EFFECT OF FINES CONTENT ON STRENGTH OF
GRANULAR MATERIALS



EFFECT OF FINES CONTENT ON STRENGTH OF
GRANULAR MATERIALS

By PAOLO DI TULLIO, B. ENG

A Thesis Submitted to the School of Graduate Studies in Partial Fulfillment of the Requirements

for the Degree Master’s of Applied Science in Civil Engineering

McMaster University © Copyright by Paolo Di Tullio, June 2015



McMaster University MASTER’S OF APPLIED SCIENCE (2015) Hamilton, Ontario (Civil

Engineering)

TITLE: Effect of Plasticity and Fines Content on Granular Materials AUTHOR: Paolo Di Tullio,

B. Eng (McMaster University) SUPERVISOR’s: Dr. P. Guo & Dr. D.F. Stolle NUMBER OF

PAGES: xiv, 144



Abstract

This study focused on the effect of fines (minus 75 pum) content and type (plasticity) on
the strength of granular base materials. Four different sources of crushed rock Granular A
materials were selected by the MTO for testing. Routine laboratory tests were carried out on the
four Granular A materials including sieve analysis, standard Proctor compaction, Atterberg
limits, California bearing ratio, resilient modulus and permeability tests. Fines from an
additional source, to be plastic, were selected and used as substitute fines for the Granular A
natural fines but were found to have a similar index of plasticity (P1).

The influence of fines content on CBR varied for each Granular A source as some
increased with increasing fines content and others decreased as the fines content increased. With
the similarities in the PI of the two fines no clear trend in CBR values between samples with
natural and substitute fines was observed.

The resilient modulus (Mg) values were by and large similar when the natural fines were
replaced with substitute fines. The Mg decreased as the fines content increased when the water
content was below 5 percent but at 7 percent water content some of the tests failed (could not be
tested) at higher confining pressures. Energy dissipation was calculated from the resilient
modulus tests and it was observed that the energy dissipation decreased as the confining pressure
increased, with lower dissipated energies corresponding to higher Mg values. Given that
definitive trends could not be identified with respect to the influence of fines and plasticity, the
influence of the percent paste (sum of moisture and fines content at the time of compaction) was
examined. As the paste increased the resilient modulus decreased and the damping ratio

increased.



Results from permeability tests showed that for specimens with no fines present the
permeability was much higher than those with fines. There was no significant change observed
in permeability for specimens in which natural fines were replaced by substitute fines or as the

hydraulic gradient was varied.
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CHAPTER 1 INTRODUCTION

1.1 Background

With current construction activities in Ontario, the reserves of economic, quality
aggregates for infrastructure construction have been decreasing, particularly in Southern Ontario
and the Greater Toronto areas. To reduce the amount of quality natural aggregates being used in
highway construction researchers have conducted studies to identify technologies that allow the
use of residuals and by products, and in particular the use of materials such as reclaimed asphalt
pavement (RAP) and recycled crushed concrete (RCC) in pavement structures. Within the
context of granular base and subbase construction, an alternative strategy could be to relax the
specifications set by MTO to allow the use of quarried aggregate that does not meet current
physical property requirements, while maintaining proper structural and hydraulic performance
of the engineered layers.

Current provincial (MTO) specifications for crushed rock (quarried) Granular A require
less than 10 percent material passing the 75 um sieve, with the material being non-plastic in
order to control both moisture and frost susceptibility (OPSS PROV 1010, 2013). In Southern
Ontario, many quarries contain carbonate rock with thin shale layers, which when subject to
weathering, crushing and processing, can break down to form clay minerals that have plastic
properties. From an environmental and sustainability factors, there isj increasing pressure to
technically evaluate granular base and subbase aggregate specification requirements for fines

content.
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1.2 Objective and Scope

The primary objective of this study was to investigate the influence of fines content and

type, as well as the effect of water, on the resilient modulus, permanent deformation and

permeability properties of quarried crushed, processed rock unbound granular base aggregates.

The effect of moisture content on the mechanical properties was also examined. To ensure that

the pavement drainage requirements set by MTO are met, the permeability of the four Granular

A materials were also considered.

The scope of this study includes the following:

1.

Completion of a literature review that focuses on the use, testing and evaluation of
unbound granular material with emphasis on the impact of fines and water content on the
resilient modulus, permanent deformation and drainage.

Performance of routine physical property tests, including sieve analysis, standard Proctor
compaction, Atterberg limits, and CBR tests.

Carrying out triaxial resilient modulus tests on aggregates containing up to 10 percent
fines.

Identifying the sensitivity of resilient modulus to the physical characteristics and index
properties including, gradation, density, and CBR.

Analyzing the experimental data, interpreting the test results and assessing the aggregate
containing up to 10 percent fines with regard to influence on Mg and CBR.

Providing recommendations for the use of Granular aggregates containing up to 10

percent fines.
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I was responsible for completing Proctor compaction, sieve analysis, Atterberg limit,
CBR, and permeability tests as well as interpreting the results for these tests along with the

results of the resilient modulus tests.

1.3 Outline

This thesis has five chapters including the introductory chapter. Chapter 2 presents a
literature review on resilient modulus and the factors that affect the resilient modulus, plastic
strain deformation and drainage behaviour of unbound granular aggregates. Chapter 3 describes
the materials tested for the experimental component of this study, methodologies of the different
tests conducted, and equipment used to evaluate the performance of the Granular aggregates.
Chapter 4 summarizes the results from the sieve analyses, standard Proctor tests, the California
Bearing Ratio (CBR) and resilient modulus tests at various water contents, percent fines and type
of fines. The permeability results for all materials are also summarized in this chapter. Finally, a
summary of the observations from this study and final conclusions of the experimental work and

recommendations for future work are presented in Chapter 5.
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CHAPTER 2 LITERATURE REVIEW

2.1 Introduction

Unbound granular materials (UGM) are generally used for the base and subbase layers in
pavement structures. The unbound material may be a natural material like crushed gravel and
crushed rock, or it can be a residual or by product material such as slag or crushed concrete. The
materials used are of a variety of sizes that fit together through particle interlocking. The quality
of the interlocking between materials depends on the shape of the particles, the proportion of
particles of each size, and compaction (Commission, 2000). Along with this, almost all granular
materials used in road construction contain water.

As granular base and subbase layers generally make up the greatest thickness of a flexible
pavement structure, there are several properties that are of interest. These properties include
gradation, particle shape, stability, permeability, plasticity of fines, abrasion resistance, and
resilient modulus. Base and subbase layers are designed to distribute the load and reduce the
maximum stress induced by bus and truck traffic reaching the subgrade. It is important that the
subbase layer does not undergo excessive permanent deformation while transferring the stresses.
In climates where material is susceptible to frost penetration, these layers increase the distance
between the surface and subgrade layers that may have the potential to heave.

To achieve the goals of load distribution and reduction of maximum stress of the base
and subbase layers, the resilient modulus and resistance to permanent deformation that is
developed due to repetitive traffic loading must be high. This requires that the layers to be free
draining and non-frost susceptible. As indicated, current Ontario specifications for crushed rock
Granular A require that less than 10 percent material passes through the 75 um sieve, with the

material being non-plastic (OPSS PROV 1010, 2013). Controlling the percentage of fines is
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important because fines influence the strength and permeability of a material. As the fines
content increases the optimum water content tends to increase, the maximum dry density
decreases, and the CBR decreases (Ayodele et al., 2009).

Pavement performance depends on the quality and uniformity of materials incorporated
into the pavement structure. By carefully monitoring these characteristics during construction,

improvements are made to the in-service performance of the pavement.

2.2 Resilient Modulus

In pavement structural design the goal is to use materials that have the necessary strength
and drainage properties to support the intended bus and truck traffic ESALs for a given climate
and the site subgrade soil conditions. When working with unbound granular materials the elastic
modulus (E) is replaced by the resilient modulus (Mg) to describe the ‘clastic’ behaviour of a
material. Resilient modulus, which is expressed as the ratio of the applied deviator stress to the

resilient strain, is introduced by Seed et al. (1962).

My = 2 (1)

€r

where a,= applied deviator stress; and €,.= resilient strain

Resilient modulus is generally obtained by conducting repeated load, triaxial tests on
reconstituted/undisturbed samples or can be obtained through correlation equations involving
stress state and soil physical properties (George K. P., 2004). Cyclic triaxial tests are performed
on pavement structures due to their ability to produce load pulses, which are intended to simulate

bus and truck traffic loading. Representative principal stresses o; and o3, that develop in a base
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later due to wheel loading are 51 kPa (7.4 psi) and 14 kPa (2 psi), respectively (George K. P.,
2004).The total resilient axial deformation of the specimen is measured and used together with oq
to calculate the resilient modulus.

The resilient modulus has become a well known measurement of stiffness properties for
pavement structure materials, including subgrade, subbase, and base over the past 40 years.
With this in mind, it is important to understand what affects the resilient modulus of unbound
granular material.

2.2.1 Factors Affecting the Resilient Modulus of Granular Materials

Numerous studies have shown that the resilient modulus of granular base and subbase
materials is affected by several factors, including: stress, density, water content, fines content
(minus 75 um), plasticity of fines, gradation and aggregate type. With regard to Mg, of interest
in this study are percentage of particles passing the 75 um sieve, the plasticity Index (PI) and
liquid limit (LL) of the fines, density, water content (w;). The interactions between these main
factors are complex, which has lead to contradictions of research findings that are related to
resilient modulus and permanent deformation. Table 2.1 summarizes the different factors that
affect resilient modulus from Maree (1982).

2.2.2 Stress Sensitivity

Subgrade materials consisting of mineral particles derive their shear resistance to stress
from interparticle interaction. Therefore the stiffness depends on the confining pressure and
deviatoric stress. The interparticle friction of granular soils depends on the confining stress. The
effects of confining stress are more pronounced on granular, non-cohesive soils when compared

to cohesive fine-grained soils (Maher & Bennert, 2000). The effect of confining stress on



Master’s of Applied Science Thesis — P. Di Tullio; McMaster University — Civil Engineering

resilient modulus also depends on the material properties of the aggregate constituents such as

density, texture and permeability.

Table 2.1 Factors affecting the resilient modulus of granular base material (Maree, 1982)

Factor Change in Factor Influence on
K n Mg = Ko"
Duration of load pulse | 0.1t01.0s No effect No effect No effect
Frequency of load pulse | 0.3to 1.0 Hz No effect No effect No effect
Number of load cycles | Increase in load cycles | 0.20% No effectto | Upto 20%
Higher a slight increase
reduction
Load history - No effect No effect No effect
Density Increase from 82.6 to 100% 15% 10% increase
87.5% increase reduction
Maximum particle size | 19.5and 37.5 mm No effect No effect No effect
Fines content Increase in fines Slight Slight Optimum at 9%
increase increase fines
Particle shape Increase in angularity Not Not Slight increase
determined | determined
Surface texture More course Not Not Slight increase
determined | determined
Degree of saturation Increase from 20 to Up to 80% 25% Up to 60%
90% decrease increase decrease

There are various expressions that have been used to describe the resilient modulus of
unbound granular materials as a nonlinear function of stress. Hicks and Monismith (1971)
developed a non-linear, stress-dependent power function model used to determine the stress

dependency of resilient modulus. This K-8 model may be expressed as (see List of Symbols for

terms involved throughout):
0
Mg = kq * Pa(a)kz (2)

There are shortcomings with the K- model (Hicks and Monismith, 1971;Uzan, 1985). The

model considers the all-around bulk stress to represent triaxial stress states but does not account
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for the deviator stress. Uzan (1985) modified the K-8 model to include deviator stress, o; =

o, — 0, . The model can be presented as:
0
Mg = ky *pa ()2 " ()

The model has been extended for three-dimensional scenarios, where the deviatoric stress is

replaced with the octahedral shear stress.

9 ocC
Mg = ky * pa(c )2 (25 (@)
The model has been further modified using the Long Term Pavement Performance (LTPP) test

data (Yau & Von Qu, 2002) to ensure that Mg does not vanish as t,.; approaches 0:

My = kapa (2) (24 1y ©
where,

pa= atmospheric pressure (100 kPa)

0 = bulk stress; 8 = g, + 0, + 03

o1= major principal stress

o,= intermediate principal stress

o3= minor principal stress/confining pressure

o4 = deviator stress = o; — 03
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T,ct = OCtahedral shear stress

= %\/(01 —03)? + (01— 03)* + (0, — 03)?

ki, k, and ks = regression constants

For most granular base/subbase materials, the bulk stress dominates the magnitude of the
resilient modulus. With increasing bulk stress the resilient modulus increases; i.e, k; and k are
greater than zero. Generally, the resilient modulus of clean aggregates are not very sensitive to
deviatoric stress while the resilient modulus of fine-grained, cohesive soils tends to decrease with
increasing deviatoric stress; i.e, k3 is less than zero.

Based on the results from various Ontario Granular A aggregates, Stolle et al (2005)
found that k; lies between 0.52 to 2.05, k, between 0.086 and 0.706 and ks ranges from -0.432 to
1.595, with ks concentrating around 0. The results showed that many of the aggregates are
insensitive to deviatoric stress.

2.2.3 Effect of Fines Content

As indicated, there is a restriction on the amount of fines in the granular pavement layers.
Owing to differences in research findings, the maximum allowable amount of fines before they
have an adverse effect on the performance of these layers is not clear. Hicks (1956) reports that
a certain amount of fines content is required for unbound granular base (UGB) materials as the
fines assist the binding of particles. He suggests that the fines (minus 75 um) content should
range between 5 percent and 12 percent in UGB material, although fines content over 10 percent
can have an adverse affect when the granular material is exposed to freezing and thawing.

Early reports by Haynes and Yoder (1963) show an optimum fines content at 9.1 percent,

irrespective of aggregate type; i.e., crushed gravel or crushed rock. The resilient modulus
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increases with an increase in fines content up to this optimum and any further increase above 9.1
percent results in a reduction of resilient modulus. Hicks and Monismith (1971) later observe
that the aggregate type affects the influence of fines on resilient modulus. For crushed aggregate
the resilient modulus increases with increasing fines but for partially crushed aggregates the
opposite trend can occur.

Barksdale and Itani (1989) note that the resilient modulus can decrease by 60 percent as
the fines content increases from 0 to 10 percent. They also observe an increase in plastic strain
as the fines content increases. Kolisoja (1997) investigated the effect of different properties on
the resilient deformation behaviour. As more fines are added to well-graded materials, a slight
decrease in resilient modulus occurs with increasing fines when the material approaches full
saturation. Kolisoja (1997) also investigates the effect of the quality of the fines by adding fines
from three different origins to two different materials. The results are consistent with the results
of Barksdale and Itani (1989) who show a reduction of up to 20 percent in Mg when substituting
the fines from one source with that of another.

Maree (1982) reports that the resilient modulus is highest when the fines content is 9
percent. This is similar to the results of Arnold (2004) who finds that the resilient modulus is
higher for an aggregate with 10 percent clay fines than material with good quality aggregate and
zero clay fines. Richardson’s and Lusher’s (2009) findings, which are similar to those of Yoder
and Witczak (1975), show the optimum fines content for Mg is similar to the optimum fines for
maximum CBR in the range of 6 to 9 percent.

Guo et al. (2006) examined the variation of k-values with respect to fines content, Pygo, as
seen in Figure 2.1. They find that materials with higher fines content tend to have smaller K; and

K3 values compared to materials with no fines, with K, decreasing at the same time. In other

10
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words, an increase in fines content may result in smaller resilient moduli that are more sensitive
to the applied stress owing to the increase in K, and decrease in Ks. For aggregates with P,go
greater than 5 percent, K; is generally negative, indicating that the resilient modulus tends to
decrease substantially when increasing the deviator stress.

The type of fines, plastic and non-plastic can have an effect on the resilient modulus.
Plastic fines tend to reduce the stability of the aggregate structure and thus increase the
permanent deformation whereas non-plastic fines at low contents (8 percent) have the potential
to reduce permanent deformation of crushed rock aggregates (Mishra & Tutumluer, 2012).

