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EVALUATION OF MOISTURE, SUCTION EFFECTS AND DURABILITY
PERFORMANCE OF LIME STABILIZED CLAYEY SUBGRADE SOILS

by Md Tahmidur Rahman
B.Sc. Civil Engineering, Bangladesh University of Engineering & Technology, 2009
M.S. Civil Engineering, University of New Mexico, 2013
ABSTRACT
Resilient modulus (Mg) of soils is well-accepted and essential parameter for structural design of
flexible pavements using the Mechanistic Empirical Pavement Design Guide (MEPDG). A
comprehensive laboratory study is undertaken to evaluate the moisture, suction effects and
durability performance on resilient modulus (Mg) and unconfined compressive strength (UCS) of
lime treated clayey subgrade soils. Two subgrade soils: the AASHTO class A-6 and A-7-6 are
collected from US 491 road site in New Mexico. Cylindrical soil specimens are prepared
according to NCHRP 1-28A at three lime percentages: 0%, 5% and 7% which are selected based
on pH test. Mg tests on lime treated soils are conducted with a modified stress sequence
incorporated in the AASHTO T 307 procedure based on past literature and laboratory experience
gained in this study. However, Mg test is performed on the untreated soils following the

AASHTO T 307 stress sequences for subgrade soils.

Test samples are prepared at three different molding moisture contents: optimum moisture
content (OMC), dry state (OMC-2%) and wet state (OMC+2%). It is shown that the effects of
moisture on Mg and UCS values of lime treated soils are less than those on untreated soils. Test
results reveal that Mg and UCS values increase due to lime treatment depending on soil type and

lime dose.



A filter paper method is used to directly determine the total and matric suctions of soils at
different moisture states in this study. It is observed that all suction components (total, matric
and osmotic) increase due to lime addition on untreated subgrade soils. Test results show
approximately 15% increase of osmotic suction proportion to total suction after lime treatment to
untreated soils. Finally, an existing Mg constitutive model is revised by incorporating total
suction. The revised model is shown to have better predictive capability over existing traditional

stress-dependent resilient modulus models.

For durability study, samples are prepared at optimum water content and tested after subjected to
10 and 20 freeze-thaw (F-T) cycles in a controlled environmental chamber. Mg and UCS results
of F-T samples are compared with no F-T damage samples. It is seen that resilient modulus
values of untreated soils reduces significantly (>80%) after 20 F-T cycles. Lime stabilization
shows less than 35% reduction in Mg values due to F-T action, thus exhibit less damage than
untreated soils. In addition, field saturation state is simulated in the laboratory to observe the
worst wetting condition of a pavement during the service life. Untreated soaked samples collapse
completely; whereas lime stabilized soils maintain integrity with no significant change in

modulus values due to soaking.
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Chapter 1 INTRODUCTION

1.1 BACKGROUND

Traditionally, pavement thickness has been designed empirically (1993 Pavement Design
Guide), that is, based on past experience, soil support value, and under static loading (e.g., a
plate load or CBR test). Mechanistic-empirical analysis method has been adopted recently by the
American Association of State Highway and Transportation Officials (AASHTO) for designing
pavements. Resilient modulus (Mg) has been adopted by many State Departments of
Transportation (DoT) as an essential input of Mechanistic Empirical Pavement Design Guide
(MEPDG) (NCHRP 1-37A, 2004). Mg is used to characterize stress-strain behavior of unbound
base, subbase, and subgrade material layers supporting an asphalt surface layer. An accurate
determination of resilient modulus is required for designing an optimum pavement thickness. For
resilient modulus testing in the laboratory, a cylindrical soil specimen is subjected to
combinations of deviator and confining stress in a triaxial pressure chamber. Cyclic load and
corresponding recoverable deformation are measured to determine resilient modulus of soil. As
resilient modulus testing includes small deviator stresses and small deformation measurements,

accurate and precise load and deformation measurements are critical.

Clayey subgrade soils are known to have low resilient modulus under wet conditions. Indeed,
clayey soil in the pavement subgrade is potential for unpredictable volume change resulting from
wetting and may cause undesirable cracks and damage to structures. Jones and Holtz (1973)
stated expansive clay soils as hidden disaster because of its impending damages to constructions,

particularly light building and pavements, than any other natural hazard such as floods and



earthquakes. Thus stabilization of clayey subgrade soils has been used widely to transform them

into effective construction materials and provide adequate pavement support.

There has been a long tradition to chemically stabilize clayey soils using traditional stabilizer i.e.
cement, lime and fly ash to improve engineering properties, such as: plasticity, swelling and
moisture holding capacity. Petry and Little (2002) documented the traditional soil stabilization
practices in pavements and discussed the practical and research needs to help improve the
understanding of stabilized soil behavior. Among different stabilizing agents, lime is the oldest
and the most effective stabilizer used by many states including New Mexico. Lime increases the
pH value of soils. A pozzolanic reaction between chemicals of clay particles and lime occurs to
create a cemented structure that increases the stiffness of treated soils. Thus resilient modulus
(Mg) and unconfined compressive strength (UCS) of lime treated soils are expected to be higher

than untreated soils (Petry and Little 2002).

One of the main problems with the laboratory resilient modulus testing of treated soils is that
there is no well-documented procedure for Mg testing of stabilized soils. The MEPDG
recommends two standard protocols for determining resilient modulus in the laboratory namely,
AASHTO T 307 (1999) and NCHRP 1-28A (2004), But they are established mainly for
untreated subgrade soils. These protocols suggest a low value of stress (2-10 psi) to apply on soil
samples. These low stress values result in measurable deformation for the case of untreated soils.
However, It is very difficult to capture the minute deformation response of stabilized soils using
the low stress sequences suggested in these protocols. Therefore, a modified stress sequence is

sought for Mg testing of lime-treated soils in this study.



Resilient modulus values of subgrade soils may be affected by molding moisture content.
Construction specifications require compaction of pavement subgrades to more than 90% of
maximum dry density and at optimum moisture content (OMC). However, subgrade moisture
level can vary with the rising levels in the water table, infiltration of water and inadequate
drainage facility (Yang et al. 2005). Khoury et al. (2012) summarized from the past literature that
resilient modulus decreases with an increase in moisture content and vice-versa. Though it is
believed that the strength of lime-treated subgrade soil is less sensitive due to seasonal variation
of moisture, limited studies addressed moisture sensitivity in the laboratory determination of

resilient modulus of lime-stabilized soils.

Furthermore, researchers have adopted soil suction concepts to engineering application to
understand the effects of soil pore water on soil behavior. Soil suction is a potential energy
quantity responsible for water retention. In engineering practice, total soil suction comprises
matric and osmotic suction components. Among different measurement techniques, filter paper
method is the most inexpensive method to determine total and matric suctions in the laboratory.
Yang et al. (2005) and Liang et al. (2008) commented that state of stress of unsaturated clayey
subgrade soils are affected by soil suction and included soil suction in developing resilient
modulus models for untreated soils only. Therefore, the present study is attempted to investigate
the resilient modulus and suction values of untreated and lime treated clayey soils compacted at

different moisture states in the laboratory.

Long term performance of pavement structure is influenced by many environmental factors such

as freeze-thaw (F-T) cycles and saturation levels. New Mexico is geographically located in



region V of the six climatic regions in the United States (AASHTO, 1986), where pavements are
significantly affected by dry climate with F-T cycling. Little (2012) documented past literatures
regarding minimal strength loss from laboratory UCS test due to freeze-thaw cycling in lime
stabilized soils. Field studies validating the durability of field sections are also reported. Khalife
et al. (2012) conducted the laboratory resilient modulus tests on freeze-thaw damaged lime-
treated samples of Oklahoma. However, damage percentages are speculated as samples were
subjected to high temperature variations suggested by withdrawn ASTM D560 code and
capillary action was simulated in the freeze-thaw chamber. This study attempts to conduct Mg
tests on samples using available standards of F-T cycles for pavement application. Variation in
Mg of freeze-thaw and soaked samples for New Mexico is expected to be helpful in the
development of rational subgrade design input considering long term performance of untreated

and stabilized clayey subgrade soils.

1.2 OBJECTIVES
The primary objective of this study is to:
o Evaluate the effect of molding moisture contents and soil suctions on laboratory Mg and
UCS values of untreated and lime-treated clayey subgrade soils.
o Assess the long-term durability performance of untreated and lime-treated soils due to
freeze-thaw actions and simulated field saturation state in the laboratory.
To fulfill these objectives, more specific tasks include the following:
1. Determine the lime demand of raw subgrade soils and develop moisture-density relationships
for each soil type with or without stabilization. Prepare and cure the lime stabilized soils

according to standard mix design procedure.



2. Conduct the Mg and UCS tests of untreated and stabilized soils with an appropriate test
sequences at varying moisture contents. Address the effects of stabilization and moisture on
clayey subgrade soils.

3. Determine the suction potential values due to different moisture states of lime stabilized soils
correlate resilient modulus with soil suctions.

4. Incorporate suction to traditional stress dependent resilient modulus models and observe the
predictive capability for lime treated soils.

5. Conduct the Mg and UCS tests of untreated and stabilized soils for different freeze-thaw
cycles and quantify the damage with respect to no freeze-thaw samples.

6. Determine Mg values prior and post soaking in water for untreated and stabilized soils.
Compare the results using statistical analysis and understand the significance of lime

stabilization in saturated conditions.

1.3 THESIS OUTLINE

Following the background and objectives of this study discussed in Chapter 1, Chapter 2 is a
technical literature review focused on previous research relevant to the scope of this thesis.
Emphasis is placed on the effect of moisture, suction, durability conditions on laboratory test
methods of lime stabilized subgrade soils. Chapter 3 introduces the reader to the materials used
in this study, including engineering properties of subgrade soils (such as gradation, moisture
density relationship, Atterberg limits etc.). This chapter also includes sample preparation and
laboratory test procedures as well as freeze-thaw and soaking durability tests conditions.
Laboratory resilient modulus, unconfined compressive strength and soil suction test results at

different lime and moisture contents are presented in Chapter 4. Results are presented in tabular



and graphical forms. Associated comparisons are discussed and then constitutive models for
untreated and treated subgrade soils are developed. Chapter 5 includes durability performance of
untreated and stabilized subgrade soils after the damage due to freeze-thaw cycles and saturation.
Contrasts are showed with respect to laboratory Mg and UCS test results. Chapter 6 summarizes

the findings and culminates with conclusions and recommendations of this study.



Chapter 2 LITERATURE REVIEW

2.1 GENERAL

This chapter provides an overview of laboratory procedure of resilient modulus, unconfined
compression strength test and soil suction tests addressing their effects for raw and lime
stabilized subgrade soils. Long term pavement performance with respect to freeze-thaw
durability and saturation are also discussed. A brief discussion of resilient modulus concepts and
associated issues that can influence the laboratory test results for subgrade soils are presented at

the beginning because of their relevance to the present study.

2.2 RESILIENT MODULUS

Resilient modulus (Mg) is a measure of stiffness for unbound and subgrade layers of a highway
pavement structure subjected to repeated traffic loading. Mathematically, it is defined as the ratio
of peak axial cyclic stress and associated resilient strain (AASHTO 1999). It can be expressed as

Eqg. 2.1:

MR — Dcyclic (21)

€r

where o.y,¢;c is the maximum axial cyclic stress, and e, is the resilient strain associated.

Resilient modulus is analogous to the modulus of elasticity (E) of soils as both properties relate
to same basic theory of elasticity definition. Among different laboratory equipment, cyclic
triaxial apparatus has traditionally been used for direct measurement of resilient modulus of
cohesive and granular materials (NCHRP 1997). Combinations of deviator and confining

stresses are applied to the cylindrical specimens to simulate traffic loads a soil element would



experience based on its respective location within the pavement structure and corresponding
deformations are measured. Figure 2.1 shows the concepts of resilient modulus determination

from laboratory test program.

2.2.1 Development of Resilient Modulus Test Protocols

The concept of resilient modulus was originally defined by Seed et al. (1962) as the ratio of
applied dynamic stress (o) to the resilient or recovered (elastic) strain component (e,) under
transient dynamic pulse load. This definition of Mgr value was accepted by the pavement
community because the elastic pavement deflection showed better correlation to field

performance than to total pavement deflection (Witczak et al. 1995)

A sinusoidal stress pulse of varying magnitude is exerted to the pavement structure from traffic.
Stress pulse decreases in magnitude, and the pulse duration increases with depth (Lee et al.
1997). This can be simulated by a repeated axial stress that is separated by a rest period applied
to a sample confined with a constant static pressure. In a repeated load test, the dissipated energy
in a given loading cycle decreases as the number of loading cycles increases. After a number of
loading cycles the modulus becomes nearly constant (i.e., materials become resilient) and the
response can be assumed approximately elastic. Drumm et al. (1990) defined this steady value as

resilient modulus and is assumed to occur after 200 cycles of loading.

The first modern test method for resilient modulus adopted was AASHTO T 274 (1982). In this
protocol, vehicle speed and depth beneath the pavement surface were considered in selecting the

appropriate axial compressive stress pulse time to use in repeated load testing. The concept of



resilient modulus was subsequently incorporated into the 1986 AASHTO Guide for design of
pavement structures. Criticism on these methods was on test procedures, the length of test
duration (5 hours), and insufficient description of displacement measurement devices (Puppala

2008).

In 1988, a thorough review of ASHTOO T 274 was conducted by the Long-Term Pavement
Performance (LTPP) materials Expert Task Group (ETG) and the LTPP team. This group
identified areas within the standard that were ambiguous or that required alternatives. Through
this process, LTPP Protocol P46, was developed and issued in 1989 with external deformation
measurement methods. Over the years, the protocol was revised and amended and was issued in
its final form in 1996. In between, AASHTO adopted T 292 (1991) and T 294 (1992) with
recommendation of internal deformation measurement techniques and introduction of two
parameters regression model. Due to complexity in using internal measurement techniques, P46
was balloted through the AASHTO process and was adopted (with some modification) as

AASHTO Standard T 307-1999 (Groeger et al. 2003, Puppala 2008).

Subsequently, National Cooperative Highway Research Program (NCHRP) conducted Project 1-
28 (1997) on Mg. The primary objective of this study was to develop enhanced laboratory test
procedures for determining resilient moduli of asphalt concrete, aggregate base/subbase
materials and subgrade soil using limited multi-lab validation and comparative field measured
values. These test protocols more accurately account for varying field conditions, such as
temperature of the asphalt surface layer and moisture content of a subbase or subgrade layer with

advantages of reduced test time and more reproducible test results. Andrei (1999) went into great



depth in detailing and comparing the four recent standards at that time: AASTHO T 292, T 294,
P46 and NCHRP 1-28 Draft-97. The objective was to harmonize existing standards into a single
protocol. Many key differences were found between these protocols including: deformation and
load measurement locations, stress magnitudes and sequences, confining stresses and unconfined
resilient modulus testing, material type characterizations and compaction methods. The result of
the Andrei’s study was the development of the NCHRP 1-28A (2004) protocol. Currently, two
protocols are considered as accepted standards in determining resilient modulus by MEPDG:
NCHRP 1-28A and AASHTO T 307. However, none of these protocols have any comments how
to conduct Mg testing of lime-stabilized subgrade soils. Figure 2.2 shows the schematic of soil

specimen in a triaxial chamber provided by AASHTO T 307.

2.2.2 Differences among Current Resilient Modulus Test Protocols

Differences between the AASHTO T 307 and NCHRP 1-28A protocols for fine-grained
subgrades include: deformation and load cell location, stress sequences (number, load duration,
magnitudes), sample size and compaction methods. Summary of these differences are listed in

Table 2.1 (Cabrera 2012).

2.2.2.1 Load Cell and Deformation Sensor Location

The AASHTO T 307 requires a load cell and spring guided Linear Variable Differential
Transducer (LVDT) mount outside the pressure chamber. These are placed inside the triaxial cell
in NCHRP 1-28A. Standard gauge lengths are ¥ diameter points, i.e. for 2:1 height to diameter
samples this is the middle half of the sample for both the methods. The standard includes notes

on maximum ranges, and minimum sensitivities. Capacity and range of load cell and LVDTs
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according to AASHTO T 307 are listed in Table 2.2. Placement of LVDTs in different locations

of triaxial chamber is presented in Figure 2.3.

2.2.2.2 Test Sequences

Both AASHTO T 307 and NCHRP 1-28A use a haversine shaped loading pulse. The duration of
the pulse is 0.2 seconds followed by a 0.8 second rest period for NCHRP 1-28A, rather than a 0.1
second pulse followed by a 0.9 second rest period in the AASHTO method. Groupings of test
sequences 1-5, 6-10, and 11-15 have confining pressures of 6, 4, and 2 psi, respectively, for fine
grained subgrade soil in AASHTO T 307. NCHRP method has 16 test sequences that can be
grouped in sequences 1-4, 5-8, 9-12, and 13-16 which have cyclic stresses of 4,7,10, and 14 psi
respectively. Moreover, the contact stress is not 10% of the deviator stress for 1-28A and the
minimum and maximum cyclic stresses during the test are higher for NCHRP 1-28A than for

AASHTO T 307.

2.2.2.3 Sample Size and Compaction Method

Another difference between the two standards is the type of compaction method when
reconstituting specimens. AASHTO T 307 mentions multiple methods compaction for
fabricating resilient modulus specimens namely, vibratory, static, and kneading compaction.
Though AASHTO T 307 allows a standard or modified compaction effort (AASHTO T 99 or T
180) to determine the optimum moisture content and maximum dry density of a remolded
resilient modulus specimen, it does not mention standard or modified compaction efforts as a
method for fabricating test samples. NCHRP 1-28A allows for impact compaction, however only

samples of 4 inch and 6 inch diameters are considered. AASHTO T 307 permits three standard
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sizes of resilient modulus specimens: 2.8, 4, and 6 inch diameters with 2:1 height to diameter
ratio. However, NCHRP 1-28A does not include reconstituted 2.8 inch diameter specimens, only

undisturbed specimens of this size are considered.

