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Abstract Resilient modulus (Mr) of a soil is used as

a basic input in the analysis of sub-grade and sub-base

in the mechanistic empirical design approaches. The

present work focuses on evolving a cost effective

approach for the determination of resilient modulus in

the laboratory based on tests performed using the CBR

method, and the DCP. Lateritic sub-grades in India

exhibit wide-ranging variations in strength and stiff-

ness due to varying fines content, and other charac-

teristics. Additionally, soils of lateritic origin with a

higher proportion of fines, also called as lithomargic

soils, pose difficulties to pavement engineers due to

the poor supporting strength. In order to investigate the

strength and stiffness of a wide variety of lateritic

soils, it was proposed to perform tests on lateritic soils

blended with lithomargic fines in this study. The study

focuses on correlating the effect of grain-size, max-

imum dry-density (MDD), and optimum moisture

content (OMC) on the resilient modulus (Mr)

measured using the cyclic tri-axial test for various

blends of lateritic soils. Tests were performed on soil

samples compacted to MDD for molding water

contents set to the OMC, dry-side of OMC, and

the wet-side of OMC. The results indicated that an

increase in the fines-content resulted in an increase in

the OMC, and a decrease in the MDD and Mr values.

Regressions were developed correlating the fines

content to the resilient modulus. This study is expected

to provide the necessary basis for estimating the

strength of a wide variety of lateritic sub-grades based

on the fines content.

Keywords Resilient modulus � Lithomargic soil �
Lateritic sub-grade � Soil parameters � Correlation

1 Introduction

Pavement sub-grades are subjected to repeated traffic

loadings, and are expected to rebound elastically when

subjected to wheel loads. However, when these sub-

grades are repeatedly subjected to traffic loads, plastic

deformations occur. Stiffer pavements are capable of

withstanding more repetitions of traffic wheel loads.

The long term performance of the pavement mainly

depends on the strength and stiffness of soil under

traffic loading. These stiffness values are used to set

the critical limits for pavement performance during

the design life (Van Gurp et al. 2000).
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The resilient modulus (Mr) is a fundamental

material property used in characterizing the stiffness

of the sub-grades and it provides the basis for

analyzing the soil strength under different conditions

(AASHTO 1986). American Association of State

Highway and Transportation Officials (AASHTO)

formulated the guidelines for the analysis of pavement

structures based on the resilient modulus for the

Mechanistic-Empirical approach for design of pave-

ment structures (AASHTO 1986; Monismith 1989).

As the determination of resilient modulus in the

laboratory is costly, time consuming, and cumber-

some, a number of agencies have recommended the

use of empirical models for the prediction of resilient

modulus based on tests performed using the CBR

method, and the DCP. Similar approaches for the

determination of the resilient modulus are considered

acceptable by AASHTO (1986), which will be of

advantage to pavement engineers of various

developing countries.

There are a number of methods to evaluate the sub-

grade strength and stiffness. The most popular

approaches include the use of the CBR tests, the plate

bearing tests, the dynamic cone penetrometer (DCP),

and the Geogauge. Additionally, the methods

employed to determine the resilient modulus using

the portable falling weight deflectometer, and the

cyclic-triaxial tests also have gained popularity

(Livneh and Goldberg 2001; Nazarian et al. 2002;

Rahim and George 2002; Sawangsuriya et al. 2002;

George et al. 2009).

The resilient modulus, a measure for soil stiffness,

is influenced by a number of factors including the

particle-size distribution, loading condition, type of

soil, plasticity, soil-density, and the moisture content

(Hicks and Monismith 1971; Burczyk et al. 1994; Li

and Selig 1994; Al-Refeai and Al-Suhaibani 2002;

George et al. 2009; Taheri and Tatsuoka 2012). Soil

stiffness substantially depends on the inter-granular

(effective) confining stress as well as on the applied

deviatoric stress in a cyclic tri-axial test (Hardcastle

1992). A proper understanding of the various factors

that influence strength and stiffness will provide the

necessary basis for employing quality control mea-

sures in pavement construction.

The resilient modulus can also be obtained using

correlations based on soil properties. Drumm et al.

(1990), Farrar and Turner (1991), Von Quintus and

Killingsworth (1998), Malla and Joshi (2008), George

et al. (2009), and others performed studies on formu-

lating regression expressions to determine the resilient

modulus.

The present study is focused on the effect of soil

parameters on the resilient modulus obtained using the

cyclic tri-axial test on lateritic soils, lithomargic fines,

and various blends of lateritic and lithomargic soils.

Lateritic soils of peninsular India are characterized by

the presence of lateritic and lithomargic soils that

constitute 40% of the soil in this region (Rao 2008). In

locations characterized by lateritic soils, it may be

observed that the top portion of naturally occurring

lateritic soils are stronger, when compared to the

underlying lithomargic soil strata. This is due to the

reason that lateritic soils are vesicular in nature, and

finer particles of soil leach out to the bottom most

layers when exposed to humid climatic conditions.