Barksdale and Itani (1989) study the effects of the plasticity of fines on the deformation
properties and resilient modulus by replacing a certain percentage of fines with kaolinite or
bentonite fines. They report that plastic strain increases from 0 to 75 percent as the content of
kaolinite in the fines increases and the plasticity index (PI) of fines increases. The resilient
modulus decreases with increasing kaolinite content.  Their study used preconditioned
specimens, 1200 load cycles per test, and multiple load stages of different stress intensity, each
comprising of 200 load repetitions. Jorenby and Hicks (1987) also examine the effects of
different percentages of plastic fines on crushed aggregates. Their research shows that the

resilient modulus is largest at 6 percent plastic fines and decreases thereafter.

11



Master’s of Applied Science Thesis — P. Di Tullio; McMaster University — Civil Engineering

(b)

02 " = Al L] 1) L]
0 5 10 15 20 25
Passing 75um

+ Phase ll
o Phase |

Passing 75um

Figure 2.1 Variation of k-coefficients with fines content (Guo et al. 2006)
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Caicedo et al. (2009) examined the effect of the plasticity index of fines and concluded
that the amount of fines produce a greater effect on the resilient modulus than does the plasticity
of the fines. As outlined, there is no simple answer to the influence of the fraction of plastic
fines and the plasticity index on granular base material because different studies use different
bases of comparison. Table 2.2 provides a summary of the findings of all the studies.

2.2.4 Moisture Sensitivity

The water content of UGMs is found to affect the resilient modulus characteristics in both
laboratory and field conditions. Researchers, such as Barksdale and Itani (1989), Hicks and
Monismith (1971), Haynes and Yoder (1963) and Dawson et al (1996) report a dependency of

resilient modulus on the water content with Mg decreasing as water content increases. Haynes

and Yoder (1963) observe a 50 percent decrease in resilient modulus in gravel as the degree of
saturation increases from 70 to 97 percent and Hicks and Monismith (1971) show a decrease in
resilient modulus as the water content increases beyond the optimum water content.

The performance of pavement structures depends on the permeability of the granular
material and drainage conditions of the structure. Saturated granular materials may develop
excess pore water pressure thereby decreasing the effective stress, leading to a decrease in both
the strength and the stiffness of the material. Clean gravels and sands are less sensitive to water
content owing to the absence of the small voids that are necessary to develop suction between
particles (Maher & Bennert, 2000).

Stolle et al. (2005) conclude that the resilient modulus decreases as the water content
increases, where aggregates with non-plastic fines are more sensitive to water content than those
containing plastic fines as shown in Figure 2.2. They also find that the resilient modulus of

aggregates is sensitive to the compaction method used. A 4 percent increase in water content

13
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shows a significant reduction in Mg when compacted by the impact method but only a slight

decrease in Mg when the vibration method is used (Stolle et al. 2005).

Table 2.2 Summary of findings of the effect of fines content on Mg

Researcher Fines Content Effect on Resilient Modulus
Haynes and Yoder (1963) 9.1% Increase in Mg up to this fines
content and decrease in Mg
above 9.1%
Hicks and Monismith (1971) Increasing fines content in Mg increases with increasing
crushed aggregate fines
Hicks and Monismith (1971) Increasing fines content in Mg decreases with increasing
partially crushed aggregate fines
Maree (1982) 9% Mg is highest
Jorenby and Hicks (1987) 6% Mg is largest at 6% but
decreases thereafter
Barksdale and Itani (1989) 0-10% Mg decrease by 60%
Barksdale and Itani (1989) Kaolinite Fines (plastic Mg decreases with increasing
fines) fines
Kolisoja (1997) Increasing fines content Slight decrease in Mg
Arnold (2004) 10% clay fines Mg higher than material with
0% clay fines
Richardson and Lusher (2009) 6-9% Mg is at highest
Yoder and Witczak (1975)
20 A O Sensitive

A non-sensitive
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Figure 2.2 Fines content, plasticity index and the water sensitivity of Mg for Ontario
aggregates (Stolle et al. 2005)
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Kolisoja (1994), performed repeated load tests on aggregate that had five different
gradings Based on the results the influence of the degree of saturation of a material having a
high fines content is shown to be important. Well-graded materials are most affected by this, in
which the resilient modulus decreases once the optimum water content is exceeded. The change
in water content changes the effective stresses in fine-grained soils as a result of the changes in
soil suction. As the water content decreases, the suction along with the effective stress and soil
stiffness increase until very low water contents are reached. Fine-grained soils are especially
problematic because the creation of excess pore pressure leads to a decrease in effective stress,
excess permanent deformation and reduction in resilient modulus.

2.2.5 Effect of Density

When studying the effect of dry density of a compacted material on resilient modulus
there are several factors that it depends on, including the grain size and shape and the amount of
fines, as well as external factors like the compaction method. Barksdale and Itani (1989),
Kolisoja (1994), Hicks and Monismith (1971) and many others all find that density plays a
dominant role on the resilient response of materials. Hicks and Monismith (1971) report that the
effect of density decreases with increasing fines content. Nevertheless the general trend is that
the resilient modulus increases as the dry density increases. Rounded aggregates achieve higher
dry densities than angular aggregates (Uthus, 2007). This indicates that the dry densities depend
on the compatibility and the ability to fill voids in the structure.

The method adopted when compacting a granular material has a significant effect on the
resistance to permanent deformation and long term stability (Austin, 2009). The grain size also
has an influence. Different results are obtained when triaxial testing is completed on specimens

that are fabricated using a vibration hammer when compared to the results obtained from
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Modified Proctor compaction. Stolle et al. (2005) find that due to different compaction methods
and compaction efforts (vibratory compaction and Proctor compaction) for fabricating the Mg
test specimens, the optimum water content for vibratory compaction is lower resulting in
different Mg results.

The dry density of a material is influenced by the amount of fines content in the material
up to a certain percentage and plays an important role in the limiting of permanent deformation
(Uthus, 2007). Dry density with high fines content may be important for dry of optimum
conditions. However, as the fines content continues to increase, the optimum water content
increase overrides the effect of dry density of the samples.

2.2.6 Effect of Grain Shape, Surface Texture and Aggregate Type

In a study conducted by Heydinger et al. (1996), natural, uncrushed gravel aggregate is
shown to have a higher resilient modulus than crushed limestone. However, Barksdale and Itani
(1989), Hicks and Monismith (1971), Allen and Thompson (1974) and others all find that
crushed aggregate provides better load spreading properties and higher resilient modulus than
uncrushed gravel. Barksdale and Itani (1989) find that the resilient modulus of angular crushed
material is higher than that of rounded gravel by a factor of 50 percent at low mean normal stress
and 25 percent at high mean normal stress, contradicting the results of Uthus (2007).

Different grain shapes for unbound granular material and fines can exist for the same
material. These different shapes are shown in Figure 2.3. For high levels of stress the cubical
rounded materials display the highest resilient modulus values. Cubical angular materials are
however less sensitive to an increase in stress as the resilient modulus does not increase as much
for higher stress levels (Uthus, 2007). Cubical angular materials display a higher resistance to

permanent deformation when compared to cubical rounded aggregates, which is attributed to the
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interlocking of the particles and the higher internal friction. Lower internal friction causes less

resistance to permanent deformation and rutting.

Roundness and Sphericity

el ) (D QO O O
e (0D 0 0 0

very angular sub- sub- rounded well
angular angular rounded rounded

Figure 2.3 Particle shapes (Reeves, 2006)

Material can also be flaky angular and flaky cubical. The resilient modulus for both such
materials is similar, although the dry density of flaky rounded material is higher than that of

flaky angular material.

2.3 Resilient Modulus Correlations
2.3.1 Correlations between CBR and Mg

Simple correlations are used to routinely estimate the resilient modulus properties of
subgrades and bases given standard CBR tests, R-value and physical soil properties (George,
2004). Heukelom and Klomp (1962) report a correlation between the Corps of Engineer CBR
and the resilient modulus of soil. Another correlation is given in the AASHTO 2002 Design
Guide (Stolle et al. 2005). It should be noted that the equation given by AASHTO is only

applicable for fine-grained soils and fine sands (with CBR < 20) rather than for granular
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materials. Table 2.3 presents the two correlations however there are several other correlations
equations which have been developed.

Table 2.3 CBR correlation equations

Researcher Equation
AASHTO Mg (MPa) = 10.3 CBR
Corps of Engineering Mg (MPa) = 37.3 CBR%"?

2.3.3 Correlations between Physical Properties and Mg

Correlations between Mg and physical properties are usually based on regression analyses
of limited available experimental data. The majority of the existing relationships have been
developed for subgrade soils.

Carmichael and Stuart (1978) propose a regression model for fine-grained soils and
course grained soils based on the Highway Research Information Service database. Their goal
was to establish correlation equations for predicting subgrade modulus from basic soil tests; for

example for course-grained material:

log M, = 0.523 — 0.025w + 0.544(log ) + 0.173(SM) + 0.197(GR) (6)

where Mg = resilient modulus (ksi); w = water content (%); & = bulk stress (psi); SM = 1 for SM
soils = 0 otherwise; GR = 1 for GR soils (GM,GW,GC, or GP) = 0 otherwise;

Rahim and George (2004) investigated the relevance of soil index properties used for
predicting the resilient modulus of Mississippi soils. Their equation for course-grained soil is

given by:
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p 0.86
M,(MPa) = 307.4(%) " (Pyo/log C,) 0% @

where ps = dry density/maximum dry density; Pag = fines content passing #200 sieve; and C, =

uniformity coefficient.

Guo et al. (2006) correlated the k-coefficients of a constitutive model and the physical

properties of 41 Ontario aggregates. The expression for the coefficient k;, i = 1, 2 and 3, takes
the form:
i Par
k= aiPy+ biPago + 225+ di (L) 4+ e + fipg, + Giwope + (®)

where a; through h; are regression coefficients, P4 = percentage passing #4 sieve; P,y = fines
content passing #200 sieve; w = water content (%); Wqp: = optimum water content of soil (%); par
= dry density (kg/m®); and Popt = optimum dry density (kg/m?). Using this regression expression,
the calculated Mg is found to be in the range of +/- 30 percent of the experimental Mg values.
The variables that have greatest effect on Mg are W/Wy: and py popt, Which can indicate that the
compaction method used for preparing the resilient modulus may play an important role.
Equation (8) does not take into account the influence of the plasticity of fines. The regression
constants a; through h; are listed in Table 2.4 with Figure 2.4 comparing the experimental k-

coefficients with those calculated from the regression model.
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Table 2.4 Regression constants defining Mg-physical properties relations (Guo et al., 2006)

Variable Coefficient K1 K, Ks

P4 (%) a 0.00098 | -0.00222 | 0.005059
P20o (%) b -0.01104 | -0.00033 | -0.01451
W/Wopt c 0.114106 | -0.34213 | 0.676475
Pdry I Pdry opt d -0.27318 | -0.05079 | 0.084806
W (%) e -0.07785 | 0.060897 | -0.1237
pary (Kg/m®) f 0.000338 | 3.88E-05 | 0.000712
Wopt g 0.080172 | -0.04438 | 0.045166

h 0.577858 | 0.930883 | -2.07516

2.4 Plastic Strain Deformation

The development of the plastic strain of unbound granular material under traffic loading
has received considerable attention in pavement engineering. Deformation is characterized by
recoverable (resilient) deformation and residual (permanent) deformation. The plastic strain
accumulates as the loading continues until the material rearranges into a stronger structure or
failure occurs (Uthus, 2007). The deformation of granular material may be characterized by the
stress-strain relation. Figure 2.5 shows that as the stress increases the material’s resistance to
further deformation decreases. At low levels of stress, the stiffness of the material increases as
the stress increases (strain hardening), causing the particles to rearrange and move closer
together. As the stress level continues to increase the strain behaviour softens (strain softening)

with an additional increase in stress resulting in collapse in the extreme case.
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Figure 2.4 k-coefficients from Equation (8) (Guo et al., 2006)
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Figure 2.5 Stress strain behaviour of UGM's (Werkmeister et al., 2004)

Pavement structures are subject to large numbers of loading during their service life. The
strain development in pavement structures is highly complex due to the interaction between
resilient and permanent strains. The resilient deformation recovers after each load cycle,
whereas the permanent deformation accumulates with each load cycle (Austin, 2009). The
accumulation of deformation depends on the material properties, stress level, and loading
conditions (Austin, 2009). Under cyclic loading the stress-strain behaviour follows a non-linear
relation that is characterized by a hysteresis loop. A general idea of what a single strain
hysteresis loop looks like is depicted in Figure 2.6. When several loops are plotted together, the
loops become narrower at increasing cycles, showing a decrease in permanent deformation.

Barksdale (1991) proposes an equation which can be used to track the strain accumulation:

e=a+blogN €)]

where ¢ is the accumulated strain, a and b are parameters that depend on the deviator and

confining stress and N refers to load cycle.
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Figure 2.6 Hysteresis loop for one cycle of loading (Lekarp F., 1997)

Stress sensitivity maybe taken into account via a relation that includes stresses,

€= f(el Toctl ¢' C) (10)

in which @ = bulk stress, 7, = octahedral shear stress, ¢ = friction angle and ¢ = apparent
cohesion. An example of permanent deformation development of a specimen is presented in
Figure 2.7. The plastic strain accumulation is sensitive to many of the factors that influence
resilient modulus, including: deviatoric stress, confining pressure and water content. An
important conclusion that can be taken from the Austin (2009) study is that resilient modulus

cannot be used to evaluate permanent strain resistance.

23



Master’s of Applied Science Thesis — P. Di Tullio; McMaster University — Civil Engineering

0.012

0010 L — Strain

- --- Stress Pulse
0.008 A

0.006 -

Strain

0.004 A

vl
hoon
I "
1 I
oo,

0.002 A

0.000

Recorded Data

Figure 2.7 Schematic of permanent deformation on a specimen (Stolle et al., 2014)

It is generally accepted that an increase in the fines content leads to an increase in the
magnitude of permanent deformation in cyclic triaxial compression tests (Barksdale R. D., 1991)
(Mishra & Tutumluer, 2012). Dodds et al. (1999) report that materials containing 10 percent
fines produce the highest deformations. They also observed high pore water pressure
development for materials with higher fines content. As a result of the high pore water pressure,
the effective stress reduces and thus the level of confinement reduces.

Some research shows that with lower amounts of non-plastic fines, approximately 8
percent, the permanent deformation of crushed rock aggregate is lower than the deformation with
plastic fines (Mishra & Tutumluer, 2012). On the other hand, Kolisoja (1997) and Belt et al.
(1997) observe significantly high permanent strains for aggregates containing a high content of
fines (>15 percent), as well as at low fines content. Based on their results, this suggests that

there is an optimum fines content that will produce a low permanent strain. As the research on
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the effects of fines content on permanent deformation is inconsistent and varies from researcher

to researcher, an overall conclusion cannot be drawn at this time.

2.5 Permeability

Based on Darcy's law, the conventional property that describes the ease of flow of water
through a soil is hydraulic conductivity, which in engineering is referred to as permeability. At
the same time granular bases are not generally saturated and irrotational flow conditions are not
developed (Commission, 2000). Designers aim to have roads drain sufficiently well to ensure
that steady state saturated flow does not develop.

Although the Darcy approach cannot be applied to granular materials with any
confidence, this does not mean the materials cannot act as a drainage media (Cedergren &
Godfrey, 1974). It was concluded that 80-90 percent of severe and premature damage to
pavement is caused by excess water. Ring (1974) reports that less than 0.5 in. (12 mm) of rain, if
able to access the pavement structure, has the potential to fill all voids in a 6 in. (150 mm) thick
open granular base course. As the weight and number of axle loads increase, the influence of
water contributes to more damage of pavements including pumping and degradation along with
the loss of shear strength (Huang, 1993). More recently, Dawson (2008) stated the presence of
water in a pavement due to infiltration of rainwater through pavement surface defects reduces the
effective stress. Hence, the stress as well as the elastic and plastic stiffness of the pavement
material decreases. The rate of traffic-induced deterioration of the road increases during this
time.

