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ABSTRACT

Pavements are vulnerable to subgrade layer perfarendecause it acts as a
foundation. Due to increase in the truck traffiavement engineers are challenged to
build more strong and long-lasting pavements. Taeiase the load-bearing capacity of
pavements, subgrade layer is often stabilized w&mentitious additives. Thus, an
overall characterization of stabilized subgradestag important for enhanced short- and
long-term pavement performance.

In this study, the effect of type and amount of iadel on the short-term
performance in terms of material properties reconmaed by the new Mechanistic-
Empirical Pavement Design Guide (MEPDG) is examinéd total of four soils
commonly encountered as subgrades in Oklahoma tdized. Cylindrical specimens
stabilized with lime (3%, 6% and 9%), class C fshgCFA) (5%, 10% and 15%) and
cement kiln dust (CKD) (5%, 10% and 15%) are moldaded for 28 days, and then
subjected to different stress sequences to stuglyesilient modulus (M followed by
modulus of elasticity (M) and unconfined compressive strength (UCS) tessuRs
show that the changes in the, Mg and UCS values stabilized specimens depend on the
soil type and properties of additives.

The long-term performance (or durability) of statst soil specimens is
investigated by conducting freeze-thaw (F-T) cyglivacuum saturation and tube
suction tests on 7-day cured P-, K- and C-solil ispes stabilized with 6% lime, 10%
CFA and 10% CKD. Also, specimens are capillary-gsoator 60 days and tested for,M
as an additional indicator for evaluating long-tgserformance. This study is motivated

by the fact that during the service life of pavet&abilized layers are subjected to F-T
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cycles and moisture variations. It is found thaattk/CS value of all the stabilized
specimens decreased with increase in the numbdefTofycles. A strong correlation was
observed between UCS values retained after vacatumasion and F-T cycles indicating
that vacuum saturation could be used as a timei&fti and inexpensive method for
evaluating durability of stabilized soils. Amondhet benefits, this study helps enrich the
database on the durability of stabilized subgramls.sAlso, improved understanding of
different procedures for evaluation of durabilisy needed to enable a more objective
selection of test method(s) by design engineers tanthcilitate a more meaningful
comparison of data obtained from different addgiaed different evaluation procedures.

Over the past few decades, detrimental effectdalfilzation of sulfate bearing
soil with calcium-based additives have surfacediagiothe world. In the past, emphasis
has been placed on using sulfate resistant adslifmestabilizing sulfate bearing soils
which are not readily available and are also expen#n this study, short- and long-term
observations from stabilization of sulfate bearsag with locally available low (CFA),
moderate (CKD) and high (lime) calcium-based sizdn$ are determined to evaluate
and compare the effect of additive type on the phemon of sulfate-induced heave. The
impact of different factors on the development o ettringite, responsible for sulfate-
induced heaving, is also discussed.

For Level 2 design of pavements, a total of fowess-based statistical models
and two feed-forward-type artificial neural netwoKNN) models, are evaluated for
predicting resilient modulus of 28-day cured siabil specimens. Specifically, one semi-
log stress-based, three log-log stress-based, ooki-DMyer Perceptrons Network

(MLPN), and one Radial Basis Function Network (RBFxe developed. Overall, semi-
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log stress-based and MLPN neural network are fotmdshow best acceptable
performance for the present evaluation and vabdatiatasets. Further, correlations are
presented for stress-based models to correlate wth compacted specimen
characteristics and soil/additive properties. Thoglaets and correlations developed in this
study could be refined using an enriched database.

Additionally, the effect of type of additive on imect tensile and fatigue
characteristics of selected stabilized P- and Visavaluated. This study is based on the
fact that stabilized layer is subjected to tenstiesses under wheel loading. Thus, the
resilient modulus in tension () fatigue life and strength in tension;)( or flexure
(represented by modulus of rupture, MOR) becomeshan important design parameter
within the mechanistic framework. Cylindrical speeins are prepared, cured for 28 days
and subjected to different stress sequences imectdiension to study the MOnN the
other hand, stabilized beam specimens are compagsaty a Linear Kneading
Compactor and subjected to repeated cycles of delgaunloading after 28 days of
curing in a four-point beam fatigue apparatus fealgating fatigue life and flexural
stiffness. It is found that all three additives noyed the M, o; and MOR values;
however, degree of improvement varied with the typadditive and soil. The magnitude
of resilient modulus in tension is found lower thams in compression. Findings from
this study shed light on the differences in prapsrbf cementitiously stabilized soil in
indirect tension, flexure and compression. Theytadilife values and model of stabilized
specimens is expected to provide a better undelisigiof performance of cementitiously

stabilized layers in mechanistic sense.
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The design of pavement structure has evolved frerempirical method, namely
the AASHTO 1993 design guide, to the mechanistipiepnal approach (AASHTO 2002
Mechanistic-Empirical Pavement Design Guide, MEPD®®) the past, few studies
evaluated conventional flexible pavement sectiofth@ut stabilized layer) using both
AASHTO 1993 and MEPDG. But to the author’s knowledgo effort has been directed
towards design o$emi-rigid type (with stabilized layer and no aggregate bés&)ble
pavements using both AASHTO 1993 and new MEPDGceithe new MEPDG is
intended to replace previously existing AASHTO 198&8vement design based on
empirical methods, it is important to evaluate ancthparesemi-rigid pavement designs
using both AASHTO 1993 and MEPDG. To this end, teisdy encompasses the
differences in the design of semi-rigid pavemerggetbped using AASHTO 1993 and
AASHTO 2002 MEPDG methodologies. Further, the desicurves for fatigue
performance prediction of stabilized layers are etligyed for different stabilized
pavement sections. It is found that the desigrkiigss is influenced by the type of soil,
additive, selection of material property and desiggthod. Cost comparisons of sections
stabilized with different percentage and type dfitides is also made. Knowledge gained
from the parametric analysis of different sectiossng AASHTO 1993 and MEPDG is
expected to be useful to pavement designers aratsoth implementation of the new

MEPDG for future pavement design.
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CHAPTER 1

I NTRODUCTION

1.1 Background and Needs

According to the recent report by AASHTO/TRIP, ohbif of the nation’s major
roads are in good condition (AASHTO, 2009). Theorg¢fiound that major urban centers
have the roughest roads — some with more than G08bads in poor condition. Weak
subgrade soils are a leading factor in this redariving roads in need of repairs threaten
public safety and add $335 annually to typical gkshioperation costs by an average
driver. In urban areas with high concentrationgafgh roads, extra vehicle operating
costs can be as high as $746 annually (AASHTO, 2Q@®OT, 2007). In the last few
decades, pavement engineers have been challengdulilth repair and maintain
pavement systems with enhanced longevity and redoests. Specifically, efforts have
been made to improve the design methodology (AASH2004) and to establish
techniques for modification of highway pavement enals. Cementitious stabilization is
considered one of these techniques; it enhancesnmeering properties of subgrade
soils, which is essential for structurally soundggraents.

Cementitious stabilization is widely used in Oklateo and elsewhere as a
remedial method to ameliorate subgrade soil praggesuch as strength, stiffness, swell
potential, workability and durability through theldaition of cementitious additives. It
consists of mixing stabilizing agents (or additiveach as lime, class C fly ash (CFA)
and cement kiln dust (CKD) with soil. In the preserof water, these agents react with
soil particles to form cementing compounds thatrasponsible for the enhancement in

the aforementioned engineering properties. Howetleg, degree of enhancement is



influenced by many factors such as stabilizing aggoe, type of soil to be stabilized,
curing time, cost, and seasonal factors (AFJIMANY4tParsons et al., 2004; Khoury,
2005).

With the movement toward implementation of the ng@chanistic-Empirical
Pavement Design Guide (MEPDG) (AASHTO, 2004), neatemnal properties required
for short- and long-term critical performance potidin of cementitiously stabilized
layers are recommended. These material propenohsde: 28-day elastic (M (for lean
concrete, cement treated material, soil cement liaretcement-flyash), 28-day resilient
modulus (M) (for lime-stabilized soil), unconfined compressistrength (UCS) (7-day
for cement-stabilization, and 28-day for lime amdd-cement-flyash-stabilization), and
28-day flexural strength. The evaluation of thegmut parameters is required to pursue a
Level 1 (most accurate) design under the hieraathgcheme. For a Level 2
(intermediate) design, however, design inputs ae¥ gelected, possibly from an agency
database or from a limited testing program or cdaddestimated through correlations
(AASHTO, 2004). Level 3, which is the least accaratequires only the default values
and is generally not recommended. This approashiges the designer with a great deal
of flexibility to obtain the inputs for a projecabed on the importance of that project and
available resources. The hierarchical approachnpl@&yed with regard to traffic,
materials, and condition of existing pavement isgivton Quintus and Moulthrop, 2007).

Although several studies have been conducted in ph&t to evaluate the
performance of stabilized materials in pavementstrostion (see e.g., McManis and
Arman, 1989; Baghdadi, 1990; Zaman et al., 1997)pBla et al., 1996; Misra, 1998;

Little, 2000; Miller and Zaman, 2000; Senol et 2D02; Kim and Siddiki, 2004; Khoury



and Zaman, 2007; Camargo et al., 2009; Gomez 20Zzi and Aguiar-Moya, 2010),
only a few studies have established some of theined) short- and long-term inputs of
stabilized soils that are suitable for the new MEP@im and Siddiki, 2004; Camargo et
al., 2009; Gomez, 2009; Prozzi and Aguiar-Moya, ®0When designing a new
pavement. However, no studies to the author’'s kedge evaluated all the required
short- and long-term parameters of cementitiousslipiszed subgrade.