M’Clelland (1841) provides detailed explanations on

the origin and formation of lateritic and lithomargic

soils.

Also, it is experienced that the cut and fill activities

in road construction works in lateritic terrains tend to

expose the under laying silty soils (or lithomargic

soils) that are weaker. Thus, pavement engineers in the

peninsular region of India often experience difficulties

in estimating the strength of lateritic and lithomargic

soils that occur in varying proportions. In the present

study, in order to investigate the strength and stiffness

of a wide variety of lateritic and lithomargic soils, it

was proposed to perform tests on pure lateritic soils,

lithomargic soils, and various blends of lateritic and

lithomargic soils of the nearby region.

The study focuses on correlating the effect of grain-

size, maximum dry-density (MDD), and optimum

moisture content (OMC) on the resilient modulus (Mr)

measured using the cyclic tri-axial test for various

blends of lateritic soils. Tests were performed on soil

samples compacted to MDD for molding water

contents set to the optimum moisture content

(OMC), dry-side of OMC, and wet-side of OMC.

The results indicated that an increase in the fines-

content resulted in an increase in the OMC, and a

decrease in the MDD andMr values. Regressions were

developed correlating the fines content to the resilient

modulus. The study also includes the effect of deviator

stress and confining stress on various lateritic blends.

This study is expected to provide the necessary basis

for estimating the strength of a wide variety of lateritic

sub-grades based on the fines content.
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2 Problem Definition and Scope

It may be observed that characteristics of lateritic

rocks, lateritic aggregates, and lateritic soils are

different. Lateritic rocks rich in iron and aluminum

are rarely seen in India although it exists in many parts

of Nigeria, and Ethiopia. Lateritic rocks are harder,

and possess darker shades of color due to the immense

presence of iron oxides that occur due to exposure to

humid climatic conditions and sunlight. However,

lateritic aggregates and lateritic soils are not so hard as

these do not possess very high percentages of iron

oxides. Akpokpodje and Hudec (1992) provide details

on a wide variety of lateritic rocks obtained from ten

different cities of Nigeria with specific gravities

varying from 2.95 to 3.47, while Madu (1980)

discusses details on lateritic rocks and aggregates

with specific gravities varying from 2.6 to 2.9.

Muthusamy et al. (2015) report a specific gravity of

2.54 for lateritic aggregates with 7.18% iron oxides for

lateritic aggregates of Malaysia, while Raju and

Ramakrishna (2006) report specific gravities ranging

from 2.7 to 3.0 for lateritic aggregates in coastal

Karnataka, India. George et al. (2009) also performed

studies on lateritic soils in the coastal regions of

Karnataka, India, and confirm that the specific grav-

ities of lateritic soils vary between 2.6 and 2.7.

The present study is conducted on soil that is found

to occur most commonly in the coastal regions of the

District of Dakshina Kannada. Similar soil character-

istics can be observed in the peninsular regions of

Southern India including Malabar. The soils in this

region are predominantly lateritic in nature, with

intrusions of lithomargic soil (fine grained silty soil). It

may be observed that although soils of lateritic nature

are sufficiently strong enough to be used as sub-base

courses, lithomargic soil intrusions are very weak

especially when exposed to moist conditions. Also,

since lateritic and lithomargic soils occur in the same

locality, these are mostly seen to be intermixed with

each other due to cut and fill, and site-leveling

activities that take place on highway construction

sites. Due to this reason, it was proposed to perform

studies on various blends of lateritic and lithomargic

soils. It may also be observed that the strength of these

soils are easily affected by changes in moisture

content, and the proportion of fines as observed by

Kim and Kim (2006) and George et al. (2009).

This study includes tests on various blends of

lateritic and lithomargic soils compacted to MDD for

molding water contents set to the optimum moisture

content (designated as Wopt), dry-side of optimum

moisture content (designated asWopt - 3%), and wet-

side of optimum moisture content (designated as

Wopt ? 3%).

As part of this study, standard tests including grain-

size analysis, and tests for Atterberg’s limits were

performed in the initial stages. This was followed by

investigations on the resilient modulus using the cyclic

tri-axial test equipment on un-soaked remolded

lateritic soil samples, in addition to tests on lateritic

soil blended with various percentages of lithomargic

soil (or fine grained silty soil) for soil specimens

compacted to the three moisture contents as men-

tioned above.

Correlations were developed using the statistical

package for social sciences (SPSS) quantifying the

influence of the percentage of fines, gravel, sand,

MDD and OMC, on the values of resilient modulus

obtained from the tests using the cyclic tri-axial

experiment for various soil blends.