2.2.3 Influence of Equipment in Resilient Modulus
Accurate measurements of load and deformation are critical for a successful resilient modulus
test. Thus location and precision of load cell and deformation sensors (LVDTs) hold an

important factor for correct estimations of resilient modulus in the laboratory.

2.2.3.1 Load Cell

Most load cells used in resilient modulus testing are strain gauge type load cells, with a design
stiffness and linear deflection range up to maximum load output. Primary physical issues
concerning the load cell in resilient modulus testing are concerned with the location of the load

cell, i.e. inside or outside the triaxial cell.

Groeger et al. (2003) pointed concerns for using both external and internal load cells. During the
use of an external load cell, attention must be paid to ensure that friction was minimized between
the loading piston and the confining chamber. This deformation becomes a concern with T 307
because test deformation measurements are taken outside the triaxial cell, thus load cell
deformation contributes directly to strain values and reduces the Mg values. A study performed
by Bejarano et al. (2003) supported concern for frictional forces influencing load cell readings
when the load cell was placed externally. Results showed that external load readings become

15% higher than internal for high stress measurement. In the conclusion to their study on triaxial
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cell interaction examining drag forces on the loading rods, Boudreau and Wang (2003)
recommended that internal load and deformations measurements could eliminate or reduce the
inherent errors associated with equipment variation. They added that such decision introduces a

tester to the difficulty and extra time associated with implementing internal instruments.

2.2.3.2 Deformation Transducer

Historically internal and external deformation techniques for resilient modulus have been shown
to produce results, which differ greatly from one another. Boudreau and Wang (2003) concluded
that though internal measurements for stress and strain can reduce the errors associated with the
equipment variation, Mg test becomes very difficult and time consuming with internal LVDTSs.
External LVDTs make the test setup less difficult than mounting the internal LVDTSs, however
many publications have pointed out the difference in values between the two measurement
methods and/or the potential influence of erroneous deformations on resilient modulus values
when using external LVDTs (Kim and Drabkin 1994, Burczyk et al. 1994, Greoger et al. 2003,
Bejarano et al. 2003, Boudreau and Wang 2003, Konrad and Robert 2003). Many of these
studies compared measurement on a sample using spring-type LVDTs located in ring clamps on

the specimen versus actuator mounted external LVDTs.

Barksdale et al. (1997) and Andrei (2003) found that in regard to deformation measurement, the
best method to determine resilient modulus, though more difficult, is fixing buttons to the
specimen. Barksdale et al. (1997) included a comparison between the ring clamp and epoxied
button LVDTs and concluded that extraneous displacements and potential slip of ring-clamp

LVDTs can be eliminated by the epoxied button LVDTs. Andrei (2003) compared internal
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measurement setups using synthetic specimens of varying stiffness values and reported
questionable results in non-linearity range. He also pointed out that the existing testing standards
do not provide for modulus values measured smaller than the non-linearity range. One synthetic
sample obtained modulus values of 210 ksi, which the author pointed out is achievable by a
subgrade soil in a dry state. Though the resolution was increased 10 times (from a 0.2 to 0.02 in
range), one-quarter of the data fell below the non-linearity range. In defense of the non-linearity
behavior affecting the resilient modulus, the author showed that in one instance the modulus
values decreased and eventually stabilized when the deformation was beyond the non-linearity
range while in another instance it increased then stabilized. Since the synthetic specimen used as
an example should behave elastically and should not show stress-strain dependency in this case,
the author stated that the values at the low strain levels should equal the stabilized values outside

the non-linear portion of the LVDTSs.

2.2.4 Factors Affecting Resilient Modulus of Soils

The resilient modulus value of cohesive fine-grained subgrade soils decreases with deviator
stress due to the softening effect. For granular base and subbase materials, the resilient modulus
increases with increasing deviator stress, which typically indicates strain hardening due to
reorientation of the grains into a denser state. Factors that affect the resilient modulus of soils
are: moisture content, unit weight, loading conditions, loading characteristics, confining stress,
compaction method, etc. Within the scope of this study, a brief review of the effect of resilient

modulus due to moisture, unit weight and confining pressure are discussed below.
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2.2.4.1 Effects of Moisture Content & Unit Weight

Research studies showed that the moisture content and unit weight (or density) have significant
effects on the resilient modulus of subgrade soils. The Mg of subgrade soil decreases with the
increase of the moisture content or the degree of saturation (Fredlund et al. 1997, Mohammad et
al. 1994, Drumm et al. 1997, Huang 2001, Butalia et al. 2003, Heydinger 2003 and Titi et al.
2006). Moisture content is the primary variable for predicting seasonal variation of resilient
modulus of subgrade soils (Heydinger 2003, Titi et al. 2006). Mohammad et al. (1994) and
Butalia et al. (2003) attributed this reduction in the resilient modulus to an increase in positive
pore pressures with an increase in moisture content associated with greater levels of saturation.
The effect of the unit weight on the resilient modulus of subgrade soils was largely investigated
by Drumm et al. (1997) and Titi et al. (2006). They concluded that the resilient modulus of the
soil compacted on the dry side of optimum is larger than that of the soil compacted at the wet of
optimum. In regard to material influences, Barksdale et al. (1997) reported that fine grained soils
were influenced by moisture changes, with the difference in the resilient modulus between wet

and dry conditions being 100% or larger.

2.2.4.2 Influence of Confining Pressure

Confining pressures in the upper soil layers under pavements are normally less than 35 kPa (5
psi). Most laboratory studies on unbound materials showed that the resilient modulus increases
with the increment of confining pressure (Seed et al. 1962, Butalia et al. 2003 and Titi et al.
2006). However, studies on cohesive soils showed confining stresses had little effect on resilient
modulus values. Thompson and Robnett (1979) found that repeated loading testing with no
confining pressure was acceptable for resilient modulus testing of cohesive soils. Fredlund et al.

(1977) found that for a soil with a Plasticity Index (PI) of nearly 17 percent, confining stresses
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from 3 to 6 psi were insignificant. Muhanna et al. (1999) performed resilient modulus tests on 4
inch diameter A-5 and A-6 samples at varying moisture contents. Authors showed that there was
no significant effect due to the number of load applications, rest period, or load sequence. They
concluded that confining pressures in the range of 0 to 10 psi had less than a 5% effect on the

resilient modulus.

2.3 SOIL SUCTION

Energy state of water in unsaturated soils can be described by suction. Soil suction can be
described simply as a measure of the ability of a soil to attract and hold water. From a
thermodynamic concept, it is the free energy state of soil water and is a function of relative
humidity and moisture. In geotechnical application, soil suction is used to quantify the strength
and volume change behaviors of soil water. Though soil suction is a negative pressure opposite

to atmospheric pressure but expressed as positive sign in soil mechanics convention.

2.3.1 Soil Suction Components

Among different factors in contributing total suction of soils, matric and osmotic suctions are
considered as two prime components (Fredlund and Rahardjo 1993). Matric suction is the
negative pressure developed in the soil-water because of capillary and adsorption forces. This
parameter is related to soil structure, clay mineralogy and clay chemistry. Different type and
amount of clay minerals in soils have different isomorphous substitution and specific surface
area which will cause different surface net negative charge and result in different water holding

capacity that contribute to matric suction.
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Osmotic suction represents suction potential due to balance of dissolved salt concentration in the
pore fluid. Concentration of salts or solute in the soil at the top of the capillary zone will develop
an osmotic gradient that attracts even more water to the top of the column. Osmotic pressure is

related to the concentration of the solute and the vapor pressure of the solution.

2.3.2 Soil Suction Measurement Techniques

There are several devices are available to measure soil suctions. Fredlund and Rahardjo (1993)
described the measurement devices in three categories according to their use and measuring
performance. They are:

(a) Thermocouple Psychrometers is used to measure high total suction (up to 8,000 kPa or
1,160 psi) in a soil mass;

(b) Tensiometers is used to measure matric suction less than 90 kPa (13 psi) below which
possibilities of cavitation can break the liquid column. Direct measurement of negative
pore water pressure can be possible with tensiometers;

(c) Filter paper method, which is used for indirect measurement of soil suctions. Both total

and matric suction can measure separately within the range of 10 kPa to 100,000 kPa.

Though indirect measurement, filter paper method gains popularity in soil science discipline
because it is relatively simple and inexpensive. It is also the only method available to measure
both the total and matric suctions of an undisturbed or remolded specimen over a wide range of
value in the laboratory. Standard soil suction measurement technique (ASTM D 5298-03) is
based on the assumption that the water potential of a soil sample is the same as the water

potential of a specified filter paper when they are at equilibrium. The equilibrium is reached by
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moisture exchanged in a vapor form between the soil sample and the medium (specific filter
paper) placed in a closed container. Total suction is determined when the medium is separated
from the soil by a vapor gap (non-contact method). Matric suction is determined when the
medium is in direct contact with the soil, so dissolved salts are free to move in or out of the
medium (contact method). A schematic of sample placement in filter paper method is shown in
Figure 2.4. The water content of the filter paper is measured after equilibrium between filter
paper and soils (Bulut et al. 2001). Then the corresponding soil suction value can be determined
from filter paper calibration curve. Calibration curves are unique for each kind of filter paper and
only calibration curves for a specific filter paper can be used to do the total and matric suction
measurement. Osmotic suction can be measured by taking the difference between total and

matric suction, or by using an indirect measurement from electrical conductivity.

2.4 LIMES AS SUBGRADE STABILIZER
Lime is one of the oldest stabilizing agents known to man. Lime has been used as a very popular
chemical amendment in subgrade soils because of its effectiveness by reducing the clay soil

plasticity, improving soil workability and compactibility.

2.4.1 Mechanism of Lime Stabilization

Mechanism of lime stabilization is briefly discussed by many authors (Eades and Grim 1960,
Boynton 1972, Little 1995, Little 2012). Lime with water takes the form of Ca(OH), and the pH
of lime-water solution reaches 12.45 at solubility limit. Clay minerals are comprised mostly of
silicates and aluminates. These minerals are break down and react with calcium ions of lime to

form calcium-silicate-hydrates (CSH) and calcium-aluminate-hydrates (CAH) or calcium-
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aluminate-sulfate-hydrates gels. These gels coat soil particles and subsequently crystallize to
bond them together in forming cemented particles. The long term reaction between lime, water
and clay soils to form cementing type materials is referred to as soil-lime pozzolanic reaction.
Lime provides an excess of Ca** in secondary reaction and replaces dissimilar cations from the
exchange complex of the clay so that there will be a reduction of double diffused water layer.
These exchange cations with the clay soil to cause ion crowding and flocculation. Thus lime

modifies the clay soil into coarser textured material which is more friable and less plastic.

2.4.2 Benefits of Lime Stabilization

Little (2012) summarized the past literature and concluded three folds of benefits of lime
treatment: structural beneficiation, promotion of volumetric stability and structural durability.
The resultant engineering properties of lime stabilized soils are based on the degree of and
quality of pozzolanic product formed. Pozzolanic reactions in lime stabilized soils can be
impacted by soil mineralogy, oxide and sulfate content, degree of weathering, soil-silica that is
reactive with lime and organic content of soils (Little 2012). Structural beneficiation is achieved
through strength gain as lime-soil reactions can continue for long period of time as long as pH
remains above 10 (Eades and Grim 1960). Thus engineering properties of soil-lime mixtures can
substantially improve with respect to modulus and compressive strength (TRB 1987). Laboratory
testing has revealed the substantial improvement in volumetric stability of soil-lime mixtures due
to the plasticity and swell reduction (Little 2012). Structural beneficiation and durability of lime

stabilized soils are within the scope of this study and will discuss in detail.
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2.4.3 Lime Stabilization in Pavement Application

Stabilization of clay subgrades is a popular alternative for pavement engineers considering the
economics of construction with expansive clay soils. Lime is generally used in either powder or
slurry form with soils in the pavement to the required shallow depth. For deeper depths, lime
piles or lime slurry injection may be used to potentially treat clay soils. Stabilization by high
pressure lime slurry injection began in the 1960’s. National lime association published its first
manual on lime stabilization construction process in 1972 with the mixture design method
described by Thompson (1970). The first largest clay improvement project was attempted with
this methodology of deeper lime mixing in the construction of Dallas-Fort Worth airport.
Another successful approach was the construction of new Denver International Airport with lime
stabilized subgrade in the 1990°s (Petry and Little 2002). Several researches were conducted to
understand the fundamental behavior of soil-lime reaction in expansive and sulfate induced
clayey subgrade soils. National Lime Association has developed and documented an approach to
account the maximum engineering benefits and construction economics for the use of lime
stabilization in pavement application (Little 1999, 2000). The three to four steps design and
testing method is termed as Mixture Design and Testing Protocols (MDTP) and approved as part
of mechanistic design approach to MEPDG interim guide for lime stabilized soils. According to
the procedure, soil that has a PI greater than 10 and more than 25% passing a No. 200 sieve is
suitable for lime stabilization. The MDTP procedure recommended accelerated curing of 7 days
at 105 °F for laboratory tests as this curing time is short enough to be feasible for mix design
purposes yet long enough to provide reasonable values for long term curing at ambient

temperature in the field.
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As lime-soil reaction is time and temperature dependent and continue for long periods of time
(even years), proper curing with extended mixing time is to be ensured in field application for
maximum development of strength gain and durability of lime stabilized subgrade soils. If the
construction project is considered short term and bottom-line economics rather than life cycle

performance, lime application in subgrade layer will be termed as soil modifier not stabilizer.

2.4.4 Studies on Improvement of Engineering Properties

Improvement derived by lime stabilization of clay soils in pavement structure is confirmed by
many researchers with the enhancement of resilient properties and overall strength. Resilient
properties of lime treated soils are important for structural design of pavements with respect to
layer’s ability to spread and reduce the induced traffic loads to natural subgrade soils (Little
2012). In other hand, pozzolanic reactions of soil-lime mixtures can substantially improve the

long term compressive strength of lime stabilized soils.

Chang (1995) conducted tests on resilient properties of a fine grained Lateritic soil stabilized
with CFA and lime. The AASHTO T 274-82 protocol was used for resilient modulus testing with
external deformation measurement methods, and obtained Mg values varied between 125 to 250
MPa (18 to 36 ksi). Little (1996) measured resilient modulus of nine Colorado soils and six
Texas soils. He found the typical modulus increase is 8 to 15 times than natural subgrade after 24
hours of capillary soak. He also concluded that the stress sensitivity of lime treated soils is

noticeably less than the untreated counterpart.
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In another study for national lime association, Little (2000) reported that lime stabilization often
induced an increase of 1,000% or more in resilient modulus values than that of the untreated soil
or aggregate. AASHTO T 294-92 was used for the resilient modulus test on 24 hour capillary
soaked samples to simulate critical moisture state in the field. Obtained Mg values are 35.6-79.2
MPa (5.2-11.5 ksi) and 210-625 MPa (30.5-90.6 ksi) for untreated and lime-treated clayey
subgrade soil, respectively, but no comment was made for deformation measurement techniques.
Values of back calculated (from field Falling Weight Deflectometer (FWD) testing) resilient
moduli typically fall within a range of 210 MPa to 3,500 MPa (30 ksi to 507 ksi). Thus,
laboratory obtained Mg largely fall behind the field obtained FWD value. Other field study
conducted by Maxwell and Joseph (1969) also reported high back calculated moduli of lime

stabilized layers at air force base, which was about 1300 MPa to 7000 MPa (190 ksi to 1000 ksi).

Long term strength gain of soil-lime mixture is reinforced by many authors, TRB (1987), George
and Uddin (2000), Little (1994, 2000), Geiman (2005), Mooney and Toohey (2010). TRB
reported long-term compressive strengths of over 600 psi for lime stabilized soils. Laboratory
test results of Little (2000) confirmed UCS values exceed at least 1400 kPa (200 ksi) due to lime
stabilization, even as high as 7,000 to 10,000 kPa (1,000 to 1,450 psi). Geiman (2005) concluded
among improvement to all soils due to lime treatment, soils with higher clay content showed best

improvement as a function of strength increase.

Kim and Siddiki (2006) investigated lime and (lime-Kiln-Dust) LKD in subgrade soils as a soil
modifier, not stabilizer. They did the resilient modulus test after just five hours of mixing. They

reported that untreated and treated soils showed similar resilient behavior changes due to
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changes in confining pressure, and treated soils showed negligible effects due to deviator stresses
as compared to the untreated soil. However, the addition of lime and LKD resulted in increased

unconfined compressive strengths.

Solanki et al. (2009) conducted intense experiments on engineering properties of four subgrade
soils stabilized by lime, CFA and CKD. AASHTO T 307 and ASTM D1633 were used for
resilient modulus and unconfined compressive strength tests for all soil combinations. Results
showed that all stabilizers improved the strength/stiffness properties from raw soil as formation
of crystals within the soil matrix. At lower application rates (3% to 6%), the lime-stabilized soil
specimens showed the highest improvement in the strength/stiffness. Maximum improvement in
strength was obtained for the soil, which has the lowest Pl. However, a reduction in stiffness was

obtained for a type of soil beyond a certain percentage of lime addition.

A study performed by Mooney and Toohey (2010) revealed that the relationship between the
resilient modulus and UCS in MEPDG level-2 was conservative in its prediction of Mg from
UCS. They used external deformation measurement techniques for resilient modulus testing, and
obtained small values for the resilient modulus. The researchers concluded that there was no
universal equivalent accelerated curing duration for all lime-stabilized subgrade soil with respect
to unconfined confined strength results, thus 5 days 100 °F accelerated curing protocol was

recommended in field applications.
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Though some of the studies mentioned above are relevant to the present study, independent
studies for New Mexico are important, as textural and mineralogical characteristics of soils are

different in every region.