The movement of water in pavement structures is caused by gravity, capillary action,

and/or vapour pressure. In fine-grained soils the flow of water is mostly by capillary action,
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whereas the flow in coarse-grained soil is due to gravity (Huang, 1993). The damaging effects of
water on pavements are controlled by preventing it from entering the pavement, or by providing
drainage to quickly remove it. Drainage systems can be classified as either surface systems or
subsurface systems. Surface drainage systems remove rainwater flow from a road’s surface and
can be divided into transverse drainage and longitudinal drainage (Dawson, 2008). Subsurface
drainage systems take care of groundwater or water that infiltrates through the pavement surface.
The location of the drainage layer in a pavement structure can be in either the base course or on
top of the subgrade. If the drainage layer is added on top of the subgrade, the permeability of the
base and subbase must be greater than the infiltration rate so that the water can flow freely to the
drainage layer (Huang, 1993). Sealing surface cracks is an important maintenance strategy to
reduce the amount of water entering a pavement structure, thus mobilizing the resilient modulus
of the granular layers and reducing permanent deformation.

The permeability, which controls drainage, is influenced by gradation. Aggregates with
fines have lower permeability. For example, Emery and Lee (1977) report that the permeability
of a Granular A crushed limestone decreases from 3.41x10 cm/s to 1.26x10™* cm/s when 10
percent fines are included. Similar findings with Ontario experiences can be found in Senior et
al. (2008). On the other hand, there is evidence that permeability is not an issue as long as the
fines content is less than 10 percent (Senior et al. 2008; OPSS PROV 1010, 2013).

The relation between the mechanical properties and drainage is important as the stress-
strain-load cycle behaviour is sensitive to the degree of saturation and ability of the granular
material to rapidly dissipate any generation of excess pore pressure. In dense, well-graded
materials where the pores are very small, surface tension forces tend to yield significant suction

pressure (Commission, 2000). The suction holds the granular particles together, increasing the
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effective stress but as the pores become more and more filled with water, the surface tension
decreases, reducing the suction. Lam (1982) finds that when the moisture content is in the range
of W = 2% the drainage condition for resilient modulus samples has negligible influence on
Mg, indicating that no significant excess pore water pressure develops even under undrained
conditions.

For granular materials there is a residual water content, which is the point where the
granular material is in balance with the hydraulic environment (Commission, 2000). Sufficient
water occupies the pores to generate suction and the water neither rises nor drains, but is held in
equilibrium. When the residual water content is too high in a pavement structure, the suction is
usually low and the mechanical capacity of the granular material decreases. Defects in the upper
pavement layers may allow rainwater to penetrate into the granular layer, thus decreasing suction
from a beneficially high value to a low value, which leads to a decrease in the mechanical

capacity of the material.
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CHAPTER 3 METHODOLOGY

This chapter presents a description of the four Granular A aggregates supplied by the
MTO and a separate substitute plastic fines selected for this study and detailed information about
the equipment and experimental testing procedures used in this study for the gradation, Atterberg

limits, and standard Proctor compaction tests of the materials involved.

3.1 Test Program

An experimental testing program was developed to investigate the behaviour of unbound
granular base for four Granular A quarry sources. The physical properties of each aggregate type
were determined first, including sieve analysis (AASHTO T27), Atterberg Limit (AASHTO T89
and T90) and Proctor compaction (AASHTO T99). CBR testing (AASHTO T193-99) was then
completed to evaluate the strength and stiffness characteristics of the materials. Permeability
testing (ASTM D2434) was also carried out on the aggregates taking into account changes of the
fines content as well as the plasticity of the fines.

Resilient modulus tests (AASHTO T307-99) were conducted on all selected aggregates at
different fine contents and different water contents. A summary of the testing standards involved

is presented in Table 3.1.

3.2 Material Tests

Four Granular A manufactured (crushed stone) aggregates from different sources,
Sources 1, 2, 3 and 4, were tested in the laboratory to determine the effect of plastic and non-
plastic fines on the resilient modulus of typical Southern Ontario (crushed stone rock) Granular

A aggregates. The plastic fines, shown in Figure 3.1, were obtained from a separate source.
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Aggregate previously tested at McMaster University, from various MTO regions, were used for
comparison, where applicable. Table 3.2 shows the different material sources and the tests that
each material were subjected to.

Table 3.1 Summary of testing procedures

Laboratory Tests Test Method
Sieve Analysis of Fine and Coarse Aggregates AASHTO T27
Determining the Liquid Limit of Soils AASHTO T89
Determining the Plastic Limit and Plasticity Index of Soils AASHTO T90

Standard Method of Test for Moisture-Density Relations of Soils | AASHTO T99
Using a 2.5-kg (5.5-1b) Rammer and a 305-mm (12-in) Drop

Standard Method of Test for The California Bearing Ratio AASHTO T193-99

Standard Test Method for Permeability of Granular Soils (Constant | ASTM D2434
Head)

Standard Method of test for Determining the Resilient Modulus of | AASHTO T307-99
Soils and Aggregate Materials

Table 3.2 Summary of tests

Test Sieve Atterberg | Proctor Permeability | CBR Resilient
Analysis | Limit Compaction Modulus

Material
Sourcel- F1
Natural Fines Yes Yes Yes Yes Yes Yes
Source 1- F2 Yes Yes Yes Yes Yes Yes
Substitute Fines
Source 2 - F1
Natural Fines Yes Yes Yes Yes Yes Yes
Source 2 - F2 Yes Yes Yes Yes Yes Yes
Substitute Fines
Source 3-F1 Yes Yes Yes Yes
Natural Fines Yes Yes
Source 3-F2 Yes Yes Yes Yes Yes Yes
Substitute Fines
Source 4 - F1
Natural Fines Yes Yes Yes Yes Yes Yes
Source 4 - F2 Yes Yes Yes No No Yes
Substitute Fines

All four aggregates were rough textured and angular. Figure 3.2 shows the materials

used in this study.
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Figure 3.1 Substitute fines
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/
/

Figure 3.2 Aggregates from Sources 1 to 4 (Top to Bottom)
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All material was first placed into an oven and dried at a pre-specified temperature, 110°C,
for a minimum of 15 hours. The quantity of dried material depended on the test being
performed. Thereafter, the material was left out on the counter for a day for the material to cool
down to room temperature before any tests were performed. Thereafter, the materials were
subdivided using a splitter box and quartered according to the specifications in AASHTO T248-
02 (AASHTO, 2011).

3.2.1 Sieve Analysis

Sieve analyses were conducted on all four aggregates. The particle distribution curves of
each aggregate can be seen in Figure 3.3 and are also presented in Table A.1 of Appendix A.
Included on the curves are the limits for Granular A aggregates set by the MTO (OPSS PROV
1010, 2013). Using the USCS soil classification, ASTM Standard D 2487-06 (ASTM, 2008), it
can be seen that Source 1 is a well-graded sand with clay and gravel (SW-SC). Source 2 and
Source 4 are both classified as well-graded gravel (GW) and Source 3 is well-graded gravel with
silt and sand (GW-GM). A summary of the classifications along with the coefficient of

uniformity and curvature can be seen in Table 3.3.

Table 3.3 Aggregate classification

Source 1 Source 2 Source 3 Source 4
D1 (mm) 0.10 0.37 0.20 0.40
D30 (mm) 1.20 2.10 1.80 2.90
Deo (mm) 5.00 7.80 7.90 8.00
Cu 50.00 21.08 39.50 20.00
Ce 2.88 1.52 2.05 2.63
USCS SW-SC GW GW-GM GW
AASHTO A-2-4 A-2-4 A-2-4 A-2-4
MTO Granular A | Granular A | Granular A | Granular A
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Figure 3.3 Particle size distributions

3.2.2 Atterberg Limits

Atterberg limit tests were subsequently carried out on the four sources to characterize the
plasticity of the fines in accordance to AASHTO T89 and T90 (AASHTO, 2011). The fines
were obtained from the material passing the 425um sieve. Figure 3.4 shows the setup of an
Atterberg test and Table 3.4 summarizes the results. It can be seen that Source 1 and Source 2
fines are clays (CL), according to USCS Soil Classification (ASTM, 2008). Source 3 fines are
silt (ML) and Source 4 fines are silty clays (CL-ML). The substitute fines were also examined
with material passing the 425um sieve and 75 um sieves. The fines passing the 425 um sieve
are silty clays (CL-ML), similar to Source 4 and the fines passing the 75 um sieve are clays

(CL), the same as Source 1 and Source 2 fines. Overall the difference between the PI of fines
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passing the 425um sieve and 75 um sieve is small. As the difference in Pl is small the fines will

be referred to as substitute fines instead of plastic fines.

Figure 3.4 Atterberg limit test (Liquid Limit on left, Plastic Limit on right)

Table 3.4 Atterberg limit test results (minus 425pm)

Source 1 Source 2 Source 3 Source 4 Substitute Substitute
Fines Fines Passing
75 um
LL (%) | 28 27 29 30 18 18.5 22 21 24 24 30 29.5
PL(%) | 19.1 | 19.7 | 19.0 | 20.0 | 15.6 | 159 | 146 | 145 | 174 | 174 | 19.1 19.7
Pl 8.9 74 | 100 | 100 | 24 2.7 7.4 6.5 6.6 6.6 | 10.9 9.8
USCS CL CL ML CL-ML CL-ML CL

Figure 3.5 is the same as Figure 2.1, which shows the plasticity index and water

sensitivity of different Ontario aggregates, now including the test results for each source of this

study. The plasticity indexes of the sources in this study tended to be relatively high compared

to those from the previous study.

34




Master’s of Applied Science Thesis — P. Di Tullio; McMaster University — Civil Engineering

20 A O Sensitive
A Non-sensitive

15 P200>2+1.5(Pl) I Sources from Study

2 @)
\é’ 10 P2oo<2+1.5(PI)
o) , - R

Sa g - .

A (I
O I I 1
0 5 10 15

Plasticity index, PI

Figure 3.5 Fines content, plasticity index and water sensitivity for various sources (Stolle et
al., 2005)

3.3 Proctor and CBR Preparation and Compaction

The samples for the CBR and standard Proctor tests were prepared in the same manner;
i.e., in accordance with the procedures from AASHTO T99 Method C (AASHTO, 2011) . For
both tests only material passing a 19.0 mm (3/4-in) sieve was used and any material retained on
the 19.0 mm sieve was removed and replaced by an equal amount of material retained on the
4.75 mm sieve. For the Proctor test a sample size of 5 kg was prepared for testing, whereas for
the CBR 7 kg was used. The mold sizes for the Proctor and CBR tests were 101.6 mm and 152.4
mm in diameter, respectively.
3.3.1. Impact Compaction

Impact compaction was adopted for the Proctor and CBR sample compaction. For the
purpose of this study only the standard Proctor compaction was used to determine the optimum
water content and the dry density of each material. It should be noted that many agencies use
modified Proctor compaction and this would have provided better results but due to MTO

recommendations standard Proctor compaction was used. For the standard method the weight of
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the hammer is 2.5 kg (5.5 Ib) and the height of the drop is 305 mm (12 in). The number of layers
for both the standard Proctor and CBR test is 3, however the number of blows per layer is
different. The standard Proctor test requires 25 blows per layer, which is done manually with a
compaction hammer, whereas the CBR test requires 56 blows per layer. Unlike the Proctor test,
the CBR test compaction was completed using a compaction machine, which is shown in Figure
3.6. The dry density-water content curves are provided in Figure 3.7 with a summary of the
optimum water content and dry density of each material presented in Table 3.5. The material
with the highest density is Source 3, which is considered to be a high quality aggregate.
Sufficient fines exist to help fill the voids, which may explain why Source 3 aggregate was found

to be more sensitive to water content when compared to other aggregates.

Figure 3.6 Compaction machine
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Figure 3.7 Standard Proctor compaction results

Table 3.5 Summary of optimum water contents and dry densities

Standard Proctor Compaction
Source 1 Source 2 Source 3 Source 4
Optimum Water Content (%) 6.64 6.70 7.95 6.30
Maximum Dry Density (kg/m°) 2035 2057 2250 2055

We can see that the optimum water content for all is within the range of 6.3 and 8
percent. Figure 3.8 compares the optimum water content and maximum dry density results of
this study to the results obtained by Guo et al. (2006). The data points that are circled are
considered to be outliers. The results from this study follow the same trends as the results from
the previous study. Py has little effect on the maximum dry density, smax however the

optimum water content tends to increase with fines content.
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Figure 3.8 Variation of woyand gmax With fines content (Guo et al., 2006)
3.3 CBR Test

The laboratory California Bearing Ratio test method is intended for evaluating the
potential strength/stiffness of subgrade, subbase, and base course materials for use in road and
airfield pavements. The test setup is shown in Figure 3.9. Following the standard procedure,

AASHTO T193-99 (AASHTO, 2011), the rate of penetration was set to 1.3 mm/min (0.05

in/min).
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Prior to evaluating the penetration, some CBR specimens were soaked. The specimens
were immersed in water for a period of 24 hours. An initial dial reading and final dial reading, at
the end of the soaking period, were taken on the soaked specimens to calculate the swelling as a
percentage. Soaked CBR tests were not completed on all test specimens, since the objective was
to compare the CBR and Mg results under similar conditions.

When calculating the CBR, the values at both 2.5 and 5.0 mm (0.1 and 0.2 in) penetration
were recorded and the load values were corrected when the stress-strain curves had a concave
upward shape. For each material at each water content and fines content the CBR test was
conducted twice to ensure repeatability in the results. If the results varied significantly a third
test was completed. It should be noted that the samples were not soaked prior to the penetration
tests.

For this study, both controlled heat source (oven drying) and uncontrolled heat source
(microwave oven) drying methods were used to determine the water content of the aggregates.
The procedures for determining the water contents are described in AASHTO T 265 (AASHTO,
2011). For the uncontrolled drying method, a minimum of 500g of material depending on the
maximum particle size was required. Once the material was gathered it was placed in the
microwave for five minutes. The microwave was 1.6 ft* with 950 Watts of power. ~After the
five minutes the material was weighed and the sample was placed in the microwave for an
additional two minutes and weighed again. If the change in water content was greater than 0.1
percent change, the sample was placed in the oven for additional heating until constant mass was

reached.
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3.4 Repeated Load Triaxial (RLT) Test

RLT tests were used to determine the resilient modulus of base, subbase and subgrade
materials. According to standard procedures, AASHTO T307-99 (AASHTO, 2011), repeated
axial cyclic stress of fixed magnitude for a duration of 0.1 seconds was be applied to the sample
specimen followed by a 0.9 second rest period. The materials were tested with varying water

content, and fines, both type and amount, changing one parameter at a time.

Figure 3.9 CBR test machine

3.4.1 Test Apparatus
The resilient modulus loading system used for this study was a closed-loop, servo-
controlled electro-hydraulic MTS testing machine. Figure 3.10 shows the loading frame with the

triaxial chamber, the transducers, including a load cell and two linear variable differential
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transformers (LVDT’s), along with other key components of the RTL apparatus. The triaxial
cell held a specimen of 152.4 mm (6 in) diameter and 304.8 mm (12 in) height.

For the 152.4 mm diameter specimen, the load-cell capacity, required to obtain accurate
measurements of the applied load and the resulting deformation of the specimen, is 11.12 kN,
and the LVDT ranges are 5 mm as specified by AASHTO T307-99 (AASHTO, 2011). The
capacities for both the load cell and the LVDTs were slightly smaller than required by AASHTO
T307-99 to allow for more accurate measurements.

3.4.2 Preparation and Compaction

AASHTO T307-99 describes the manner in which the resilient modulus test material is to
be prepared. The materials tested for this study were Type 1 Granular A aggregate. Type 1
materials include untreated granular base and subbase materials, which contain less than 70
percent passing the 2.00 mm (No.10) and less than 20 percent passing the 75 pm (No0.200) sieve
and have a plasticity index of 10 or less (AASHTO, 2011). A split mold with a 152.4 mm
diameter mold was used to fabricate specimens with a height ranging from 295 mm to 330 mm
and using 15 kg of prepared material.