3 Experimental Program

The following are the important steps in the method-

ology adopted for this study:

• Preparation of five soil blends with varying

percentages of lateritic and lithomargic soil frac-

tions and performing of tests for Atterberg’s

limits, particle size-distribution, soil classification

and modified proctor compaction test for the five

soil blends.

• Determination of the resilient modulus (Mr) using

the cyclic tri-axial test equipment for the five soil

blends.

• Development of regression models for quantifying

the effect of changes in the proportion of fines,

gravel and sand on the resilient modulus (Mr) in

addition to the effect of MDD and OMC for

various soil blends.

• Conducting a study on the effect of confining

pressure and deviator stress on various soil blends.
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4 Preparation of Soil Samples, Material Properties

and the Test Program

4.1 Preparation of Blended Soils

Engineers engaged in pavement construction in the

districts of Dakshina Kannada and Udupi in Karnataka

State, India, are required to build roads over lateritic

soil sub-grades where frequent intrusions of weaker

lithomargic soils are observed. Lateritic soils are

moderately strong, while moisture-content and silty

fines considerably reduce the strength and stiffness of

these soils.

In the present investigation, pure lithomargic soil

fractions were obtained from sites close to Kulai, near

Mangalore, Karnataka, and lateritic soils were

obtained from areas close to the existing National

Highway near the National Institute of Technology

Karnataka, Surathkal. The soil specimens comprising

lateritic soils were designated as 100%L ? 0%S, and

those comprising pure lithomargic soils were desig-

nated as 0%L ? 100%S.

In order to study the changes in strength and

stiffness characteristics, the lateritic and lithomargic

soil fractions were mixed in various proportions by the

method of quartering. Blended soil specimens pre-

pared with 75% lateritic soil and 25% lithomargic soil

were designated as 75%L ? 25%S, and soil speci-

mens prepared with 25% lateritic soil and 75%

lithomargic soil were designated as 25%L ? 75%S.

Additionally, blended soil specimens with 50%

lateritic soil and 50% lithomargic soil were prepared

and designated as 50%L ? 50%S. Five types of

blended lateritic soils with varying proportions of

silty fines (or lithomargic soil) were thus prepared for

this study. Figure 1 represents the soil profile of a

typical highway construction site in the study area.

4.2 Material Properties

Standard tests for soil samples such as the tests for as

specific gravity, liquid limit, plastic limit, shrinkage

limit, grain-size distribution, and modified compaction

were performed in accordance with the respective

Indian Standard Specifications. It may be noted that

the test procedures adopted in Indian Standard codes

were derived based on ASTM and British standards.

The results of these tests are provided in Table 1.

It may be noted that the USCS specifications for soil

classification are synonymous to Indian specifications

(2720 Part IV 1985) and IS: 1498 (1970). Also, tests

using the hydrometer indicated that clay particles

constituted 0.82, 3.6, 10.4, 17.9, and 30.1% for the five

soil blends 100%L ? 0%S, 75%L ? 25%S 50%L ?

50%S 25%L ? 75%S 0%L ? 100%S respectively.

4.3 Preparation of the Cylindrical Soil Specimens

for Cyclic Tri-Axial Test

For each of the five bended soils, the optimal moisture

content (OMC) was first determined using the mod-

ified Proctor tests performed as per IS: 2720 Part VIII

(1983), where soil was compacted in 5 layers, with 25

blows using a rammer of 4.9 kg falling through a

height of 450 mm. The density of the soil at OMC, and

the maximum dry density (MDD) were determined

using the modified Proctor test.

The cylindrical soil specimens to be tested using the

cyclic tri-axial test equipment were then prepared

according to AASHTO 37–99 by compacting the soil to

MDD in steel moulds in order to obtain soil specimens

of 50 mm diameter and 100 mm height for each of the

soil blends as recommended by Ping and Ling (2007).

See Fig. 2. Similar specimens were prepared for

various blends of lateritic soils for compactingmoisture

contents of Wopt - 3%, Wopt and Wopt ? 3%.

4.4 Experimental Setup for Tests Using

the Cyclic Tri-axial Test Equipment

Investigations using the cyclic tri-axial test equipment

for determining the resilient modulus for lateritic soil

blends were performed at Siddaganga Institute of

Lateritic soil (L)

Lithomargic Soil (S)

Blended Soil

Fig. 1 Soil profile
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Technology, Tumkur. This equipment consists of a

loading frame powered by either a pneumatic or

electro-hydraulic loading system.

The apparatus consists of a load cell and two

linearly variable differential transducers (LVDTs) for

measuring the applied load and the deformation. The

confining pressure (or cell-pressure) was applied

through a compressor. The load-cell attachment was

then placed over the prepared specimen.