2.4.5 Studies on Durability

Cycles of freezing and thawing may have a significant influence on the resilient modulus of the
pavement system. Titi et al. (2006) commented that freezing results in a sharp reduction in
surface deflections while thawing produces an immediate deflection increase. They concluded
that decrease in resilient modulus accompanying freezing and thawing is caused by the increase

in moisture content and decrease in unit weight.

Long term benefits of lime treatment in soils have been addressed by the researchers in 1960’s.
Dempsey and Thompson (1968) recorded average rate of strength decrease for lime-soil mixtures
of about 120 kPa (17 psi) and 50 kPa (7 psi) per freeze-thaw cycles for 48 hour and 96 hour
curing period respectively. Thompson and Dempsey (1969) termed the strength recovery
phenomenon of lime stabilized soils as ‘autogenous healing’. They found that with achieving
sufficient strength from initial field cure, lime stabilized soil layers can support the winter
damages with continuous pozzolanic reactions during high temperature period. Past evidence in
Little (2012) validated the durability of lime stabilized field sections. Miller et al. (1999)
investigated the effect of durability on lime stabilized soils using UCS tests on 7-day cured
samples subjected to freeze-thaw cycles. One F-T cycle consisted of placing a sample in a

freezer with a temperature of -23 °C (-9.4 °F)for 24 hours, then placing it in a moist chamber
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with a relative humidity of approximately 95% for another 24 hours. It was observed that all

stabilized samples survived 12 cycles of F-T actions.

McCallister and Petry (1990) addressed the concern of calcium leaching from lime treated soils.
Their study revealed that inadequate lime may result in significant leaching and loss of strength
for lime treatment, but sufficient lime application with good mixture design practices make the

soil-lime mixture highly durable.

Past researchers (Shihata and Baghdadi 2001, Guettalla et al. 2002, Parsons and Milburn 2003,
Parsons and Kneebone 2004) examined the freeze-thaw (F-T) durability of stabilized soils using
ASTM D560 procedure. These methods have sample preparation and curing techniques for
stabilized subgrade soils. Effect of F-T cycles were determined as a percent of weight loss by
brushing at the end of desired F-T cycles. With the variability associated in brushing techniques,
many agencies discard brushing and replace it with UCS testing (Shihata and Baghdadi 2001).
Simonsen and Isacsson (2002), Osinubi et al. (2010) and Chen et al. (2010) conducted UCS tests
on stabilized samples subjected to F-T action according to ASTM D560 method and found better
F-T resistance due to chemical stabilization. According to author’s knowledge, only Khalife et
al. (2012) and Solanki et al. (2013) examined the resilient modulus values of stabilized soils after
F-T actions in Oklahoma using ASTM D560 procedure. However, they obtained high damage
(>80%) in stabilized soils due to F-T cycles because of high F-T temperatures and presence of
potable water in chamber for capillary action. Indeed, AASHTO was withdrawn ASTM D560
test methods in 2012 with no replacement due to associated high variability. Thus no test

methods are currently available to examine the F-T durability of stabilize soils.

25



Moreover, recent study by Herrier et al. (2012) explored the possibility of using lime treatment
in hydraulic structures. They concluded that lime treatment had increased the dimensional
stability to the structures with minimal erosion due to non-dispersive nature compare to untreated
soil counterpart. No past studies address the freeze-thaw durability of lime stabilized soils with

respect to their resilient properties.

2.5 RESILIENT MODULUS, SUCTION AND LIME STABILIZATION

As resilient modulus is sensitive to state of stress and moisture level within the subgrade, it is
important to understand the influence of suction on resilient modulus (Yang et al. 2008).
Thadkamalla and George (1995) and Uzan (1998) concluded that clayey subgrade soils
underneath the pavement exhibit an increase of average moisture content and reach equilibrium
condition over time. Thus it is important to predict the moisture content at equilibrium and
incorporate their impact in the mechanistic empirical pavement design scheme. Dempsey et al.
(1986) used soil suction to estimate moisture content in the subgrade using a moisture
equilibrium model. They calculated soil suction with the differences between the negative pore
water pressure at certain position above water table and the product of overburden pressure and
compressibility of soils. With the direct relationship between suction and moisture for specific

soil, they estimated the resilient modulus of that particular soil from its moisture value.

Previous studies (Khoury et al. 2003, Ceratti et al. 2004, Yang et al. 2008) have recognized the
direct effect of soil suction on resilient modulus. They reported that Mg increases with an
increase in suction and resilient modulus values correlate better with soil suction than moisture

content. Khoury et al. (2003), Yang et al. (2004) and Liang et al. (2008) measured the soil
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suction for untreated soils using filter paper method. As equilibrium needs much time in filter
paper method, they conducted the suction test on samples after resilient modulus test. Khoury et
al. (2003) confirmed that resilient suction relates better with matric suction only than total
suction. Yang et al. (2004) and Liang et al. (2008) developed resilient modulus predictive models
incorporating matric suction in the stress dependent Mg models. However, these models are
applicable to untreated subgrade soils only. Yang et al. (2008) developed a suction-controlled
resilient modulus test program using axis-translation technique to simulate filed representative

resilient modulus value for untreated subgrade soils.

For lime stabilized soils, Little (2000) and Solanki et al. (2009) conducted tube suction test to
evaluate the moisture susceptibility in volume change performance due to lime treatment. Petry
and Jiang (2007) examined suction using both direct (dewpoint potentiometer) and indirect (filter
paper) method for lime treated expansive clays of Missouri and Texas. They observed that
osmotic suction value increased with the chemical stabilization because of possible ion
concentrations in the treated soils. However, the effects of suction potential on resilient modulus

of lime treated soils have not been addressed yet.

2.6 RESILIENT MODULUS MODELS
Mathematical models are generally used to express the resilient modulus of subgrade soils
represent and address most factors that affect the resilient modulus (Titi et al. 2006). Different

models were utilized to correlate resilient modulus with stresses and fundamental soil properties.
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Bulk Stress Model

The bulk stress (8 or g;) is the sum of the principal stresses oy, g5, and a5. The bulk stress is
considered a major factor for estimating the resilient modulus of granular soils. The resilient
modulus can be estimated using the bulk stress from the following equation (Titi et al. 2006):

Mg = k,0%2 (2.2)
where My is the resilient modulus, 8 is the bulk stress = o, + 0, + 03, and k; and k, are
material constants.

Although this model was used to characterize the resilient modulus of granular soils, it does not
account for shear stress/strain and volumetric strain. May and Witczak (1981) modified the bulk
stress model by adding a new factor as follows (Titi et al. 2006):

Mp = K, k,6%2 (2.3)

where K; is a function of pavement structure, test load and developed shear strain.

Deviatoric Stress “Semi- log”” Model

The deviator stress is the cyclic stress in excess of confining pressure. The resilient modulus of
cohesive soils is a function of the deviator stress, as it decreases with increasing the deviatoric
stress. The deviatoric stress model was recommended by AASHTO to estimate resilient modulus
of cohesive soils. In the deviatoric stress model, the resilient modulus is expressed by the
following equation (Titi et al. 2006):

Mg = kyo* (2.4)
where g is the deviator stress and k3 and k, are material constants.
The disadvantage of the deviatoric stress model is that it does not account for the effect of

confining pressure. For fine-grained soils the effect of confining pressure is much less significant
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than the effect of deviatoric stress. However, cohesive soils that are subjected to traffic loading

are affected by confining stresses (Li and Selig 1994, Titi et al. 2006).

Uzan Model
Uzan (1985) studied and discussed different existing models for estimating resilient modulus. He
developed a model to overcome the bulk stress model limitations by including the deviatoric
stress to account for the actual field stress state. The model defined the resilient modulus as
follows:

Mg = k,6%25 (2.5)
where k,, k,, and k5 are material constants and 8 and o,are the bulk and deviatoric stresses,
respectively. By normalizing the resilient modulus and stresses in the above model, it can be

written as follows (Titi et al. 2006):

_ 81%2 [041%3
Mg = kyP, [P—] [P—] (2.6)
where P, is the atmospheric pressure, expressed in the same unit as M,., 6 and a;;.

Uzan also suggested that the above model can be used for all types of soils. By setting k5 to zero

the bulk model is obtained, and the semi-log model can be obtained by setting k., to zero.

Octahedral Shear Stress Model

The Uzan model was modified by Witzak and Uzan (1988) by replacing the deviatoric stress
with octahedral shear stress as follows:

M = ko [2] [ @)

a
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where 7, is the octahedral shear stress, P, is the atmospheric pressure, and k,, k,, and k5 are

material constants.

AASHTO Mechanistic-Empirical Pavement Design Models

The general constitutive equation (resilient modulus model) that was developed through NCHRP
project 1-28A was selected for implementation in the upcoming mechanistic-empirical AASHTO
Guide for the Design of New and Rehabilitated Pavement Structures.

The resilient modulus model can be used for all types of subgrade materials. The resilient

modulus model is defined by (NCHRP 1-28A):

Mg = k;P, [;—d]k |t + 1]k3 (2.8)

Pq
where: P, is atmospheric pressure (101.325 kPa); a, is bulk stress = o; + a,+ 03; gy IS major
principal stress; o, is intermediate principal stress and is equal to a5 for axisymmetric condition
(triaxial test) ; o3 is minor principal stress or confining pressure in the repeated load triaxial test;

T,ct 1S OCtahedral shear stress; kq, k, and k5 is model parameters (material constants).

The model presented in Eqg. 2.8 does not take into account moisture variations, and in order to
account for changes in resilient modulus due to seasonal effects an empirical equation is applied
to resilient modulus values in MEPDG based on degree of saturation. This model is shown in Eq.
2.9 and is part of the enhanced integrated climatic model utilized by MEPDG (Larson and
Dempsy 1997).

Mg b—a

(2.9)

MR—opt 1+exp(in _le+ km(S—=Sopt)
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where My = resilient modulus at a given degree of saturation; Mg_,,, = resilient modulus at a

MR MR

reference condition; a = minimum of log( ); b = maximum of log(

; k,, = regression
MR—opt MRopt)’ m g
parameter; and (S — S,,.) = variation in degree of saturation in decimal form. A set of

regression constants for two types of soils, coarse-grained and fine-grained, is used in this model.

Liang Model

Liang et al. (2008) have developed a new predictive equation for the resilient modulus of
cohesive soils using the concept of soil suction. They used matric suction and stress as state
variables to predict resilient modulus of cohesive soils at different levels of moisture content and
stress. In addition, Bishop’s effective stress relationship has been employed to incorporate the
effect of matric suction on resilient modulus. The developed model for estimating the effect of
moisture variation on resilient modulus uses effective stress. Assuming pore air pressure equal to

zero(u, = 0), the model is given as:

M, = kP, (é’ﬂgﬂ)k (et 4 1)k3 (2.10)

where, 6 = g, + 0, + 03 is bulk stress, were ¢y, 0,05 are three principal stresses; T,. IS

.. .. V2 . . . .
octahedral shear stress, and for triaxial condition 7. = 5 (01 — 03); Y, is matric suction; y,,is

Bishops parameter; P, is atmospheric pressure; and k;, k,, k5 are regression coefficients.
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Table 2.1 Differences among Resilient Modulus Test Protocols for Subgrade Soils

Test Protocol

Topic AASHTO T 307 NCHRP 1-28A

Load Cell Location Ouitside Cell Inside Cell

Ouitside Triaxial Cell,

LVDT Location Mounted on Loading Inside Triaxial Cell,

Attached to Specimen

Piston
Option of 2.8 in.
Diameter Reconstituted Yes No
Specimen?
Option of Impact NoO Yes

Compaction?

15ea. 2,4,6,8,10 psi | 16 ea. 4,7,10,14 psi
Testing Sequences for | deviator stresses and | deviator stresses and

Fine-Grained Subgrades | 2,4,6 psiconfining | 2,4,6,8 psi confining

stresses stresses

Load Pulse Form,

] Haversine, 0.1 s Haversine, 0.2 s
Duration

Table 2.2 AASHTO T 307 Load Cell and LVDT Capacity and Range Requirement

Specimen Load cell capacity
) i i LVDT range mm
Diameter mm Maximum load Required (inch)
inc
(inch) capacity KN (lbs) accuracy N (Ib)

71 (2.8) 2.2 (500) 4.5 (x1) 11 (£0.04)
102 (4.0) 8.9 (2000) 1+17.8 (£4) 2.5 (x0.1)
152 (6.0) 22.2 (5000) 122.2 (5) 16 (£0.25)
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Chapter 3 MATERIALS & EXPERIMENTAL METHODOLOGY

3.1 GENERAL

This section highlights the material properties and experimental methodology associated with
this study. Materials collection and classification with respect to grain-size distribution, plasticity
index, and moisture-density relationships are addressed. Brief description of sample preparation,
experimental setup and deformation measurement techniques for resilient modulus and
unconfined compression strength testing are included. Limitations of available test protocols for

lime-stabilized soils are addressed and new test sequences adopted in this study are described.

3.2 MATERIAL SOURCE AND CLASSIFICATION
Two subgrade soils (AASHTO classification A-6 and A-7-6) were used in this study. Subgrade
soils were fabricated and tested in untreated and lime-stabilized conditions. Material sources,

grain-size distributions and moisture-density relationships are discussed below:

3.2.1 Subgrade Soils

Subgrade soils were sampled in untreated raw condition from the right-of-way of a highway
project on US 491 near Shiprock in northwestern New Mexico. 26 and 34 bags (20 Ibs each) of
A-6 and A-7-6 materials were collected from Station 6310+00 and 6120+00 respectively. The
soils were excavated in large chunks using a backhoe loader at a depth of 5 ft. (A-6) and 3.5 ft.
(A-7-6) from the roadway. Shoveling was done to facilitate bagging and transportation of soils in
a loose state to the laboratory. After collection, soils were processed and hand pulverized to pass

through the U.S. standard No. 4 sieve prior to sample preparation for Atterberg limits and
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moisture-density test. Figure 3.1 and Figure 3.2 show field soil collection and processed soil
photos. The grain-size distribution of the soils was obtained based on field tests near the project

location. Gradation information and Atterberg limit results are summarized in Table 3.1.

3.2.2 Additive Properties

Lime was used as an additive to subgrade soils for this study. Type N hydrated lime was
collected from the Lafarge plant of Albuquerque, NM, which was manufactured by Chemical
Lime Company of Texas. The manufacturer assured that the provided lime contained calcium
hydroxide (>90%), magnesium oxide and hydroxide (<5%), calcium carbonate (<3%) and silicon
dioxide (<2%). Other physical and chemical characteristics are: boiling and melting point 2850

°C and 580 °C, respectively, with specific gravity of 2.2-2.4 g/cc.

3.2.3 Selection of Lime Percentage for Stabilization

Prior to perform the moisture-density test, lime requirement of soils were determined using
Eades and Grim pH test (ASTM D6276). Subgrade soils were mixed with de-ionized (DI) water
and a different amount of lime, periodically shaken and tested using a pH meter after an hour.
The pH meter was calibrated using 4, 7 and 10 pH buffers with an R? value of 0.98. According to
ASTM D6276, the minimum lime content of the soil-lime mixture was confirmed when pH of
12.4 was attained. At this point it indicates that sufficient lime is available to sustain reaction for

stabilizing the treated soil.

In the laboratory, it was found that the pH value increased with the increase of percentage of

lime. For A-6 and A-7-6 soil, pH of 12.4 was attained at lime percentages of 4 percent and 5
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percent, respectively, indicating the minimum lime content for these soils. NMDOT’s standard
practice of testing soil-lime mixture is 3, 5 and 7 percent. Thus, 5% and 7% was selected as the

two lime dosages for this study.

3.2.4 Moisture-Density Relationships

Moisture density relationships for subgrade and base aggregate were established according to
AASHTO T 180 using a modified proctor test. Soils were compacted to five points (on dry and
wet side) to determine the maximum dry density and optimum moisture content. Moisture
contents for both loose soil and the compacted solid sample were measured after oven-dried at
240 °F for 24 hours. The assumed and actual moisture content varied within 1%. The optimum
moisture content (OMC) and maximum dry density (MDD) for untreated and lime-treated

subgrade soils and aggregate base soil are summarized in Table 3.2.

Sufficient quantities of soils passing the No. 4 sieve were obtained in order to determine the
OMC and MDD. A manual mechanical mixer was used to mix soil, water and lime (when
required) based on dry unit weight of soils in a 5 gallon plastic bucket (Figure 3.3). The mix was
then sealed and allowed to settle prior to compaction. Moisture-density test results of untreated
subgrade soils indicated that A-6 soils had OMC and MDD of 15.1% and 120 pcf (19.7 kN/m°)
respectively. For A-7-6 soil, OMC and MDD were found to be 14.7% and 124.5 pcf (20.4

kN/m®) respectively.

For lime-treated soils, two percentages of lime (5% and 7%) were added with two subgrade soils

based on the dry weight of the soils. The soil and lime were mixed for a minute in dry state and 5
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minutes or more with DI water until uniformity in the soil mix was achieved. Laboratory results
(Table 3.2) showed an increase in OMC and decrease in MDD with the increase in percentage of
lime for each soil. Little (1996) reported that OMC increases with the increase of lime content
because sufficient water is available for the soil-lime chemical reactions. Solanki et al. (2009)
commented that such behavior could be attributed to the increased number of fines in the mix

due to the addition of lime.

3.3 SPECIMEN PREPARATION AND COMPACTION

3.3.1 Sample Size

In general, there are three standard sizes of resilient modulus samples: 2.8, 4, and 6 inch
diameters with 2:1 height to diameter ratio. Fine grained cohesive soils meet the AASHTO T 307
criteria for being reconstituted into a 2.8 inch diameter sample size according to the largest
particle diameter being smaller or equal to one-fifth the size of the mold diameter. Conversely,
NCHRP 1-28A does not allow 2.8 inch diameter samples. Thus, cylindrical 4 inch (101.6 mm)
diameter by 8 inch (203.2 mm) height sample size was selected for subgrade soils as it is
recommended by both protocols. In the interest of using less material, time and effort, the 2.8-
inch sample size for subgrade soil gains popularity. Therefore, 2.8-inch lime stabilized

specimens were prepared and test results were compared with 4 inch samples.