A rubber membrane was placed within the split mold while a vacuum was applied to
draw the membrane to the inside of the mold. After the appropriate water content was achieved,
the sample was compacted in six layers. Following the compaction of the final layer a metal
spacer was placed on top of the sample to ensure a level surface. A second membrane was
applied once compaction was completed to ensure the correct confining pressure could be
maintained during a test and a vacuum was attached to draw the membrane to the inside of the

mold.
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Figure 3.10 Repeated Load Triaxial apparatus 1-Load Frame; 2-Load Cell; 3-LVDT; 4-
Triaxial Cell; 5-Data Acquisition Machine; 6-Soil Specimen

3.4.2.1 Vibratory Compaction

To compact a resilient modulus specimen a vibratory hammer was used. Compaction
forces were generated by the hammer without kneading action, using a 152.4 mm (6 in) diameter
tamping foot to minimize damage to the membrane. To achieve uniform compaction throughout
the specimen the height of each layer was compacted to approximately 50 mm. Before a new
layer of material was placed in the mold, the top surface of the pervious layer was lightly
scratched to roughen the surface for better bonding between the layers as stated in AASHTO
T309-99. The vibratory hammer and split mold is shown in Figure 3.11 and a compacted

specimen is shown in Figure 3.12.
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3.4.4 Resilient Modulus Test

Following the preparation and compaction of the specimen, it was placed in the triaxial
chamber. The recording devices, that is the LVDTs and load-cell, were adjusted before
conditioning. The conditioning process began by setting the cell pressure to 103.4 kPa (15 psi)
and a minimum of 500 repetitions of a load equivalent of axial static stress of 103.4 kPa (15 psi)
and a corresponding cyclic axial stress of 93.1 kPa (13.5 psi) were applied. Conditioning the
sample helped to provide uniform contact between the top and bottom platens and the soil
specimen. Conditioning also aided in the minimizing the effects of initially imperfect contact

between the test specimen and the sample cap and base plate and the test specimen.

Figure 3.11 Vibratory hammer and split mold
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Figure 3.12 Compacted specimen

After completion of the conditioning, each resilient modulus test was performed
according to the loading sequences presented in Table 3.6. The readings for each LVDT and the
load-cell for the last five cycles of each loading sequence were recorded to calculate the
corresponding resilient moduli.

3.4.5 Data Acquisition

Figure 3.13 shows a typical repetitive load pulse that is generated from a resilient
modulus test system where each load cycle consists of 0.1 seconds loading time and 0.9 seconds
of rest period. Following AASHTO T307-99 a minimum of 200 data points from the load cell

and each of the two LVVDT were recorded per cycle.
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Table 3.6 Resilient modulus testing sequence

Sequence Confining Max. Axial Cyclic Stress, | Constant Stress, | No. Of Load
No. Pressure S; Stress, Smax Seyclic 0.1Smax Applications
kPa psi kPa psi kPa psi kPa Psi
0 103.4 15 103.4 15 93.1 | 135 10.3 15 500-1000
1 20.7 3 20.7 3 18.6 2.7 2.1 0.3 100
2 20.7 3 414 6 37.3 54 4.1 0.6 100
3 20.7 3 62.1 9 55.9 8.1 6.2 0.9 100
4 345 5 34.5 5 31.0 4.5 3.5 0.5 100
5 34.5 5 68.9 10 62.0 9.0 6.9 1.0 100
6 34.5 5 103.4 15 93.1 | 135 10.3 15 100
7 68.9 10 68.9 10 62.0 9.0 6.9 1.0 100
8 68.9 10 137.9 20 124.1 | 18.0 13.8 2.0 100
9 68.9 10 206.8 30 186.1 | 27.0 20.7 3.0 100
10 103.4 15 68.9 10 62.0 9.0 6.9 1.0 100
11 103.4 15 103.4 15 93.1 | 135 10.3 1.5 100
12 103.4 15 206.8 30 186.1 | 27.0 20.7 3.0 100
13 137.9 20 103.4 15 93.1 | 135 10.3 1.5 100
14 137.9 20 137.8 20 124.1 | 18.0 13.8 2.0 100
15 137.9 20 275.8 40 248.2 | 36.0 27.6 4.0 100

3.5 Permeability

Permeability tests were completed following the ASTM D 2434 standard (ASTM, 2008).

Permeability, k, is the measure of a soil’s ability to permit water to flow through its pores or

voids under a unit hydraulic gradient (i = %).

containing up to 10 percent substitute and non-plastic fines.

3.5.1 Test Apparatus

Tests were conducted on all materials,

The apparatus consisted of a constant head permeameter that contained porous disks at

the top and bottom of the sample. Each test was carried out in a modified CBR mold, which

contained inlet and outlet valves on the top and bottom plates with rubber rings to seal the mold

to prevent water from leaking during the test. The inlet and outlet valves were used to control

the flow of water and to saturate the specimen. Saturation was completed from the bottom up.
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A constant-head filter tank was used to supply water to the permeameter. This was done
by having a water inlet from the tap and an overflow outlet to ensure that a constant stream of
water could be supplied. An outlet from the base of the water tank was attached to the inlet on
the top plate of the mold. Figure 3.14 shows the apparatus used for the permeability testing.
3.5.2 Preparation and Compaction

The preparation for a permeability test began by gathering 2600 g of the desired material.
A sieve analysis was performed on this material to remove any particles larger than 19 mm.
Once the material was collected, the material was compacted in a 101.6 mm (4 in) mold. The
compaction was completed in five layers using a hammer and a metal plate with the same
diameter as the mold. Each layer was compacted with approximately 10 uniform blows until
there was no visible motion of surface particles relative to the edges of the metal plate.

The top plate was then placed on the mold and a vacuum was applied through a second,
empty chamber under a minimum of 20 in Hg (67.7 kPa) for 15 minutes to remove air adhering
to soil particles and from the voids. Following the evacuation of the air, slow saturation of the
specimen under full vacuum occurred. A second chamber was used because once the specimen
was fully saturated, water from the first mold travelled into the empty chamber to prevent water
from entering the vacuum pump. Upon saturation, the vacuum was removed and the outlet valve
from the water supply was closed.

3.5.3 Permeability Test

To begin a test, the inlet valve to the specimen from the filter tank was turned on to allow
water to flow through the specimen and out through the outlet valve on the bottom of the mold.
Measurements were delayed until a steady flow rate appeared. The tests were performed at three

different head distances and were repeated three times to obtain an average flow rate.
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Figure 3.14 Permeability test apparatus 1-Soil specimen and mold; 2-Constant head filter
tank; 3-Outlet valve; 4-Empty Chamber; 5-Vacuum; 6- Water supply; 7- Inlet valve; 8-
Collection cylinder
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CHAPTER 4 EXPERIMENTAL RESULTS AND ANALYSIS

The primary objective of this study was to determine the influence of fines (minus 75 um),

both type and amount, on the resilient modulus of unbound granular materials (four Granular As)

as well as on the permeability. This chapter presents the results and analysis of the experimental

program that was used to determine the influence of fines. The overall properties of interest

Were:

Proctor (AASHTO T99) (AASHTO, 2011) - A description of the standard Proctor
compaction test can be found in Chapter 3.

CBR (AASHTO T193-99) (AASHTO, 2011) - The California Bearing Ratio (CBR) test
is one of the most commonly used testing methods to evaluate the strength (stiffness) of
subgrade, subbase and base materials for the design of pavements. CBR test values can
also be used to estimate the resilient modulus.

Resilient modulus (AASHTO T307-99) (AASHTO, 2011)- My is a fundamental material
property used to characterize subgrade soils and base/subbase materials under the
physical conditions and stress states of materials in flexible pavements subject to moving
wheel loads. It is a measure of material stiffness.

Permeability (ASTM D2434) (ASTM, 2008) — A description of permeability testing can

be found in Chapter 3.

Tests conducted on each material and the conditions of each test are summarized in

Tables 4.1, 4.2, and 4.3. It should be noted that there was a flood in the Applied Dynamics

Laboratory at McMaster University that caused a significant delay in research as the compaction
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and CBR machines used for this study were in the building at the time. The consequence of this

flood resulted in a loss of time that could have been spent conducting more tests.

Table 4.1 Proctor test summary

Proctor Compaction
Original Aggregates
Source 1 X
Fines content=7.8%
Source 2 X
Fines content=5.7%
Source 3 X
Fines content=3.4%
Source 4 X
Fines content=4.1%

Table 4.2 Resilient modulus and CBR test summary

Resilient Modulus and CBR Tests

WC* WwC WC wcC
1 2 3 4
Original Original Original Original Types
FC* FC FC FC | of
Aggregates | 1,2,3 | Aggregates | 1,2,3 | Aggregates | 1,2,3 | Aggregates | 1,2,3 | Fines
Source 1 X X X X
FC=7.8% XXX XXX XX F1
XX XX XX XX F2
Source 2 X X X X
FC=5.7% XXX XXX XX X F1
XX XX XX XX F2
Source 3 X X X X
FC=3.4% XXX XXX XXX F1
XX XX XX XX F2
Source 4 X X X X
FC=4.1% XXX XXX X F1
XX F2
Note: FC = Fines content

WC = Water content
F1 = Natural Fines
F2 = Substitute Fines
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Table 4.3 Permeability test summary

Permeability Tests
Original | Fines content Types
Aggregates 1,2,3 of Fines
Source 1 X
XXX F1
XX F2
Source 2 X
XXX F1
XX F2
Source 3 X
XXX F1
XX F2
Source 4 X
XXX F1
F2

Note: See Table 4.2 notes

4.1 CBR Tests

CBR tests were carried to evaluate the strength/stiffness of four different Granular A
aggregates. Referring to Table 4.2, two types of fines were used, natural fines from the
corresponding aggregate (F1) and substitute fines from another source (F2). To determine the
influence of fines the on CBR for each of the combinations, tests were performed at three or four
water contents. Summaries of the water contents, dry densities and CBR values for all source
materials can be found in Appendix B.
4.1.1. Effect of Natural (F1) Fines on CBR Values

Figures 4.1 shows the relation of water content to the CBR values at different F1 fines

content corresponding to 5 mm (0.2 in) displacements. The CBR values at 5 mm were larger

than those at 2.5 mm (0.1 in) displacements.
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Figure 4.1 CBR (5 mm) vs. water content for various F1 fines content
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Three different fines contents were tested for each of the four sources, original fines
content, O percent fines and 10 percent fines. The optimum water content was determined for
each source for the natural fines content but not for the other fines contents. For each of the
figures in Chapter 4 a solid line is used to represent the tests in which the optimum water content
was determined from Proctor compaction and a dashed line represents tests where the water
contents were preselected.

It is evident that some fines must be present in the aggregate in order to increase the CBR
value. With O percent fines present the CBR values were virtually independent of water content.
All sources are seen to have CBR values of 40 or less, which is well below that required by
AASHTO for a granular base (Guo, 2013). It is observed that the CBR of Sources 1 and 3,
which have a higher fines content, display a greater sensitivity to water content, supported by the
data of Table 3.3. Tests completed on specimens with fines tended to have definite peak CBR
values but there is no clear recognizable trend. The CBR values were largest when the tests were
conducted at optimum water content and upon conducting tests at greater than optimum water
conditions the CBR values decreased as expected. This is consistent with the Hashiro’s (2005)
observations. The optimum water contents for Sources 1, 2 and 4 were similar for original fines
and 10 percent F1 fines but for Source 3 there is a slight difference. For Source 2 F1 fines
specimens the CBR can be seen to increase with increasing water content without a decrease
after optimum, however 10 percent F1 fines shows an optimum. This was attributed to Source 2
at low fines content having had problems retaining water when the water content was above 7
pefrcent, causing water to run to the bottom of the mold during testing. Source 4 was found to
also have some problems when the water content was above 7 percent. For both materials at

water contents above optimum, water was also seen to flow out of the mold during preparation.
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It can also be observed that the CBR values for Sources 1 and 2 were larger for original fines
content compared to 10 percent fines, which is consistent with the data of Bennert and Maher
(2005). For Sources 3 and 4 the CBR values for 10 percent fines content were larger. With
regard to Source 3 this may be associated with the presence of silty fines. This material also
showed the largest difference in CBR when adding fines. In general the CBR values were lower
than expected for crushed rock. Had the modified Proctor compaction been used the CBR values
would have been much higher.

As mentioned in Chapter 3, tests had been conducted previously at McMaster University
on aggregate from various MTO regions. Source 3 was one of these regions so the results from
the previous study were compared to the results of this study (Stolle et al., 2005). The optimum
water contents from the eariler McMaster study was approximately 7.9 percent which is similiar
to the optimum water content for this study, 8 percent. The CBR values are also similiar with
this study producing a CBR value at 5 mm of 81 and the earlier study achieving a CBR value of
93. The only difference between the two studies is the value for the coefficient of uniformity,
C.. The sieve anaylsis for the earlier study had used less than half the material that was used in
this study to determine the grain size distribution and also used more sieves, which which is
believed to have influenced the value for Dgo that was used in the C, calculation. The value of
Dgo in the earlier study also did not fall within the Granular A boundaries, thus resulting in a
larger coefficient of uniformity than observed in this study. It appears that with a sufficient
amount of fines, ranging from 5 to 10 percent, Sources 1, 3 and 4 attain CBR values that are
required by a good granular base, CBR > 80 (AASHTO, 2011).

Figure B.1 in Appendix B shows the water content and CBR relationship for 2.5 mm

displacements and Table 4.4 summarizes the maximum CBR values for each case.
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4.1.2. Effect of Density on CBR Values of Aggregates with Natural (F1) Fines

Figure 4.2 presents the variation of CBR of the four different sources as a function of the
different dry densities for the case of F1 fines. The dry densities, pary, are separated into two
figures for each source, one showing the relation with the CBR value at 5 mm displacement and
the other, found in Figure B.2 of Appendix B, for CBR values at 2.5 mm.

Table 4.4 Maximum CBR values for F1 fines

List w (%) | CBR (2.5 mm) CBR (5 mm)
S1/7.9% F1 6.6 83.4 103.1
S1/0% F1 5.3 39.0 38.7
S1/10% F1 6.9 61.6 96.1
S2/3.4% F1 5.9 46.9 58.4
S2/0% F1 4.3 26.6 33.0
S2/10% F1 6.9 45.8 56.9
S3/5.7% F1 8.1 63.4 82.7
S3/0% F1 6.7 34.4 45.1
S3/10% F1 7.5 90.5 135.1
S4/4.1% F1 6.2 81.2 88.4
S4/0% F1 4.9 41.2 44.3
S4/10% F1 5.2 86.6 99.5

For the case of O percent fines the CBR values for all sources were not very sensitive to
dry density. With no fines present in a soil sample, course aggregate interlocking is important,
yielding lower densities and larger voids due to the lack of fines but provides good drainage and
is less susceptible to frost heave (Haider, 2013); (Siswosoebrotho et al., 2005). For Sources 1
and 3 there is a definite trend of increasing CBR with increasing pqry, especially for 10 percent
fines. The CBR value also slightly increases as the pqry increases for Source 2 original fines but
with 10 percent F1 for Source 2 and all cases for Source 4 there is no recognizable trend between

CBR and dry density.
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Figure 4.2 CBR (5 mm) vs. dry density for various F1 fines contents and water contents
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As marked in Figure 4.2 (d) with a red circle, the data points are considered outliers
because the water content appeared to be too high; the specimen looked wet during fabrication.
Comparing the dry densities from the Proctor compaction to the dry densities from CBR testing,
the dry densities were larger for the CBR specimens but followed similar trends, where the pary
increases as the water content reaches optimum and decreases thereafter.