Consequently, the primary objective of this stuslyoi evaluate M Mg, UCS, and
flexural strength of subgrade soils stabilized widliferent cementitious additives,
namely, lime, CFA, and CKD. The new MEPDG does cmtsider the durability of
cementitiously stabilized materials for modelingpgmses (AASHTO, 2004). However,
the testing of durability of stabilized subgradgelais of utmost importance due to the
loss of strength and stiffness in long-term climalb@nges inducing freeze-thaw (F-T)
and wet-dry (W-D) cycles (Little and Nair, 2009;x8aa et al., 2010). Thus, the effect of
additive type on long-term performance (or dur&pilis examined in this study using
three different methods namely, F-T cycling, vacusaturation and tube suction tests.
Also, specimens were capillary-soaked and tested/fp as an additional indicator for
evaluating durability. The short- and long-term fpanance characteristics and
mechanisms are explained by using the scanningtr@heanicroscopy and X-ray
diffraction data. Additionally, the energy disp&esspectroscopy micrographs are used to
identify the elements in the cementitious produaicts to stabilization.

Knowledge gained from the experimental progransthiating the effect of type
of additive and soil on the short- and long-termfgrenance of stabilized soil specimens

is expected to be useful to pavement designerstrats in future pavement design and



maintenance projects. Also, improved understandoig different procedures for

evaluation of durability is needed to enable a nabgctive selection of test method(s)
by design engineers and to facilitate a more medmircomparison of data obtained
from different additives and different evaluatialmgedures.

For design of new pavement, Mor stabilized soil specimens is generally
determined by conducting repeated load triaxiaist@s the laboratory on 28-day cured
specimens according to the AASHTO T-307-99 testhowt(AASHTO, 2004). The
AASHTO T-307-99 test method, however, is a comptare consuming and expensive
test method and not particularly well suited foraiinprojects. Hence, in the present
study selected stress-based statistical and atifieural network models are evaluated
and validated. Also, correlations ofMvith the characteristics of molded stabilized
specimen as well as soil/additive properties aneldped. The results from this study
could be used for both the currently used AASHTO3L®esign Guide and the Level 2
and Level 3 recommendations of the AASHTO 2002 MBPD

Stabilized subgrade layers may be used to provigeat for either flexible or
rigid pavements, but are more frequently used fletkible pavements (FHWA, 2009). In
a conventional flexible pavement section (AASHTO02) with a granular base course,
stress analysis indicates that the radial strestram is maximum at the bottom of the
asphalt concrete layer directly under the centerthef wheel load (Huang, 2004;
Papagiannakis and Masad, 2007) (Figure 1.1 a). Menveome studies (e.g., AASHTO
2004, Adaska and Luhr, 2004, Kuennen, 2006; Laal.eP006; Molenaar and Pu, 2008;
Agostinacchio et al., 2008) showed that when tmeeseross-section is analyzed with the

granular course replaced by a stabilized layerufieidL.1 b), the location of the critical



tensile stress shifts to bottom of the stabilizadgsade and, hence, the performance of
the flexible pavement, from a mechanistic standpdihe type of flexible pavement with
a cementitiously stabilized layer below asphaltarete is classified asemi-rigid type
flexible pavement by the new MEPDG (AASHTO, 2004)semi-rigid pavement would
require evaluation of additional engineering praiesrsuch as flexural strength, modulus
in flexure and fatigue life of stabilized subgraldger. However, due to difficulties
associated with preparing and handling of a beagcisgen, several studies recommend
using indirect diametrical tensile test methodBaazilian test), as a possible alternative
to the flexural beam test (see e.g., Foley et 2001; Khattak and Alrashidi, 2006;
Gnanendran and Piratheepan, 2008). Hence, thiy &tuther examines this proposition
and investigates the strength and modulus detedrbgéboth flexural beam and indirect
diametrical testing tests.

Several developments over recent decades haveedféer opportunity for more
rational and rigorous pavement design proceduresv@tho and Schwartz, 2006). The
design procedures developed in the AASHTO 1993gyfod new pavement are based on
the algorithms originally developed from the AASHG@ad test (Mulandi et al., 2006).
Some newer concepts such as the resilient modubtus plavement material
characterization were introduced in this versioASKTO, 1986; AASHTO, 1993). On
the other hand, the new MEPDG (AASHTO, 2004) adbmemechanistic-empirical
approach to the damage analysis of flexible pavésnérhis involves computing the
pavement structural responses to load (i.e., stséstsains), translating them into
damage, and accumulating the damage into distrekaésare responsible for reduced

pavement performance over time (Papagiannakis aagh® 2007). Very little attention,



to the author’'s knowledge, has previously been deduon differences in the pavement
designs developed using AASHTO 1993 and AASHTO 2f$sign guides.

In the present research, a parametric study oftstral designs for a typicakemi-
rigid type flexible pavement section with a stabilizetbgrade layer is conducted using
both the AASHTO 1993 design guide and the new MEPB@&h work is expected to
contribute towards the comparative merits and degsnexf the pavement designs
developed by using AASHTO 1993 and mechanistictha®ASHTO 2002 pavement

design guides.

1.2 Objectives of the Research

The final goal of this research work is to charazeeand design cementitiously
stabilized subgrade layer as structural componkeatpavement system in the light of the
new MEPDG. In order to carry out this researchrehs an obvious necessity to study
the behavior and characteristics of stabilized suibg recommended by the new
MEPDG. The specific objectives of this study aréeddelow:

(1) Determine the effect of various stabilizing agentmely, lime, CFA, and CKD, by
conducting Min compression, Mand UCS, representing short-term performance.

(2) Evaluate the long-term performance (or durabiliof) stabilized subgrades by
conducting freeze-thaw cycling, vacuum saturatimie suction and M(60-day
capillary-soaked specimens) tests.

(3) Determine the effect of lime, CFA and CKD on flealustrength and fatigue life of
specimens prepared by using selected soils. Alsaluate strength and resilient

modulus in indirect tension.



(4) Determine and compare the magnitude of sulfateaaedineaving of sulfate bearing
soil stabilized with various cementitious additiveamely, lime, CFA and CKD.

(5) Identify the micro-structural developments in theatnx of stabilized soil
specimens by conducting mineralogical studies sash scanning electron
microscopy and energy dispersive spectroscopy.

(6) Develop statistical and artificial neural netwoNN) based models to predict
resilient modulus of stabilized subgrade soils d&snation of factors that are used
in the development of the statistical models.

(7) Conduct statistical analyses to develop correlatmiVi with compacted specimen
characteristics and soil/additive properties.

(8) Compare and analyze the design dadeani-rigid type flexible pavement by using

both the AASHTO 1993 design guide and the new MERI2Sign guidelines.

1.3 Organization of the Dissertation

Following the introduction presented in ChapteChapter 2 entitledihfluences
of Various Cementitious Additives on the Short-TeP@rformance of Stabilized
Subgrades addresses the effect of different additives or #valuation of MEPDG
inputs representing short-term performance of stdbilized with different cementitious
additives, namely, lime, class C fly ash (CFA) aednent kiln dust (CKD) (Solanki et
al., 2009b). Cylindrical specimens were compactadl @ured for 28 days in a humidity
room having a constant temperature and controlledidiity. At the end of the curing
period, specimens were tested for, Mg, and UCS representing short-term performance.
This study is also directed to evaluating the efigfcdifferent chemical and physical

properties of soils and additives on the improvenmeM;, values.



Chapter 3 entitled Ihfluences of Various Cementitious Additives on the
Durability of Stabilized Subgradeésxamines the long-term performance (or durability
of stabilized soil specimens (Solanki and Zamari,020Cylindrical specimens were
molded, cured for 28 days, and then tested for ldlitse by conducting F-T cycling,
vacuum saturation and tube suction tests. Alscosismns were capillary-soaked for 60
days and tested for Mas an additional indicator for long-term perfono@. The effect
of F-T cycles on the strength of stabilized specisnavas evaluated. Also, durability
evaluated by using two time-efficient and inexpeesiaboratory procedures was
compared with conventional durability test.

The study presented in Chapter 4 entitléafliences of Various Cementitious
Additives on the Laboratory Performance of Sulf@&aring Soil was undertaken to
evaluate natural sulfate bearing lean clay fronthveestern Oklahoma for the effect of
type and amount of additive on the short- and lmmgy performance by evaluating
material properties, as recommended by the new MEREblanki et al., 2009a). Lean
clay specimens stabilized with lime, CFA, and CKBregmolded, cured for 28 days, and
then subjected to different stress sequences tly she M. The same specimens were
then tested for Mand UCS or 3-D swell. Specimens tested for 3-D lswete further
tested for M, Mg, and UCS, after 120 days of capillary soaking.titen, results were
supported by conducting scanning electron microg¢®EM) tests in conjunction with
X-ray diffraction (XRD) analyses.

Chapter 5 entitledStatistical and Artificial Neural Network Modelihgs related
to statistical and artificial neural network (ANM)odeling of M for Level-2 pavement

design applications (Solanki et al., 2010). A taththree stress-based statistical models



and two ANN models were developed using a datamatiaming M test results of 160
specimens. The strengths and the weaknesses oetfoped models were examined
using additional Mtest results that were not used in the developroktttese models.
Further, possible correlations of Mvith compacted specimen characteristics and
soil/additive properties were also investigated.

Chapter 6 entitledBehavior of Cementitiously Stabilized SubgradesSdider
Tension and Flexufds devoted to examining the influence of ceménti$ additives on
indirect tensile and flexural characteristics déseed soils stabilized with lime, CFA and
CKD. Cylindrical specimens were compacted usingipeBoave gyratory compactor and
cured for 28 days, prior to subjecting them to egcbf unloading-reloading cycles for
determining resilient modulus in tension {M Additionally, beam specimens were
compacted and cured for evaluating effect of adelitype on flexural characteristics
namely, flexural stiffness () and fatigue life. The cylinders and beams wese #&tsted
for determining indirect tensile and flexural siyém respectively.

Chapter 7 entitledDesign of Semi-Rigid Type of Flexible Paverhamtiudes a
parametric study of structural designs of a typwami-rigid type flexible pavement
section using both the AASHTO 1993 design guide thiednew MEPDG. Also, design
curves for predicting the performance of stabilizexyers are presented. Finally,
economic differences between a pavement sectiostremted using different additives is
also discussed.