3.3.2 Sample Compaction
AASHTO T 307 requires a standard or modified compaction effort to determine OMC and MDD
of a remolded resilient modulus specimen, but it does not mention standard or modified

compaction efforts as method for fabricating test specimens. NCHRP 1-28A allows for impact
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compaction. Table 3.3 summarizes the sample size and compaction methods followed by

AASHTO T 307 and NCHRP 1-28A.

Barksdale et al. (1997) and Muhanna et al. (1999) showed the effect of impact versus kneading
compaction. They concluded that resilient modulus of cohesive subgrade soils do not
significantly affected particularly those compacted at optimum and wet of optimum conditions.
In addition, they commented on the difficulty in obtaining target densities and moisture contents
when using kneading compaction as well as on the fact that impact compaction is the standard
which dictates in-situ values. While moisture-density relationships used for this study are defined
using energy delivered by impact compaction, NCHRP 1-28A standard for impact compaction is
considered for both subgrade and granular base soils. Impact compaction energy was provided
by a modified proctor effort, which delivers 56,000 ft-Ibf/ft>. In order to reconstitute different
sample diameter using impact compaction for this study, necessary number of blows per layer

was calculated using Eqg. (3.1) from NCHRP 1-28A.

CExV
n= (3.1)
N+xW=xh

For modified proctor effort:
n = number of blows, CE = compactive effort of 56,000 ft-lbf/ft>, V = volume of specimen, N =

number of layers, W= weight of drop hammer (10 Ibf), h = drop height in feet (1.5 ft).

Based on equivalent energy delivered by the modified proctor hammer, it was found that desired
densities of 95-100% of maximum dry density were always achieved. Table 3.4 summarizes

number of blows per lift for different sample size.
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3.3.3 Sample Preparation

All samples were compacted in split molds lined with membranes and vacuum pressure applied.
Figure 3.4 shows the different size of split molds used in the study. Vacuum ports at two
locations, especially at a point near the highest lift, were needed due to the pressure of the soil on
the membrane sealing the lower port and cutting off the vacuum. When this happens the
membrane becomes loose and can get caught by the proctor hammer and in between the lifts
cause deformities in the samples. Also, multiple reinforcing hose clamps were needed to keep the
split mold closed during compaction. Figure 3.5(a) depicts the photograph of a 2.8 inch diameter
mold with the membrane and vacuum connection. The modified proctor hammer and impact

compaction process for soil preparation is shown in Figure 3.5(b).

Subgrade soils were fabricated at three different lime percentages (0%, 5%, 7%) and three
different moisture states, i.e., dry (OMC-2%), optimum and wet (OMC+2%). Raw processed
subgrade soils (passing through No. 4 sieves) were mixed with water to achieve 1% greater than
target moisture content to overcome moisture loss during the time of reconstitution, storing and
test preparation. During compaction, weights of each lift were determined based on desired
specimen densities and as mixed moisture contents. 4 inch diameter specimens were compacted
with target dry densities between 95-100% of maximum dry density. Target ranges for dry and

wet samples were £2-3% relative to optimum moisture contents.

Lime-stabilized subgrade soil mixing was performed according to ASTM D3551, the same as
described for the OMC and MDD determination. After mixing, soils were stored in a plastic

bucket for at least 8 hours for the mellowing purpose. Then, the mixture was compacted in
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cylindrical molds of 2.8 inch and 4 inch diameter. A curing tank was set up to cure samples in an
accelerated manner at 105 °F for 7 days (Little 2000). Samples were fully sealed with
combinations of several rounds of plastic wrap and plastic bags. Then they were placed in the
cylindrical plastic containers and submerged in water to ensure accelerated reaction of lime
through the heating process. Figure 3.6 illustrates storing of treated soil in the curing tank with

insulating foam in the top of the tank.

3.3.4 End Treatments

Difficulties were encountered in achieving smooth surfaces when using impact compaction and
split molds. Samples were capped (when required) in this study to ensure smooth top surfaces
required for even stress distributions during testing (Mooney and Toohey 2010). The material
used for capping was gypsum cement with a 0.45 water to cement ratio. Only the top end of the
sample that was directly exposed to the impact hammer was capped, the bottom had a smooth
finish. Figure 3.7 shows capped samples with portions of plastic containers and hose clamps
Samples were capped immediately after compaction, sealed with plastic wrap and stored in

cylinder container to mitigate moisture loss.

3.4 EXPERIMENTAL PROGRAM

Two tests were conducted on each soil combination, i.e. the resilient modulus test and the
unconfined compressive strength test. These have been done for samples with 0, 1, 10, 20 freeze-
thaw cycles. Soil suction test was separately performed on subgrade soils with different moisture

and lime contents.
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3.4.1 Load and Deformation Measurement Techniques

Load and deformation measurements play vital roles in accurate estimation of resilient modulus
values. For correct estimation of resilient modulus, LVDTs are to be mounted on the specimen
and load cell is to be placed within the triaxial cell. These have been ensured to minimize the
extraneous deformation from load cell and system compliance. Cabrera (2012) compared
external and internal deformation measurements and concluded that the majority (>80%) of the

deformations were extraneous when measuring externally.

UNM Pavement laboratory has two types of LVDTs (Figure 3.8) for deformation measurements
of subgrade soils. Cabrera (2012) performed the comparison among them and concluded spring
guided LVDTs are the best method for precise measurement of deformation at any axial stress
during the resilient modulus test. This deformation measurement setup is the same as the one
used for dynamic modulus testing of asphalt samples. The technique is termed as ‘spring guided
glued button’ as the metal buttons (1/4 inch diameter by 3/8 inch height) are required to put in
the holes at a distance of the gauge length, then epoxy glued to the sample. It is considered to be
the best method to measure the deformation on the specimen due to loading, though it requires
much effort and time to put the buttons and set the epoxy. Figure 3.9 depicts the stepwise
procedure of (a) buttons placement, (b) setting up LVDT holders to the soils and (c) subgrade

soils with spring guided LVDTSs.

As LVDT requirements provided in AASHTO T 307 are mentioned for external use (Table 2.1),
it was sufficient to use one grade lower i.e. + 0.04 inch (x 1.0 mm) range LVDTs for subgrade

soils. Strain gauge internal load cells having capacity of 500 Ib (2.2 kN) and 2000 Ibs (9 kN)
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were used for 2.8 inch and 4 inch diameter subgrade resilient modulus testing. However, 25000
Ibs (100 kN) capacity was used for UCS testing of lime stabilized soils due to their expected high

strength at failure point.

3.4.2 Resilient Modulus Test
Resilient modulus test for untreated subgrade soils was conducted according to AASHTO T 307
test sequences for subgrade soil (Table 3.5). The test procedure consists of different
combinations of deviator and confining stresses applied in 15 stress sequences. Additionally,
untreated subgrade soils were tested for unconfined state with same deviator stress to observe the
effects of confining pressure on resilient modulus values. Haversine shaped load form of
(1 —cos6/2) is applied in a triaxial pressure chamber. This is the recommended pulse shape to
simulate the induced load in pavement layers (Barksdale et al. 1997). Each test sequence has 0.1
seconds of load pulse and 0.9 seconds of rest period. Resilient modulus for a particular test
sequence is determined by averaging the last five cycles. Stress and strain behaviors for the last
five cycles of a typical test sequence are illustrated in Figure 3.10. Two criteria were maintained
for reporting successful Mg test results:

1. Vertical deformation ratio (Ry) of two internal linear variable deformation transducers
(LVDTSs) needs to be less than 1.5.

2. Coefficient of variance (COV) of last five cycles Mg value stays within 5.

Testing of treated materials using test sequences of untreated soils (AASHTO T 307) was a
concern to Barksdale et al. (1997) because untreated soils’ stress sequences are not large enough

to produce measureable deformations using internal LVDTSs for treated soils. At the same time, it
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was understood that higher stresses are not representative of those experienced by a soil element
in the subgrade level. However, due to limitations of the test protocols in regards to very stiff
materials, high stress sequences are needed for the LVDTSs to respond outside of the typical non-
linearity error range. Moreover, the preconditioning stage and confining pressure has little effect
on resilient modulus of the subgrade soil (Muhanna et al. 1999). Based on the literature and
laboratory experience gathered from the present study, it was decided to conduct the Mg test on
lime-treated soils at unconfined high stress sequences (i.e. deviator stress of 10, 15, 20, 25, 30,
40 and 50 kPa) with 200 preconditioning cycles. Table 3.5 summarizes test sequences used for
this study for different soils. Figure 3.11 shows the universal testing system (FRM 100/SCON

1500) with subgrade soil sample.

3.4.3 Unconfined Compressive Strength Test

Unconfined Compressive Strength (UCS) is an important design indicator of mechanical
behavior of subgrade soils according to MEPDG. Thus, UCS test was conducted on both
untreated and lime-treated samples in which resilient modulus test was conducted before.
Additionally, one type of soil (A-6 with 5% lime) was compacted and tested for UCS without
any resilient modulus test after 7 days of curing. AASHTO T 208 and ASTM D5102 are the
standard test methods of UCS for untreated and lime-stabilized subgrade soil respectively. These
two methods have a difference in maximum strain limits (15% and 5% for untreated and lime
stabilized soil respectively), but strain rate is same. A strain control test program was created
within the software giving a displacement rate command that equated to a strain rate of 0.5% per
minute. The test was stopped either at the maximum axial strain level or the maximum stress

attained, whichever comes earlier. A low precision frame mounted LVDT (x 2inch) was used for
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strain measurement. Thus, the LVDTSs used for resilient modulus testing are not adequate for the

UCS test because the deformation is high enough to destroy them at failure point.

3.4.4 Soil Suction Test

Filter paper method, specified in ASTM D5298, is adopted to measure the total and matric
suction of raw and lime-treated subgrade soils. As soil suction can vary with soil type,
compaction condition; samples were prepared in a same impact compaction method as resilient
modulus samples to get comparable results for different soil combinations. Approximately 1 inch
(25.4 mm) height of soils were compacted in 4 inch (101.6 mm) diameter split mold in 2 layers
and placed them in plastic container for equilibrium. The soil suction measurement was followed
according to the technique described by Bulut et al. (2001). Three (3) filter papers were placed in
between soil layers to ensure direct contact for matric suction measurement from inner filter
paper. Total suction was measured from two (2) filter papers which were positioned at the top of
the soil in the same container with a small disk (non-contact). Figure 3.12 illustrates the suction
measurement techniques used in the laboratory. The filter papers used in this study were
Whatman No. 42, ashfree quantitative Type Il with a diameter of 55 mm. 10 days equilibrium
period was considered. After achieving equilibrium, the water contents of the soils and filter
paper are measured by weighing them on a high precision analytic balance. Suction is calculated
using a predefined filter paper calibration curve (ASTM D5298). A typical calibration curve for
filter paper method consists two parts, as shown in Figure 3.13. The upper segment represents
moisture retained as films absorbed onto particle surface, while the lower segment represents

moisture retained by capillary or surface tension forces between particles.
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3.4.5 Freeze-Thaw Cycles

Based on literature, there is no standard laboratory test procedure available to examine the effect
of F-T durability on resilient modulus of lime stabilized subgrade soils. ASTM D560-03,
standard test methods for freezing and thawing of compacted soil-cement mixtures, was used
widely to assess F-T durability of stabilized soils before. However, this standard was withdrawn
with no replacement by ASTM committee in 2012 due to high variability associated with the test
procedures. ASTM C1645, standard test method for freeze-thaw durability of concrete paving
units, is considered for this study. A temperature and humidity chamber was used for controlling
freezing and thawing of samples. The chamber is a high performance unit with temperature and
humidity fluctuation of £0.3 °C and +2.5% respectively. Figure 3.14 shows the units of the
chamber and Figure 3.15 presents the chamber with soil samples. According to ASTM C1645,
one F-T cycle consisted of freezing at a temperature of -5 °C (23 °F) for 16 hours and thawing at
+30 °C (86 °F) for 8 hours. This temperature range is suitable for New Mexico environment,
thus one F-T cycles can be assumed as one year of F-T in pavement field application for
subgrade level. The variations of temperature in each cycle are shown schematically in Figure
3.16. 10 and 20 F-T cycles were considered for this study. An additional 1 F-T cycle was

considered for untreated soils.

3.4.6 Soaking

An optimum state sample for each soil combinations was compacted, cured and tested before and
after full soaked in water. After first set of resilient modulus tests, samples were placed in bucket
with full of water for 48 hours. Resilient modulus test was conducted again in soaked sample and

failed to unconfined compression.
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3.5 TEST MATRIX

This study dealt with two subgrade soils with three lime percentages, thus accounted six soil
combinations in total. For laboratory testing with no freeze-thaw, two replicate 4 inch samples
(in some cases triplicate) were prepared at three different moisture contents i.e. dry (OMC-2%),
optimum (OMC) and wet (OMC+2%). Triplicate 2.8 inch diameter lime treated samples were
reconstituted at optimum moisture content to evaluate the sample size effect. Thus total 55 (fifty-
five) samples were prepared for resilient modulus testing at no freeze-thaw condition. Moreover,
12 samples (6 each for 2.8 inch and 4 inch diameter) 5% lime treated A-6 soil were compacted
and cured for conducting only unconfined compression strength test. 18 combinations (6 soils

and 3 water contents) were sampled separately for soil suction measurement.

For durability assessment, one 4 inch sample was compacted at OMC for each F-T cycles. Three
(1, 10, 20) and two (10, 20) F-T cycles were considered for untreated (2 soils) and lime stabilized
soils (4 soils) respectively. These totaled to 14 samples to assess F-T damage. One OMC sample
with no F-T was taken to conduct soaking test. Table 3.6 illustrates the overall resilient modulus

test matrix for this study.
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Figure 3.1 Material Collection from the Site

Figure 3.2 Processed A-6 and A-7-6 Soil Passing U.S. No. 4 Sieve
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Figure 3.3 Soil Mixing in Bucket Using Mechanical Mixer

Figure 3.4 Split Molds Used for Compaction
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Figure 3.6 Stabilized Subgrade Soil in the Curing Tank
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Figure 3.7 Capped Plastic Wrap Subgrade Samples

Figure 3.8 Different Types of Deformation Transducers
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Figure 3.9 Stepwise Deformation Transducer Setup to Soils
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Figure 3.10 Stress-Strain Plot with Time for Last Five Sequences of a Typical Resilient
Modulus Test

Figure 3.11 Subgrade Resilient Modulus Test Setup in Triaxial Chamber
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Figure 3.14 Units of Freeze-Thaw Chamber

Figure 3.15 Samples in Freeze-Thaw Chamber subjected to F-T cycles
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Table 3.1 Subgrade Soils Gradation and Atterberg Limits
Soil Designation

AASHTO classification A-6 A-7-6
USCS Symbol CL (lean clay) CH (fat clay)
Gradation
Sieve Opening % passing
1inch 100 100
3/4 inch 100 99
1/2 inch 100 98
3/8 inch 100 97
No. 4 100 95
No. 10 98 93
No. 40 96 91
No. 50 53.7 90
No. 200 49.6 74.2
Atterberg Limits
Liquid Limit 29 69
Plastic Limit 16 27
Plasticity Index 13 42

Table 3.2 OMC-MDD of Untreated and Lime-Treated Subgrade Soils

 %oflime oMC Maximum Dry Density
Type of Soil -
additive (%) pcf KN/m3

0 15.1 120.0 19.7

A-6 5 17.2 110.6 18.1

7 18.2 109.2 17.9

0 14.7 124.5 20.4

A-7-6 5 16.4 115.0 18.9

7 17.5 1145 18.8
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Table 3.3 Sample Size and Compaction Method According To Mg Test Standards

Reconstituted Mr specimen diameter (in.)
Test Standard 8 20 60
Static, Kneading, | Static, Kneading, Static, Kneading,
AASHTO T 307 . . .
SHTOT 30 Vibratory Vibratory Vibratory
Impact, Kneading, | Impact, Kneading,
NCHRP 1-28A NA. Vibratory Vibratory

Table 3.4 Equivalent Blows per Lift Using Impact Compaction (NCHRP 1-28A)

Specimen Diameter (in) 2.8 4 6
Compactive Effort, CE (ft-Ibf/cft) 56000
Volume of specimen, V (cft) 0.02 0.058 0.196
No of Lifts, N 3 8 27
Weight of drop hammer, W (Ibf) 10
Drop height, h(ft) 1.5
No of blows/lift, n ~25 ~27 ~27
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Table 3.5 Test Sequences Adopted For Untreated And Lime-Treated Subgrade Soils

Untreated Subgrade soil Lime-treated Subgrade soil
Sequence Number Confining Deviator Confining Deviator
pressure, psi Stress, psi pressure, psi Stress, psi
(kPa) (kPa) (kPa) (kPa)
Conditioning 6 (41.4) 4 (27.6) 0 8 (55.1)
1 6 (41.4) 2 (13.8) 0 10 (69)
2 6 (41.4) 4 (27.6) 0 15 (103.4)
3 6 (41.4) 6 (41.4) 0 20 (138)
4 6 (41.4) 8 (55.1) 0 25 (172.4)
5 6 (41.4) 10 (68.9) 0 30 (206.8)
6 4 (27.6) 2 (13.8) 0 40 (275.8)
7 4 (27.6) 4 (27.6) 0 50 (344.8)
8 4 (27.6) 6 (41.4)
9 4 (27.6) 8 (55.1)
10 4 (27.6) 10 (68.9)
11 2 (13.8) 2 (13.8)
12 2 (13.8) 4 (27.6)
13 2(13.8) 6 (41.4)
14 2 (13.8) 8 (55.1)
15 2(13.8) 10 (68.9)
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Table 3.6 Resilient Modulus Test Matrix

% of Sample size: 4 inch 2.8 inch
Typeof | it : Total "
soil additive Moisture State samples Remarks
used Dry | Optimum | Wet | Optimum
Subgrade — 3 3 3 - 9
ubgrade 5 > 3 3 . T
A-6 No
! 2 : > 3 1 Freeze-
0 2 2 2 - 6
Subgrade 5 > > > 3 S Thaw
A-7-6
7 2 2 2 3 9
Subgrade |—— : 3 : : 3
ubgrade 5 - 5 - - > |
A6 7 - 2 - _ 2 With
0 3 3 Freeze-
Subgrade 5 - > - - 5 Thaw
A-7-6
7 - 2 _ _ 2
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Chapter 4 EFFECTS OF MOISTURE AND SUCTION ON LIME-
STABILIZED SOILS

4.1 GENERAL

This chapter is dedicated to present the results and discussions of the resilient modulus,
unconfined compressive strength and suction values of untreated and lime-treated subgrade soils
at different moisture contents. Comparison among replicate samples and effects of associated

parameters related to laboratory testing are presented.