The cylindrical soil specimen to be tested was

placed over the base plate, and a cylindrical glass

chamber (as used in tri-axial tests) was clamped over

the cylindrical specimen. The load-cell attachment

was then placed over it. The entire assembly was then

mounted on the loading platform of the cyclic tri-axial

testing machine. See Fig. 3. The hydraulic pump, the

electronic control system, and the computer system

with data logging capability attached to the machine,

were then switched on. A software named Cyclic

Fig. 2 Test specimens of various soil blends for cyclic tri-axial

test

Table 1 Properties of blended lateritic soils

Standard tests performed Types of soil blends

100%L ? 0%S 75%L ? 25%S 50%L ? 50%S 25%L ? 75%S 0%L ? 100%S

Lateritic soil Lithomargic laterites – Lateritic Lithomarges Lithomargic soil

Specific gravity 2.58 2.54 2.50 2.44 2.37

Atterberg’s limit

Liquid limit (%) 44.2 46.0 48.1 49.9 51.3

Plastic limit (%) 25.4 26.2 27.0 28.4 29.4

Shrinkage limit (%) 20.1 21.2 22.1 22.4 23.4

Gravel (%)[ 4.75 mm 30.9 17.9 7.7 6.0 1.0

Sand (%) 4750–75 l 55.1 42.0 38.3 25.0 13.0

Fines (%)\ 75 l 14.0 40.1 54.0 69.0 86.0

MDD (kN/cu m) 19.7 18.6 18.2 17.5 16.7

OMC (%) 13.8 14.6 15.2 16.7 20.4

USCS soil classification SP-MH or SP-CH SM or SC SM or SC MH CH-MH

Fig. 3 The cyclic tri-axial test equipment
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System Console V1.0.0 was used to perform the test in

the dynamic test mode.

4.5 Cyclic Tri-Axial Tests on Lateritic Soil

Blends

Cyclic tri-axial tests were conducted on the cylindrical

soil specimen subjected to static confining pressure

and a repeated axial cyclic stress of a fixed magnitude,

load duration, and cycle duration for a certain number

of cycles. Tests on the cyclic tri-axial test machine

were performed at the confining pressure and deviator

stress levels recommended by the AASHTO T-307-

99. The tests were performed at deviator stresses of

13.8, 27.6, 41.4, 55.2, and 68.9 kPa for each of the

confining stresses 41, 28, and 14 kPa for the determi-

nation of the resilient modulus for each blend. More-

over, based on studies performed at the University of

Mississippi for the Minesotta Department of Trans-

portation, George (2006) recommends that the re-

silient modulus determined at a deviator stress of

41 kPa and a confining pressure of 14 kPa, can be

compared to the resilient modulus measured using the

portable falling weight deflectometer (PFWD). This

was taken into consideration while formulating the

testing strategy.

Each sample in the repeated load test was subjected

to a combination of three confining pressures (41.4, 27.6

and 13.8 kPa) and five deviator stresses (13.8, 27.6,

41.4, 55.2 and 68.9 kpa) for each of the confining

pressures. Specimens for each combination of confining

pressure and deviator stress were first subjected to a

preconditioning load of 500 cycles within a total

duration of about 90 min, and subsequently, a final

load of 100 loading cycles was applied. The recoverable

axial deformation of each of the specimen was

measured for the 96th, 97th, 98th, 99th, and the 100th

loading cycles in order to compute the resilient modulus.

The amplitudes and seating loads for various

sequences of tests performed were set according to

AASHTO T 307-99 (AASHTO 2003). The values of

the resilient modulus for various soil blends were

computed as the ratio of the deviatoric stress to the

recoverable strain for the 96th, 97th, 98th, 99th and the

100th loading cycles (George and Kumar 2016). The

average resilient modulus of the soil specimen was

then determined and reported. Table 2 provides a

summary of the values of the resilient modulus

obtained based on the cyclic tri-axial tests.

5 Results and Discussion

It may be observed that the five soil blends designated

as 100%L ? 0%S, 75%L ? 25%S, 50%L ? 50%S,

25%L ? 75%S, and 0%L ? 100%S were created by

addition of lithomargic silty fines (S) to lateritic soils

(L). The fines content (referring to particles of size

lesser than 75 micron) in the five blends vary from 14

to 86%. It may also be observed that an increase in the

fines content is found to be associated with a decrease

in the specific gravity from 2.58 to 2.37. However,

since the Atterberg’s limits depend to a large extent on

the presence of clays or soil fractions lesser than 2

microns, and since the proportion of soil fractions

lesser than 2 microns (representing clay particles) has

not changed significantly with the increase in the

percentage of silty-fines, no significant change in the

values of Atterberg’s limits were observed for various

blends of soils.

5.1 Effect of Variations in Percentage of Fines

on Resilient Modulus (Mr) of Lateritic Soil

Blends

Table 2 provides details on the values of resilient

modulus (Mr) for various soil blends with fines content

varying from 14 to 86% compacted to OMD for un-

soaked soil conditions. The table also provides details

for samples compacted to the dry-side of optimum

(Wopt - 3%), and for samples compacted to the wet-

side of optimum (Wopt ? 3%).

