8 20.82 39.68 35.04 

30 20 40 40 11.14 20.4 37.15 27.32 

31 25 37.5 37.5 11.6 20.38 33.67 21.01 

32 30 35 35 11.9 20.34 32.37 16.19 

33 35 32.5 32.5 12.3 20.2 26.02 12.96 

34 40 30 30 12.7 20.08 20.38 11.73 

35 45 28.5 28.5 13 19.95 13.5 10.36 

36 50 25 25 13.6 19.72 9.27 7.15 

37 10 45 45 11.9 20.28 37.92 31.73 

(+3.5 %) of 

OMC 

(Wet Side) 

38 15 42.5 42.5 12.3 20.08 33.71 26.95 

39 20 40 40 12.64 19.68 28.95 22.3 

40 25 37.5 37.5 13.1 19.65 23.63 19.65 

41 30 35 35 13.4 19.6 21.35 16.09 

42 35 32.5 32.5 13.8 19.53 19.11 12.73 

43 40 30 30 14.2 19.5 15.32 11.06 

44 45 28.5 28.5 14.5 19.35 11.06 7.72 

45 50 25 25 15.1 19.2 8.46 4.16 
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Appendix D : Summary of Unconsolidated Undrained (UU) Triaxial Test results of 

Clay-Gravel mixtures 

Sr.

No 

 

Clay 

 

Gravel  
Moisture 

Content 

 

Dry Unit 

Weight 

 

Cohesion 
Angle of 

Friction 

Water 

content of 

sample 

 (%) (%) (%) (kN/m3) (kN/m2) (degree)  

1 10 90 6.4 21.71 8.1 44 

@ OMC 

2 15 85 6.82 21.59 13.9 44 

3 20 80 7.19 21.4 20 42 

4 25 75 7.56 21.23 27.5 40 

5 30 70 7.92 20.9 36.8 37 

6 35 65 8.65 20.52 45.2 34 

7 40 60 9.42 20.2 52 33 

8 45 55 10.42 20.04 58.8 31 

9 50 50 11.05 19.88 60 30 

10 10 90 4.4 20.7 14.2 42 

(-2 % ) of 

OMC 

(Dry Side) 

11 15 85 4.82 20.64 19.5 40 

12 20 80 5.19 20.5 26.5 38 

13 25 75 5.56 20.39 31 36 

14 30 70 5.92 20.3 37.8 35 

15 35 65 6.65 20.1 44.9 33 

16 40 60 7.42 19.9 54 30 

17 45 55 8.42 19.81 60.5 28 

18 50 50 9.05 19.67 68.5 27 

19 10 90 2.9 20.05 17 40 

(-3.5 %) of 

OMC 

(Dry Side) 

20 15 85 3.32 20 21 39 

21 20 80 3.69 19.79 29.7 38 

22 25 75 4.06 19.6 38.1 32 

23 30 70 4.42 19.52 47.8 29 

24 35 65 5.15 19.5 54 27 

25 40 60 5.92 19.52 60 25 

26 45 55 6.92 19.42 63.4 24 

27 50 50 7.55 19.32 66 23 
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Sr. 

No 

 

Clay 

 

Gravel 
Moisture 

Content 

Dry Unit 

Weight 
Cohesion 

Angle 

of 

Friction 

Water 

content of 

sample 

 (%) (%) (%) (kN/m3) (kN/m2) (degree)  

28 10 90 8.4 20.23 8.9 36 

(+2 %) of 

OMC 

(Wet Side) 

29 15 85 8.82 20.12 12 34 

30 20 80 9.19 20.02 14 31 

31 25 75 9.56 19.93 20.3 30 

32 30 70 9.92 19.9 25 27 

33 35 65 10.65 19.81 30.2 25 

34 40 60 11.42 19.69 27 25 

35 45 55 12.42 19.54 21 23 

36 50 50 13.05 19.38 17 20 

37 10 90 9.9 20.1 8 35 

(+3.5 %) of 

OMC 

(Wet Side) 

38 15 85 10.32 20 11.3 34 

39 20 80 10.69 19.91 13.3 31 

40 25 75 11.06 19.76 17 30 

41 30 70 11.42 19.62 20 27 

42 35 65 12.15 19.43 27 24 

43 40 60 12.92 19.2 20.6 21 

44 45 55 13.92 18.92 18.4 19 

45 50 50 14.55 18.56 14 17 
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Appendix E : Summary of Unconsolidated Undrained (UU) Triaxial Test results of  

Clay-Sand- Gravel mixtures   

Sr.