In Chapter 8, the summary of this dissertation m@bmmendations for future

research are presented.
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CHAPTER 2

| NFLUENCES OF VARIOUS CEMENTITIOUS ADDITIVES ON THE SHORT-TERM
PERFORMANCE OF STABILIZED SUBGRADES

2.1 Introduction

The efficacy of cementitious stabilization dependghe composition of soils and
the stabilization parameters such as property anceptage of additive (AFJMAN, 1994;
Little et al., 2000; Al-Rawas et al., 2002; Parsensal., 2004; Evangelos, 2006). The
degree of improvement achieved by cementitiousilstation can be evaluated by
different engineering properties. For pavement iappbn, however, the new
Mechanistic-Empirical Pavement Design Guide (MEPDGAASHTO, 2004)
recommends new materials properties for criticabristerm performance prediction.
These properties include resilient modulus)(bf elastic modulus (k), and unconfined
compressive strength (UCS) representing short-tparformance of pavement. The
evaluation of these inputs is required to pursuewel 1 (most accurate) design under the
hierarchical scheme. For a Level 2 (intermediagsigh, however, design inputs are user
selected possibly from an agency database or fréimited testing program or could be
estimated through correlations (AASHTO, 2004). Ue¥ewhich is the least accurate,
requires only the default values and is generallyracommended.

Consequently, the primary objective of the studgspnted herein is to evaluate
M, Mg, and UCS of four commonly encountered subgrads soiOklahoma stabilized
with locally available cementitious additives, ndyndime, class C fly ash (CFA) and
cement kiln dust (CKD). This study is also directedevaluate the effect of different
chemical and physical properties of soils and ageston the improvement in Malues.

Further, mineralogical studies such as scanningtrele microscopy and energy

11



dispersive spectroscopy were also used to verggareh findings observed from the

macro test results.

2.2 Literature Review

Several pertinent studies have previously been nekin to evaluate the
engineering properties of soils stabilized usindfedent cementitious additives. A
summary of different studies is presented in thiel@2.1. Chang (1995) investigated the
resilient properties and microstructure of a finaiged soil (Lateritic soil) stabilized with
CFA and lime. Strength was evaluated after a 7-@aing period by performing UCS
tests. Specimens were compacted at near optimurstum®icontent (OMC) in a mold
with a diameter of 38 mm (1.5 in) and a height @ Inm (4 in). The resilient modulus
tests were performed in accordance with the AASHIT@74-82 test method. Results
showed that the Mralues varied between 125 to 250 MPa (18 to 36 Bsit, no attempt
was made to study thedwf specimens, as recommended by the new MEPDG.

Little (2000) reported that the effect of lime stalation induces a 1,000 percent
or more increase in Mover that of the untreated soil. The AASHTO T 28dthod was
used to determine the ;Malues. Values of back-calculated (from field fadjiweight
deflectometer testing) Mypically falls within a range of 210 and 3,500 130 and 508
ksi). The strength values determined for lime-dizdl soil was reported as high as 7,000
to 10,000 kPa (1,016 to 1,451 psi). However, thiglyg was limited to lime-stabilized
subgrade soils and no attempt was made to comp#drether additives.

Qubain et al. (2000) determined the effect of listabilization on pavement
design having medium to stiff clayey soils. The ARBD TP 46-94 test method was

used to determine the Mralues on 1-hour cured cylindrical specimens. Etadt
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consisted of 16 stress stages with deviatoric sti@sging from 12 to 62 kPa (2 to 9 psi).
The average UCS at 5% lime content was 620 kP@£D0with a M value of 250 MPa
(36 ksi). In a similar laboratory study, Ramakria@002) evaluated Mralues of lean
clay specimens stabilized with cement and fly asth @ement mix. The percentage of
additive used was 8% cement, 15% fly ash with 5#ere and 20% slag. The,Malues
were reported to be 600 to 1200 MPa (87 to 174fpsilays stabilized with cement, 350
to 700 MPa (51 to 102 ksi) for clays stabilizedhnilty ash and cement mix and 325 to
570 MPa (47 to 83 ksi) for clays stabilized withgl

Further, Parsons and Milburn (2003) conducted izseif tests, namely UCS and
modulus of elasticity to evaluate the relative parfance of lime, cement, CFA and an
enzymatic stabilizer. These stabilizers were comtbiwith a total of seven different soils
having Unified Soil Classification System (USCSasdifications of CH, CL, ML and
SM. Lime- and cement-stabilized soils showed thetmmaprovement in performance for
multiple soils, with CFA-stabilized soils showingbstantial improvement. The results
also showed that for many soils, more than ondl=tation options may be effective for
the construction of subgrade. No attempt was ma@samine the Mvalues.

Further in comparative studies, Kim and Siddiki 2P conducted a series of
laboratory tests to evaluate the performance @& fjrained soils encountered in Indiana
and stabilized them with lime and lime kiln dustK). These tests include UCS,
California Bearing Ratio (CBR), and,Mrindings from the study indicate that LKD may
be viable, cost effective in enhancing the strergfttiine grained soils, compared to
hydrated lime. Their study addressed most of topgrties that will be evaluated in the

proposed study. Also, their study addressed thgunl@sputs for the MEPDG. However,
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it was carried out on predominantly fine grainedssamamely, A-4, A-6, and A-7-6
encountered in Indiana. It is also important téenthat the mineralogical and textural
characteristics of soils in Oklahoma are differdrgn those in Indiana, and thus those
results may not be directly used for design of paats in Oklahoma at Level 1 or Level
2.

In a recent study, Camargo et al. (2009) condu@altifornia Bearing Ratio
(CBR), M,, UCS, and durability (freeze-thaw) tests for easihg the effects of adding
CFA to the recycled pavement material and a roatasel gravel to enhance their
mechanical properties. It was reported thatdfid UCS values of stabilized material
increased significantly. Freeze-thaw cycling hasirall effect on the Mand UCS of the
recycled materials. A strong relationship was folnetiveen M and UCS of recycled
materials blended with fly ash. However, this stwds limited to aggregate base and no
subgrade soils were considered.

In another recent study, Gomez (2009) evaluatedvthealues of soil specimens
stabilized with two additives, namely, CFA and CKID.this study, five project sites
were selected in Oklahoma. Both stabilized and soiNs were collected, mixed,
compacted, cured under controlled conditions, asdetl for M at specific times of
curing. The five test soils included clayey andysi#ands (SC and SM), a low plasticity
silty soil (ML), and two low plasticity clayey sail(CL). It was found that CKD treated
samples gave larger improvement rates than CFAetlesamples for low plastic and
non-plastic soils when compared to the efficientyime and CFA as soil stabilizers.
Although larger improvements were reported for tDKD-stabilized specimens, no

consistent correlations were found when relatethéo soil parameters. TheMalues
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obtained from field mixed samples showed lower iwpment parameters when
compared to lab mixed specimens. Ultimate fieldedixsspecimen improvements were
found to be 1.5 to 6 times lower than lab-mixed rovements. As expected, additive

content generally showed a direct relationship withroved M values.

2.3 Materials and Sources

In the present study, a total of four soils an@é¢hcementitious additives are used.
This section describes the fundamental propentielsiding grain size distribution, index

properties and chemical compositions of the saitbadditives.

2.3.1 Native Soils

The following soils are used in the present study: Port series (P-soil); (2)
Kingfisher series (K-soil); (3) Vernon series (Vilyoand (4) Carnasaw series (C-solil). A
summary of the soil properties determined in thieotatory and the corresponding
standard testing identification are presented ibld&.2. According to the USCS, P-soill
is classified as CL-ML (silty clay with sand) wighliquid limit of approximately 27 and a
plasticity index (PI) of approximately 5. K-soil ttassified as CL (lean clay), according
to the UCSS with an average liquid limit of approstely 39% and a Pl of
approximately 21. As per the USCS, V-soil is a a@fbearing soil (Sulfate content
15,400 ppm) and classified as lean clay (CL), with average liquid limit of
approximately 37 and a Pl of approximately 11. €-soclassified as fat clay (CH)
according to USCS with a PI value of 29. A sumna#rghysical and chemical properties

of soils is presented in Table 2.3.
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2.3.2 Cementitious Additives

As noted earlier, three different cementitious tidels, namely, hydrated lime,
class C fly ash (CFA), and cement kiln dust (CKDgrev used. Hydrated lime was
supplied by the Texas Lime Company, Cleburne, Tekas a dry powder manufactured
by treating quicklime (calcium oxide) with sufficiewater to satisfy its chemical affinity
with water, thereby converting the oxides to hydies. CFA from Lafarge North
America (Tulsa, Oklahoma) was brought in well-sdghastic buckets. It was produced
in a coal-fired electric utility plant. CKD used sv@rovided by Lafarge North America
located in Tulsa, Oklahoma. It is an industrial t@asollected during the production of
Portland cement. The physical and chemical progeertif the stabilizing agents are
presented in Table 2.4. The XRF analysis was cdeduasing a Panalytical 2403
spectrometer on specimens obtained by using fusad preparation method. The fused
bead preparation technique consists of dissoliegspecimen in a solvent called a flux
at high temperature (>1000°C) in a platinum crueiohd to cast it in a casting-dish. It is
evident from Table 2.4 that the calcium oxide cahte hydrated lime is 68.6%. This can
be explained using the stoichiometry of the chemieaction taking place during the

specimen preparation for XRD.

Ca(OH) J=3lZc,  CaOo + KO
(74)=40x1+16x2+1x2 (56)=40x1+16x1 (18)=1x2+16x1

Using above chemical equation, it can be shown36#% of Ca(OH)(reactant)
will produce approximately 72% of CaO (product).rtRer, the free lime content (i.e.,
any lime not bound up in glassy phase compoundé& s tricalcium silicate and

tricalcium aluminate) was determined in accordandd ASTM C 114 (Alternate Test
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Method B, ammonium acetate titration). Although CiBAaving very low lime content

(0.2%), specimens stabilized with CFA showed enbarant in strength and modulus
values (see Sections 2.7 and 2.8). It is speculki@dduring the reaction process some
lime is liberated from the bound state which taged in the cementitious reactions and

thus, producing increase in strength and moduliisega

2.4 Factors Affecting Cementitious Stabilization

The effectiveness of cementitious stabilizationes&s on properties of both soll
and additive (AFJMAN, 1994, Al-Rawas et al., 20@&rsons et al., 2004, Evangelos,
2006). A description of pertinent factors intrindic the soils and additives which

influences the efficiency of cementitious stabfii@a is presented herein.