Here, it can be seen that for various blends of

lateritic soils tested at molding moisture content of

Wopt - 3%, the values ofMr decreased from 283.81 to

65.45 MPa for un-soaked soil conditions. Similarly,

for molding moisture content of Wopt, the values ofMr

decreased from 298.75 to 68.89 MPa. Also, for

molding moisture content Wopt ? 3%, the values of

Mr decreased from 268.88 to 44.0 MPa. Thus, it can be

seen that the values ofMr decrease with increase in the

fines content from 14 to 86% irrespective of the

molding moisture contents. Also, the increase in the

percentage of fines has resulted in a reduction in the

soil stiffness as explained in the previous section.

However, it is observed that the values of Mr at

OMC conditions (denoted byWopt) are higher than that

at the drier-side of optimum denoted as Wopt - 3%

and that at the wetter-side of optimum denoted as

Wopt ? 3%. The soil strength determined at optimum

123

3992 Geotech Geol Eng (2018) 36:3987–4000



moisture content (OMC) on un-drained soils using the

tri-axial test equipment is higher due to the reason that

in tri-axial tests, the soil strength is measured based on

the combined effect of the deviator stress (or major

principal stress), and the cell pressure (or minor

principal stress), and the resistance offered by the

effect of cohesion and the angle of internal friction of

the soil sample. Similar observations were made by

Kizza et al. (2014) on tri-axial tests for shear strength

performed on un-drained soils.

Regression equations were developed correlating

the values of Mr for various lateritic soil blends to the

values of the percentage of fines for samples com-

pacted at moisture contents Wopt - 3%, Wopt and

Wopt ? 3% as shown in Table 3 using data compiled

in Tables 1 and 2. The scatter plot for the same is

provided in Fig. 4.

Thus, in the case of un-soaked soil samples, an

increase in the proportion of fine silty soil fractions

followed by a consequent decrease in the gravel

content for the various soil blends, resulted in a

decrease in the values of Mr with the scatter plot

following linear trends.

5.2 Correlations Between Gravel (%) and Mr

for Various Soil Blends

Based on a summary of the details on the values of the

resilient modulus of soil (Mr), for various blends of

lateritic soil samples (100%L ? 0%S,

75%L ? 25%S, 50%L ? 50%S, 25%L ? 75%S,

and 0%L ? 100%S) and for various moldingmoisture

contentsWopt - 3%, Wopt andWopt ? 3% as shown in

Table 2 for un-soaked soil samples, regression equa-

tions were developed correlating the values of Mr to
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0 20 40 60 80 100

M
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M
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Fines (%)

Wopt -3% Wopt Wopt +3%
Linear (Wopt -3%) Linear (Wopt) Linear (Wopt +3%)

Fig. 4 Variations in percentage of fines versus resilient

modulus for un-soaked conditions

Table 2 Summary of the values of the resilient modulus (Mr) based on the cyclic tri-axial tests

Resilient modulus (MPa) Types of soil blends

100%L ? 0%S 75%L ? 25%S 50%L ? 50%S 25%L ? 75%S 0%L ? 100%S

Lateritic Lithomargic laterites – Lateritic lithomarges Lithomargic

Wopt - 3% 283.81 271.27 171.30 142.08 65.45

Wopt 298.75 285.55 180.32 149.56 68.90

Wopt ? 3% 268.88 192.22 162.28 88.20 44.00

Wopt - 3% = OMC - 3%; Wopt = OMC; Wopt ? 3% = OMC ? 3%

Table 3 Regressions for Mr (MPa) based on Fines (%): un-soaked

Moisture conditions Regression equations R2 R2adj SEE F t Sig F

Wopt - 3% Mr = - 3.168 (Fines) ? 353.50 0.90 0.87 31.98 29.76 - 5.455 0.012

Wopt Mr = - 3.335 (Fines) ? 372.10 0.90 0.88 33.66 29.76 - 5.455 0.012

Wopt ? 3% Mr = - 3.183 (Fines) ? 318.61 0.99 0.98 11.36 238.0 - 15.43 0.000

Fines percentage of fines
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the percentage of gravel as shown in Table 4. The

scatter plot for the same is provided in Fig. 5.

In the above mentioned figure, it can be seen that in

the case of un-soaked soil samples, an increase in the

proportion of gravel particles followed by a conse-

quent decrease in the fines content for the various soil

blends, resulted in an increase in the values ofMr with

the scatter plot following linear trends.