Specific objectives of this chapter are:

1) Evaluate the improvement of resilient properties (resilient modulus) and strength
(unconfined compressive strength) due to lime treatment;

2) Assess the effect of molding moisture in engineering properties of untreated and lime
treated subgrade soils;

3) Determine the suction potentials (total, matric and osmotic) at different moisture state of
lime treated soils and correlate the resilient modulus values with soil suction;

4) Incorporate suction to traditional stress dependent resilient modulus models and evaluate

the effects of suctions in the soil constitutive models for MEPDG applications.
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4.2 RESILIENT MODULUS TEST RESULTS

Average resilient modulus test results of replicate samples for different soil combinations are
shown in Table 4.1 to Table 4.4. It is to be mentioned that generating consistent resilient
modulus results are very difficult even among replicate samples in the laboratory because of
potential variations introduced when reconstituting soils. However, average results are used to

observe the effects of associated parameters on stiffness or strength of particular soils.

Moisture contents among replicate samples were maintained within 0.5%. As time between
sample preparation and testing was 12 hours to overnight (except the 7 days curing period for
lime stabilized soils), moisture content was measured at the end of the unconfined compressive
strength test and reported as sample moisture content. As soil samples were covered with few
layers plastic wrap after compaction, sample moisture contents were not lost more than 0.5% of
compaction moisture content in any cases. All replicate sample results are listed in the appendix

at the end.

4.2.1 Untreated Subgrade Soils

The resilient modulus test results using AASHTO T 307 load sequences in confined and
unconfined states are given in Table 4.1. Mg values for untreated subgrade soils show consistent
results for all cell pressures. Untreated A-6 and A-7-6 subgrade soil have Mg values in a range of
92-145 ksi (634-999 MPa) and 75-106 ksi (517-730 MPa), respectively, at OMC. However,
typical MEPDG Level 3 resilient modulus values at optimum moisture state for A-6 and A-7-6
soils are reported to be 13.5-24 ksi (93-165 MPa) and 5-13.5 ksi (34.5-93 MPa) respectively. It is

speculated that as past researches mostly conducted Mg test using external LVDTSs, the measured
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deformations were high and therefore they obtained very small Mg values. Thus high Mg values
obtain from this study is reasonable and supported by other studies (Barksdale et al. 1997,
Andrei, 2003). In addition, resilient modulus values not always increase with the confining
pressure for same deviator stress. Detail effects of confining pressure on resilient modulus values

are discussed later in this section.

Figure 4.1 graphically presents the Mg results with deviator stresses for untreated A-6 and A-7-6
soils at different moisture state (dry, opt and wet) and specific confining pressure (4 psi). It is
clearly seen that A-6 subgrade soil has higher modulus values than A-7-6 soil in all moisture
state. As A-7-6 soils (fat clay) have higher plasticity than A-6 soils (lean clay), these results are
expected. Consistent with the literature for fine-grained cohesive subgrade soils, resilient
modulus values decrease with the increase of deviator stress due to softening effect in soils at
higher deviator stresses. Moreover, resilient modulus values are decreased considerably with
wetness or increasing moisture contents within the soils which agrees the high sensitivity of

clayey subgrade soils with moisture variation.

4.2.2 Lime Stabilized Subgrade Soils

Resilient modulus test was conducted with unconfined high stress sequences for lime stabilized
soils. A-6 and A-7-6 subgrade soils were treated with 5% and 7% lime and compacted at OMC
in 2.8 inch and 4 inch diameter mold. Samples were cured for 7 days in accelerated manner
(Little, 2000) and average Mg test results are presented in Table 4.2. Figure 4.2 presents the
resilient modulus plot with deviator stress for 7% lime treated A-7-6 soil of both replicate sample

sizes. Higher variance in resilient modulus results are observed for 2.8 inch than 4 inch replicate
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samples, thus 4 inch diameter samples were prepared and tested for all other cases in this study.

Effects of the sample size on the resilient modulus test results are focused later.

Table 4.3 and 4.4 summarize the results of A-6 and A-7-6 subgrade soils treated with 5% and 7%
lime and compacted at different moisture contents (dry, opt and wet). Samples were 4 inch
diameter and cured for 7 days before the Mg test. Resilient modulus results are graphically
showed with deviator stresses in Figure 4.3 and 4.4, respectively, for lime stabilized A-6 and A-
7-6 soils. Similar with untreated soils, resilient modulus values decrease with increasing deviator
stress for wet and optimum state samples of lime stabilized A-6 soils and all moisture state of A-
7-6 soils. Only the dry moisture state of lime stabilized A-6 soil shows an increase of Mg value
with deviator stress increment. It is an unusual phenomena and difficult to explain. This indicates

that A-6 soils behave like granular aggregate due to lime treatment at dry state.

It was established that resilient modulus values increased due to lime-stabilization from all past
literatures (Little 2012). Table 4.1 to Table 4.4 support the mentioned statement but the
increment varies with soil types and lime doses. Mg values for A-6 soils stabilized with 5% and
7% lime are in the range of 450-715 ksi (3100-4930 MPa) and 800-1100 MPa (5520-7585 MPa)
respectively. For A-7-6 soils, these values are 560-870 ksi (3860-6000 MPa) and 300-510 ksi
(2070-3520 MPa) due to 5% and 7% lime treatment respectively. Thus, A-6 subgrade soil
becomes stiffer in all lime percentages for this study, but reduction in resilient modulus is
observed for A-7-6 soil at 7% lime dose. This result justifies other studies (Osinubi and Nwaiwu
2006, Solanki et al. 2009). Possible explanation for that is excess lime behaved as low strength

filler and effectively weakened the lime-soil mixture (Osinubi and Nwaiwu 2006).
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4.3 UNCONFINED COMPRESSIVE STRENGTH TEST RESULTS

Unconfined compressive strength (UCS) test was performed on two types of sample using
universal testing program. All samples which were subjected to Mg tests were failed using
unconfined compression is named as Mg tested samples. Separately, 5% lime treated A-6 soils
compacted at OMC and cured for 7 days were tested only unconfined compressive strength is
termed as virgin samples. Comparative UCS results of virgin and Mg tested 2.8 inch and 4 inch
samples same soil type is summarized in Table 4.5. Similar with Mg results, higher variance is
observed for 2.8 inch sample compare to 4 inch sample. Thus repeatability of results is
concerned for 2.8 inch diameter samples. For 4 inch diameter specimens, it is seen that Mg tested
samples exhibited slightly higher UCS values than virgin samples (Table 4.5). This is due to the
fact that resilient modulus test can make the samples stronger due to preloading (Khoury 2002).
Figure 4.5 presents the stress-strain curve of 5% lime treated A-6 virgin soil samples. As seen
from Figure 4.5, lime treated samples failed within 2% of strain increment which was common
to all treated samples of this study. In comparison, untreated soils were failed not before reaching
10% strain in UCS test. Figure 4.6 depicts the typical failure pattern of untreated and lime-
treated subgrade soils. Untreated subgrade soils (Figure 4.6a) commonly bulged due to
unconfined compression, treated subgrade soils (Figure 4.6b) crushed like concrete at failure

point.

Table 4.6 summarizes UCS test results of untreated and lime treated Mg tested samples.
Following similar trends of resilient modulus results, UCS value increases due to lime addition
except with 7% lime dose for A-7-6 soil. Moreover, UCS increases with the decrement of

moisture content for all soil types.
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4.4 SOIL SUCTION TESTS

Soil suction measurement technique, filter paper method, is based on the assumption that water
potential of a soil sample is the same as the water potential of a specified filter paper when they
are equilibrium. Whatman No.42 filter paper was used in this study which has predefined
manufacturer calibration curve to estimate the soil suction indirectly from the filter paper water
content after equilibrium. Total and matric suctions were determined on samples compacted at
three different moisture states (dry, optimum and wet). Osmotic suction was calculated from the
difference between these two suctions. All suction results are summarized in Table 4.7. Figure
4.7 and 4.8 are presented graphically the total and matric suction with water content for A-6 and
A-7-6 soils respectively. It is seen that total and matric suction increase due to decrease in
moisture content. High matric suction implies high capillary stresses in soils and causes
movement or flow of water in an unsaturated state, which results in increase in water content in
the subgrade layer after construction (Yang et al. 2005). For A-6 soils, total suction of 378 psi
(2609 kPa) and 710 psi (4901 kPa) are obtained for 0% and 5% lime dose, respectively, at 17.7%
moisture content (Table 4.7). Similarly, matric suction value increases due to lime addition in the
soil. Pozzolanic reaction of water and lime particles generates crystalline fine particles that
decrease the plasticity of clayey soils (Khoury et al. 2003). Fine particles increase the
adhesion/cohesion capacity in the lime stabilized soils, thus attracts more water than untreated
soils counterpart. Addition of lime increases the salt potential which implies the increase of

osmotic suction in lime stabilized clayey subgrade soils.
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4.5 DISCUSSION OF TEST RESULTS

Effects of associated parameters on laboratory test results are discussed in this segment.

4.5.1 Effects of Confining Pressure

Effects of confining pressure on resilient modulus values are reported for untreated raw soil. An
unconfined test was done with the same deviator stress sequences prior to testing with AASHTO
T 307 sequences. Resilient modulus values for the same deviator stresses are compared to one
another as percent difference between 2 to 6 psi, 0 to 4 psi and 0 to 6 psi confining pressure
relative to the lowest confining pressure Mg values. Comparison is done for both A-6 and A-7-6
soils and demonstrated in Table 4.8. A sample equation to compare the resilient modulus values

corresponding to 6 psi with respect to 0 psi confining pressure is shown below:

Mg (0 psi) —Mg (6 psi)

% difference of M, between 0to 6 psi CP = -
My (Opsi)

x 100 4.1)

Table 4.1 shows that the differences in resilient modulus values due to the change in
confining pressure are small. It supports studies that cohesive fine-grained samples are not
significantly affected by small confining pressures. Table 4.8 has the evidence that the average
difference in resilient modulus values relative to low confining pressure shows less than 10%
change in all cases. Thus it can be concluded that confining pressure has a small effect on

resilient modulus values of subgrade soils.
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4.5.2 Effects of Sample Size

To compare the effects of available sample size on resilient modulus results, it was decided to
reconstitute the lime-stabilized optimum moisture state sample by having a 2.8 inch diameter and
observe the difference in resilient modulus results with 4 inch diameter sample. Table 4.2 shows
average Mg test results are close for different sample sizes at different soil combinations.
However, Table 4.9 demonstrates the difficulties to obtain consistent test results with the 2.8
inch diameter sample. Coefficient of variance (COV) is calculated among replicate samples for
each deviator stress case. COV is a normalized measure of dispersion of a probability
distribution and calculated as the ratio of standard deviation to the mean. COV calculated for 2.8

inch diameter sample is always much higher than the 4 inch diameter sample (Table 4.9).

For this study, unconfined compressive strength test of virgin samples has maximum number of
replicates (6 samples). Lack of repeatability in 2.8 inch samples was ensured by UCS test results
in Table 4.5. It is seen that COV among 2.8 inch replicate samples (16.7) is larger than 4 inch
diameter samples (5.9). Probable reason for this is the side-wall restraint effect of the 2.8 inch
sample due to an insufficient surface area for modified proctor hammering (Cabrera 2012). The 4

inch diameter sample can overcome this limitation and ensure the reproducibility of test results.

4.5.3 Effects of Lime Content

It is obvious that the resilient modulus and UCS value increases due to lime stabilization. For
comparison purpose, 10 psi deviator stress with zero confining pressure is chosen as only this
value is common for two different test sequences of untreated and lime-treated soil. Figure 4.9 to

Figure 4.11 depict the effect of lime addition on stiffness (resilient modulus) and strength (UCS)
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of subgrade soils among optimum moisture state samples. 5% lime addition increases Mg values
approximately 600% and 1000% in A-6 and A-7-6 soils respectively. However, 7% lime dose
decreases Mg value to 41% from 5% lime dose in A-7-6 soil. Similarly, 250% and 352%
increment of UCS value are seen for 5% and 7% lime dose, respectively, in A-6 soil. Again, 7%
lime addition in A-7-6 soil causes 16% decrease in UCS value from that of 5% lime dose. Thus,
it can be concluded that 5% lime is the design optimum lime content of A-7-6 soil, whereas for

A-6 soil it may be 7% or more, which is not being able to determine exactly from this study.

Figure 4.12 shows the osmotic proportion in total suction value for lime treated soils. Obviously,
lime addition impacts the suction value. Due to the presence of lime, a chemical reaction occurs
between the soil particles and clay minerals, which increases the value of suction in the lime
treated soils. Though osmotic suction has been reported to hold negligible effect in total suction
(Fredlund and Rahardjo 1993), this study reveals that the proportion of osmotic suction in total
suction increases about 15% due to lime addition, which can be seen in both cases of lime treated

A-6 and A-7-6 soils.

4.5.4 Effects of Molding Moisture

Though construction specification mostly requires compacting pavement subgrade at OMC with
more than 90% of MDD, subgrade soils are subjected to seasonal variation of moisture (Yang et
al. 2005). Furthermore, lime-stabilized subgrade soil is considered as moisture-insensitive thus
the variation of resilient modulus and UCS of clayey subgrade soil is significantly minimized
due to moisture changes. This study examines the change in Mg or UCS value with respect to

optimum moisture for both untreated and lime-treated subgrade soils. Average water content
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among replicate samples in this study was maintained within £2-3% of optimum water content.
Percent difference in Mg results due to different moisture states from optimum are calculated

using Eq. 4.2 and 4.3.

Dry M, .—Optlmum M, « 100 (4.2)
Optimum M,

% difference of M indrystate =

Wet M, —Optimum M,
Optimum M .

% difference of M in wet state = x 100 (4.3)

Figure 4.13 and 4.14 demonstrate the percent differences of resilient modulus and UCS between
dry and wet state results from optimum for all subgrade soil combination. For resilient modulus,
value of 10 psi deviator stress sequence is compared. It is clear that moisture affects the Mg and
UCS of lime-treated soil, but influence of moisture minimizes in comparison to untreated
subgrade soils. About 22% and 42% reduction in Mg value can be seen from Figure 4.13 for A-6
with 7% lime and A-7-6 with 5% lime respectively. Moreover, variation of Mg with moisture

decreases drastically due to the addition of lime in A-6 soil than that in A-7-6 soils.

4.5.5 Resilient Modulus with Soil Suction

Figure 4.15 shows variation of resilient modulus with different suction components obtained at
different moisture contents. Results for different soil types are plotted together to understand the
overall correlations among Mg and total, matric and osmotic suctions. It is found that Mg
increases with an increase in soil suctions. Increase in Mg values can be recognized to the fact
that the dry state of soil initiated high suction in the soil. Thus integrity of soil structure and
rigidity of soil skeleton are enhanced. Therefore higher suction stiffens the soil specimen,

resulting in higher Mg compared to Mg at low suction value.
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It is clear the change in resilient modulus among suction components is similar. As Figure 4.15 is
plotted for different soils tested in this study, good correlation is not expected. However, osmotic
suction correlates better with Mg over other suction components. Therefore, osmotic suction
cannot be ignored in Mg constitutive models of lime treated soils. This study makes an effort to

incorporate suction in the existing Mg model used in MEPDG.

4.6 RESILIENT MODULUS MODELS WITH SUCTION
Different predictive models of Mg are available in pavement literature. Most of them are based
on state of stress (Titi et al. 2006). Three models are considered in the current study for

incorporation of suction is briefly described below:

Model 1 (stress state): This model is generalized log-log model recommended by MEPDG level-

1 design inputs for unbound materials which was described in Eq. 2.8.

Mg = kP, (P%)kz (Tlg;’t + 1)k3 (4.4)

Where: P, = atmospheric pressure (101.3 kPa), 8 = bulk stress (sum of three principal stresses),

T, = Octahedral shear stress = % o4 (for laboratory triaxial condition), ;= cyclic deviator

stress and k4, k,, ks are regression constants.

For laboratory confined Mg test (untreated subgrade soil case), bulk stress is defined as 6 =
o4 + 3 a3; where g5 is the confining pressure. Therefore bulk stress is same as deviator stress in

case of unconfined Mg test.
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Model 2 (stress state and suction): This model is borrowed from Liang et al. (2008) by

incorporating total suction in above MEPDG model. Basic concept is generated from effective

stress relationship proposed by Bishop (1959).

o' = (0= ug) + Yxw X (g — Uy) (4.5)

where: o' = effective stress; o = total stress; y,, = Bishop’s parameter; u, and u,, are pore air

and water pressure respectively.