Referring to the tables in Appendix B, the maximum dry density for Source 1 to 3
occurred at the same water content for 10 percent fines as for the natural fines content, optimum
water content. For Source 4 the maximum dry density occurred when the water content was
approximately 8 percent, for 4.1 percent F1 and 10 percent F1 fines. The dry density increased
as the fines content increased from O percent fines to 4.1 percent F1 fines to 10 percent F1 fines.
4.1.3. Effect of Substitute (F2) Fines on CBR Values

As indicated previously, fines must be present for the CBR values to increase at a
selected compaction level. Figure 4.3 shows the relation between CBR and water content for F2
fines at 5 mm displacement with the remaining plots shown in Figure B.3 in Appendix B. As the
fines content increases we see that the maximum CBR value does not change significantly. The
plasticity index of the F2 fines is only moderately larger than that of the original fines for all
sources. CBR tests were conducted with 5 percent and 10 percent with the substitute fines for all
materials. It can be seen that at 5 percent fines the tendency is to have a larger maximum CBR

value. For Source 2 the CBR values at 5 percent fines are only marginally larger.
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Figure 4.3 CBR (5 mm) vs. water content for various F2 fines contents
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As with the tests for F1 fines, there was no significant change in CBR when comparing 5
percent and 10 percent F2 for all sources. However, the change in CBR between the data points
for 5 percent F2 is large. A maximum CBR value can be seen at a certain water content for each
source. For Source 1 there is scatter amongst the CBR values at approximately 7.5 percent water
content. There also appears to be a slight shift in water content when compared to the results for
the F1 fines.

There is no shift in water content at the maximum CBR for Source 2 but it is suspected
that for water contents greater than 7 percent Source 2 had problems retaining water. There was
a shift in the optimum water content for the Source 3 Fines 2 specimen containing the substitute
fines.

A summary of the largest CBR values for each case is presented in Table 4.5. It is
evident that there is no clear trend when comparing the CBR values from specimens containing
F2 fines to those with F1 fines. Therefore a strong statement cannot be made on the effect of
substitute fines.

Table 4.5 Maximum CBR values for F2 fines

List w (%) | CBR (2.5mm) | CBR (5mm)
S1/5% 7.2 81.2 104.4
S1/10% 6.8 70.4 91.3
S2/5% 7.5 43.6 515
S2/10% 55 45.8 51.5
S3/5% 6.9 63.8 80.7
S3/10% 7.4 55.4 74.7

4.1.4. Effect of Dry Density on CBR Values of Aggregates with Substitute (F2) Fines

As with F1 fines the dry density vs. CBR (5 mm) relations were examined for cases
where the original fines were replaced with substitute fines as shown in Figure 4.4. The 2.5 mm

displacement results are found in Figure B.4 of Appendix B.
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There is a clear trend that the CBR increases as the dry density increases for Source 1 and
Source 3 for both 5 percent and 10 percent F2 fines. For Source 2, there is no recognizable
trend. This again is attributed to the problem of the material not being able to retain water
greater than 7 percent which causes a decrease in CBR values, which can be seen from the points
in the red circle.

Referring to the tables in Appendix B, the maximum dry density for each source came
when the water content was approximately 7 percent. The only exception to this is for 10
percent substitute fines for Source 3 where the maximum dry density occurred at 10 percent.
Comparing the dry densities of samples containing F2 fines to F1 fines it can be seen that the dry
densities of the aggregates containing F2 fines were slightly higher.

Although the dry densities of the aggregates with F2 fines was slightly higher, the
difference between the influence of F2 fines and F1 fines was minimal and no clear conclusion
can be drawn on the effect of dry density on CBR.

4.1.5 Soaked CBR Tests

The moisture sensitivity of CBR for aggregate Sources 1, 3 and 4 were examined by
carrying out soaked CBR tests on specimens with original fines, 0 percent fines and 10 percent
fines contents corresponding to the optimum water content and natural fines.

Tables 4.6 to 4.8 show the results of the soaked CBR tests along with the percent
swelling. The swelling measurement revealed that volume swelling induced by soaking is less
than 0.05% in all tests. Such small swelling may be considered negligible in engineering
practice. Source 3 shows that there is not much change in unsoaked and soaked CBR values.
Figure 4.5 shows the CBR values for all sources with natural, O percent and 10 percent F1 fines

as a function of dry density.
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Table 4.6 Source 1 Soaked CBR values

w | CBR CBR x* F: .
List o | 01 | ©02* | ©1) | 02 | pekgmy | SV 0)
658 | 319 42.6 2858.4 0.05
S1/7.8% F1 (W=6.6) 20.95 | 40.05
6.64 | 28 375 2694.7 0.04
493 | 385 43.8 2023.1 0
S1/0% F1 (w=4.9) 36 40.6
485| 335 37.4 2016.9 0.04
582 | 467 58.8 2205.2 0.03
S1/10% F1 (W=5.9) 48 58.3
594 | 493 57.8 2162.4 0.01
Table 4.7 Source 3 Soaked CBR values
w | CBR CBR X X .
List @) | (0.1)* 02 | ©1) | 02 | pumatkgmy | SN 0)
8.08 | 559 87.8 2139.5 0.02
$3/5.7% F1 (w=8.0) 565 | 8195
801| 57.1 76.1 2257.3 0.04
45 | 209 30.8 1864.7 0.01
S3/0% F1 (w=4.6) 245 | 337
466 | 281 36.6 2017.9 0.01
73 | 612 85.9 2265 0
S3/10% F1 (W=7.3) 6045 | 827
727 | 597 795 2290.7 0
Table 4.8 Source 4 Soaked CBR values
w | CBR CBR = F: .
List o | 0 | 02 | 01 | ©02) | peskgmy | SV 0
632 | 395 48.5 2136.4 0.03
S4/4.1% F1 (W=6.3) 389 | 4465
6.38 | 383 40.8 2292.2 0.03
464 | 139 16.9 1801 0
S4/0% F1 (w=4.8) 168 | 2125
492 | 197 25.6 1963.8 0
6.38 | 30.6 37.1 2051.6 0
S4/10% F1 (W=6.3) 3545 | 402
62 | 403 433 2057.8 0

Figure 4.6 compares the variation of the soaked and unsoaked CBR values for clean
aggregates and 10 percent F1 fines with dry density. The results show that there is no significant

decrease in the CBR values for soaked conditions.
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4.2. Resilient Modulus Tests

This study investigated the moisture sensitivity of the resilient modulus along with the
sensitivity to different fines content. Tests were performed at different water contents with fines
removed, at two F1 fines contents and at two F2 fines contents. The optimum water contents
obtained from standard Proctor test results of original aggregates were used to estimate the water
contents for compacting of the resilient modulus test specimens. As previously mentioned,
Stolle et al. (2005) reported that the optimum water content for an Mg test specimen is actually
lower than wop: from Proctor tests. Specimens compacted at the Proctor optimum water content
consistently appeared to be wet of optimum when compacted by vibration.

In this study kPa was used for the unit of pressure. The cell confining pressures used in
Mg tests were 20.7 kPa (3 psi), 34.5 kPa (5 psi), 38.9 kPa (10 psi), 103.4 kPa (15 psi), and 137.9
kPa (20 psi). Figures 4.7 and 4.8 illustrate representative measured resilient modulus results for
3.4 percent natural and 5 percent substitute fines, respectively. Both figures correspond to
Source 2 material at 5 percent water content. Comparing the plots in these figures it can be seen
that the resilient modulus results for both sets of fines are similar. The plots for all resilient
modulus tests on the four sources can be found in Appendix C.

Several of the resilient modulus tests for each source failed prematurely. A list of the
failed tests is provided in Table 4.9. A failed test refers to a test that was unable to be completed
from start to finish. There were three main reasons for failure of these tests: high water content,
development of excess permanent deformation during the pre-conditioning phase, and the failure

of LVDTs to properly record displacement.
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4.2.1. Influence of Natural and Substitute Fines on Mg

For the purpose of this study, specimens at two natural fines contents, one with 0 percent
fines and two with substitute fines were investigated for each of the four Granular A sources.
The influence of fines content on resilient modulus is addressed in this section where the water
content is kept constant and the fines content changes. The same information is presented in
Appendix D.1, except the fines content is held constant and the effect of water content is shown.

Figures 4.9 to 4.12 display the resilient modulus versus bulk stress relations for each
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source for different water contents. Scrutiny of the results indicates that there was no systematic
influence of fines content on the relations. For example the influence of fines content on the Mg
values for Source 1 at 3 percent water content have a different trend than the Mg values for
Source 2 at 3 percent water content. At 3 percent and 5 percent water content only Source 1
displayed no systematic variation whereas Sources 2, 3 and 4 followed the expected sensitivity
of Mg to percent fines, in which Mg decreased as the fines content increased.

Table 4.9 Resilient modulus failure tests

Fines

Source Content w (%) Reason for Failure

Source 1 10% F1 8 High Water Content

Source 1 10% F2 7 LVDT

Source 2 3.4% F1 2.9 Pre-conditioning permanent deformation
Source 2 3.4% F1 6.9 Pre-conditioning permanent deformation
Source 2 0% F1 5 High Water Content

Source 2 5% F2 7 High Water Content

Source 2 10% F1 8 High Water Content

Source 2 10% F2 7 High Water Content

Source 3 57% F1 5.95 Pre-conditioning permanent deformation
Source 3 10% F1 5 Pre-conditioning permanent deformation
Source 4 4.1% F1 8.3 High Water Content

Source 4 5% F2 3 LVDT

Source 4 10% F1 5 LVDT

Source 4 10% F1 8 High Water Content

Source 4 10% F2 7 LVDT

Given that the fines (natural and substitute) were of similar plasticity, the influence of
fines type is seen to be not pronounced. At higher fines content, such as 7.9 percent F1 for
Source 1 and 10 percent F1 for Sources 1 to 4, the resilient moduli tend to be lower. This also
contradicts the findings of Richardson and Lusher (2009) and Yoder and Witczak (1975), where
they stated the optimum fines content for Mg is similar to the optimum fines for maximum CBR

in the range of 6 to 9 percent. The optimum fines content for Mg is found to be different than
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that of CBR. The optimum fines content range is seen to be lower than 6 percent as noted
previously the different compaction methods for CBR and Mg. It should be noted that the results
in Appendix C indicate that some of the Mg values of the specimens were sensitive to deviatoric
stress, such as the Source 1 specimens with 7.9 percent F1 and 10 percent F1 fines at a 5 percent
water content and Source 4 specimens with 4.1 percent F1 and 10 percent F2 fines at a 3 percent
water content.

At 7 percent water content, some specimens appeared to be too wet for resilient modulus
testing. Only a few tests could be completed for Sources 1 and 4, with all tests failing for Source
2 with water at the bottom of the specimen. For Source 3, all tests were completed successfully.
This is a drawback of using the optimum water contents corresponding to Proctor compaction
because the optimum water content for Proctor compaction is different from vibratory
compaction.

The last figure for each source, i.e (d), is a collection of Mg data that were grouped
according to similar trends. The similarities in Mg with natural and substitute fines for various
combinations of fines and water content can be seen as well as the non-systematic variance in Mg

with fines content.
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Figure 4.10 Source 2 Mg vs. bulk stress at various water contents and fines contents
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Figure 4.11 Source 3 Mg vs. bulk stress at various water contents and fines contents
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Figure 4.12 Source 4 Mg vs. bulk stress at various water contents and fines contents
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To summarize the results, the P1 of the Sources 1, 2 and 4 natural fines is almost identical
to the P1 of the substitute fines, which explains the similarities in Mg values. The PI1 of Source 3
natural fines is much lower than the Pl of the substitute fines. For Source 3, a possible
explanation for the difference in Mg is that the physical properties were altered when the silt
fines were replaced with clay fines. This is consistent with the results of Barksdale and Itani
(1989) who report that the Mg decreased when fines from one source were added to aggregates
from another source.

The variation of regression coefficients with respect to fines content for the K-6 model is
presented in Figure 4.13. The regression coefficients with respect to fines for the Uzan and
AASHTO models are found in Appendix D.2. The K-8 model is shown because this model had
the least amount of scatter in the k values at each of the fines contents. The different k values
correspond to different water contents. It is observed that as the fines content increases the value
of K3 decreases and the trend line for of K; is almost constant for all three models. For the Uzan
and AASHTO maodels, the trend line for K3, was found to increase as the fines content increased.
Comparing the results to the results from Guo et al. (2006) the trends for K; are similar,
decreasing with increasing fines but for K, and Kj the trends are not similar. Given no
systematic variation occurring when the water content is constant, the effect of paste content is
looked at in the next section.

4.2.2 Influence of Paste

For the four sources, the resilient modulus values, at 200 and 400 kPa bulk stress, are
plotted against the percent paste in Figure 4.14. The percent paste is the combination of fines
content and water content at the time of compaction. For example, a specimen with 5 percent

passing the 75 um sieve at 5 percent water content would contain a total of 10 percent paste.
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Comparing the results at 200 and 400 kPa bulk stresses, the trends are similar, almost
parallel, with the values at 200 kPa being lower as expected. Unlike the results for constant
water content, the results for percent paste show a more systematic trend. As the paste content
increases the resilient modulus values tend to decrease, except for Source 4. This exception, in
which the Mg is almost constant as percent paste increases, is attributed to not having enough

tests results.
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Figure 4.13 Variation of k-coefficient with fines content for K-8 Model

4.2.3 Influence of Water Content and Fines Content on m and b

Rather than fitting a power function to the data, linear interpolation, Mg = b - mé, is used
in this section. Using the plots of resilient modulus vs. bulk stress the slopes, m, and ‘y’
intercepts, b, for each source were determined by using a linear regression. When calculating the
slopes and intercepts for each test the resilient modulus values for 20.7 kPa (3 psi), and 34.5 kPa
(5 psi) were not included because for most tests the values were similar to one another and some

data points were skewed.
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With the m and b calculated, the effects of water content and fines content on both were
determined. Tables summarizing the regression results for aggregates with natural and substitute
fines are presented in Appendix D.3.

Figure 4.15 presents the frequency distribution for m and b for natural fines and substitute
fines and Figure 4.16 presents the values of m and b versus the percent paste. It can be seen that
for both natural and substitute fines m follows a skewed normal distribution but b does not. In
general, it was found that as the fines content increased for specimens with natural and substitute
fines the slopes decreased.The trend line for the slope versus the percent paste is negative. With
a smaller m value the resilient modulus values does not change as fast with an increase in bulk
stress. A larger m value tended to occur when the water content of a specimen was near the
optimum water content for each source.

It is observed that as the percent paste increased the value of b decreased for specimens
with both natural and substitute fines. The majority of b values were at 180 and 220 for
specimens with F1 fines and 10 percent F1 fines for each source. The majority of b values for
substitute fines were at 200, from Source 3, and greater than 280, from specimens with 5 percent
substitute fines of Sources 2, 3 and 4. Focusing on water content, the value of b was higher for
aggregates with substitute fines when the water content was below optimum and the value of b
was higher for aggregates with natural fines when the water content was near optimum. Based
on the results the value of b tended to be higher for aggregates with substitute fines compared to
natural fines.

Figure 4.17 shows the trend line for the correlation between the slope, m, and “y”

intercept, b. It ss observed that the data has a tendency for b to increase with an increase in m.
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4.2.4 Influence of Regression Coefficients for K;, i = 1,2 and 3
Three models were used to determine the regression coefficients of each specimen, Uzan
model, AASHTO model and K-8 model. The regression coefficients for each model and source

are presented in Appendix D.4.
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Figure 4.18 summarizes the distribution of regression coefficients from this study for the
Uzan model. It was found that K; tended to be in the interval 1.1< |K;| < 1.6. The materials in
which the first peak of values, K; = 1.1, occurred were for specimens containing Source 1 and
Source 3 natural fines with fines greater than 8 percent and water content ranging from 5 percent
to 8 percent.

The second peak of values at K; = 1.6 occurred for specimens containing substitute fines
of Sources 2, 3 and 4 with water contents ranging from 3 percent to 5 percent. The majority of
values for K, were in the interval 0.4< |K;| < 0.6. The majority of 0 values for K3 occurred for
specimens of Source 3 natural fines and Sources 2 and 4 substitute fines. The values which were
not 0 occurred when the fines content was greater than 8 percent. It was also observed the
materials with a larger K value tended to have a negative value for Ks.