5.3 Correlations Between Sand (%) and Mr

for Various Soil Blends

Based on a summary of the details on the values of the

resilient modulus of soil (Mr), for various blends of

lateritic soil samples (100%L ? 0%S,

75%L ? 25%S, 50%L ? 50%S, 25%L ? 75%S,

and 0%L ? 100%S) and for various moldingmoisture

contentsWopt - 3%, Wopt, andWopt? 3% as shown in

Table 2 for un-soaked soil samples, regression equa-

tions were developed correlating the values of Mr to

the percentage of sand as shown in Table 5. The

scatter plot for the same is provided in Fig. 6.

Thus, it is observed that in the case of un-soaked

soil samples, an increase in the proportion of sand

particles was followed by a consequent decrease in the

fines content for the various soil blends, which re-

sulted in an increase in the values ofMrwith the scatter

plot following linear trends.

5.4 Correlations Between MDD and Mr

for Various Soil Blends

Based on a summary of the details on values of the

resilient modulus of soil (Mr), at un-soaked soil

conditions (Mr) for various blends of lateritic soil

samples (100%L ? 0%S, 75%L ? 25%S, 50%L ?

50%S, 25%L ? 75%S, and 0%L ? 100%S) and for

various molding moisture contents Wopt - 3%,

Wopt, and Wopt ? 3% as shown in Table 2, regression

equations were developed correlating the values ofMr

to the values ofMDD as shown in Table 6. The scatter

plot for the same is provided in Fig. 7.

Here, it can be seen that in the case of un-soaked

soil samples, an increase in the proportion of fine silty

soil particles was followed by a consequent decrease

in the gravel and sand content for the various soil

blends, which resulted in an increase in the voids-

ratio, and a decrease in the values of MDD with the

scatter plot following linear trends. This observation

conforms to studies made by Hicks and Monismith

(1971), and Omotosho (2004).

5.5 Correlations Between OMC (%) and Mr

for Various Soil Blends

Based on a summary of the details on values of the

resilient modulus of soil (Mr), for various blends of

lateritic soil samples (100%L ? 0%S, 75%L ?

25%S, 50%L ? 50%S, 25%L ? 75%S, and 0%L ?

100%S) and for various molding water contents

Wopt - 3%, Wopt, and Wopt ? 3% as shown in

Table 2, regression equations were developed corre-

lating the values ofMr, to the values ofOMC as shown
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Fig. 5 Variations in percentage of gravel versus resilient

modulus for un-soaked conditions

Table 4 Regressions for Mr (MPa) based on percentage of gravel: un-soaked samples

Moisture conditions Regression equations R2 R2adj SEE F t Sig F

Wopt - 3% Mr = 96.84 ? 7.081 (Gravel) 0.85 0.80 41.52 16.43 3.34 0.027

Wopt Mr = 101.94 ? 7.545 (Gravel) 0.85 0.80 43.70 16.43 4.05 0.027

Wopt ? 3% Mr = 61.75 ? 7.03 (Gravel) 0.90 0.87 32.34 26.74 5.17 0.001

Gravel: percentage of gravel
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in Table 7. The scatter plot for the same is provided in

Fig. 8.

In the above mentioned figure, it can be observed

that in the case of un-soaked soil samples, an increase

in the OMC for the blends 100%L ? 0%S,

75%L ? 25%S, 50%L ? 50%S, 25%L ? 75%S

and 0%L ? 100%S, is followed by a consequent

decrease in the MDD that resulted in a decrease in

the values of Mr with the scatter plot following linear

trends. This conforms to studies made by Hicks and

Monismith (1971), Omotosho (2004) and George et al.

(2009).

5.6 Development of Multi-linear Regressions

to Predict the Resilient Modulus

Based on the information compiled vide Tables 1 and

2 for the results of the tests conducted using the cyclic

tri-axial test setup on un-soaked soil samples, it is

possible to develop multi-linear regression models

relating the Atterbergs’s limits, grain-size, maximum

dry density (MDD), and the optimummoisture (OMC)

to the resilient modulus (Mr). The list of regression

models developed is provided in Table 8. The details

regarding the R2 value, the adjusted R2 value, the F-

test values, the t test values, and the levels of

significance are also provided in the table.
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Fig. 6 Variations in percentage of sand versus resilient

modulus (Mr) for un-soaked conditions
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Fig. 7 Variations in MDD versus resilient modulus for un-

soaked conditions

Table 5 Regressions for Mr (MPa) based on percentage of sand: un-soaked

Moisture conditions Regression equations R2 R2 adj SEE F t Sig F

Wopt - 3% Mr = 5.353 (Sand) ? 1.131 0.90 0.86 34.14 25.74 5.07 0.014

Wopt Mr = 5.634 (Sand) ? 1.196 0.90 0.86 25.75 25.75 5.07 0.014

Wopt ? 3% Mr = 5.420 (Sand) ? 1.131 0.99 0.99 10.66 270.8 16.45 0.000

Sand percentage of Sand

Table 6 Regressions for Mr based on MDD in kN/cu m: unsoaked

Moisture conditions Regression equations R2 R2 adj SEE F t Sig F

Wopt - 3% Mr = 76.50 (MDD) - 1201.03 0.89 0.86 34.02 25.94 - 4.400 0.014

Wopt Mr = 80.53 (MDD) - 1264.23 0.90 0.86 35.81 25.94 - 4.400 0.014

Wopt ? 3% Mr = 77.51 (MDD) - 1254.99 0.99 0.98 9.651 331.0 - 16.21 0.000

MDD maximum dry density in kN//m3
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5.7 Effect of Deviator Stress on Resilient Modulus