2.4.1 Soil Properties

2.4.1.1 Gradation and Plasticity Index

Several researchers (e.g., Diamond and Kinter, ;1B&4ton and Wohlgemuth,
1985; Prusinski and Bhattacharja, 1999; Little, 20Qubain et al., 2000; Kim and
Siddiki, 2004; Mallela et al., 2004; Puppala et, &#006; Consoli et al.,, 2009)
recommended use of lime with fine-grained soilswieeer, CFA (see e.g., McManis and
Arman, 1989; Chang, 1995; Misra, 1998; Zia and R®9Q0; Puppala et al., 2003; Bin-
Shafique et al., 2004; Phanikumar and Sharma, 208#antoglu, 2004; Camargo et al.,
2009; Li et al., 2009) and CKD (e.g., McCoy and e, 1971; Napierala, 1983;
Baghdadi and Rahman, 1990; Zaman et al., 1992;hS4@®3; Miller and Azad, 2000;
Miller and Zaman, 2000; Parsons and Kneebone, 2Bfeekrishnavilasam et al., 2007;

Peethamparan et al., 2008; Gomez, 2009sed successfully with both fine- and coarse-

17



grained soils. Lower effectiveness of lime with sgagrained soil can be attributed to
scarcity of pozzolana (silicious and aluminaciousteral) in coarse-grained soils which
is required for pozzolanic (or cementitious) reamsi. Little (2000) and Mallela et al.
(2004) recommend a soil with a minimum clay contént0.002 mm) of 10% and a
plasticity index of 10 for lime-stabilization. Iis study, only K-, V- and C-soil fulfils
this requirement with C-soil having highest claytmt of 48%. However, mineralogical
analysis conducted using X-ray fluorescence spsobmy (XRF) revealed that all the
fours soils used in this study are having high @86] amount of pozzolana, as presented

in Table 2.3.

2.4.1.2 Cation Exchange Capacity

Cation Exchange Capacity (CEC) is the quantityxehangeable cations required
to balance the charge deficiency on the surfacth@fclay particles (Mitchell, 1993).
During ion-exchange reaction of soil with cemeantit additive, cation of soil (e.g., Na
K") is replaced by cation of additive ®gand the thickness of double diffused layer is
reduced. Hence, the replacement of cations resuitEerease in workability and strength
of soil-additive mixture. The rate of exchange d&se on clay type, solution
concentrations and temperature (Gomez, 2009). ilrstatilization studies, CEC values
have been used to a limited extent to explain tfiecteveness of soil stabilization
(Nalbantoglu and Tuncer, 2001; Al-Rawas et al., 20Ralbantoglu, 2004; Gomez,
2009).

In this study, CEC was measured by sodium acetatbad in accordance with
EPA 9081 test method (Chapman, 1965). As evidemh ffable 2.3, K-soil and C-soil

showed highest and lowest CEC values of 21.7 ahdn®qg/100 gm, respectively. On the
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other hand, P- and V-soil produced a CEC value bbland 19.9 meqg/100 gm,

respectively.

2.4.1.3 Sulfate Content

Primary “sulfate-induced heaving” problems ariseewmatural sulfate rich soils
are stabilized with calcium-based additives (Puplal., 2004), also known as “sulfate
attack.” This heave is known to severely affect pleeformance of pavements, and other
geotechnical engineering structures built on selféth soils stabilized with calcium-
based additive (Hunter, 1988; Mitchell and Dermate®90; Petry and Little, 1992;
Rajendran and Lytton, 1997; Rollings et al., 19P8ppala et al., 2004). According to
current understanding, “low to moderate” and higlfiase soils are those with sulfate less
than 2,000 ppm and more than 2,000 ppm, respegt{ita et al., 1996; Mitchell and
Dermatas, 1990; Puppala et al., 2002; Rao and Sdia, 2005). In this study, soluble
sulfate content in the soils were measured using @klahoma Department of
Transportation procedure for determining solubldasel content: OHD L-49 (ODOT,
2006). Only V-soil was found to have high sulfateient of 15,400 ppm (>10,000 ppm)
which may have the potential to cause serious dandag to calcium-based additive.

This issue has been further discussed in Chapter 4.

2.4.1.4 Specific Surface Area

Surface phenomena have an important influence erbdéhavior of fine-grained
soils; they affect many physical and chemical proge (Cerato and Lutenegger, 2002).
The specific surface area (SSA), refers to the aeraunit mass of soil, may be a

dominant factor in controlling the fundamental beba of many fine-grained soils
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(Gomez, 2009). The mineralogy of fine-grained sass the dominant factor in
determining the effect of SSA. For this study, orbtal SSA measurement was
conducted using the polar liquid Ethylene Glycol idethyl Ether (EGME) method
(Cerato and Lutenegger, 2002) and results are mextan Table 2.3. C-soil had the
highest SSA value of 118.5%gm, P-soil, on the other hand, had the lowest $6%1.0

m?/g.

2.4.1.5 Silica Sesquoxide Ratio

Many properties of soils are related with the ailisesquioxide ratio (SSR)
(Winterkorn and Baver, 1934; Fang, 1997; Mallelalet 2004). Hence, in this study it
was decided to evaluate SSR of soils. It is defed

X

A
Ly

SSR=
z
B C (2.1)

where,x is the percent of SiQy is the percent of AD3, z is the percent of K3, A is
the molecular weight of SK)60.1),B is the molecular weight of AD; (102.0), andC is
the molecular weight of F©3 (159.6). From the results presented in Table tZs3dlear
that P-soil is having highest SSR value of 14.9levli-soil is having lowest SSR value

of 3.9.

2.4.2 Additive Properties

2.4.2.1 Free-Lime Content

In calcium-based stabilizers (e.g., Portland cem@RiA, CKD) most of the lime

(CaO) is bound up in compounds such as tricalcilivate and tricalcium aluminate.
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The unreacted lime that is not combined in anyhesé compounds is called free-lime,
which is expected to play a major role in stabtlza (Collins and Emery, 1983; Misra,
1998; Zaman et al., 1998; Ferguson and Levorsa@;18liller and Azad, 2000; Miller
and Zaman, 2000; Sezer et al., 2006; Khoury andafa2007; Peethamparan and Olek,
2008). Free-lime content was determined by condgctitration in accordance with
ASTM C 114 alternative test method B and resuléspaesented in Table 2.4. It is clear
that lime is having highest free-lime content of746 followed by 6.7% for CKD and

0.2% for CFA.

2.4.2.2 Specific Surface Area

The specific surface area (SSA) of additives, aasmeed by using the ethylene
glycol monoethyl ether (EGME) method (Cerato andebegger, 2002), were 17.0, 6.0,
and 12.0 figm, respectively, for lime, CFA and CKD. It can $®en that lime and CFA
had the highest and the lowest SSA values, resedetiA higher SSA indicates more

reactivity of additive (Nalbantoglu and Tuncer, 208reekrishnavilasam et al., 2007).

2.4.2.3 Loss on Ignition

A higher loss on ignition (LOI) value indicates higarbonates for CFA/CKD and
high hydroxides for lime. Some researchers repatti@tl high LOI indicates low free-
lime content for CKDs, making CKDs less reactivied @aherefore lower improvements
(Bhatty et al., 1996; Miller and Azad, 2000). Iretlaboratory, LOIl was evaluated by
igniting additive inside a muffle furnace at a teragure of 950C (1742F) in
accordance with ASTM C 114 test method for hydmocéments. As evident from results

presented in Table 2.4, lime and CFA produced Hsghed lowest LOI values of 31.8%
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and 1.2%, respectively. On the other hand, apprataly 27% of CKD is lost on

ignition.

2.4.2.4 Percent Passing No. 325 Sieve

Several researchers noticed increased reactivityadafitive with increase in
amount of additive passing No. 325 (45 um) siev€EKIRP, 1976; Bhatty et al., 1996;
Zaman et al., 1998; Zheng and Qin, 2003; Khourp520The percentage of passing No.
325 sieve for lime, CFA and CKD determined in ademice with ASTM C 430 test
method are 98.4, 85.8 and 94.2, respectively. tlear that lime is finer among all the

additives used in this study.

2.4.2.5 pH and pH Response

The elevated pH level of soil-lime mixture is impaort because it provides an
adequate alkaline environment for ion-exchange ti@a (Little, 2000). In the
laboratory, pH is determined using the method renended by ASTM D 6276 for lime-
stabilization, which involves mixing the solids lvite-ionized (DI) water, periodically
shaking samples, and then testing with a pH médter & h. The procedure specifies that
enough lime must be added to a soil-water systematiotain a pH of 12.4 after 1 h. This
ensures that adequate lime is provided to suskensaturation during the 1-h period
(Prusinski and Bhattacharja, 1999).

Several researchers (e.g., Haston and Wohlgemu®85;1Prusinski and
Bhattacharja, 1999; IRC, 2000; Little, 2000; Qubeatnal., 2000; Mallela et al., 2004;
Puppala et al., 2006; Consoli et al., 2009) usedvples on soil-lime mixture as an

indicator of reactivity of lime. However, only liteid studies (see e.g., Miller and Azad,
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2000; Parsons et al., 2004; Peethamparan and @068, Gomez, 2009) evaluated pH
response of soil-CFA or soil-CKD mixtures. Hencke tpH values of soil-additive
mixtures were determined to investigate whethemwald reflect the effectiveness soil
stabilization with lime, CFA or CKD.

The pH results of raw soil, raw additive and saittéive mixtures are presented
in Table 2.5 and are used as the primary guideléermining the amount of additive
required to stabilize each soil. It is clear theaw P-, V- and K-soil are alkaline with a pH
value greater than 8.0. On other hand, C-soil idi@aavith a pH value approximately
4.17. Also, it was found that raw lime, CFA and CK&d a pH value of 12.58, 11.83 and
12.55, respectively. The pH values of raw CFA amDGCGre consistent with the results
reported by other researchers (e.g., Miller anddAZ2000; Sear, 2001; Parsons et al.,
2004; Peethamparan and Olek, 2008; Gomez, 200®).pFhtrend of raw additives is
similar to the trend of available free-lime contenadditive, as shown in Table 2.4.