Figure 4.19 shows the distribution of regression coefficients for the AASHTO model.
For this model the values of k; tended to fall between 1.1 and 1.9 which was a slightly larger
range than for the Uzan model. The majority of the k; values at 1.3 and 1.8 came when
substitute fines were used. The k; values at 0.7 and 0.8 come from Source 1 at 8 percent or

higher fines content and 5 percent water content. The values for k, were generally the same for
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the AASHTO model as for the Uzan model. For the ks, the AASHTO model produced more
negative values, which the majority being between -0.1 and 0. The values which fell between
this range came from all sources but the majority of -0.1 values came from Source 3 samples.
Similar to the Uzan model, the values of k; tend to increase as ks decreases, seen in Figure 4.20,
which coincides with the findings of Stolle et al. (2005).

The distributions of regression coefficients for the K- model are summarized in Figure
4.21. The K; values were similar to those from the AASHTO model. Regarding K, because K3
was neglected the lower K; values from the AASHTO and Uzan models increased and the higher
K, values decreased slightly.

The regression coefficients versus the percent paste are presented in Appendix D.4. For
the Uzan and AASHTO models, when the percent paste increased the trend lines for K;
decreased land K3 increased. For the K-8 model as the paste increased the trend line for K; also
decreased. For all three models the trend line for K, did not appear to change as the percent
paste increased.

A regression analysis on the experimental data was also performed based on Equation (8)
from Guo et al. (2006). The regression constants for the Uzan, AASHTO and K- models are
presented in Table 4.7 to 4.9. Figure 4.22 compares the experimental results with those
calculated from the regression model for the K-0 model. The comparisons for the Uzan and
AASHTO models are provided in Appendix D.4. The K-8 results obtained most closely match
the experimental data. It should be noted that Guo (Guo et al. 2006) use percentages for P4, P2go
and the water contents, but for this study fractions were used for P4, P2g, and w, and as well the
dry density terms were divided by 1000. Comparing the results from Table 2.4 to Tables 4.7 to

4.9, the terms which are negative are different. For example, from Table 2.4 constants b, d, and
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e are negative for K; but from Tables 4.7 through 4.9 constants a, ¢, and f are negative. In other
words we see that regression is sensitive to the model used to describe the dependencies.

Table 4.10 Regression constants from Equation (8) (Guo et al. 2006) for Uzan Model

UZAN Model
Variable | Coefficient K1y K> Ks

P4 a -0.136 | 0.1046 | -0.0545
P20o b 0.1192 | -0.152 0.0857
W/Wopt c -0.2506 | -0.1281 | -0.0252
Pdry | Popt d 27.0129 | -22.186 | 11.8228
W e 0.017 | 0.0367 -0.003
Ddry f -0.013 | 0.0101 | -0.0052
Wopt g 1.4879 | -1.1073 | 0.5658

h -0.9033 | 3.7241 -1.9741

Table 4.11 Regression constants from Equation (8) (Guo et al. 2006) for AASHTO Model

AASHTO Model

Variable | Coefficient Ky ko K3
P4 a -0.0683 | 0.0951 | -0.1359
P20o b 0.0068 | -0.1384 | 0.2181
W/Wopt Cc -0.3021 | -0.1354 | -0.0544
Pdry | Popt d 13.15 | -20.269 | 29.9666
W e 0.0317 | 0.0369 | -0.0099
Dry f -0.007 | 0.0092 | -0.0133
Wopt g 0.8509 | -1.0206 | 1.4527
h 1.3423 | 3.4477 | -5.1717

Table 4.12 Regression constants from Equation (8) (Guo et al. 2006) for K-8 Model

k-6 Model
Variable | Coefficient K1 K,
P4 a -0.0792 0.057
P20o b 0.0261 | -0.0775
W/Wopt C -0.2903 | -0.1474
Pdry | Popt d 15.2912 | -11.8596
w e 0.0288 0.0336
Dry f -0.0079 | 0.0055
Wopt g 0.946 -0.612
h 0.9919 2.0014
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Figure 4.18 Frequency plots for regression coefficients Ky, K, and K3 from Uzan model
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4.2.5 Damping Ratio Considerations

Another source of information, which can be gathered from the resilient modulus tests is
the damping ratio associated with each material for each of the pressure, moisture content and
fine content conditions. The damping ratio, D, a measure of the energy dissipation, has been
calculated for Source 1 through 4 at 20.7 kPa, 34.5 kPa, 68.9 kPa, 103.4 kPa, and 137.9 kPa

confining pressures, using the following equation

D =—=— (11)

where AW is the energy dissipated in a closed loop and W is the elastic energy, as shown in

Figure 4.23.
Figure 4.24 displays a representative measured energy stress-strain loop. This figure is

from Source 3 with natural fines content.
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Figure 4.23 Elastic energy and energy Figure 4.24 Energy dissipated for natural
dissipation during cyclic loading (Guo, 2014) F1 fines, Source 3

Three load sequences were carried out at each confining pressure, resulting in three
different damping ratios. For each of the figures presented in this section the average of the three
damping ratios is used. All the tests that failed were again excluded from the analysis. Figure
4.25 shows that the damping ratios for all samples with natural fines decrease with an increase in
confining pressure. The damping ratios that are highest correspond to the samples where the
resilient modulus values were lowest. For example from Figure 4.25 (a) D values were highest
for 10 percent F1 fines at 5 percent water content. The resilient modulus values at 10 percent F1
were lower (Figure D.1). As well, the damping ratios were lower when the water content was
close to optimum.

Similar to the specimens with natural fines, the damping ratios decreased as the confining
pressure increased for specimens containing substitute fines with the exception of the damping
ratios of specimens containing 5 percent F2 at 7 percent water content. For this test D increased
as the confining pressure increased at 137.9 kPa and the sample was found to be sensitive to

deviatoric stress. Once again, higher damping ratios correspond to the lower resilient modulus
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values as anticipated. Comparing the natural fines, specimens to substitute fines specimens, the

damping ratios were similar, which was largely attributed to the PI of the natural fines and

substitute fines being similar.
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Figure 4.25 Damping ratio for Source 1

As with Source 1, the damping ratios for Source 2 with natural fines and substitute fines
decrease as the confining pressure increases. It can be seen for both F1 and F2 fines in Figure
4.26, as the fines content increases the damping ratios increase. The damping ratios were also
lowest at optimum water content, corresponding to the higher Mg values. The damping ratios of
F1 fines specimens were lower than those containing F2 fines indicating higher resilient modulus
values.

The damping ratios of Source 3 decrease as the confining pressure increases for all
specimens. Similar to Sources 1 and 2, the lower damping ratios corresponded to higher resilient
modulus as 0 percent F1 fines specimens produced the largest resilient modulus values for
Source 3. In Figure 4.27, the results for Source 3 with substitute fines show clearly that as the

fines content increases the damping ratio decreases. Specimens with 3 percent water content
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produced the lowest damping ratio with 10 percent F2 fines and 7 percent water content
producing the highest damping ratio, which corresponds to the Mg being highest at 3 percent and
lowest at 7 percent. Comparing the damping ratios of material containing natural fines to those

with substitute fines, the damping ratios were similar as anticipated.
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Figure 4.27 Damping ratio for Source 3
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Following with the same trend as the previous three sources, the damping ratios decrease
as the confining pressure increases for Source 4. The damping ratio was lowest for specimens
compacted at the optimum water content that was determined from standard Proctor compaction.

The damping ratios for substitute fines in Figure 4.28 (b) also decreased as the confining
pressure increased. D was higher for aggregate with 10 percent F2 fines than for aggregate with
5 percent F2 fines, at 5 percent water content in particular. Overall the damping ratios were
similar for specimens containing natural and substitute fines. Comparing the damping ratios of
all four sources, Source 3 damping ratios of specimens with natural fines were the lowest.
Source 4 damping ratios for specimens containing natural fines were similar to Source 2, which
IS to be expected as the gradations for both sources were similar. The damping ratios for
specimens with substitute fines were similar.

The damping ratios for each source were compared to the percent paste as shown in
Figure 4.29. For Sources 1, 2 and 3, the damping ratios increased slightly as the percent paste

increased. For Source 4 no trend can be observed for specimens with natural fines because there
were only two successful tests.
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Figure 4.28 Damping ratio for Source 4
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Figure 4.29 Damping ratio vs. percent paste

4.2.6 CBR vs. Mg

A final parameter to which resilient modulus is compared is CBR. Figure 4.30 presents
the CBR values for specimens containing both natural and substitute fines and the corresponding
Mg values. According to the trend lines, the CBR value increased as the Mg value decreased,
corresponding to the bulk stresses of 200 kPa and 400 kPa, for Sources 1, 2 and 3. For Source 4
not enough tests were conducted to determine a trend. Comparing the results at 200 kPa and 400
kPa bulk stresses, the trend lines are almost parallel with the values at 200 kPa being lower as

expected, similar to the results found in Chapter 4.2.2.
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Figure 4.30 CBR vs. Mg
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The trends observed in the figures are inconsistent with respect to what is presented the
literature. Based on correlation equations found in literature, Table 2.3 in particular, the Mg
should increase as the CBR values increase. Guo et al. (2006) also found that Mg, which is
stress-state dependent, cannot be uniquely related to CBR, which is an index property of a
material.

4.2.6 Permanent Deformation

The development of permanent deformation for the four sources was examined, the
results of which are presented in Figure 4.31. Figure 4.31 plots the accumulated strain at the end
of each confining pressure following the loading program given in Table 3.6. The first term in
the legend refers to the type of fines, natural (F1) or substitute (F2), the second term represents
the fines content (%), and the third term represents the water content (%). For Source 1 the
permanent deformation was larger for specimens containing natural F1 fines, but for Sources 2, 3
and 4, the permanent deformations for natural and substitute fines were similar.

Figure 4.32 presents the accumulated strain versus the percent paste for each source. The
trend lines clearly show that the accumulated strain at the end of a test increases as the percent

paste increase.

4.3 Permeability Tests

One of the three factors, which is important for the design of pavement structures, is the
ability of the granular base or subbase to drain rapidly. In order to calculate the drainage of a
base layer, the permeability must be calculated. The constant head test method was used in this
thesis to determine the permeability at three different constant heads, 71.4 cm, 61 cm and 53.7

cm.
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Figure 4.31 Accumulated strain for each Source
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Table 4.10 summarizes the results of the tests conducted on each of the sources. The

equation used to calculate the permeability is given as

k=22 (12)

where Q is the volume of discharge in cm?, L is the length of specimen in cm, A is the cross-
sectional area of the permeameter, h is the hydraulic head difference (constant head) in cm and t
is the time for discharge in seconds.

Table 4.13 Permeability results

Permeability (cm/sec)
Material \ Hydraulic Gradient 6.14 5.25 4.62

Source 1/0% 0.0224 | 0.0229 0.0230
Source 1/7.8% F1 0.0109 | 0.0137 0.0163
Source 1/10% F1 0.0046 | 0.0052 0.0093
Source 1/5% F2 0.0032 | 0.0032 0.0037
Source 1/10% F2 0.0028 | 0.0039 0.0045
Source 2/0% 0.0123 | 0.0145 0.0153
Source 2/3.4% F1 0.0072 | 0.0075 0.0080
Source 2/10% F1 0.0059 | 0.0077 0.0079
Source 2/5% F2 0.0033 | 0.0046 0.0054
Source 2/10% F2 0.0041 | 0.0048 0.0049
Source 3/0% 0.0140 | 0.0146 0.0152
Source 3/5.7% F1 0.0058 | 0.0063 0.0065
Source 3/10% F1 0.0057 | 0.0062 0.0056
Source 3/5% F2 0.0046 | 0.0045 0.0043
Source 3/10% F2 0.0039 | 0.0024 0.0022
Source 4/0% 0.0112 | 0.0101 0.0074
Source 4/4.1% F1 0.0065 | 0.0039 0.0037
Source 4/10% F1 0.0058 | 0.0038 0.0037
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The results for each source are separated in Figure 4.33 showing the effect of fines
content on the permeability. For each of the sources the permeability when no fines were present
was significantly larger than for those specimens with fines, which was to be expected as the
voids in the aggregate structure are empty at zero fines content and the water can flow through
more easily. When fines were present the results were similar but the permeability slightly
decreased as the fines content increased for both natural and substitute fines cases. The results
support the findings of Emery and Lee (1977) where the hydraulic conductivity decreases for
Granular A crushed limestone when 10 percent fines were included. Also the permeability did
not change much as the gradient varied in a certain range.

The grain size is an important factor in determining the permeability. Haider (2013)
found that permeability is more sensitive to smaller grain sizes (Do and D3) compared to larger
sizes (Dsp and Dgo). As the percent passing the smaller grain sizes increases the permeability
increases. Onur (2014) found that with a high coefficient of uniformity the permeability is
lower. Source 1 had the smallest D1p and D3 values and largest C, value compared to the other
sources but the permeability was higher for Source 1. Emery and Lee (1977) report that the
hydraulic conductivity of a Granular A crushed limestone decreases from 3.41x10% cm/s to
1.26x10™* cm/s when 10 percent fines are included.

Again it should be noted that the PI of the substitute fines were similar to the PI of the
natural fines for Sources 1, 2 and 4. For Source 1 the permeability decreased further with the
addition of substitute fines, which was unexpected because with the similarity in PI the values
were expected to be similar. The PI of Source 3 natural, silt fines was lower than the PI of the
clay fines of the substitute material which explains the decrease in permeability for Source 3 as

silt is expected to produce a slightly higher & (Dawson A. , 2008)
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Figure 4.33 Permeability of Sources 1 through 4
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4.4 Influence on Design of Pavement Structures

To evaluate the influence of fines in the granular base/subbase layers on flexible
pavement performance, we examine the variation of the structural number of granular base layers
at different fines content, with the clean aggregates as the reference. To achieve this goal,
information from AASHTO 1993 method was used in the following analysis.

According to AASHTO 1993, the structural number of the granular base layer of a
flexible pavement is determined as SN =a,m,h,, in which h, is the base layer thickness, with a,
and m, being the structural coefficient and the drainage coefficient of the base layer,
respectively. Referring to AASHTO 1993, the value of a, depends on the CBR value or the
resilient modulus of the aggregates in the granular base layer. Referring to Tables 4.4 and B.1,
for Source 1 aggregate with approximately the same water content, the CBR values are not
affected by the fines content (natural to 10 percent). This implies that the structural number a, is
not sensitive to the fines content as far as the same compaction level is achieved.

On the other hand, the drainage coefficient m, depends on the quality of drainage and

how long the pavement structure is exposed to moisture levels approaching saturation, as shown
in Tables 4.14 and 4.15. It is clearly shown that the permeability has significant influence on the
quality of drainage and hence the drainage coefficient. Therefore, one can expect that the

variation of fines contents tends to have direct impact on the drainage coefficient m, and hence

the structural number of the granular base given that the coefficient of permeability varies with
fines content. For simplicity, we use the following quantity to quantify the influence of fines

content on the structural number of the granular base layer:
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o SNeo _ @mhy)ee  (M)ec (13)
SN ref (aZ m2h2 )ref (mz )fef

in which (m,).. and (m,),, are the drainage coefficients of the aggregate with fines content FC

and the reference aggregate, respectively.

Table 4.14 Quality of drainage (AASHTO, 1993)

(AASHTO Guide for Design of Pavement Structures, 1993)

Quality of Drainage Minimum Permeability Time to Drain
Excellent 1000 ft/day 2 hours
Good 85 ft/day 1 day

Fair 11 ft/day 1 week
Poor 0.5 ft/day 1 month
Very Poor 0.02 ft/day Water will not drain

Table 4.15 Layer drainage coefficients m; (AASHTO, 1993)

Percent of time pavement structure is exposed
to moisture levels approaching saturation

Quality of Less than Greater than
drainage 1% 1-5% 5-25% 25%
Excellent 1.40-1.35 1.35-1.30 1.30-1.20 1.20
Good 1.35-1.25 1.25-1.15 1.15-1.00 1.00
Fair 1.25-1.15 1.15-1.05 1.00-0.80 0.80
Poor 1.15-1.05 1.05-0.80 0.80-0.60 0.60
Very poor 1.05-0.95 0.95-0.75 0.75-0.40 0.40

Since this study focuses on the granular base layer, only the layer structural coefficient
for granular base, a,, and the drainage coefficient for granular base, m, were used. Table 4.16
summarizes the results of the calculations to determine the design of the granular base for all
sources including the average permeability the layer structural coefficient of each source, the
quality of drainage and the corresponding drainage coefficient, and the normalized structural
coefficient, aym,. It was assumed that the percent of time the pavement structure is exposed to
moisture levels approaching saturation was between 5 percent and 25 percent, which was used to

determine m,. For Sources 1 and 3 the quality of drainage begins as fair but decreases to poor as

97



Master’s of Applied Science Thesis — P. Di Tullio; McMaster University — Civil Engineering

the fines content increases and for Sources 2 and 4 the drainage remains fair. The excellent

condition in Table 4.16 refers to a pavement with excellent drainage at less than 1 percent of

time approaching saturation, where m, is 1.4 as well as a layer structural coefficient of 1.4.