for Various Soil Blends

Based on the results of the cyclic tri-axial tests on

lateritic and lithomargic soil blends as obtained in

Table 2, it can be seen that for lateritic soil blends

compacted to MDD at OMC, and subjected to a

confining pressure of 13.8 kPa, and a deviator stress of

41.4 kPa, the resilient modulus was observed to be

about 298.75, and 285.55 MPa for lateritic blends

100%L ? 0%S, and 75%L ? 25%S, while the resi-

lient modulus was about 149.56 MPa, and 68.90 MPa

for lithomargic blends 25%L ? 75%S, and

0%L ? 100%S. This indicates that as the percentage

of fine silty soil fractions increases, and as the sand

content decreases, the resilient modulus decreases.

A graphical representation of the variation in

resilient modulus with respect to deviator stresses is

shown in Fig. 9 for blend 100%L ? 0%S for purely

lateritic soils. The variations between the resilient

modulus and the deviator loads indicate that lateritic

soil blends develop high resilient modulus when

subjected to increasing deviator stress. The above

observation tallies with conclusions made by Boateng-

Poku and Drumm (1989) where it is seen that the

resilient modulus of coarse grained soils increased

with increasing deviator stresses, and confining

stresses which is considered to occur because of the

strain hardening effect that takes place due to the

reorientation of soil grains into a denser state (Mehran

et al. 2014). A similar trend is obtained in the case of

lateritic blend of 75%L ? 25%S as shown in Fig. 10.
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Fig. 9 Resilient modulus versus deviator stress relationships:

100%L ? 0%S

Table 7 Regressions for Mr based on OMC (%): un-soaked

Moisture conditions Regression equations R2 R2 adj SEE F t Sig F

Wopt - 3% Mr = 711.79–32.52 (Wopt - 3%) 0.86 0.81 39.75 18.20 5.72 0.023

Wopt Mr = 749.25–34.24 (Wopt) 0.86 0.81 41.84 18.20 5.72 0.023

Wopt ? 3% Mr = 650.24–30.92 (Wopt - 3%) 0.84 0.79 41.27 15.26 5.03 0.029

OMC percentage of OMC

Table 8 Multi-linear regression models for Mr

Eq. nos. Multi-linear regression models R2 R2 adj SEE F t Sig. %

1. Mr (MPa) = - 13.92 (LL) - 21.54 (PL) - 15.89 (SL) - 1796.08 0.96 0.82 41.06 6.99 4.77 0.13

2. Mr (MPa) = 2.793 (Gravel) ? 4.213 (Sand) ? 0.284 (Fines) 0.99 0.96 40.95 45.09 0.56 0.02

3. Mr (MPa) = 52.41 (MDD) - 13.19 (OMC) - 541.36 0.91 0.83 39.77 10.71 - 4.7 0.08
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Also, in the case of coarse-grained soils such as

100%L ? 0%S, the resilient modulus is found to

increase with the confining pressure as observed by

Rada and Witczak (1981) or the bulk stress (that

includes the deviator stress as well as the confining

stress) as observed by AASHTO T-274-82 (AASHTO

1986).

Figure 13 provides a graphical representation of the

variation in the resilient modulus with respect to

deviator stresses for blend 0%L ? 100%S for purely

lithomargic soils. The variations between the resilient

modulus and the deviator loads indicate that lithomar-

gic soils are not capable of resisting increasing

deviator loads.

The above observation tallies with conclusions

made by Boateng-Poku and Drumm (1989) where it is

seen that the resilient modulus of fine-grained cohe-

sive soils decreased with increasing deviator stresses,

which is considered to occur because of the stress

softening behavior or strain softening (Mehran et al.

2014). A similar trend is obtained in the case of

lithomargic blends of 50%L ? 50%S, and

25%L ? 75%S as in Figs. 11 and 12.

In the case of lateritic soil sample denoted as

100%L ? 0%S, it can be seen vide Fig. 9 that for a

confining pressure of 13.8 kPa, as the deviator stress

increases the values of resilient modulus also

increases. A similar trend is observed in the case of

tests performed at confining pressures of 27.6 kPa, and

41.4 kPa, for the above mentioned soil blend. A

similar trend can be seen in the case of soil blends

75%L ? 25%S, 50%L ? 50%S, 25%L ? 75%S,

and 0%L ? 100%S, as in Figs. 10, 11, 12 and 13. In

all these cases, it can be seen that soils tested at higher

confining stresses show higher resilient modulus

values. Similar observations were made by Seed

et al. (1962), Thompson and Robnett (1976), and

Pezo and Hudson (1994).