For all the soil-additive mixtures, pH values irase with the increase in the
percentage of additive and show an asymptotic hehafter a certain percentage. In the
current study, an increase of less than 1% in pidepe increase with respect to raw soil
is assumed as starting point of asymptotic behaAsr evident from Table 2.5, pH
values started showing an asymptotic behavior &hlime for P-, K- and V-soil. With
CFA and CKD, P-, K- and V-soil showed asymptotitbddor at an additive content of
10%. However, C-soil, due to acidic nature, attdiasymptotic behavior at a higher lime
content of 5%. Additionally, C-soil never attainaa asymptotic behavior with CFA and
CKD contents up to 17.5%. This can be attributeth&acidic behavior of C-soil which

requires higher amount of moderately basic CFA @K@ for neutralization. Based on
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the aforementioned observations, it was decidedelect 3%, 6% and 9% lime for
laboratory performance evaluation. On the otherdh&36 10% and 15% were selected

for CFA- and CKD-stabilization.

2.4.2.6 Silica Sesquoxide Ratio

As noted earlier, SSR values of additives were uatad using Eqn. 2.1 and
results are presented in Table 2.4. From Table 2SR values of lime, CFA and CKD
are 1.9, 3.0 and 6.0, respectively. Further, SSRegaof additives and soils were added
together, called as combined SSR value, and ctecklaith improvement in IMvalues,

as will be discussed later in Section 2.9.

2.5 Moisture-Density Test

In the laboratory soil was mixed manually with gliabr for determining
moisture-density relationship of soil-additive nurés. The procedure consists of adding
specific amount of additive, namely, lime (3%, 6%080) or CFA (5%, 10% or 15%) or
CKD (5%, 10% or 15%) to the processed soil. The wmhof additive was added based
on the dry weight of soil. The additive and soilrevenixed manually to uniformity, and
tested for moisture-density relationships by comidgcProctor test in accordance with

ASTM D 698 test method.

2.5.1 P-soil and Additive Mixtures

The moisture-density test results (i.e., OMCs arcimum dry density, MDDS)
for P-soil are presented in Table 2.6. The moistostent was determined by oven-
drying the soil-additive mixture. The OMC and MDBbraw soil was found to be 13.1%

and 17.8 kN/m (108.7 pcf), respectively. In the present studyporatory experiments
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showed an increase in OMC with increasing percentddime and CKD. On the other
hand, a decrease in the MDDs with increasing pémielime and CKD is observed from
Table 2.6. Other researchers (e.g., Haston and &gehiuth, 1985; Zaman et al., 1992;
Miller and Azad, 2000; Sreekrishnavilasam et &002) also observed effects similar to
those in the current study. One of the reasonsudoh behavior can be attributed to the
increased number of fines in the mix due to thatemtdof lime and CKD.

A higher MDD was obtained by increasing the CFAteah However, the MDD
increase diminished with the increase in CFA beyd@86. Conversely, the OMC
showed an increase for 5% CFA and then it genedsdlyreased with increasing CFA
content. These observations were similar to thegp®rted by McManis and Arman

(1989) for sandy silty soil and by Misra (1998) tbays.

2.5.2 K-soil and Additive Mixtures

The moisture-density test results for K-soil aresgnted in Table 2.7. The OMC
and MDD of raw soil was found to be 16.5% and Kh4m® (110.6 pcf), respectively. In
the present study, laboratory experiments showethe@ease in OMC with increasing
percentage of lime. On the other hand, a decreaieiMDDs with increasing percent of
lime is observed from Table 2.7. This is consisigith the results reported by Nagaraj
(1964), Haston and Wohlegemuth (1985), Ali (1998Y d.ittle (1996). Little (1996)
believed that OMC increased with increasing limeteat because more water was
needed for the soil-lime chemical reactions. Nggdi@264) suggested that the decrease in
MDD of the lime-treated soil is reflective of inased resistance offered by the

flocculated soil structure to the compactive effort
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For CFA stabilization, MDD increased with increaseCFA content. On the
other hand, OMC decreased for 5 percent CFA mix teth increased for 10 and
decreased again for 15 percent of fly ash mix. rilar observation was reported by
McManis and Arman (1989), Misra (1998) and Solaekial. (2007a). Misra (1998)
reported that the increase in MDD can be attributedhe packing of finer fly ash
particles (smaller than a No. 200 sieve) in voigswieen larger soil particles. This
behavior of OMC was attributed to progressive hirdraof soil and fly ash mixtures and
increased number of finer particles (specific stgjan the soil-fly ash mixtures.

CKD-stabilized soil showed the same trends likeshstabilized soil. An increase
in OMC and a decrease in MDD with increase in tleecentage of additive was
observed. Other researchers (e.g., Zaman et #2; 1diller and Azad, 2000) also
observed effects similar to those in the curremdyst Similar statements as mentioned for
lime-stabilization can be used to rationalize tbenpaction behavior of CKD-stabilized

soils.

2.5.3 V-s0il and Additive Mixtures

The moisture-density test results for V-soil mixedh different percentages of
additives are summarized in Table 2.8. The Prdetts conducted on raw V-soil showed
an OMC and MDD value of 23.0% and 16.0 kR/h01.9 pcf), respectively. Similar to
P- and K-soil-lime/CKD mixtures, OMC-MDD essentialshowed the same trend.
Hence, reasons as mentioned in the preceding sexdio be used to justify the observed
trends in OMC and MDD values.

For CFA stabilization, the moisture-density resuligere more complex.

Laboratory experiments showed that MDD decreasell &ipercent CFA, and then
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increased with increase in the percentage of agdi®n the other hand, OMC decreased

with the increase in the amount of CFA, as evidierh Table 2.8.

2.5.4 C-soil and Additive Mixtures

The OMC was found to be 20.3% for the raw C-sobr Fme- and CKD-
stabilized soil samples, it was evident that OMCraéased and MDD decreased with
increasing percentage of lime as illustrated inl@&h9. For CFA stabilization, Proctor
results showed that MDD decreases for 5 perce@F#, increases for 10 percent and
then again decreases for 15 percent CFA as showable 2.9. On the other hand, OMC
decreased with the increase in the percentage Af Skhce moisture-density results of
C-soil and additive mixtures showed similar tretwisther soil-additive mixtures used in
this study, similar reasons as mentioned in thequli@g Section 2.5.1 can be used to

justify the observed OMC-MDD trends.

2.6 Specimen Preparation

In this study, a total of 160 specimens were preghaccording to the method
described by Solanki et al. (2009a) and Solankale{2009b). The mixture for each
specimen consists of raw soil mixed with specificoant of additive. The amount of
additive (3%, 6%, or 9% for lime and 5%, 10%, oPdfr CFA and CKD) was added
based on the dry weight of the soil. The additinel @oil were mixed manually for
uniformity. After the blending process, a desiretbant of water was added based on the
OMC. Then, the mixture was compacted in a mold g diameter of 101.6 mm (4.0
in) and a height of 203.2 mm (8.0 in) to reachyad#nsity of between 95%-100% of the

maximum dry density (MDD) (Tables 2.6 through 2.8jter compaction, specimens
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were cured at a temperature of 23.0 £@.773.4 + 3.3F) and a relative humidity of
approximately 96% for 28 days; 28-day curing periedrecommended by the new

MEPDG (AASHTO, 2004).

2.7 Experimental Methodology

2.7.1 Resilient Modulus, Modulus of Elasticity and Unconfined Compressive Strength

The resilient modulus (Mtests were performed in accordance with the AASGHT
T 307 test method. The test procedure consistepplfying 15 stress sequences using a
cyclic haversine-shaped load pulse with duratior.df seconds and rest period of 0.9
seconds. The sample was loaded following the segseshown in Table 2.10. For each
sequence, the applied load and the vertical dispteat for the last five cycles were
recorded and used to determine the M2.23 kN (500 Ib) load cell was used to apply
the required load level. Two linear variable diffietial transformers (LVDTS) were used
to measure the resilient vertical deformation. Ehéd/DTs were attached to two
aluminum clamps that were mounted on the specirmardastance of approximately 50.8
mm (2.0 in) from both ends of the specimen. ThéI¥ had a maximum stroke length
of 5.08 mm (0.2 in). Figure 2.1 shows a photograpiew of the LVDTs mounted on a
sample. A power supply was used to excite and d@yngte LVDT signals. This is
consistent with Barksdale et al. (1997) that meaguelative displacement between two
points on the specimen eliminates the extraneofmsrdations occurring past the ends of
the specimens. A complete setup of tésting on stabilized subgrade soil specimen is
shown in Figure 2.2.

To generate the desired haversine-shaped load ancead the load and

displacement signals, a program was written usirgelial Testing System (MTS) Flex
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Test SE Automation software, as shown in Figure ZI8 load-deformation response
was recorded for last 5 cycles of each stress seguley using a computer-controlled
Flex Test SE Test Controller (see Figure 2.3). Flex Test SE digital servo-controller
from MTS is made up of a powerful array of relighflexible and easy-to-use controllers
designed to address the full spectrum of matenal @omponent testing needs. Basic
capabilities include station configuration, autoemeg, control mode switching with
hydraulics on, and adaptive control. The controjfeovides a self-contained single-
channel control, and can be linked to other colerslfor multi-channel testing. All the
data were collected and stored in an MS Exceldild a macro program in Excel was
written to process these data and evaluate thdéierdasmodulus. The M for each
sequence was calculated from the average recoeesafalin and average load from last

five cycles by using the following expression:

Mr =4 (22)

where, o4 = repeated cyclic deviatoric stress, and= recoverable strain (or resilient
strain). Further, details of the apparatus andthise reduction method used are given by
Solanki et al. (2009b).

The new MEPDG recommends the use of Mixture Deaigth Testing Protocol
(MDTP) developed by Little (2000) in conjunction ttvithe AASHTO T 307 test
protocol for determining the Mof soils stabilized with lime. The PDG also regsifVe
as one of the design inputs for soil-cement, certreated materials, lime-cement-fly ash
mixtures and lean concrete. Since no specific parars were recommended for CFA

and CKD stabilization, it was decided to evaludte tmodulus of elasticity (M and
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unconfined compressive strength (UCS) as an additiondicator of the mechanical
behavior of CFA- and CKD-stabilized specimens.