In Eq. 4.5, (u, — u,,) parameter is the effective stress contributed by suction, which is termed as
matric suction as well (Yang et al. 2005, Liang et al. 2008). This study reveals the proportion of
osmotic suction in lime treated soils increases with lime addition. Thus, total suction is
considered in place of matric suction. Bishop’s parameter is a function of degree of saturation
(zero for dry soil and one for wet soil), which is commonly used as weight of matric suction on
effective stress. In this study, full contribution from total suction is assumed (y,, = 1) and pore
air pressure is considered to be u, = 0. Combining Eq. 4.4 and 4.5, predictive equation of Mg

incorporating both stress state and suction takes the following form:

Mg = kP, (e *"’T)kz (2 + 1)k3 (4.6)

Where: Y and Mg, are the total soil suction and resilient modulus measured at optimum moisture

content respectively.
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Model 3 (stress, suction and moisture state): Coefficients (k’s) for this model are calculated by

regression analysis using Mg and suction test results for different moisture states (dry, optimum
and wet). Thus, influence of stress state, total suction and moisture condition in Mg values are

accounted when Model 3 is adopted.

In the current study, multiple linear regression analysis is performed to find k,, k,, ks values.
Table 4.10 presents the regression constants for different soil combinations. Models are
evaluated based on multiple correlation coefficients (R?) and percent of error among predicted
and measured Mg values. MEPDG design guide recommends a R? value 0.9 or greater to ensure
good predictability of constitutive models. From Table 4.10, it can be seen that all combination
of soils exhibit good correlation fit using Model 1 and Model 2 with only optimum moisture state
test results. Though Model 3 captures Mg data for all moisture states, it shows comparatively
lower prediction capability (R>>0.85) than other models. Thus Mg results at different moisture
state (dry/wet) does not improve the prediction capability of Mg models over only optimum
moisture state test results. Small percent error of predicted and laboratory measured Mg value is
obtained for all three models. It is clear that total suction incorporation in Model 2 shows
improvement over predictions by Model 1. Thus Model 2 is a good alternative of stress-
dependent MEPDG model for predicting Mg. Moreover, incorporating total suction in Mg model

provides added advantage in demonstrating moisture variation in clayey subgrade soils.
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4.7 SUMMARY

In this chapter, resilient modulus, unconfined compressive strength and suction tests results are

presented and discussed for untreated and lime treated A-6 and A-7-6 subgrade soils compacted

at dry, optimum and wet moisture states. Summary findings are:

(@]

o

Engineering properties (Mg and UCS value) are improved due to lime treatment in New
Mexico clayey subgrade soils. Resilient properties increase 6 and 9.6 times due to 5% and
7% lime addition to A-6 soils. A-7-6 soils exhibit 10 times improvement at 5% lime dose, but
Mg decreases for higher application (7%). Similar trend has been observed in UCS values.

Mg and UCS values increase with the decrease in molding moisture and deviator stress for
untreated and lime-treated subgrade soils. Lime addition can reduce the moisture sensitivity
of resilient modulus and UCS value of untreated clayey subgrade soils.

All suction components (total, matric and osmotic) increase due to lime addition in raw
subgrade soils. Mg value increases with soil suction. Osmotic suction increases about 15% of
total suction due to lime treatment for both A-6 and A-7-6 soils. Osmotic suction correlates
better with resilient modulus values.

As both suction components (matric and osmotic) has substantial contribution in suction,
total suction is incorporated in the stress dependent Mg model and obtain better predictability

of Mg values for clayey subgrade soils.
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Figure 4.5 Stress-Strain Plot for 5% lime Treated A-6 Virgin Samples under Unconfined
Compression

Figure 4.6 Typical Failure Pattern in Soils after Unconfined Compression Failure
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Figure 4.7 Total and Matric Suctions with Water Contents for A-6 Soils
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Figure 4.8 Total and Matric Suctions with Water Contents for A-7-6 Soils
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Table 4.1 Average Resilient Modulus for Untreated Subgrade Soils at All Moisture State

) Max Raw A-6 Raw A-7-6
Cell | Deviator Cyclic | Dry Opt Wet Dry Opt Wet
Pressure | stress | o [W=13.5% | w=15.5% | w=17.7% | w=13.0% | w=15.1% | w=17.3%

es) | s | oo e ()
6 2 18 217 143 71 150 103 64
6 4 36 207 128 66 144 99 57
6 6 5.4 197 112 60 140 85 49
6 8 7.2 186 101 56 136 79 45
6 10 9 174 92 52 129 75 40
4 2 18 216 145 71 153 99 65
4 4 36 209 129 64 144 92 58
4 6 5.4 200 115 58 138 82 50
4 8 7.2 189 105 54 134 79 45
4 10 9 178 95 50 128 76 40
2 2 18 215 141 70 153 97 64
2 4 36 210 132 63 145 96 56
2 6 5.4 201 116 57 139 85 50
2 8 7.2 189 104 52 133 82 44
2 10 9 178 94 48 128 78 39
0 2 18 216 144 72 156 106 66
0 4 36 209 133 66 149 101 58
0 6 5.4 201 120 60 142 91 52
0 8 7.2 191 108 55 134 85 47
0 10 9 181 102 50 129 79 43

Note: 1 ksi = 6.89 MPa; 1 psi = 6.89 kPa; Mr = Resilient Modulus; w = Moisture Content after UCS
testing; Dry, Opt, Wet = Sample Moisture States; Opt = Optimum Moisture Content

85




Table 4.2 Average Resilient Modulus For Lime-Treated Subgrade Soil For Two Different
Sample Sizes

) A-6 with 5% lime A-6 with 7% lime | A-7-6 with 5% lime | A-7-6 with 7% lime
Deviator Optimum state Optimum state Optimum state Optimum state
Stre-ss 2.8"x5.6" 4"x8" 2.8"x5.6" | 4"x8" | 2.8"x5.6" | 4"x8" | 2.8"x5.6" | 4"x8"
=Y Mg (ksi)
10 715 713 1122 1092 853 869 475 511
15 685 666 1088 1016 790 824 435 490
20 653 611 1057 966 726 785 392 A77
25 629 564 1014 905 700 727 372 464
30 605 514 978 870 675 675 353 447
40 560 479 923 841 622 645 333 427
50 485 448 881 802 565 593 297 401

Note: 1 ksi = 6.89 MPa; 1 psi = 6.89 kPa; Mg = Resilient Modulus
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Table 4.3 Average Resilient Modulus For Lime-Treated A-6 Soil At All Moisture States

Max A-6 with 5% lime A-6 with 7% lime
Deviator ]
St Cyclic Dry Opt Wet Dry Opt Wet
ress
] Stress w=15.6% | w=17.6% | w=19.7% | w=16.2% | w=18.5% | w=20.5%
(psi) . :
(psi) Mg (Ksi)
10 9 918 713 516 1370 1081 846
15 13.5 974 682 500 1392 1024 785
20 18 1012 638 478 1430 982 743
25 22.5 1023 603 448 1452 930 715
30 27 1077 564 432 1485 892 686
40 36 1102 525 409 1543 855 630
50 45 1189 488 385 1574 816 579

Note: 1 ksi = 6.89 MPa; 1 psi = 6.89 kPa; My = Resilient Modulus; w = Moisture Content after UCS
testing; Dry, Opt, Wet = Sample Moisture States; Opt = Optimum Moisture Content

Table 4.4 Average Resilient Modulus For Lime-Treated A-7-6 Soil At All Moisture States

. Max A-7-6 with 5% lime A-7-6 with 7% lime
Deviator
Stress Cyclic Dry Opt Wet Dry Opt Wet
) Stress w=14.6% | w=16.4% | w=19.5% | w=16.2% | w=18.5% | w=20.5%
R ) My (ks
10 9 1270 869 501 702 511 387
15 13.5 1262 824 468 657 490 375
20 18 1248 785 420 635 477 361
25 22.5 1235 727 373 621 464 350
30 27 1230 675 336 616 447 344
40 36 1205 645 289 596 427 333
50 45 1179 593 261 587 401 321

Note: 1 ksi = 6.89 MPa; 1 psi = 6.89 kPa; My = Resilient Modulus; w = Moisture Content after UCS
testing; Dry, Opt, Wet = Sample Moisture States; Opt = Optimum Moisture Content
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Table 4.5 UCS Results of Virgin and Mg Tested 5% Lime-Treated A-6 Soil Samples

Sample Size 4" x 8" 2.8" x5.6"
Sample Type Virgin Mg tested Virgin ‘ Mg tested
Sample No UCS (psi)
1 426 446 451 382
2 415 448 437 372
3 428 483 407 421
4 424 - 422 -
5 364 - 487 -
6 421 - 621 -
Average 413.0 459.0 470.8 391.7
SD 24.4 20.8 78.5 25.9
CQV (%) 5.9 4.5 16.7 6.6

Note: UCS = Unconfined Compressive Strength; Mgr = Resilient Modulus; SD = Standard Deviation,
COV = Coefficient of Variance

Table 4.6 Average Unconfined Compressive Strength Results For Untreated And Lime-
Treated Subgrade Soils

Typeof % of lime Average UCS (psi)

soil additive Dry Opt Wet

0 187 133 64

A-6 5 578 466 371
7 692 601 512

0 126 113 73

A-7-6 5 540 434 345
7 436 364 304

Note: UCS = Unconfined Compressive Strength; Dry, Opt, Wet = Sample Moisture States; Opt =
Optimum Moisture Content
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Table 4.7 Soil Suction Results for All Soil Types Using Filter Paper Method

_ _ Moisture Tot_al Mat_ric Osmc_)tic % of_
Soil Type | % Lime .. %w Suction Suction Suction osmotic
Condition (psi) (psi) (psi) suction

Dry 135 815 696 120 14.7

0 Opt 155 480 409 72 14.9

Wet 17.7 378 322 56 14.9

Dry 15.6 879 645 234 26.6

A-6 5 Opt 17.6 710 523 187 26.3
Wet 19.7 534 402 132 24.7

Dry 16.2 928 666 263 28.3

7 Opt 18.5 661 459 201 30.5

Wet 20.5 470 332 138 29.3

Dry 13 917 771 146 15.9

0 Opt 15.1 661 552 108 16.4

Wet 17.3 391 324 67 17.1

Dry 14.6 996 716 280 28.1

A-7-6 5 Opt 16.4 739 538 201 27.2
Wet 19.5 522 376 146 28.0

Dry 15.3 1082 727 354 32.8

7 Opt 17.7 724 493 231 31.9

Wet 19.8 535 366 169 31.6
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Table 4.8 Effects Of Confining Pressure On Resilient Modulus Test Results Of Untreated

Subgrade Soils

Deviator Raw A-6 soil Raw A-7-6 soil
stress % Difference in Mg % Difference in Mg
(Psi) | 2to6psi Otodpsi Oto6psi| 2to6psi Otodpsi Oto6 psi
2 -1.61 -0.76 0.74 -5.40 7.03 3.30
4 2.97 3.04 3.77 -3.61 8.93 1.98
6 3.20 4.02 6.93 -0.24 9.56 5.80
8 2.70 3.54 6.77 3.02 6.86 6.06
10 1.32 6.96 9.44 3.73 3.80 5.38
Average 171 3.36 5.53 -0.50 7.24 4.50

Table 4.9 Sample Size Comparison Using Resilient Modulus Results

A-6 with 5% lime

A-6 with 7% lime

A-7-6 with 5% lime

A-7-6 with 7% lime

Dgt\feast:r Optimum state Optimum state Optimum state Optimum state

(psi) 2.8" x5.6" 4" x 8" 2.8" x5.6" 4" x 8" 2.8" x5.6" 4" x 8" 2.8" x5.6" 4" x 8"
COV (%) | COV (%) | COV (%) | COV (%) | COV (%) | COV (%) | COV (%) | COV (%)

10 10.07 1.36 0.80 1.76 10.18 444 17.88 2.93
15 8.19 2.45 2.20 2.25 8.22 4.43 14.38 1.31
20 8.07 4.60 5.08 2.28 6.61 454 14.24 1.52
25 7.03 7.04 6.32 5.19 8.81 5.43 12.53 1.15
30 6.35 9.88 7.59 6.59 9.87 4,08 12.31 2.00
40 3.57 10.15 10.55 3.50 8.75 3.32 11.93 2.31
50 8.42 9.61 9.75 2.55 1.27 3.04 10.45 491

Average 7.39 6.44 6.04 3.45 8.53 4.18 13.39 2.30

Note: COV = Coefficient of Variance
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Table 4.10 Summary of Resilient Modulus Constitutive Models

Regression constants Mg (ksi
Soil Type Model e R? — (ks % error
No k, k, ks Predicted | Measured
_ 1 1.08E+04 | -0.0253 | -1.8131 | 0.981 97 -4.90
A-6 with 2 1.36E+06 | -1.3734 | -1.7999 | 0.985 98 102 -3.92
0% lime
3 429E+01 | 15076 | -1.5884 | 0.915 80 221,57
_ 1 521E+04 | -0.1358 | -0.4005 | 0988 | 722.1 1.32
?0/? m 2 234E+04 | 02320 | -05956 | 0996 | 719.9 712.7 1.01
3 740E+01 | 17002 | -03648 | 0867 | 734.4 3.04
_ 1 6.75E404 | -0.2187 | 0.0556 | 0993 | 1096.8 1.46
%f |V|Vr:2 2 145E-03 | 47044 | -0.8198 | 0996 | 1084.3 1081 031
3 1.17E+03 | 11070 | -0.3458 | 0.922 1074 -0.65
1 7.34E403 | -00346 | -1.2188 | 0.930 78 1.27
A-7-6 with
. 2 8.62E+06 | -1.8442 | -1.2405 | 0.913 78 79 1.27
0% lime
3 8.19E+01 | 1.2014 | -15119 | 0845 78 1.27
_ 1 6.91E+04 | -00113 | -05507 | 0987 | 8752 0.70
AS'Z/; ‘ii"r;’]'efh 2 6.90E+01 | 17708 | -07117 | 0988 | 8773 869.1 0.94
3 356E401 | 1.9345 | -0.7222 | 0968 | 8586 1.21
_ 1 4.04E+04 | 00548 | -04750 | 0996 | 509.4 -0.31
A-T-6 with 3.02E409 | -2.9001 | -0.1213 | 0997 | 509.3 511 -0.33
7% lime
3 1.34E+03 | 0.8520 | -0.3556 | 0995 | 499.1 2233

Note: Mg = Resilient Modulus, is calculated at 10 psi deviator stress and 0 psi confining pressure
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Chapter 5 DURABILITY STUDY OF LIME-STABILIZED SOILS

5.1 GENERAL

Pavement subgrade level faces durability concerns during design life due to freeze-thaw (F-T)
and seasonal saturation. An experimental study is carried out to understand the durability
performance of clayey subgrade soils with and without lime treatment. Laboratory resilient
modulus (Mg) and unconfined compressive strength (UCS) test results are presented and

discussed in this chapter considering the most common durability issues of pavement structures.

Specific objectives of this chapter are:
1) Evaluate the deleterious effect of freeze-thaw cycles on untreated and lime-stabilized
soils in terms of resilient properties and strength in the laboratory;
2) Determine resilient modulus values prior and post soaking in water for 48 hours for all
soil combinations to observe durability under worst wetting conditions;

3) Assess the long term improvement on clayey subgrade soils due to lime treatment.

5.2 FREEZE-THAW DURABILITY

Chapter 4 has the database for resilient modulus of soils at different moisture states with no
freeze-thaw damage which is termed as fresh samples for durability study. 4 inch diameter
samples were compacted at optimum moisture content, cured, subjected to specific freeze-thaw
cycles in the environmental chamber, tested for resilient modulus and failed by unconfined
compression. The numbers of F-T cycles were 1, 10 and 20. One representative sample was

prepared and tested for each combination of soils and F-T cycles due to time constraint. F-T
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samples were tested after thawing period to simulate the worst condition of pavement structure.
As subgrade soils are moisture sensitive (as discussed in chapter 4), soil samples were covered
with plastic wrap to control the moisture flow during thawing (30 °C with 40% relative
humidity) period. Each samples exhibited different compaction and post UCS moistures.
However, molding moisture (optimum water content) in damaged sample is considered to

compare results with fresh samples.