No 
Clay 

 

Sand Gravel 
Moisture 

Content 

Dry 

Unit 

Weight 

Cohesion 
Angle of 

Friction 

Water 

content of 

sample 

 (%) (%) (%) (%) (kN/m3) (kN/m2) (degree)  

1 10 90 90 8.4 21.42 11 33 

@ OMC 

2 15 85 85 8.8 21.29 18.9 32 

3 20 80 80 9.14 21.18 27.1 29 

4 25 75 75 9.6 20.9 33.2 28 

5 30 70 70 9.9 20.83 42 25 

6 35 65 65 10.3 20.6 52.8 24 

7 40 60 60 10.7 20.5 59.2 21 

8 45 55 55 11 20.3 67.5 18 

9 50 50 50 11.6 20.2 73 16 

10 10 90 90 6.4 21.05 12 30 

(-2 %) of 

OMC 

(Dry Side) 

11 15 85 85 6.8 20.74 18.2 29 

12 20 80 80 7.14 20.52 27.1 26 

13 25 75 75 7.6 20.45 33 24 

14 30 70 70 7.9 20.26 41 23 

15 35 65 65 8.3 20.13 58.8 21 

16 40 60 60 8.7 20.05 67 18 

17 45 55 55 9 19.96 75 17 

18 50 50 50 9.6 19.84 78.2 15 

19 10 90 90 4.9 21.42 14.6 28 

(-3.5 %) of 

OMC 

(Dry Side) 

20 15 85 85 5.3 21.29 22.4 27 

21 20 80 80 5.64 21.18 31 24 

22 25 75 75 6.1 20.9 38.5 22 

23 30 70 70 6.4 20.83 50.9 19 

24 35 65 65 6.8 20.6 61.2 18 

25 40 60 60 7.2 20.5 70 17 

26 45 55 55 7.5 20.3 76.1 14 

27 50 50 50 8.1 20.2 79.7 13 
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Sr. 

No 

 

Clay 

 

Sand Gravel 
Moisture 

Content 

Dry Unit 

Weight 
Cohesion 

Angle of 

Friction 

Water 

content of 

sample 

 (%) (%) (%) (%) (kN/m3) (kN/m2) (degree)  

28 10 90 90 10.4 20.23 20.95 28 

(+2 %) of 

OMC 

(Wet Side) 

29 15 85 85 10.8 20.12 20.82 26 

30 20 80 80 11.14 20.02 20.4 25 

31 25 75 75 11.6 19.93 20.38 22 

32 30 70 70 11.9 19.9 20.34 21 

33 35 65 65 12.3 19.81 20.2 19 

34 40 60 60 12.7 19.69 20.08 16 

35 45 55 55 13 19.54 19.95 14 

36 50 50 50 13.6 19.38 19.72 13 

37 10 90 90 11.9 20.1 20.28 25 

(+3.5 %) of 

OMC 

(Wet Side) 

38 15 85 85 12.3 20 20.08 23 

39 20 80 80 12.64 19.91 19.68 22 

40 25 75 75 13.1 19.76 19.65 21 

41 30 70 70 13.4 19.62 19.6 18 

42 35 65 65 13.8 19.43 19.53 15 

43 40 60 60 14.2 19.2 19.5 11 

44 45 55 55 14.5 18.92 19.35 9 

45 50 50 50 15.1 18.56 19.2 8 