Mg and UCS tests were conducted in accordance wghA®BTM D 1633 test
method. Specimens were loaded in a MTS frame amnatant strain rate of 0.63% (of
sample height) per minute, which is equivalent @7Imm (0.05 in.) per minute for the
specimen configuration used here. Deformation \wivere recorded during the test
using LVDTs fixed to opposite sides of and equatstfrom piston rod with a maximum
stroke length of £12.7 mm (0.5 in). The load valueere obtained from a load cell
having a capacity of 22.7 kN (5,000 Ib). Each speri was subjected to two unloading-
reloading cycles before loading it to failure. 8k lines were drawn through the first
two unloading-reloading curves (secant modulus) thedaverage slope of these lines is

the Me of the stabilized clay specimen.

2.7.2 Mineralogical Studies

To facilitate the macro-behavior comparison andlaxgtion, the mineralogical
study techniques such as Scanning Electron Micmys¢SEM) and Energy Dispersive
Spectroscopy (EDS) were employed to qualitativedentify the micro-structural
developments in the matrix of the stabilized spd@mens.

The Scanning Electron Microscopy (SEM) techniqus employed using a JEOL
JSM 880 microscope to qualitatively identify thecmotstructural developments in the
matrix of the stabilized soil specimens. After th€éS test on specimens, broken mix was
air-dried for approximately four days. Three reprdative tiny pieces were mounted on
stubs (1 cm, i.e., 0.4 in. wide discs that havenanpount on the base of the disc). The

samples were not electrically conductive; thereftitey were initially coated by Iridium
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to maintain conductivity. The quality of images wat satisfactory, so it was decided to
use gold-palladium alloy for the process insteadridfum coating. Hence, pieces were
coated with a thin layer=(5 nm) of an alloy of gold-palladium by sputter tog
technique to provide surface conductivity. A JEOBM] 880 scanning electron
microscope operating at 15 kV was used to visualligerve the coated specimens. The
JEOL JSM 880 was fitted with an energy-dispersivea)X spectrometer (EDS). The EDS
was used to analyze chemical compositions of tleeisgen. In this technique, electrons
are bombarded in the area of desired elemental @gsitign; the elements present will
emit characteristic X-rays, which are then recorded detector. The micrographs were
taken using EDS2000 software. It must be noted $iEA¥ study allows only a tiny area
of raw and stabilized specimen to be examined Kanlengineering laboratory
specimens). However, it is believed to be repredimet of the reaction process of

stabilized specimens.

2.8 Presentation and Discussion of MResults

The M test results of the four soils namely, P-, K-, &d C-soil stabilized with
lime, CFA and CKD are shown in Tables 2.11 to 2Rach M value listed in Tables
2.11 to 2.22 is an average of Msts conducted on four specimens. One way toredse
the effect of different percentages of additivesglanresilient properties is to compare the
average Mat a patrticular stress level (Elliot and Thornt@@888; Drumm et al., 1997;
Ping et al., 2001). For example, Strategic Highwagearch Program (SHRP) Protocol
P-46 (1989) suggests reporting Whlues of subgrade at a deviatoric stress of 28(kKF
psi) and a confining pressure of 41 kPa (6 psi)weler, to the author's knowledge,

there is no such recommendation for stabilized sad®s. It is also important to note that
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the actual stress level (i.e., deviatoric and conf§f stress) can be estimated by
calculating the in-situ stress using a multi-lagdastic program (e.g., KENLAYER);
however, stress level may change depending on #évenpent configuration. So for
comparison purposes, it was decided to use expetahi) values determined at a stress
level closest to the level recommended by SHRP Pt989). Therefore, mean Mt a
deviatoric stress of 25 kPa (3.6 psi) and a confjrpressure of 41 kPa (6.0 psi) were
selected for comparison, as shown in Figure 2.4ithahally, to study the comparative
effectiveness of lime, CFA and CKD on the four sographs of percent improvement in
M, values (deviatoric stress = 25 kPa, i.e., 3.6apsi confining pressure = 41 kPa, i.e.,

6.0 psi) versus percentage of additive were pldftegures 2.4 — 2.7).

2.8.1 Effect of Lime Content

It is clear from Tables 2.11 through 2.14 that md&anvalues increased due to
stabilization. This increase, however, dependshentype of soil. For example, 3% lime
provided an increase of approximately 459%, 1,26644% and 115% with P-, K-, V-
and C-soil, respectively (Figures 2.4 — 2.7). Timprovement is maximum with K-sail,
however, a reduction in Mralues was observed beyond a certain percent rg-ig5).
For example, K-soil specimens stabilized with 9ftdishowed 33 percent decrease in M
values as compared to specimens stabilized witHi®# This is consistent with other
studies (Haston and Wohlgemuth, 1985; Petry and ly¢ofuth, 1988; Arora and
Aydilek, 2005; Osinubi and Nwaiwu, 2006) that anrgase in lime beyond 5% results in
lower strength values. One explanation is that &x¢iene behaved as low strength filler,
effectively weakening the lime-soil mixture (Osimalmd Nwaiwu, 2006). It is also worth

noticing that the new MEPDG recommends\\Mlue range between 207 — 413 MPa (30

32



— 60 psi) for lime-stabilized soils. This rangesisiilar to the range of Mvalues obtained
in this study for C-soil specimens (213 — 573 MiRa, 31 — 83 psi). However, P-, V- and
K-soil specimens stabilized with lime showed higteerge of M values (> 500 MPa, i.e.,

73 ksi).

2.8.2 Effect of CFA Content

From Tables 2.15 through 2.18, one can see thaawbege Mvalue increased
with amount of CFA with a range of Malues between 150 — 2,500 MPa (22 — 363 ksi).
The increase in Mvalues with increased amount of CFA is consisteii the studies
conducted by other researchers such as McManisAaman (1989), Chang (1995),
Misra (1998), Senol et al. (2002), Mir (2004), ahdra and Aydilek (2005). It is evident
from Figures 2.4 — 2.7 that for the percentagesl usdhis study, 15% CFA-stabilized
specimens showed a maximum increase jrvdues of approximately 1,305%, 1,078%,
894%, and 174% for P-, K-, V- and C-soil specimeaspectively, as compared to raw
soil. For 5% and 10% CFA, K-soil specimens showeghdst improvements of

approximately 498% and 983%, respectively.

2.8.3 Effect of CKD Content

Tables 2.19 through 2.22 summarized the effect b ©n M,. Results showed
that M increased with the increased percentage of additith a range of Mvalues
between 150 — 2,700 MPa (22 — 392 ksi); this isstent with Zhu (1998), Parsons et
al. (2004), Khoury (2005), and Gomez (2009). Faregle, the Mvalues of 15% CKD-
stabilized specimens increased as much as 1,60@%/%, 1,473%, and 565% for P-,

K-, V- and C-soil, respectively. As depicted in tig 2.4, a large increase in average M
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can be observed when the CKD content is increased 0 to 5%, 5 to 10% and 10 to
15%. This rate of increase in,Malues is the highest between 5% and 10% CKD. For
example, this increase is 174%, 219%, 193% and ®9d-, K-, V- and C-saill,
respectively. In the present study, CKD treatmeritOfo) resulted in the highest,M

values (Figures 2.4 — 2.7).

2.8.4 Effect of Stress Leve

To analyze the effect of stress level (deviatotiess,o4 and confining pressure,
o3), Selected plots were drawn between stress ragiyCS) and M values of raw and
stabilized P- and K-soil specimens (Figures 2.8.3R In general, it is clear from
Figures 2.8 to 2.11 that the,Malues of raw and stabilized soil specimens iregsavith
increase in confining pressure and with decreaslagiatoric stress. However, the
percentage of increase in modulus is relatively lisiftat stabilized soil specimens
compared to untreated specimens. For exampledaviatoric stress of 37 kPa (5.4 psi),
increase in confining pressure from 14 to 41 kPdo(d psi) increases Malue by
approximately 30%, 23%, 3% and 4% for raw, 9% lim% CFA-, and 15% CKD-
stabilized specimens, respectively, of P-soil. hbikar stress level, K-soil specimens
showed approximately 8%, 4%, 2% and 3% enhanceinekt; values with 0%, 9%
lime, 15% CFA and 15% CKD, respectively. Similarsetvations were reported by
Achampong (1996), Achampong et al. (1997) and Raistaka (2002) for cement- and
lime-stabilized soil. The lower sensitivity of silded soil specimens towards change in
stress level could be attributed to higher strengthstabilized soil specimens. For

example, raw P-soil specimens are subjected toriage inducing stresses between 5 to
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30% of UCS. On the other hand, P-soil specimenbilgtad with 15% CKD are

subjected to load range inducing stresses betwéeb% of UCS.

2.9 Presentation and Discussion of Mand UCS Results

The variation of modulus of elasticity @@land UCS values with the additive
content is shown graphically in Figures 2.12 antB2respectively. The UCS values
were found to be 224, 191, 168 and 207 kPa, i3%.28, 24 and 30 psi for the raw P-, K-,
V- and C-soil, respectively. In general, the traidhe behavior of M and UCS values

for different percentages of additives is the sas#hat observed for Malues.

2.9.1 Effect of Lime Content

As depicted in Figure 2.12, in lime-stabilized dpesns an increase of
approximately 186%, 516%, 436% and 72% ia Whlues was observed for 3% lime-
stabilized P-, K-, V- and C-soil specimens, respebtt. Similarly, addition of 3% lime
increased the UCS values by 67%, 138%, 297% and @1%-, K-, V- and C-sall,
respectively. It is clear that K- and V-soil showd highest improvement with lime. On
the other hand, C-soil with the lowest pH and CE@lug showed the lowest
enhancements in both dvand UCS values. Also, all the soils and percestagdime
used in this study were having strength lower tha23 kPa (250 psi), as recommended

by MEPDG for stabilized soil layer in a flexibleyzanent.