Comparing the structural number of each source to the structural number of an excellent

aggregate, Source 1 was the closest to a perfect aggregate at 64 percent. When the fines content

increased to 10 percent and the drainage quality was low, the ratio decreased to as low as 47

percent for Source 3 and 50 percent for Source 1.

Table 4.16 Drainage coefficients and structural numbers

Average Quality | Drainage | _ ?Szrl\rl]; SN2/SN2-
Material Permeability | ft/day of Coefficient | 4.2 Excellent
(cm/sec) Drainage m ENE) | BelfE Condition
g 2 Condition)
Source 1/0% 0.0228 64.6 fair 0.9 0.126 0.196 0.64
0,

So“rceFi/ 1.5% 00136 | 385 | fair 0.9 0126 | 0.196 0.64
Source 1/10% F1 0.0063 17.8 fair 0.9 0.126 0.196 0.64
Source 1/5% F2 0.0034 9.6 poor 0.7 0.098 0.196 0.5
Source 1/10% F2 0.0037 10.5 poor 0.7 0.098 0.196 0.5

Source 2/0% 0.014 39.7 fair 0.9 0.117 0.196 0.6

So“rceFf/ 3.4% 00076 | 215 | fair 0.9 0117 | 0.196 0.6
Source 2/10% F1 0.0071 20.1 fair 0.9 0.117 0.196 0.6
Source 2/5% F2 0.0044 12.5 fair 0.9 0.117 0.196 0.6
Source 2/10% F2 0.0046 13.0 fair 0.9 0.117 0.196 0.6

Source 3/0% 0.0146 41.4 fair 0.9 0.119 0.196 0.61

So“rceFf/ 5.7% 00062 | 176 | fair 0.9 0119 | 0.196 0.61
Source 3/10% F1 0.0058 16.4 fair 0.9 0.119 0.196 0.61
Source 3/5% F2 0.0045 12.7 fair 0.9 0.119 0.196 0.61
Source 3/10% F2 0.0028 7.9 poor 0.7 0.092 0.196 0.47

Source 4/0% 0.0096 27.2 fair 0.9 0.119 0.196 0.61
0,

SourceFfM'”’ 0.0047 133 fair 0.9 0119 | 0.196 0.61

Source 4/10% F1 0.0044 125 fair 0.9 0.119 0.196 0.61
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CHAPTER 5 CONCLUSION AND RECOMMENDATIONS

5.1. Conclusions

This study presents the results and analysis of the experimental tests that were completed
to determine the effect of fines content and type on unbound granular base materials. Four
different source crushed rock Granular A granular base materials were investigated. For each
source, tests were conducted with no fines, natural fines and 10 percent fines along with two
substitute fines contents of 5 percent and 10 percent. Physical property tests including standard
Proctor, sieve analysis and Atterberg limit tests were performed along with CBR, Mg and
permeability tests for the four Granular A aggregates. Based on the results the following

conclusions can be drawn:

1. Fines must be present for the CBR values to increase. When no fines were present in the
specimens for all sources, the CBR values remained constant as the water content
increased.

2. CBR values decreased for Sources 1 and 2 as the fines content increased from O percent
to 10 percent natural fines but the CBR value increased with increasing fines content for
Sources 3 and 4. Source 3 is considered to be a high quality Granular A. The CBR value
also decreased as the water content increased beyond the optimum water content. As
seen in Figures 4.5 and 4.6, as the density increases so does the CBR.

3. With the plasticity index of the substitute fines being similar to the plasticity index of the
natural fines content for each source the CBR values were similar for specimens with
substitute and natural fines resulting in no clear trend of CBR values when comparing

specimens with natural and substitute fines.
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4.

There was no general systematic influence of fines content on Mg, with varying water
content.  For example, for sources with similar gradations and water contents the Mg
values were different.

Similar to the results for CBR the Mg values were similar for natural and substitute fines
specimens.

In general, it can be seen that there was an optimum water content, between 5 and 6
percent, and optimum fines content, between 4 and 5 percent, where the Mg was greatest.
As no systematic trends could be determined for Mg with respect to water content and
fines content, a combination of water and fines content, percent paste during compaction,
was used. It is assumed that the percent paste during compaction influences density,
which has an impact on Mg.

Regression coefficients were calculated for each source at different combinations of
water and fines content for three different models; Uzan, AASHTO and K- model.
With increasing paste content, K; tended to decrease, K, values remained constant and K3
increased for all models. Physical properties were also used to estimate resilient modulus
using an equation from Guo et al. (2006). Based on the regression analysis results the
parameters, pary Popt, appeared to influence the K values the most.

Another source of information retrieved from Mg tests was the damping ratio. The
damping ratios were determined at different confining pressures using the energy
dissipated and elastic energy. Higher damping ratios corresponded to low Mg values for
all sources and the damping ratios decreased as the confining pressure increased. The

damping ratios also were lowest when the water content was near the optimum.
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10.

11.

12.

The development of permanent deformation was examined and it was determined that
Source 1 had the highest accumulated strain values and Sources 2, 3 and 4 had similar
accumulated strain values. As the percent paste tends to increase the accumulated strain
also increased for all sources.

The permeability was largest when no fines were present. In general there was little
change in kfor 5 percent to 10 percent fines but large change from 0 percent to 5 percent
fines. Source 1 was observed to have the highest permeability compared to the other
three sources however this was not expected as Source 1 had the highest fines content.
Comparing the normalized structural coefficient, a;m,, to a pavement structure
considered to be in excellent condition, Source 1 was shown to have the highest
percentage at 64 percent. As the fines content increased to 10 percent the ratio decreased

to as low as 47 percent for Source 3 and 50 percent for Source 2.

5.2. Recommendations

1.

A component of this study was to determine the affect of the plasticity index of fines on
granular material behaviour however the plasticity index of the plastic fines used was
only slightly higher than that of the original fines content. Future work should include
testing of substitute fines with higher a plasticity index (clearly plastic) and higher fines
levels (between 12 and 14 percent). Future work should also include different
combinations of substitute fines and natural fines, such as 5 percent substitute fines and 5
percent natural fines.

With some aggregates sensitive to water content, more focus should be placed on the
compaction methods used. Further research should be conducted on the influence of the

compaction method on Mg. This also includes the use of modified Proctor compaction as
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many agencies prefer the use of modified Proctor compaction compared to standard
Proctor compaction

3. Soaked CBR tests should also be conducted on all test specimens to determine how the
specimens are affected after the samples have been submerged in water.

4. Dynamic cone penetrometers (DCP) testing provides a in-situ index of strength and
estimate of subgrade modulus. Tests results can be correlated to CBR, and resilient
modulus. It is recommended that dynamic cone penetrometer testing be completed on all

sources and to correlate the results to the CBR and Mg results already obtained.
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Appendix A

Table A.1 Summary of Granular A sieve analysis results

Sieve Analysis
Percent Passing Source 1 Source 2 Source 3 Source 4
Sieve Sizes
lin. 25 mm 100 100 100 100
Yain. 19 mm 96.5 98.2 95.7 96.7
Y in. 12.5 mm 81.4 77.4 75.7 78.9
No. 4 4.75 mm 55.0 47.8 46.6 43.7
No. 8 2.36 mm 414 32.6 34.9 25.9
No. 16 1.18 mm 30.8 21.1 25.3 15.6
No. 50 300 um 18.2 8.9 13.2 8.1
No. 200 75 um 7.8 3.4 5.7 4.1
Do (Mm) 0.10 0.37 0.20 0.40
D3o (mm) 1.20 2.10 1.80 2.90
Deo (Mm) 5.00 7.80 7.90 8.00
(of 50.00 21.08 39.50 20.00
Ce 2.88 1.52 2.05 2.63
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Appendix B

Table B.1 Source 1 CBR and dry density results

CBR CBR x* X
List w (%) (0.1)* (0.2)* (0.1) 0.2) | pamax (kg/m?)
S1/7.8% F1 (w=4.7) 4.72 39.5 43.0 2052.5
4.45 24.6 28.1 32.0 35.6 1974.0
S1/7.8% F1 (W=6.7) 6.58 83.4 103.1 2230.5
6.89 81.5 98.4 82.4 100.8 2168.7
S1/7.8% F1 (W=9.1) 9.15 40.0 39.4 2044.8
9.13 52.8 53.1 46.4 46.3 2088.1
S1/0% (W=3.2) 3.21 26.5 31.8 1991.0
3.22 28.1 36.1 27.3 34.0 1997.5
S1/0% (w=4.9) 4.55 29.8 27.5 2002.7
5.28 39.0 38.7 34.4 33.09 2049.5
S1/10% F1 (W=5.1) 5.01 32.6 34.6 2075.5
5.19 28.7 35.4 30.7 35.03 2054.4
S1/10% F1 (W=6.9) 6.91 61.6 96.1 2306.9
6.88 57.0 84.2 59.3 90.135 2275.7
S1/10% F1 (w=8.4) 8.52 54.2 70.7 2234.5
8.2 46.6 58.9 50.4 64.8 2151.6
S1/5% F2 (W=2.9) 2.82 35.5 38.5 2061.6
2.93 32.6 34.5 34.0 36.5 2076.5
S1/5% F2 (w=4.9) 5.01 49.3 56.2 2092.3
4.87 56.7 65.9 53.0 61.1 2161.0
S1/5% F2 (w=7.3) 7.34 61.6 76.8 2235.0
7.17 81.2 104.4 714 90.6 2295.1
S1/5% F2 (w=10.1) 9.93 9.90 18.1 1989.8
10.35 10.4 15.2 10.2 16.7 2005.2
S1/10% F2 (w=3.4) 3.24 29.8 34.7 2070.7
3.49 27.0 30.2 28.4 32.4 1922.1
S1/10% F2 (w=5) 5.16 40.9 42.7 2124.7
4.85 56.7 65.9 48.8 54.3 2204.7
S1/10% F2 (w=7.1) 7.34 42.2 56.2 2295.7
6.75 70.4 91.3 56.3 73.8 2362.7
S1/10% F2 (w=9.8) 9.24 37.7 48.9 2207.2
10.27 22.8 33.0 30.2 40.9 2195.4
*0.1inch=2.5mm; x = Average
0.2inch=5mm
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Table B.2 Source 2 CBR and dry density results

CBR CBR x* x*
List w (%) (0.1)* (0.2)* (0.2) (0.2) Pamax (kg/m®)
$2/3.4% F1 (w=3.1) 3.16 28.8 32.0 2065.3
3.05 44.0 51.5 36.4 41.8 2012.6
S2/3.4% F1 (W=5.2) 5.28 43.5 49.7 2161.3
5.09 38.1 48.4 40.8 49.1 2105.8
$2/3.4% F1 (W=5.8) 5.76 36.3 48.4 2193.7
5.86 46.9 58.4 41.6 53.4 2169.4
S2/3.4% F1 (W=7.4) 7.34 57.0 71.0 2219.8
7.5 55.3 71.1 56.2 71.0 2236.6
S2/0% (W=3.3) 3.17 184 24.8 1849.9
3.38 21.2 28.0 19.8 26.4 1946.4
S2/0% (W=4.8) 4.34 26.6 33.0 1981.2
5.34 22.7 28.3 24.7 30.6 1861.8
S2/10% F1 (W=5.0) 5 34.5 49.0 2176.1
5.08 43.5 52.5 39.0 50.7 2160.5
S2/10% F1 (w= 7.6) 6.89 45.8 56.9 2249.1
8.3 28.8 40.4 37.3 48.7 2227.8
S2/10% F1 (W=8.7) 8.55 34.8 45.2 2261.4
8.79 27.6 40.2 31.2 42.7 2190.4
S2/5% F2 (w=3.2) 3.33 30.9 33.2 2017.0
3.14 28.2 29.0 29.6 31.1 1995.4
S2/5% F2 (4.9) 4.84 29.7 32.7 2015.9
5.02 43.4 49.1 36.5 40.9 2112.4
S2/5% F2 (W=7.6) 7.46 43.6 51.5 2151.2
7.69 24.8 39.2 34.2 45.3 2212.8
S2/50 F2 (W=9.1) 8.99 20.5 31.0 2258.0
9.22 8.5 11.3 14.5 21.2 2251.1
S2/10% F2 (W=3.3) 3.35 30.9 30.8 2073.8
3.28 35.5 38.4 33.2 34.6 2100.4
S2/10% F2 (W=5.4) 5.39 35.3 42.1 2159.3
5.46 45.8 51.5 40.6 46.8 2160.4
S2/10% F2 (W=7.1) 7.3 37.9 50.5 2178.9
6.95 34.3 45.8 36.1 48.1 1993.5
S2/10% F2 (w=10.4) 10.48 12.2 16.2 2206.4
10.25 7.8 10.3 10.0 13.3 2154.0
*0.1inch =2.5 mm; x = Average
0.2inch=5mm
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Table B.3 Source 3 CBR and dry density results

CBR CBR x* x* Pmax
List w (%) (0.1)* (0.2)* (0.1) (0.2) (kg/m*)
$3/5.7% F1 (W=5.8) 5.93 45.8 62.5 2065.4
5.64 40.1 70.4 43.0 66.4 2215.2
S3/5.7% F1 (W=8.1) 8.07 63.4 82.7 2219.7
8.03 47.3 80.0 55.3 81.4 22155
S3/5.7% F1 (w=10.5) 10.49 31.0 46.7 2208.3
31.0 46.7
S3/0% (W=2.9) 2.85 32.1 39.0 2183.9
2.88 17.1 23.5 24.6 31.3 2059.6
$3/0% (W=5.0) 5.04 22.0 29.3 1897.0
4.9 31.6 45.1 26.8 37.2 1959.3
S3/0% (W=6.9) 6.65 34.4 43.4 1879.9
7.18 23.3 30.4 28.8 36.9 1923.6
S3/10% F1 (W=5.0) 5.01 33.7 45.3 2121.7
5.04 38.2 52.5 36.0 48.9 2119.3
$3/10% F1 (W=7.3) 7.12 72.6 108.5 2310.0
7.47 90.5 135.1 81.6 121.8 22444
S3/10% F1 (W=8.7) 9.21 271.7 47.4 1958.2
8.26 27.2 57.0 27.5 52.2 2170.1
S3/506 F2 (w=3.2) 3.22 51.8 57.2 2064.8
3.11 33.9 40.7 42.9 48.9 2039.6
S3/506 F2 (W=4.9) 4.85 59.2 69.9 2099.2
4.85 46.4 60.6 52.8 65.2 2150.3
S3/5% F2 (w=7.1) 6.89 63.8 80.7 2175.3
7.27 44.5 60.2 54.2 70.4 2163.2
S3/506 F2 (W=9.8) 9.69 33.7 47.3 2050.0
9.87 29.2 39.2 31.4 43.2 2124.7
S3/10% F2 (w=3.3) 3.38 24.5 29.5 2019.8
3.26 30.2 35.1 27.3 32.3 2028.7
S3/10% F2 (W=5.5) 5.43 37.8 47.6 2065.7
5.5 34.0 45.9 35.9 46.7 1975.1
S3/10% F2 (W=7.3) 7.15 48.5 64.7 2198.7
7.35 55.4 4.7 52.0 69.7 2218.0
$3/10% F2 (w=10.1) 9.93 434 57.2 2213.2
10.2 32.2 46.8 37.8 52.0 2223.4
*0.1inch =2.5 mm; x = Average
0.2inch=5mm
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Table B.4 Source 4 CBR and dry density results

CBR CBR x> x*
List w©) | (0.0)* (0.2)* (0.1) (0.2) | pamax (kgim?)