5.2.1 Resilient Modulus Test Results

Table 5.1 to 5.4 summarizes the resilient modulus values of untreated and lime-treated subgrade
soils, respectively, with and without F-T damage. It is clear that Mg values decrease with F-T
cycles in both untreated and lime-treated soils. Apparently, water repeatedly freezes and melts
within soil’s porosity during freezing and thawing cycles. Thawing initiate the accumulation of
water within samples which freezes and forms the ice crystals. Thus soils expand and weaken the
intergranular bond between soil particles. Khoury (2002) stated two situations that can cause
deleterious effects of F-T cycles: a) insufficient voids to let water particle expand without
causing major disturbance to structure and b) presence of sufficient water in soils. These two
factors lead toward significant damage in soil samples that are subjected to F-T cycles. Similar to
fresh sample, resilient modulus values also decrease with deviator stress for all soil combinations
which indicates softening of soil samples at higher stress for damaged soils. For comparison
purpose, resilient modulus values at 10 psi deviator stress and zero psi confining pressure are

considered.
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5.2.1.1 Untreated Raw Soils

Resilient modulus test was conducted according to AASHTO T 307 test sequences in confined
and unconfined state after 1, 10 and 20 F-T cycles for untreated soils. Mg results (including fresh
sample with no F-T) are presented in Table 5.1 and Table 5.2, respectively, for untreated A-6 and
A-7-6 soils. Figure 5.1 and 5.2 graphically illustrate the resilient modulus value subjected to
different F-T cycles for untreated A-6 and A-7-6, respectively, at specific 4 psi (27.8 kPa)
confining pressure. For raw A-6 soils, Mg values subjected to 1, 10 and 20 cycles of F-T are
approximately 75%, 85% and 87% lower than Mg values with no freeze-thaw. These values
range between 20-36 ksi (138-248 MPa), 12-21 ksi (83-145 MPa) and 11-20 ksi (76-138 MPa)
for 1, 10 and 20 F-T cycles, respectively, compare to 95-145 ksi (655-1000 MPa) for fresh
samples. Raw A-7-6 soils are relatively less damaged due to F-T cycles. In comparison with no
F-T damage, untreated A-7-6 soils with 1, 10 and 20 F-T cycles observe approximately 65%,
75% and 80% lower Mg values. Range of resilient modulus values for 0, 1, 10 and 20 cycles are
75-100 ksi (518-690 MPa), 18-40 ksi (124-276 MPa), 14-29 ksi (97-200 MPa) and 12-26 ksi
(83-179 MPa), respectively, at different stress levels in test program. It is clear from Figure 5.1
and 5.2 that, the decrease in Mg in 0 to 1 F-T cycles is relatively higher than any other F-T cycles
for both soils. Khalife et al. (2012) commented that freezing and thawing action open up the
pores in soils during initial damage, thus reducing the damaging effects for later F-T cycles. It is
to be mentioned that the Mg values of untreated A-6 and A-7-6 soils after F-T damage is more
close to MEPDG recommended value of that particular. These ranges of raw soil’s Mg are also
common to obtain as back calculated modulus from field Falling Weight Deflectometer (FWD)
test. Thus selected F-T cycles (according to ASTM C1645) is quite representative to field

conditions.
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5.2.1.2 Stabilized Soils

Resilient modulus test was performed according to unconfined high stress sequences for lime
stabilized soils subjected to 10 and 20 F-T cycles. Mg results for lime stabilized A-6 and A-7-6
soils with or without F-T damage are presented in Table 5.3 and 5.4 and graphically illustrated in
Figure 5.3 and 5.4 respectively. Analogous to untreated soils, samples are also damaged with F-T
cycles for lime stabilized soils case. However, less damage percentages (with respect to fresh
samples) are obtained for stabilized soils compared to untreated counterpart. For example, F-T
damages are within 15% and 22% for A-6 soils with 5% and 7% lime dose, respectively, after 20
F-T cycles (Table 5.2). Similar qualitative trend is obtained for A-7-6 (Table 5.3) soils which
exhibit approximately 20% and 35% damage after 20 F-T cycles for 5% and 7% lime treatment
respectively. It is speculated that some pozzolanic reactions occur in lime stabilized soils due to
moisture flow in thawing phase. These facts may contribute in minimizing the freeze-thaw

damage in lime stabilized soils (Khoury 2002).

To the author’s knowledge, only two studies (Khalife et al. 2012, Solanki et al. 2013) are found
in open literature which evaluated the resilient modulus values of stabilized subgrade soils of
Oklahoma after freeze-thaw cycles. They obtained high damage percentage (>80%) on lime
stabilized subgrade soils due to F-T action. This was due to the fact that freeze-thaw temperature
was quite high according to ASTM D560 which was withdrawn in 2012 due to variability
associated within the test methods (Shihata and Baghdadi 2001). Moreover, availability of free
water during thawing phase allowed capillary action in soils to simulate the presence of ground
water table (GWT) in the field. This may be true for Oklahoma condition; no capillary action is

expected for New Mexico subgrade soils as GWT location is too low to produce capillary action.
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5.2.2 Unconfined Compressive Strength Test Results

After resilient modulus tests, unconfined compressive strength (UCS) test was conducted on
same samples to obtain failure strength. Table 5.5 presents the UCS results for raw and lime
stabilized soils subjected to 0, 1, 10 and 20 F-T cycles. All the tested samples generally show a
reduction in UCS values with the increase of F-T cycles. Similar to Mg results, subgrade soils
become more durable due to lime treatment after F-T action. For example, UCS value reduces to
82 psi (20 F-T cycles) from 133 psi (fresh samples) for untreated A-6 soils, thus exhibits 38%
damage due to F-T action. In comparison, UCS of 5% lime stabilized A-6 soil decreases to 438

psi (20 F-T cycles) from 578 psi (fresh samples), which shows 10% damage due to F-T action.

5.2.3 Effects of Soils Type

The effect of F-T action on test result varies from one soil-lime mixture to another. Figure 5.5
depicts the resilient modulus value with F-T cycles for all soil-lime combinations. As mentioned
before, both raw and stabilized soils exhibit reduction in Mg values with increasing F-T cycles.
Raw soils with initial F-T damage (after 1 F-T cycle) indicate that highest F-T damage occurs
within 0 to 1 F-T cycle. Test results also reveal that raw A-6 subgrade soils are more susceptible
to F-T damage than raw A-7-6 soils. Fresh A-6 soils (102 ksi) show 40% high Mg than fresh A-
7-6 soils (79 ksi). However, A-6 soils degrade more than A-7-6 soils and produces
approximately similar Mg (11.7 ksi and 12.2 ksi for A-6 and A-7-6 soils respectively) at the end
of 20 F-T cycles. This trend is clearly visualized in Figure 5.6 for maximum resilient modulus
results at 6 psi confining pressure and 10 psi deviator stress combinations. Figure 5.6 displays
the resilient modulus results at two different stress states for untreated A-6 and A-7-6 soils

subjected to 1, 10 and 20 F-T cycles. This behavior can be explained from the percentage of clay
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content in soils. From Table 3.1, % finer of 200 sieve (0.075 mm) is 49.6% and 74.2% for A-6
and A-7-6 soils respectively. With low clay content, A-6 soils have more voids with entrapped
water which freezes and thaws and cause more damage than A-7-6 soils. Huang (2004)
commented that less clayey soils (A-6 soils) become more frost susceptible due to relatively high

permeability than A-7-6 soils.

5.2.4 Effects of Lime Treatment

Figure 5.7 and 5.8 illustrate the percentage of F-T damage in resilient modulus and UCS values
for different soil-lime combinations. Damage percentages are calculated between 0-10, 0-20 and
10-20 F-T cycles. A sample calculation of % damage in 0-10 and 10-20 cycles are given below

in Eq. 5.1 and 5.2 respectively:

Fresh sample M, —10 cycles M,

% F —T damage in 0to 10 cycles =
Fresh sample M ,

x 100 (5.1)

10 cycles M — 20 cycles M

% F —T damage in 10 to 20 cycles =
10 cycles M ;

x 100 (5.2)

It is clear from Figure 5.7 and 5.8 that F-T damage percentages decrease for all stabilized soils
compare to raw subgrade soils. For example, with respect to resilient modulus value (Figure 5.7),
84.6% damage of untreated A-7-6 soils minimizes to 17% and 27.1% for same soils with 5% and
7% lime dose, respectively, after 20 cycles of F-T action. Similarly, 32.3% reduction in UCS
value for untreated A-7-6 soils reduces to 9.9% and 15.1% for 5% and 7% lime stabilized A-7-6
soils respectively. Among three damage cycles, 0-10 F-T cycles shows maximum damage in all

soil-lime combinations. In compare to 5% lime treatment, soils with 7% lime dose exhibit higher
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damage percentage. This is because permeability increases with an increase in lime content
(Solanki et al. 2009), that reduces the F-T durability of higher percentage lime stabilized soils.
Similar with fresh samples, A-6 soils with 7% lime shows highest Mg values among all

combinations after F-T actions (Figure 5.5).

5.3 SOAKING DURABILITY

Clayey subgrade soils have low resilient modulus in wet moisture state. Thus fully saturation
state is another worst scenario pavement subgrade can observe in their service life. To observe
the performance of untreated and lime-treated subgrade soil under fully submerged or soaked
condition, a sample compacted at optimum moisture state was fully submerged in water and
stored in the bucket for 48 hours prior to UCS testing. All buttons for deformation measurement
and plastic wrap were removed to penetrate water through any surface of soil. It was observed
that both untreated raw A-6 and A-7-6 sample collapsed and crumbled completely to mud
formation. But all lime-stabilized samples remained intact. The surface of the samples were then
dried by using towels and immediately covered again with plastic wrap. Weight of the sample
was not comparable as some soil and glue were lost from the button space during soaking.
Buttons were replaced again and capping was done prior resilient modulus testing. Figure 5.9

shows the photograph of untreated and lime-treated A-6 soil after 48 hours soaking.

The resilient modulus test was conducted on the same sample prior and post soaking in water. It
is observed that resilient modulus values increase in most cases in lime-stabilized soils after 48
hours of soaking. Table 5.5 shows the resilient modulus results before and after soaking. Paired

two sample tests of means are done on these results at 95% level (a = 0.05). Results show that
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there is no significant difference in modulus values due to soaking for all cases except A-6 soil
with 7% lime. Increase in moisture content in soil samples is expected due to submergence.
These enhance and accelerate the chemical reactions in lime stabilized soils, resulting in strength
gain and modulus increment. Fully submerged condition works as an enhanced curing time for
lime-stabilized soil. Thus lime stabilization is an excellent option for pavement with high ground

water table.

5.4 SUMMARY

In this chapter, resilient modulus and unconfined compressive strength tests results are presented
and discussed for untreated and lime treated A-6 and A-7-6 subgrade soils subjected to F-T and
soaking durability. Summary findings are:

o Clayey subgrade soils become more durable to freeze-thaw action due to lime treatment.
High percentage reduction (>80%) in resilient modulus values of untreated soils due to F-
T cycles can be minimized within 35% reduction for lime stabilized soils case.

o Though fresh A-6 samples with no F-T damage, show 40% high Mg than A-7-6 soils, raw
A-6 soils exhibit high damage and show less Mg due to F-T action compare to raw A-7-6
soils.

o 48 hours soaking does not show any detrimental effect in the resilient modulus of lime

stabilized soils, but untreated soils collapse fully due to soaking.
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Table 5.1 Resilient Modulus Results for Untreated A-6 Subjected to F-T cycles

Cell Deviator No F-T 1F-T 10F-T 20 F-T
Pressure | stress | w=15.5% | w=15.8% | o, | W=16.1% | o, | w=155% | o
(psi) (psi) Mr(ksi)  Mr(ksi) | Damage | mir(ksiy | Damage | wr(ksiy | Damage
6 2 143 36.7 74.3 211 85.2 20.9 85.4
6 4 128 32.5 74.5 16.6 87.0 15.8 87.6
6 6 112 26.2 76.6 13.9 87.6 135 87.9
6 8 101 21.6 78.6 12.7 87.4 12.9 87.2
6 10 92 20.2 78.1 12.2 86.8 11.3 87.8
4 145 37.6 74.1 19.6 86.5 19.8 86.4
4 129 31.6 75.4 15.6 87.9 16.1 87.5
4 115 24.1 79.1 135 88.3 134 88.4
4 105 21.3 79.6 124 88.1 12.3 88.2
4 10 95 20.0 78.9 12.2 87.1 114 88.0
2 2 141 37.3 73.5 20.0 85.8 194 86.2
2 4 132 30.9 76.5 15.6 88.1 15.7 88.1
2 116 235 79.7 13.3 88.5 13.8 88.1
2 104 20.9 79.8 124 88.0 121 88.3
2 10 94 19.7 79.0 12.2 86.9 10.9 88.4
0 144 37.0 74.3 19.2 86.7 15.6 89.1
0 133 30.6 76.9 15.8 88.1 13.2 90.1
0 120 234 80.6 141 88.3 12.7 89.4
0 108 20.6 80.9 134 87.7 11.6 89.3
0 10 102 194 81.0 13.1 87.2 11.7 88.5
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Table 5.2 Resilient Modulus Results for Untreated A-7-6 Subjected to F-T cycles

cell | Deviator | NoF-T 1F-T 10 F-T 20 F-T
Pressure | stress | w=15.1% | w=15.3% % w=15.5% % w=15.1% %
(psi) (Os) [ Mr(ksi) | Mr(ksi) | Damage | wr(ksi) | Damage | mr(ksi) | Damage
6 2 103 40.5 60.5 29.7 71.0 26 74.6
6 4 99 36.1 63.5 23.9 75.9 21.8 78.0
6 6 85 29.6 65.3 19.2 775 18.1 78.8
6 8 79 22.2 72.0 16.9 78.7 16.5 79.2
6 10 75 19.0 74.5 15.0 79.9 14.3 80.9
4 2 99 39.1 60.3 28.2 71.4 24.5 75.1
4 4 92 34.8 62.2 21.9 76.2 20.2 78.0
4 82 27.2 66.8 18.2 77.7 17.2 78.9
4 79 21.7 72.5 16.2 79.4 14.3 81.8
4 10 76 185 75.7 15.2 80.1 125 83.5
2 2 97 38.3 60.6 28.4 70.8 23.4 75.9
2 4 96 334 65.0 22.0 77.0 20.5 78.5
2 85 26.2 69.1 18.3 78.5 17.7 79.2
2 82 20.9 74.5 16.2 80.2 14.9 81.8
2 10 78 18.2 76.5 15.1 80.6 131 83.2
0 2 106 39.0 63.2 25.9 75.5 23.9 775
0 4 101 34.2 66.1 21.0 79.2 20.7 79.5
0 91 26.5 70.7 174 80.8 18 80.1
0 85 20.7 75.5 15.6 81.6 14.6 82.7
0 10 79 17.7 717 13.6 82.7 12.2 84.6
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Table 5.3 Resilient Modulus Results for Lime-treated A-6 Subjected to F-T cycles

A-6 soils, 5% lime

A-6 soils, 7% lime

Dse;/rLaSt:f No F-T 10F-T 20 F-T No F-T 10F-T 20 F-T
(psi) | WE17.6% | w=17.9% | o | w=18.1% 0 | W=18.5% | w=19.1% | o | W=18.9% | o
Mr (ksi) | Mr(ksi) | Damage | Mr (ksi) | Damage | Mr (ksi) | Mr (ksi) | Damage | mr (ksi) | Damage
10 713 637.9 10.5 607.1 14.8 1081 918.2 15.0 837.1 22.5
15 682 601.9 11.8 582.7 14.6 1024 882.6 13.8 801.9 21.7
20 638 576.4 9.7 557.3 12.7 982 821.3 16.4 765 22.1
25 603 533.7 11.5 529.2 12.3 930 798.5 14.2 748.2 19.6
30 564 513.3 9.0 499.8 11.4 892 779.2 12.7 707 20.8
40 525 486.5 7.4 451.6 14.0 855 737.2 13.8 688 19.5
50 488 447.4 8.3 4131 15.3 816 685.3 16.0 635.2 22.1
Table 5.4 Resilient Modulus Results for Lime-treated A-7-6 Subjected to F-T cycles
A-7-6 soils, 5% lime A-7-6 soils, 7% lime
Deviator | No F-T 10 F-T 20 F-T No F-T 10F-T 20 F-T
S{gse.s)s w=16.4% | w=16.1% 0 | W=165% | o | Ww=17.7% | w=17.6% 0 | W=18.0% | o
Mr (ksi) | Mr (ksi) | Damage | mr(ksi) | Damage | mr(ksi) | Mr(ksi) | DPamage | mr (ksi) | Damage

10 869 757.9 12.8 721.3 17.0 511 419.3 17.9 3722 27.1
15 824 706.5 14.3 646.6 21.5 490 406.4 17.0 337.1 31.1
20 785 682.2 13.1 617.1 21.4 477 381.4 20.0 3025 36.5
25 727 637.9 12.3 579 20.4 464 369.2 20.4 296.6 36.1
30 675 596.1 11.7 555.3 17.7 447 3321 25.7 287.6 35.7
40 645 546.4 15.2 528.8 18.0 427 3248 24.0 261.8 38.8
50 593 519.1 12.5 486 18.0 401 300.3 25.1 2748 31.4
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Table 5.5 UCS Results for All Soils Subjected to F-T Cycles

. . % of Number of F-T cycle
YPEOT " ime 0 1 10 20
Sl qditive
UCS (psi)
0 133 92.1 82.2 82
A-6 5 578 NT 466 438.2
7 601 NT 572.9 529.2
0 113 86.2 77.6 76.5
A-7-6 5 434 NT 397 391
7 364 NT 323 309.2

Note: NT = No Test was conducted for this F-T cycle, UCS= Unconfined Compressive Strength

Table 5.6 Effect of Soaking on Resilient Modulus Value using Statistical Analysis

A-7-6, 5% Lime A-7-6, 7% Lime A-6, 5% Lime A-6, 7% Lime
st[r)::sia(ro?sri) Mr 's\,/(l); Ia;:‘;er Mr Mr after Mr Mr after Mr Mr after
(ksi) NG | (i) | SOBKIng |y | soaking | gy | soaking

(ksi) (ksi) (ksi) (ksi)

10 858 876 500 521 721 734 1116 1157

15 811 817 494 493 692 673 1066 1090

20 798 796 482 484 645 644 1025 1050

25 701 722 468 480 616 618 980 1017

30 643 647 441 446 587 573 927 1004

40 629 622 421 418 538 543 883 972

50 582 579 387 398 494 490 840 929

p value 0.2416 0.0729 0.5430 0.0027
Significance No No No Yes
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Chapter 6 SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

6.1 SUMMARY

This study examines the effect of lime as chemical stabilizer for clayey subgrade soils of New
Mexico. In particular, improvement of engineering properties and long term durability
performance are evaluated due to lime treatment. Changes of laboratory resilient modulus (Mg)
and unconfined compressive strength (UCS) values are considered as an indicator to observe
these performances. Moreover, effects of moisture and suction on resilient modulus values of
lime stabilized soil are also studied. An attempt is made to incorporate suction parameters in

traditional stress dependent resilient modulus models.