2.9.2 Effect of CFA Content

It is evident from Figures 2.12 and 2.13 that thiera significant increase in gvi
and UCS with increasing CFA content in the trea@its. A maximum increase of 367%,

586%, 616%, and 95% was observed iaWlues for 15% CFA stabilized P-, K-, V- and
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C-soll, respectively. Correspondingly, these déferstabilized soil specimens showed an
increase in UCS values by 278%, 250%, 396%, and. ®&arly, V-soil specimens
stabilized with CFA showed better performance, @sgared to other soils used in this
study. Similar to lime, all the UCS values were éovthan 1,723 kPa (250 psi) for CFA-

stabilized specimens.

2.9.3 Effect of CKD Content

It is evident that there is significant increasehia Me with increasing amount of
CKD content in the stabilized soils (Figure 2.1Phe Me values in all soils exhibited an
increase with the amount of CKD. As depicted inurgg2.13, in P-soil specimens the
maximum increase (about 638%) ingMalues was observed by adding 15% CKD.
Similarly, 15% CKD-stabilized K-, V- and C-soil spmens exhibited the maximum
increase of approximately 1,061%, 1,042% and 19%4%gectively, compared to the raw
soil. The variation of UCS values with the CKD camttis illustrated in Figure 2.13. It is
observed that UCS values of all the soils usedis $tudy increases as the amount of
CKD increases. For example, the UCS values inccease529%, 505%, 705%, and
154% for the P-, K-, V-, and C-soil specimens, eespely, when stabilized with 15%
CKD. This observation is consistent with that of lIsfi and Azad (2000),
Sreekrishnavilasam et al. (2007), PeethampararOéeid (2008) and Peethamparan et al.
(2009). Again, CKD-stabilization was not able toyide minimum strength of 1,723 kPa

(250 psi), as recommended by the new MEPDG.
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2.10 Effect of Soil and Additive Type

From the aforementioned results it is obvious thatresilient modulus, modulus
of elasticity and unconfined compressive strendtistabilized specimens is influenced
by the type of soil and additive. Since the trefidngorovement in M, Mg and UCS
values is similar, as discussed earlier, onjywilues are used herein to discuss the effect
of soil and additive type.

For all the four soils used in this study, it ial, in general, that at lower
application rates (3% to 6%), the lime-stabilizeall sSpecimens showed the highest
improvement in the Mvalues. At higher application rates (> 10%), hogrethe CKD
treatment provided the maximum enhancements (Fsgie— 2.7). Overall, 15% CKD-
stabilized specimens showed the highest improvefioerdll the four soils. In addition,
stabilization of K-soil resulted in the maximum ankement in Mvalues (Figure 2.5).
On the other hand, C-soil specimens showed muckrlawprovements in Mvalues, as
shown in Figure 2.7. One of the explanations ferdst improvement in Mvalues of C-
soil could be acidic nature of C-soil (pH = 4.1d3, discussed earlier. It is also observed
that the normalized percent increase in(MM; = % Increase in Mvalue/% Additive)
values is influenced by CEC of soil. This behavi®rgraphically presented in Figure
2.14. C-soil having lowest CEC value (5.2 meg/16© groduced lowest NMof 38%
with 3% lime. On the other hand, K-soil having regh CEC value (21.7 meg/100 gm)
enhanced NMby 420% with 3% lime. Similar trend is observed R, K-, V- and C-
soils stabilized with 10% CFA and 10% CKD (Figurd4). No specific trend was
observed for the variation of Mvith gradation, plasticity index and specific sué area

of soil. For example, C-soil specimens with highksticity index (29) and clay content
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(48%) stabilized with 6% lime had NMalues lower than P-soil (plasticity index = 5,
clay content = 11%).

Attempts were made to observe the effect of adelipvwoperties, namely, free-
lime content, alkali content, loss on ignition, sifie surface area, pH, passing No. 325
sieve, and SSR ratio. The effect of free-lime conige depicted in Figure 2.15. It is clear
that the NM value increases with the free-lime content; howetlee percent increase
varied from one soil to another. For example, tiv, Nf P-soil specimens increased from
121 to 153% as the free-lime content increased BofMto 46.1%. C-soil specimens, on
the other hand, exhibited an increase of approxip@2 to 38% as the free-lime content
increased from 6.7 to 46.1%. Figures 2.16 and &tbiv the variation of NMvalues of
3% lime-, 10% CFA- and 10% CKD-stabilized P-, K-, &d C-soil specimens with the
alkali content and loss on ignition value of addti respectively. A decrease in NM
values with alkali content can be observed; howeanerease in NMvalues with loss on
ignition was observed. This trend is contrary t® blehavior reported by other researchers
for different type of CKDs (e.g., Bhatty et al.,, 98 Miller and Azad, 2000;
Peethamparan and Olek, 2008). For example, Bhatty}. €1996) reported that CKDs
containing less than 6% alkalis and low LOI valaes reactive and produces higher
strength. This difference in behavior could beilatted to other factors such as free-lime
content that might have influenced in enhancing ¢filectiveness of the additives.
Although CFA had higher alkali content and lowerlltfan lime, it also had lower free-
lime content (0.2% for CFA versus 46.1% for lime).

Figure 2.18 shows a plot between percent passin@R® sieve of additives and

NM;, values. It is clear from Figure 2.18 that perqeatsing No. 325 sieve influences the
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M, values. An increase in percent passing No. 32ksiemm 85.8% (CFA) to 98.4%
(lime) increased the NMvalues from 32 to 153 for P-soil. This can beilaitted to
increase in fine contents in the soil and thuseaased surface area for pozzolanic
reactivity. Normalized percent increase in Malues versus specific surface area of
additive are shown in Figure 2.19. All curves irglie 2.19 show clear correlation
between the NMvalues with SSA. For example, P-soil specimensvgldoan increase in
NM;, values (32 to 153%) with an increase in SSA valti@additive from 6.0 to 17.0
m?/gm. For similar magnitude of SSA values, K-soiesimens showed an increase in
NM;, from 98 to 420%. The fact that the additive péecave a larger surface to interact
with the soil can explain this behavior. Larger S&Aues imply more available surface
for soil-additive interaction resulting in more cemtitious products and thus higher gain
in modulus values. The pH value of additive alsayplan important role in enhancing the
M, values, as evident from Figure 2.20. An increasd\M, values with pH can be
observed from Figure 2.20. Lime-stabilized specisneaving highest pH value of 12.58
produced highest modulus value followed by CKD- @HZ2.55) and CFA- (pH = 11.83)
stabilized specimens. As discussed earlier, highvplde causes silica from the clay
minerals to dissolve and, in combination with?Céorm calcium silicate and calcium
aluminate hydrate (Eades, 1962; Diamond and Kid@#4).

Further, an attempt was made to correlate the SR wf soil-additive mix with
variation in M values. Figure 2.21 depicts the change in Nilues of stabilized
specimens with SSR. It is clear from Figure 2.2attthe NM values exhibited an
increase with the SSR values; however, a reduatidsM, values was observed beyond

a certain percentage of SSR value (between 7 —.138%63 is an indication that the
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amount of SSR up to a certain percentage (7 — 1884)d contribute to the increase in

pozzolanic reactivity, which is responsible for thedulus increase.

2.11 Microstructure Characteristics

As noted earlier, mineralogical studies such as M EDS were conducted on
all the raw soils, raw additives and 28-day curadbiized C-soil specimens to study the

influence of stabilization on microstructure chaesistics.

2.11.1 Raw Soils and Additives

Figure 2.22 shows SEM micrographs of raw soil sas@lt high magnification
(20,000 times). It is clear that the raw soil hatistontinuous structure, where the voids
are more visible because of the absence of hydratioducts. The raw additives used in
this study were also studied using SEM/EDS methbidgires 2.23 (a), (b) and (c) show
SEM/EDS of raw lime, CFA and CKD powder, respedtivés evident from Figure
2.23 (a), raw lime is an amorphous powder congstirainly of calcium compounds.
This is in agreement with the XRF results repoitedable 2.4. On the other hand, CFA
and CKD are more complex compounds. EDS resultgatetl presence of calcium,
aluminum, silicon, iron, sulfur, phosphorous, titan, and magnesium minerals in CFA.
Whereas EDS results of CKD indicated presence lofura, silicon, magnesium, sulfur,
and potassium minerals. The SEM micrographs of @WA showed that CFA is
composed of different size spherical particles @nosphere); however, CKD

micrographs showed particles with poorly definedpes.
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2.11.2 C-Sail with 9% Lime

To study the microstructure of 9% lime-stabilizeg@l specimens, 28-day UCS
tested specimens were examined using SEM microgradpigure 2.24 (a) shows the
microstructure at a magnification level of 10,00@€ds, which when compared with the
raw soil micrograph of Figure 2.22 (d) shows marlddnge in morphology. From
Figure 2.24 (a), it is clear the raw soil structhigs transformed from a particle based
form to a more integrated composition due to ceitiens reactions. At a higher
magnification (x 25,000 times), the cementing pkasrild clearly be seen. Further, EDS
pattern was used as a basis to monitor the charogesring in the chemical composition
at selected locations within the C-soil after dtahiion with 9% lime. As evident from
Figure 2.24 (a), analysis on the cementing phasewed presence of calcium (Ca) and
silicon (Si), which is an indication of the preseraf C-S-H (Calcium-Silicate-Hydrate,
xCaOySiO,.zH,0). It should be noted that the other two peaksmaxtked in Figure 2.24
(a) belongs to gold-palladium coating used for mglspecimens electrically conductive.
The cementing phases, due to gradual crystallizadibothe new secondary minerals,
caused an increase in the strength of the stathilsrel, as discussed in Section 2.8.
Similar observations were reported by other reseasc (see e.g., Locat et al., 1996;
Ghosh and Subbarao, 2001; Nalbantoglu, 2006; Kavak Akyarh, 2007). Figure 2.24
(b) shows micrograph of same specimen at a magtidit level of 5,000 times taken
from a different location. A flower-like structucé calcium hydroxide crystals is evident
which indicates presence of un-reacted hydrated Imthe stabilized specimen. This is
consistent with the observations reported in Sec#i.1 that excess lime acts as filler

resulting in decreased strength.
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2.11.3 C-Sail with 15% CFA