S4/4.1% F1 (w=4.4) 4.38 65.0 65.2 2101.1
4.45 68.3 69.5 66.7 67.4 2130.6

S4/4.1% F1 (W=6.3) 6.23 81.2 88.4 2107.5
6.27 70.6 80.2 75.9 84.3 2168.9

S4/4.1% F1 (w=8.3) 8.19 39.7 48.1 2149.8
8.37 35.1 47.2 37.4 47.6 2187.7

S4/0% (W=3.2) 2.94 34.6 37.5 1965.2
3.37 35.9 39.6 35.3 38.5 1977.0

S4/0% (w=4.9) 4.85 34.2 39.2 1981.5
4.85 41.2 44.3 37.7 41.7 2007.2

S4/10% F1 (w=4.9) 4.66 73.6 77.6 2157.5
5.17 86.6 99.5 80.1 88.6 2252.0

S4/10% F1 (W=8.6) 8.41 22.4 35.2 2250.3
8.71 30.7 41.0 26.6 38.1 2284.0

*0.1inch =2.5mm; x = Average
0.2 inch=5mm
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Figure C.1 Relationship of resilient modulus with deviatoric and bulk stresses
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Appendix D

D.1 Influence of Water Content

A range of water contents was used to determine the effect of fines on the resilient
modulus. For natural fines, the water contents ranged from -2 percent, to +2 percent of Wep
Since vibratory compaction was used for preparing resilient modulus samples, the optimum
water content was expected to be lower than the optimum value from the standard Proctor tests.
With the optimum water content expected to be lower, 3 percent water content was chosen as the
minimum and 7 percent water content was chosen as the maximum because the maximum CBR
dry densities occurred when the water content was 7 percent for all sources. Water contents
were also selected for the tests performed on 0 and 10 percent fines content.

The effect of water content at different fines content for Sources 1 to 4 is presented in
Figure D.1 to D4. There is no systematic variation of Mg with water content as some specimens
had higher Mg values at 5 percent water content and others at 7 percent water content.
Generally, the resilient modulus was highest when the water content was 5 percent for 3 out of 4
sources. As the water content increased beyond 5 percent the Mg decreased.

As stated in Section 4.2.1, with the water content approaching 7 percent and above, many
of the tests failed. The resilient modulus for the tests which did not fail was low with the
exception of 7.9 percent F1 fines of Source 1 and O percent fines of Source 3. Looking at the
CBR values for each source, they were highest when the water content was near 7 percent but
because of different compaction methods for CBR and resilient modulus, the water content at 7
percent was wet of optimum resulting in a lower Mg It was also clear that the maximum Mg
values for each source, except Source 3, occurred when the water content was below 6 percent.

This indicates that when the water content goes above a certain point, the resilient modulus decreases
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Figure D.2 Source 2 resilient modulus vs. bulk stress

135



Master’s of Applied Science Thesis — P. Di Tullio; McMaster University — Civil Engineering

600
500
g_-? 400
< 300
S
S 200
100

& (W=3%)

L L L L O L L L L

200 400 600 800 0 200 400 600 800
Bulk Stress (kPa) Bulk Stress (kPa)
(a) 0 percent fines (d) 5 percent Substitute fines
600 - ® (W=3%)
M (w=7.95%) 500 - B (w=5%)
Ta00{ W
< 300 o
S 200 -
100 -
T T T 1 0 " " " !
200 400 600 800 0 200 400 600 800
Bulk Stress (kPa) Bulk Stress (kPa)
(b) Natural Fines (e) 10 percent Substitute fines

M (w=8%)

200 400 600 800
Bulk Stress (kPa)

(c) 10 percent Natural fines
Figure D.3 Source 3 resilient modulus vs. bulk stress
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Figure D.4 Source 4 resilient modulus vs. bulk stress
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D.2 Influence of Fines content on Regression Coefficients for K;, i = 1,2 and 3
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D.3 Influenceon mand b

Table D.1 m and b results for

natural fines

Table D.2 m and b results for
substitute fines

m m
List (MPa/kPa) | b (MPa) List (MPa/kPa) | b (MPa)
S1/0% Fines (w=3) 0.194 180.5 S1/5% Fines (w=3) 0.405 167.3
S1/0% Fines (w=5) 0.457 110.1 S1/5% Fines (w=5) 0.390 143.1
S1/7.8% Fines (w=4.6) |  0.305 53.7 Su/ 5‘? Fines(w=7) | 0134 154.9
S1/7.8% Fines (W=6.6) |  0.348 108 zz 18 ;’ E!”es Ew‘g 0.344 109
ines (w=
S1/7.8% Fines (W=8.6) | 0.325 99.1 Ll 0.430 137.9
S1/10% Fi =5 0.205 73.3 52/5% Fines (w=3) 0.341 2175
6 Fines (w=5) ' ' S2/5% Fines (W=5%) |  0.399 189.7
04 Ei —
S2/0% F!nes (w=3) 0.489 292.5 S2/10% Fines (W=3) 0313 2339
S2/10% Fines (w=5) 0.355 104.9 S3/5% Fines (w=3) 0.504 178
$3/0% Fines (w=3) 0.561 204.2 S3/5% Fines (wW=5) 0.396 188.3
S$3/0% Fines (w=5) 0.46 226.8 S3/5% Fines (w=7) 0.502 93.9
S3/0% Fines (W=7) 0.490 277.7 S3/10% Fines (w=3) 0.372 198.6
S$3/5.7% Fines (w=7.95) 0.483 79.2 S3/10% Fines (w=5) 0.323 131.4
$3/10% Fines (w=8) 0.450 140 S3/10% Fines (W=7) | 0218 154.1
S4/4.1% Fines (w=4.3) | 0.503 113.7 54/5% Fines (W=5) |  0.358 199.5
0 1 —
S4/4.1% Fines (W=6.3) |  0.086 293.4 S4/5% Fines (W=7) | 0318 187.2
S4/10% Fines (w=3) 0.232 138.6
S4/10% Fines (w=5) 0.268 212.4
D.4 Influence of Regression Coefficients
Table D.3 Source 1 regression coefficients
Uzan AASHTO K-60
SOURCE [ w (%) [Fines (%) [Ky [K, [Ks K, Kk Ks Ki |K: [Ks
S1 46 | 7.8F1 [0.890]0.490 | 0.150 | 0.750 | 0.500 | 0.390 [ 0.770 | 0.610 | 0
S1 66 | 7.8F1 |1.085]0.608 | -0.045 | 1.145 | 0.597 | -0.098 | 1.135 [ 0.569 | 0
S1 8.6 | 7.8F1 |1.178]0502] -0.019 | 1.203 | 0.490 | -0.015 | 1.201 [ 0.485| 0
S1 3 0 1.464 | 0.412 | -0.038 | 1.537 | 0.408 | -0.103 | 1.519 | 0.380 | 0
S1 5 0 1.127 | 0.697 | -0.039 | 1.182 | 0.689 | -0.090 | 1.174 | 0.662 | 0
S1 5 10F1 [ 1149|0204 | 0.255]0.826 | 0.229 | 0.7110.893]0.423] ©
S1 3 5F2 |1.444]0.601 | -0.045 | 1529 | 0.596 | -0.121 | 1.512 | 0.561| 0
S1 5 5F2 | 1.315]0.600 | -0.037 | 1.374 | 0.593 | -0.085 | 1.364 | 0.568 | 0
S1 7 5F2 |1.3460.299 | 0.072]1.227 [ 0.312] 0.181|1.253 [ 0.361| 0
S1 3 10F2 | 1.089 | 0.615 | -0.095 | 1.222 | 0.590 | -0.203 | 1.199 | 0.532 | 0
S1 5 10F2 | 1.274]0.656 | -0.077 | 1.397 | 0.638 | -0.170 | 1.376 | 0.588 | 0
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Table D.4 Source 2 regression coefficients

Uzan AASHTO K-0
SOURCE | w (%) Fines (%) K1 K, Ks kl k2 k3 K1 K, Ks
S2 4.9 43F1 | 1508 | 0.598 0.010 | 1.491 | 0.606 | 0.0047 | 1.492 | 0.607 0
S2 3 0 1.657 | 0.634 | -0.044 | 1.752 | 0.633 | -0.131 | 1.732 | 0.594 0
S2 5 10F1 1.308 | 0.483 | -0.015| 1.330 | 0.470 | -0.0025 | 1.329 | 0.470 0
S2 3 5F2 1.827 | 0.487 | -0.061| 1.973| 0.476 | -0.152 | 1.940 | 0.435 0
S2 5 5F2 1.797 | 0.488 | -0.012 | 1.833 | 0.483 | -0.034 | 1.827 | 0.474 0
S2 3 10 F2 1.621 | 0.588 | -0.150 | 1.960 | 0.563 | -0.384 | 1.879 | 0.459 0
S2 5 10 F2 121210712 | -0.089 | 1.354 | 0.701 | -0.233 | 1.330 | 0.632 0
Table D.5 Source 3 regression Coefficients
Uzan AASHTO K-6
SOURCE | w (%) | Fines (%) | Ky | K; Ks kg ks ks K, K, Ks
S3 7.95 5.7F1 1.050 | 0.707 | -0.041 | 1.101 | 0.693 | -0.076 | 1.100 | 0.670 0
S3 3 0 1.730 | 0.660 | -0.068 | 1.886 | 0.650 | -0.170 | 1.859 | 0.600 0
S3 5 0 1.753 | 0.619 | -0.076 | 1.930 | 0.609 | -0.203 | 1.893 | 0.552 0
S3 7 0 2.179 | 0.565 | -0.068 | 2.376 | 0.556 | -0.180 | 2.332 | 0.506 0
S3 8 10F1 1.151 | 0.744 | -0.097 | 1.296 | 0.731 | -0.245 | 1.272 | 0.659 0
S3 3 5F2 1.674 | 0.607 | -0.073 | 1.826 | 0.585 | -0.146 | 1.802 | 0.544 0
S3 5 5F2 1.600 | 0.569 | -0.074 | 1.753 | 0.554 | -0.174 | 1.723 | 0.505 0
S3 7 SF2 1.185| 0.689 | -0.088 | 1.316 | 0.664 | -0.180 | 1.296 | 0.611 0
S3 3 10 F2 1.738 | 0.510 | -0.054 | 1.856 | 0.493 | -0.108 | 1.835 | 0.463 0
S3 5 10 F2 1.189 | 0.578 | -0.061 | 1.279 | 0.559 | -0.121 | 1.265 | 0.525 0
S3 7 10 F2 1.362 | 0.404 0.036 | 1.300 | 0.408 0.101 | 1.315 | 0.435 0
Table D.6 Source 4 regression coefficients
Uzan AASHTO K-6
SOURCE | w (%) Fines (%) Ki K, K3 kl kz k3 Ki K, K3
S4 4.3 41F1 1.288 | 0.660 | -0.043 | 1.360 | 0.650 | -0.101 | 1.350 | 0.620 0
S4 6.3 41 1573|0498 | -0.034| 1.661 | 0.520 | -0.191 | 1.627 | 0.468 0
S4 5 SF2 1.641 | 0.530 | -0.027 | 1.698 | 0.526 | -0.069 | 1.686 | 0.507 0
S4 7 5F2 1.661 | 0.459 | 0.0065 | 1.649 | 0.464 | 0.0045 | 1.650 | 0.465 0
S4 3 10 F2 1.563 | 0.280 0.110 | 1.354 | 0.299 0.287 | 1.399 | 0.376 0
S4 5 10 F2 1.799 | 0417 | -0.025| 1.857 | 0.413 | -0.063 | 1.844 | 0.396 0
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Figure D.7 Regression coefficients vs. percent paste
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From Figures D.9 and D.10 it is clear that the K; values from Equation 8 closely match

the experimental data. The K; values have more scatter compared to K; for both the Uzan and

AASHTO models. The K3 values for the Uzan model closely match the experimental data, but

for the AASHTO model there is a significant amount of scatter amongst the K3 values.

D.5 Permanent Deformation

Table D.7 Source 1 permanent deformation

Cell Pressure
20.7kPa | 345kPa | 69kPa | 103.5kPa | 137.9kPa
Source | Water (%) | Fines (%) Strain

S1 4.6 7.8 F1 0.00065 0.00041 0.0012 0.00048 0.00068
S1 6.6 7.8 F1 0.00047 0.00067 0.0022 0.00060 0.00094
S1 8.6 7.8 F1 0.00034 0.00039 0.0017 0.00056 0.00092
S1 3 OF1 0.00035 0.00029 0.0011 0.00036 0.00058
S1 5 0F1 0.00029 0.00028 0.00077 0.00028 0.00045
S1 5 10F1 0.0016 0.00070 0.0029 0.0011 0.0013
S1 3 5F2 0.000091 0.00016 0.00053 0.00023 0.00039
S1 5 5F2 0.00019 0.00018 0.00058 0.00025 0.00041
S1 7 5F2 0.00024 0.00031 0.0015 0.00053 0.001

S1 3 10 F2 0.00048 0.00077 0.0013 0.00045 0.00063
S1 5 10 F2 0.00021 0.00023 0.00092 0.00031 0.00053

Table D.8 Source 2 permanent deformation
Cell Pressure
20.7kPa | 34.5kPa | 69kPa | 1035kPa | 137.9kPa
Source | Water (%) | Fines (%) Strain

S2 49 3.4F1 0.00019 | 0.00016 | 0.00031 0.00011 0.00017
S2 3 OF1 0.0002 0.00019 | 0.00045 0.00016 0.00025
S2 5 10 F1 0.00022 | 0.00026 | 0.0011 0.00031 0.00042
S2 3 5F2 0.00015 | 0.00015 | 0.00052 0.00025 0.00062
S2 5 5F2 0.00012 | 0.00017 | 0.00056 0.0002 0.00035
S2 3 10 F2 0.000053 | 0.00015 0.0011 0.00038 0.0015

S2 5 10 F2 0.00021 | 0.00025 | 0.00094 0.00031 0.00068
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Table D.9 Source 3 permanent deformation

Cell Pressure

20.7kPa | 345kPa | 69kPa | 103.5kPa | 137.9 kPa
Source | Water (%) | Fines (%) Strain
S3 7.95 57F1 0.00077 0.00058 0.0013 0.00042 0.00051
S3 3 0F1 0.00025 0.00019 | 0.00028 | 0.000095 0.00014
S3 5 0F1 0.00032 0.00021 | 0.00034 0.00012 0.00015
S3 7 0F1 0.00010 0.00013 | 0.00028 0.00012 0.00017
S3 8 10 F1 0.00055 0.00048 | 0.00048 0.00019 0.00029
S3 3 5F2 0.00013 0.00010 | 0.00015 0.00010 0.00012
S3 5 5F2 0.00018 0.00024 | 0.00057 0.00021 0.00029
S3 7 5F2 0.00047 0.00039 | 0.00072 0.00026 0.00037
S3 3 10 F2 0.00016 0.00017 | 0.00042 0.00018 0.00030
S3 5 10 F2 0.00045 0.00026 | 0.00082 0.00029 0.00043
S3 7 10 F2 0.00015 0.00035 0.0013 0.00047 0.00071
Table D.10 Source 4 permanent deformation
Cell Pressure
20.7kPa | 345kPa | 69kPa | 1035kPa | 137.9 kPa
Source | Water (%) | Fines (%) Strain
S4 4.3 41F1 0.00011 0.00022 | 0.00075 0.00019 0.00027
S4 6.3 41F1 0.00021 0.00015 | 0.00048 0.00027 0.00076
S4 5 5F2 0.00014 0.00011 | 0.00032 | 0.000138 0.00024
S4 7 5F2 0.00015 0.00019 | 0.00058 0.00022 0.00032
S4 3 10 F2 0.00028 0.00035 | 0.0016 0.00042 0.00059
S4 5 10 F2 0.00014 0.00018 | 0.00069 0.00019 0.00032
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