In this study, two clayey subgrade soils: AASHTO A-6 and A-7-6 were collected from roadway
project of New Mexico. Two lime percentages (5% and 7%) were selected based on pH test.
Moisture density relationship was developed for all soil-lime combinations. Cylindrical soil
samples were compacted at untreated (no lime) and lime treated (5% and 7%) conditions
conferring to NCHRP 1-28A using impact compaction effort. Samples were completely covered
with plastic wrap to mitigate moisture loss. Lime stabilized soils were then cured for 7 days at 40
°C. Resilient modulus test for untreated soils was conducted according to AASHTO T 307 test
sequences for subgrade soils. However, Mg tests on lime treated soils were conducted with a
modified stress sequence incorporated in the AASHTO T 307 procedure based on past literature
and laboratory experience gained in this study. UCS test was conducted using a strain controlled
test program within the universal test system. Repeatability and reproducibility of test results

were assured by using 4 inch diameter samples.
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For first study, samples were reconstituted at dry, optimum and wet conditions to assess the
engineering properties (Mg and UCS) with molding moisture for untreated and lime-treated soils.
Soil suction tests were conducted at similar moisture levels using filter paper method. Total and
matric suction components were determined indirectly by measuring filter paper water content
after equilibrium. Hence, the relationship between resilient modulus with different suction
components was developed. Then suction was incorporated in the stress-dependent resilient

modulus models.

For durability study, untreated and lime treated soils were subjected to different freeze-thaw (F-
T) cycles and 48 hours soaking in water. One sample at optimum moisture state was prepared,
cured and subjected to F-T cycles. Each F-T cycle consisted of -5 °C of freezing for 16 hours and
30 °C of thawing for 8 hours. Mg and UCS tests were conducted after desired F-T cycles (1, 10,
20 for untreated soils and 10, 20 for lime treated soils). Similarly, soaking durability was

observed by conducting Mg tests on soil-lime samples after 48 hours of submergence in water.

6.2 CONCLUSIONS
From the analyses and discussions of laboratory test results presented in preceding chapters, the

following conclusions can be drawn:

1. Lime is an effective stabilizing agent to improve the resilient properties (Mg) and strength
(UCS) of clayey subgrade soils. Increment of these engineering properties depends on soil type
and lime dose. A-6 soil exhibits high Mg with high dose of lime. A-7-6 soils shows reduction in

Mg at 7% dose than Mg value at 5% lime. 5% lime addition increases Mg values approximately 6
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and 10 times in A-6 and A-7-6 soils, respectively, from their untreated soils counterpart.
However, 7% lime dose decreases Mg value to 41% from 5% lime dose in A-7-6 soil. Similar
trend is observed in UCS values. Considering this results, 5% lime is the design optimum lime
content of A-7-6 soil, whereas for A-6 soil it may be 7% or more, which is not being able to

determine exactly from this study.

2. Moisture is a sensitive parameter for both untreated and lime treated subgrade soils. Mg
and UCS values decrease with the increase of moisture during compaction. Influence of moisture

in these parameters can be minimized due to lime treatment in raw subgrade soils.

3. Though less time and material required, 2.8 inch diameter sample is a concern for their
lack to repeatability and higher coefficient of variance among replicate samples. This conclusion
is verified by both resilient modulus and unconfined compressive strength test results. Thus 4

inch sample should be compacted and tested for subgrade soils.

4. Addition of lime increases all suction (total, matric and osmotic) values of untreated
subgrade soils. Osmotic suction increases about 15% of total suction due to lime treatment for
both A-6 and A-7-6 soils. Higher suction enhances the rigidity of the structure, thus resilient
modulus value increases with soil suction. Among suction components, osmotic suction
correlates better with resilient modulus in compare to total and matric suction. Therefore,

osmotic suction cannot be neglected for lime stabilized soils case.
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5. Raw soils are very weak to resist freeze-thaw damage and collapse due to full saturation.
Both A-6 and A-7-6 soils become damaged significantly due to 10 cycles of F-T, but damage
percentage is high (85%) for A-6 soils than A-7-6 soils (75%). Though fresh raw A-6 soils, with
no F-T damage, have 40% high Mg than A-7-6 soils; A-7-6 soils show high Mg than A-6 soils
after 10 cycles of F-T. Presence of high clay content in A-7-6 soils makes it more F-T durable

compare to A-6 soils.

6. Lime treatment can improve the long term performance of clayey subgrade soils. Mg
values decrease only 22% and 35% for 7% lime stabilized A-6 and A-7-6 soils after 20 cycles of
F-T. Possible occurrence of pozzolanic reaction in thawing phase minimizes the detrimental

effect of freeze thaw cycles and makes the lime stabilized soils more durable.

7. Lime stabilization is an excellent option for pavement with high ground water table. Full
submergence cannot affect the integrity of lime stabilized soils. No significant difference in

resilient modulus is observed before and after soaking.

8. With limited data, soil suction is incorporated in traditional stress dependent resilient
modulus models. Multiple regression analysis is performed to determine the constants of
MEPDG Mg constitutive models for three different states: only stress state, stress-suction states,
stress-suction-moisture states. Good correlation exhibits for all soil combination using Model 1
and 2. Moreover, incorporation of suction (Model 2) shows some improvement over predictions
in Model 1. Thus suction can be considered in stress-dependent Mg models to demonstrate the

moisture variation in clayey subgrade soils.
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6.3 RECOMMENDATIONS
The following recommendations are made for future studies:

1. No standardized test method is established and recommended in the Mg test protocols for
stabilized subgrade and unbound materials. Moreover, most of the available literatures have been
conducted Mg test with simple but highly inaccurate external deformation techniques. Strain
patches can be used at different locations in stabilized soils to accurately predict the
deformations due to loading. An extensive resilient modulus test program should conduct for
different stabilizing agents among different pavement agencies to establish test protocols for

stabilized pavement materials.

2. Controlling suction during Mg test is a demanding topic to simulate field condition and
obtain true field modulus. It is recommended to conduct research to develop suction controlled

Mg test for untreated and chemically treated subgrade soils.

3. Stabilization of natural soils with chemical stabilizer makes them stronger material, even
more than base/subbase layers. Thus pavement system is required to design as inverted when
chemical stabilizer is used in subgrade soils. Pavement design method do not account this effect,

which should get attention to make economic and durable pavement structure.

4. Permeability of soils is very important to understand the effect of freeze-thaw action. It is

recommended to conduct pneumatic tests to obtain soil-gas permeability in unsaturated soils for

better understanding of freeze-thaw damage.
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5. Durability of unbound and subgrade layers is a concern in design phase to assess long
term pavement performance. But no standard test protocols are available to conduct durability
tests for these pavement layers. It is important to conduct research in developing F-T and other

durability test standards.

6. Sensitivity analysis should be done in regression constants of Mg predictive models to

observe the influence of different parameters in resilient modulus values. Moreover, future

research is demanding to incorporate F-T damage in Mg models.
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APPENDIX

TABLE A.1 Test results for untreated A-6 subgrade soils.

. Dry state Optimum state Wet state
Cell Deviator
Press-ure stre§s Sample 1 | Sample 2 | Sample 3 | Average | Sample 1 Sarr21ple San;ple Average San;ple San21ple San31p|e Average
(ps?) P ks | Mreksy | mrces) | M6 ek vk | e sty | MR v sy [ si) | M sy | VD
6 2 208 216 227 217 150 134 145 143 84 61 68 71
6 4 190 211 219 207 132 129 122 128 80 56 61 66
6 6 177 200 213 197 113 114 109 112 75 51 55 60
6 8 169 195 194 186 104 101 98 101 71 46 50 56
6 10 161 189 173 174 97 91 89 92 67 44 46 52
4 2 221 203 223 216 152 133 150 145 84 61 69 71
4 4 205 213 210 209 134 124 128 129 79 53 59 64
4 6 186 211 203 200 114 120 112 115 75 48 51 58
4 8 177 200 189 189 106 109 99 105 71 45 46 54
4 10 166 191 175 178 100 94 91 95 67 42 39 50
2 2 218 204 222 215 143 130 149 141 83 59 66 70
2 4 203 213 212 210 140 129 126 132 79 53 58 63
2 6 192 208 203 201 119 119 109 116 75 47 50 57
2 8 180 201 187 189 109 104 99 104 71 44 43 52
2 10 172 192 170 178 102 89 90 94 67 41 37 48
0 2 219 208 219 216 148 133 151 144 86 61 69 72
0 4 214 203 211 209 143 123 132 133 83 57 60 66
0 6 209 195 199 201 130 120 111 120 78 50 53 60
0 8 200 186 186 191 123 105 97 108 73 43 47 55
0 10 193 177 173 181 121 93 92 102 69 39 41 50
UCS (psi) 198 184 178 187 135 144 121 133 69 59 64 64
Post UCS MC (%) 13.7 13.3 135 135 15.7 15.6 15.2 15.5 17.4 17.8 18 17.7
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TABLE A.2 Test results for untreated A-7-6 subgrade soils.

Cell Deviator C'\;SI)i(c Dry state Optimum state Wet state
Press_ure stre_ss Stress Sample 1 Sample 2 Average Sample 1 Sample 2 Average | Samplel | Sample2 | Average
(psi) (psi) (psi) Mr(ksi) | Mrksi) | MrGKs) T mrksi) | Mrgs) | MOKS) [ Mrksi) | M (ks) | MY (ksi)

6 2 1.8 156 143 150 98 107 103 59 70 64
6 4 3.6 152 137 144 95 103 99 53 61 57
6 6 5.4 146 134 140 80 91 85 48 51 49
6 8 7.2 141 130 136 76 83 79 43 46 45
6 10 9 136 122 129 74 76 75 40 40 40
4 2 1.8 159 147 153 93 104 99 59 71 65
4 4 3.6 150 137 144 88 96 92 52 64 58
4 5.4 144 133 138 80 84 82 47 53 50
4 7.2 139 129 134 77 80 79 43 48 45
4 10 9 136 119 128 75 77 76 40 41 40
2 1.8 160 145 153 92 103 97 59 69 64
2 3.6 150 139 145 91 100 96 52 61 56
2 5.4 144 134 139 81 89 85 47 52 50
2 7.2 140 127 133 79 85 82 43 44 44
2 10 9 137 120 128 76 79 78 40 38 39
0 2 1.8 163 150 156 105 107 106 61 70 66
0 4 3.6 156 142 149 98 104 101 55 62 58
0 6 54 150 133 142 90 91 91 50 54 52
0 7.2 144 124 134 83 86 85 46 a7 a7
0 10 9 139 118 129 78 80 79 43 43 43

UCS (psi) 124 128 126 109 117 113 69 76 73

Post UCS MC (%) 12.7 13.2 13 15 15.2 15.1 175 17.1 17.3
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TABLE A.3 Test results for A-6 soil with 5% lime (for different sample size at optimum moisture content).

Sample Size: 2.8" x 5.6" Sample Size: 4" x 8"
Deviator | Max Cyclic | gample1 | Sample2 | Sample 3 Average | Samplel | Sample2 | Sample3 | Average
Stress (psi) | Stress (psi) : : : Mr (ksi) _ _ : Mr (ksi)
Mr (ksi) Mr (ksi) Mr (ksi) Mr (ksi) Mr (ksi) Mr (ksi)
10 9 714 787 643 715 721 704 721 713
15 135 681 743 631 685 659 673 692 666
20 18 640 711 608 653 591 631 645 611
25 22.5 617 678 592 629 538 591 616 564
30 27 584 649 581 605 486 541 587 514
40 36 540 580 561 560 444 513 538 479
50 45 438 512 505 485 414 482 494 448
UCS (psi) 382 372 421 392 446 448 483 459
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TABLE A.4 Test results for A-6 soil with 5% lime (for different moisture state on 4 inch sample).

Dry state Optimum state Wet state
Dewator_ Sample 1 Sample 2 Average Sample 1 Sample 2 Avera_ge Sample 1 Sample 2 Average
Stress (psi) X X -

Mr (si) Mr (ksi) | Mrks) [ mr (ksi) Mr(ksi) | Mr&s) [ mrksiy | Mrksi) | Mrksi)

10 905 932 918 704 721 713 534 499 516

15 949 998 974 673 692 682 519 481 500

20 994 1031 1012 631 645 638 494 462 478

25 1031 1014 1023 591 616 603 467 429 448

30 1061 1094 1077 541 587 564 452 411 432

40 1116 1087 1102 513 538 525 437 380 409

50 1159 1220 1189 482 494 488 414 357 385

UCS (psi) 557 598 578 448 483 466 404 338 371

MC (%) 15.7 15.4 15.6 17.5 17.6 17.6 20 19.4 19.7
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TABLE A.5 Test results for A-6 soil with 7% lime (for different sample size at optimum moisture content).

Sample Size: 2.8" x 5.6" Sample Size: 4" x 8"
Deviator_ Max Cyclic Sample 1 Sample 2 Sample 3 Average Sample 1 Sample 2 Sample 3 Average
Stress (psi) | Stress (psi) . .
Mr(ksi) | Mrksiy | Mrksi) | MISD T omrgesi) | Mrsi) | Mrksiy | Mrksi)
10 9 990 1182 1193 1122 1138 1045 1116 1092
15 135 985 1133 1146 1088 1051 981 1066 1016
20 18 977 1091 1104 1057 994 939 1025 966
25 22.5 912 1054 1077 1014 929 881 980 905
30 27 867 1025 1042 978 883 857 927 870
40 36 830 960 978 923 855 827 883 841
50 45 813 891 940 881 812 792 840 802
UCS (psi) 571 648 645 621 717 583 618 639
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TABLE A.6 Test results for A-6 soil with 7% lime (for different moisture state on 4 inch sample).

Dry state Optimum state Wet state

Deviator Stress (psi) | Samplel | Sample2 | Average | Samplel | Sample2 | Average | Samplel | Sample2 | Average
Mr(ksi) | Mr(ksi) | MPKSD [ mrsi) | Mrksi) | MPKSD | mrksi) | Mr(ksi) | M (ki)

10 1329 1410 1370 1045 1116 1081 869 824 846

15 1342 1442 1392 981 1066 1024 798 773 785

20 1375 1485 1430 939 1025 982 754 732 743

25 1401 1504 1452 881 980 930 745 685 715

30 1425 1545 1485 857 927 892 710 662 686

40 1476 1609 1543 827 883 855 649 610 630

50 1507 1642 1574 792 840 816 584 575 579

UCS (psi) 698 686 692 618 583 601 541 482 512

Post UCS MC (%) 16 16.4 16.2 18.5 185 185 20.6 20.3 20.5
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TABLE A.7 Test results for A-7-6 soil with 5% lime (for different sample size at optimum moisture content).

Sample Size: 2.8" x 5.6" Sample Size: 4" x 8"
Deviator Max Cyclic Sample 1 Sample 2 Sample3 | Average Mr | Sample 1 Sample2 | Average Mr
Stress (psi) Stress (psi) : : : (ksi) : : (ksi)
Mr (ksi) Mr (ksi) Mr (ksi) Mr (ksi) Mr (ksi)

10 9 848 861 851 853 880 858 869

15 13.5 786 775 809 790 837 811 824
20 18 699 711 768 726 773 798 785
25 22.5 667 682 750 700 754 701 727
30 27 642 649 734 675 706 643 675
40 36 589 580 698 622 661 629 645
50 45 561 512 622 565 604 582 593
UCS (psi) 402 361 421 395 446 421 434
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TABLE A.8 Test results for A-7-6 soil with 5% lime (for different moisture state on 4 inch sample).

Dry state Optimum state Wet state

Deviator Stress (psi) | Samplel | Sample2 | Average | Samplel | Sample2 | Average | Samplel | Sample2 | Average
Mr(ksi) | Mr(ksi) | Mr(ks) [ mr(ksi) | Mr(ksi) | Mrks) [ mMrksi) | Mr(ksi) | Mr(ksi)

10 1227 1313 1270 880 858 869 509 494 501

15 1214 1310 1262 837 811 824 467 468 468

20 1196 1299 1248 773 798 785 418 422 420

25 1182 1289 1235 754 701 127 375 371 373

30 1173 1288 1230 706 643 675 341 332 336

40 1148 1263 1205 661 629 645 293 284 289

50 1121 1236 1179 604 582 593 267 255 261

UCS (psi) 531 549 540 446 421 434 351 338 345

Post UCS MC (%) 14.2 14.8 14.6 16.3 16.5 164 19.8 19.2 19.5
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TABLE A.9 Test results for A-7-6 soil with 7% lime (for different sample size at optimum moisture content).

Sample Size: 2.8" x 5.6" Sample Size: 4" x 8"
Devnator_ Max Cycl!c Sample 1 Sample 2 Sample 3 Average Mr Sample 1 Sample 2 Average Mr

Stress (psi) Stress (psi) . .
Mr (ksi) Mr (ksi) Mr (ksi) (ksi) Mr (ksi) Mr (ksi) (ksi)

10 9 457 568 401 475 521 500 511

15 135 419 504 382 435 485 494 490
20 18 381 453 343 392 472 482 477
25 22.5 368 421 328 372 460 468 464
30 27 353 397 310 353 453 441 447
40 36 337 370 291 333 434 421 427
50 45 284 332 274 297 415 387 401
UCS (psi) 389 294 367 350 374 353 364
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TABLE A.10 Test results for A-7-6 soil with 7% lime (for different moisture state on 4 inch sample).

. Max Dry state Optimum state Wet state
Deviator Cydlic S
Stress ample 1 | Sample2 | ayerage | Samplel | Sample2 | ayerage | Samplel | Sample2 | Ayerage
: Stress ; X X
(psi) (psi) Mr (ksi) | Mr(ksi) | Mrksi) | mr(ksi) | Mr(ksi) | Mrksi) | mr(ksi) | Mr(ksi) | Mrksi)
10 9 684 720 702 521 500 511 378 397 387
15 135 640 675 657 485 494 490 366 383 375
20 18 621 649 635 472 482 477 346 375 361
25 22.5 608 634 621 460 468 464 340 360 350
30 27 603 628 616 453 441 447 333 355 344
40 36 589 602 596 434 421 427 319 347 333
50 45 587 588 587 415 387 401 307 335 321
UCS (psi) 419 452 436 374 353 364 292 315 304
Post UCS MC (%) 15 155 15.3 17.7 17.6 17.7 20.1 19.5 19.8
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