It may be seen that in the soil blends investigated,

clay particles constituted 17.9, and 30.1% for the

lithomargic soil blends 25%L ? 75%S, and

0%L ? 100%S respectively. Also, the fines content

for these blends were 69 and 86% respectively as

mentioned in Table 1. Thus, lithomargic soils possess
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Fig. 10 Resilient modulus versus deviator stress relationships:

75%L ? 25%S
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Fig. 11 Resilient modulus versus deviator stress relationships:

50%L ? 50%S
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Fig. 12 Resilient modulus versus deviator stress relationships:

25%L ? 75%S
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Fig. 13 Resilient modulus versus deviator stress relationships:

0%L ? 100%S
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lower clay content, and higher silt content. These

lithomargic soil blends are found to possess lower

resilient modulus values of 149.56 and 68.9 MPa

respectively when compared to lateritic soil blends

possessing lesser fines content. Similar observations

were made by Thompson and Robnett (1976) and

Lekarp et al. (2000) and Tang et al. (2016).

5.8 Conclusions

The above work focused on the study of the effect of

soil parameters on resilient modulus values obtained

using the cyclic-triaxial test on lateritic soils blended

with lithomargic fines for the region of Dakshina

Kannada. The investigations include tests on various

blends of lateritic and lithomargic soils compacted to

MDD for molding water contents set to the optimum

moisture content, dry-side of optimum moisture

content, and wet-side of optimum moisture content.

The effect of various factors such as, the percentage of

fines, gravel and sand, the MDD, and OMC on the

resilient modulus (Mr) was observed, and correlations

were developed. The following conclusions can be

drawn based in this study:

• In the investigations on the index properties of

blended laterite soils, it was observed that an

increase in the effective percentage of fines from

14 to 86% resulted in a corresponding increase in

the OMC due to the increase in the total surface-

area of the soil particles. This has consequently

resulted in a reduction in the MDD, and the

average specific gravity of the soil particles.

However, no notable changes in the Atterberg’s

limits were observed, since the Atterberg’s limits

depend to a large extent on the presence of clays or

soil fractions lesser than 2 microns, which have not

changed significantly with the increase in the

percentage of silty-fines.

• In the cyclic tri-axial tests conducted on un-soaked

blended laterite soil samples moulded at MDD, it

was observed that the Mr values determined,

showed a maximum value of resilient modulus at

the optimum moisture content (Wopt), when com-

pared to samples compacted at the dry-side of

optimum due to the combined effect of the

deviator stress (or major principal stress), and the

cell pressure (or minor principal stress), and the

resistance offered by the effect of cohesion and the

angle of internal friction of the soil sample.

• The regressions developed for Mr Vs Fines

possessed a relatively good correlation indicating

that the increase in the proportion of silty fines

(Fines) resulted in a reduction in the resilient

modulus (Mr) measured using the tri-axial test

equipment. It may also be observed that an

increase in the fines content was accompanied by

an increase in the OMC due to the increase in the

surface area of soil particles as observed in

Table 2.

• The regressions developed for Mr Vs OMC too

displayed a reasonably good correlation which

showed that the increase in OMC (due to the

increase in fines) resulted in a reduction in the

resilient modulus (Mr) measured using the cyclic

tri-axial test equipment.

• On analysing the effect of deviator stress on the

resilient modulus for lateritic soils classified as

coarse-grained soils, it can be seen that such soil

blends develop high resilient modulus when sub-

jected to increasing deviator loads as observed by

Boateng-Poku and Drumm (1989), and as

explained by Mehran et al. (2014).

• In the case of coarse-grained soils, it is also seen

that the resilient modulus increases with the

confining stress, or even the bulk stress. This

tallies with observations made by Rada and

Witczak (1981) and AASHTO T-274-82

(AASHTO 1986).

• In the case of lithomargic soils classified as fine-

grained soils, it can be seen that these soil blends

care not capable of resisting deviator loads.

Similar observations were made by Boateng-Poku

and Drumm (1989). This is said to occur due to the

stress softening behavior or strain softening

(Mehran et al. 2014).

The regressions developed in the above sections assist

in quantifying the effect of various soil parameters

such as fines, gravels, sand, MDD, and OMC on the

resilient modulus. In the analyses using simple

regressions and multi-linear regression models, the

values of the coefficients of the independent variables

of the regressions developed indicate the degree of

influence of the corresponding independent variables.

The regressions developed are expected to be of use to

practicing engineers in estimating the values of the
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resilient modulus for lateritic soils for the design of

pavement sub-grades and embankments.
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