The SEM micrographs of C-soil stabilized with 15%-AC are presented in
Figures 2.25 (a) through (c). Figure 2.25 (a) révé@e formation of cementing products,
with lamellar form, adjacent to the fly ash pad&l The EDS analysis showed presence
of Ca and Si indicating presence of C-S-H, the ntaimenting product responsible for
strength gain (Choquette et al., 1987; Lav and R&@0). Also, two additional peaks of
gold and palladium appeared because specimensspetter coated with alloy of gold-
palladium. In viewing these samples, one wouldagothat the spherical particles of fly
ash are joined strongly to the clay particles snsiirrounding (Chang, 1995). It was also
apparent that the fly ash particles served as atiote sites for the growth of the
hydration products (or coatings), as shown in FegRr25 (b). Formation of ettringite,
Ca[Al(OH) ¢])2.(SQy)3.26H,0, was also observed in the form of heaps of reoel-drystals
(Figure 2.25 c). This observation was further conéid by conducting EDS analysis
which suggested presence of Ca, Al (aluminum) arfdu8ur) with traces of Si and Ti
(titanium) as impurities. No areas were found smgwinormal ettringite spectra without
traces of Si and Ti. Similar structure, as shownFigure 2.25 (c), was reported as
ettringite by other researchers (e.g., Mitchell &etmatas, 1992; Intharasombat, 2003).
Further, SEM micrographs revealed that most oflthash particles were covered with a
reaction shell as seen in Figure 2.25 (d). The @pprate chemical composition of the
outer shell was determined at location 1 and 3 H®y EDS analysis and a typical
composition is presented in pattern marked as oidt1l and 3. The composition of the
shell was slightly different from that of the uraoted inner fly ash surface which is

shown in spectrum 2. The higher calcium peak innfl 8 compared to spectrum 2
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suggests the initiation of reaction products (€2gA-S-H) formation on the surface of fly
ash particle. It should be noted that the exachtjiaéive composition cannot be obtained

using the EDS analysis of the stabilized specimens.

2.11.4 C-Soil with 15% CKD

SEM micrographs as illustrated in Figures 2.26 ga)l (b) show significant
changes in the microstructure of raw soil when miwgth CKD and cured for 28 days. It
could be observed that flat clay structure surfateserved in Figure 2.22 (d) is covered
with cementitious reaction products, as shown gufeé 2.26 (a). Figure 2.26 (a) show
the C-A-S-H (Calcium-Alumino-Silicate-HydratexCaOyAl,03.zSi0,.wH,0) phase
development which contains distinct peaks of Caartsi Al elements based on the EDS
analysis, consistent with observation reported yausali and Peethamparan (2010).
Figure 2.26 (b) shows micrographs of hydration ioggt and bonds developed in 15%
CKD-stabilized C-soil. Another prominent feature tbé microstructure of 15% CKD-
stabilized C-soil was the presence of needle-shapiehgite crystals (Figure 2.26 c).
The presence of ettringite crystals in CKD-stakilizsoil is consistent with the
observations reported by Peethamparan et al. (200&)n et al. (2009), and Chaunsali
and Peethamparan (2010). Hence, improved strengthstiffness exhibited by CKD-
stabilized soil specimens after curing could beikatted to aforementioned reaction

products.

2.12 Concluding Remarks

This study was undertaken to evaluate four sodmfOklahoma for the effect of

type and amount of additive on the material properas recommended by new MEPDG
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for critical performance prediction. Subgrade ctpecimens stabilized with lime (3%,

6% and 9%), CFA (5%, 10% and 15%) and CKD (5%, 188 15%) were molded,

cured for 28 days, and then subjected to diffestrigss sequences to study the M

followed by Me and UCS test. Based on the study presented irchhister the following

conclusions can be derived:

1.

All three additives improved the MMg and UCS values of P-, K-, V- and C-soil
specimens; however, degree of improvement varidid the type of additive and soil.
The results from pH tests showed that 3% lime, ITBA and 10% CKD provide an
asymptotic behavior (less than 1% increase in pit vaw soil pH) in P-, K- and V-
soil-additive mixtures. No such asymptotic behavisas observed for C-soil
stabilized with 10% CFA and 10% CKD.

The range of Mvalues (213 — 573 MPa, i.e., 31 — 83 ksi) of listabilized fat clay
specimens is similar to the range of ¥lues recommended by MEPDG for lime-
stabilized specimens; however, silty clay and lelays showed higher range ofi M
values (> 500 MPa, i.e. 73 ksi).

For the different percentage of CFA used in thiglgf the range of Mvalues were
150 — 2,500 MPa (22 — 363 ksi) for silty clay, 30,300 MPa (44 — 189 ksi) for
lean clays and 150 — 400 MPa (22 — 58 ksi) forcfay. On the other hand, CKD-
stabilization provided Mvalues ranging between 400 — 2,600 MPa (58 — 3W/Adr
silty clay, 250 — 2,000 MPa (36 — 290 ksi) for ledays and 150 — 900 MPa (22 —
131 ksi) for fat clay.

For CFA- and CKD-stabilization, the amount of impement increases with increase

in the additive content; however, a reduction in Mgz and UCS values was observed
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beyond a certain percentage of lime content (betwke- 9% for K- and C-soil,
between 3 — 6% for V-soil).

6. In general, lime-stabilization produced highest \Mlues with K-soil (918 — 1,382
MPa, i.e., 133 — 201 ksi). On the other hand, C&Ad CKD-stabilization produced
highest M values with P-soil (1,037 — 2,435 MPa for CFA,,i¥1 — 353 ksi; 2,333
— 2,613 MPa for CKD, i.e., 339 — 379 ksi).

7. At lower application rates (3% to 6%), lime showeghest improvement in the M
values. At higher application rates (> 10%), CKDypwded maximum enhancements.

8. The M values of raw and stabilized soil specimens irsgsawith increasing
confining pressure and with decreasing deviatdriess. However, the percentage of
increase in modulus is relatively less pronounced dtabilized soil specimens
compared to untreated specimens. The lower segitif/ stabilized soil specimens
towards change in stress level could be attribtaduigher strength of stabilized soil
specimens.

9. None of the additive percentages used in this stualy able to provide minimum
strength of 1,723 kPa (250 psi), as recommendetelbyMEPDG for stabilized base
layer in a flexible pavement. However,, Malues were higher or similar than the
values recommended by MEPDG for lime-stabilized | sepecimens; no
recommendations are available for CFA- and CKDiBtald soils, hence no
comparisons were made.

10.The percentage of increase in Malues is better correlated with soil properties —

cation exchange capacity; additive properties e-firae content, alkali content, loss
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on ignition, percent passing No. 325 sieve, spestiirface area, pH; and soil-additive
mixture properties — silica sesquioxide ratio.

11.Microscopic analysis confirms that the addition liohe or CFA or CKD to soil
induces beneficial reactions and significant imgoents in strength and stiffness.
Also, it could be concluded that the formation @&ction products such as C-S-H, C-

A-S-H and ettringite contributed to strength depatent of stabilized soil.
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Table 2.1 A Summary of Relevant Laboratory Studie$oils Stabilized with Different

Additives

Reference Type of s6il Type of additive Parameters/Téests
Haston and Wohlgemuth CL Lime ucs
(1985)
McManis and Arman (1989) A-3, A-2-4 FA UCS, R
Baghdadi (1990) Kaolinite clay CKD ucs
Zaman et al. (1992) Clays CKD ucs
Chang (1995) Lateritic soll FA, Lime UCS, M
Achampong (1996) CL, CH PC, Lime UCS, M
Misra (1998) Clays FA ucs
Prusinski and Bhattacharja Clays PC, Lime UCS, CBR (No)
(1999)
Little (2000) Fine grained Lime UCS, M

soils
Miller and Azad (2000) CH, CL, ML CKD ucs
Miller and Zaman (2000) Shale, Sand CKD CBR, UCS
Qubain et al. (2000) CL Lime UCSs,:M
Zia And Fox (2000) Loess FA UCS, CBR
Senol et al. (2002) Clays FA UCS, CBR, M
Parsons and Milburn (2003) CH, CL, ML, Lime, PC, CFA, UCS, Modulus

SM Enzymatic stabilizer
Kim and Siddiki (2004) A-4, A-6, A-7- Lime, LKD UCS, CBR, M

6
Prabakar et al. (2004) CL, OL, MH FA UCS, CBR, Ststeength parameters
Arora and Aydilek (2005) SM FA UCS, CBR,:M
Barbu and McManis (2005) CL, ML Lime, PC UCS, Cgygcliriaxial test
Hillbrich and Scullion (2006) A-3 PC MSeismic Modulus
Osinubi and Nwaiwu (2006) CL Lime ucs
Puppala et al. (2006) CH Lime with uUcs

polypropylene fiber

Ling et al. (2008) Silty clay Lime, PC M
Gomez (2009) SC, SM, ML, FA, CKD M,

CL

2 Soils according to USCS and AASHTO classificatfoptH, Compaction and Atterberg limit tests are meotided
in the list

M;: Resilient modulus test; CBR: California Bearingtig; R: Soil support resistance value; FA: Fly;d28:
Portland cement; CKD: Cement kiln dust; LKD: Liminkdust

a7



Table 2.2 Testing Designation and Soil Properties

Method Parameter/Units P-soil K-soil V-soill C-saoil
ASTM D 2487 USCS Symbol CL-ML CL CL CH
AASHTO M 145 AASHTO Designation A-4 A-6 A-6 A-7-6
ASTM D 2487 USCS Name Silty clay Lean clay Leanclay Fatclay
with sand
ASTM D 2487 % finer than 0.075 mm 83 97 100 94
ASTM C 430 % finer than 0.045 mm 54 89 95 87
ASTM D 422 % finer than 0.002 mm 11 45 39 48
(clay content)
ASTM D 4318 Liquid limit 27 39 37 58
ASTM D 4318 Plastic limit 21 18 26 29
ASTM D 4318 Plasticity index 5 21 11 29
Activity 0.24 0.47 0.28 0.69
ASTM D 854 Specific gravity 2.65 2.71 2.61 2.64
ASTM D 698 Optimum moisture 13.1 16.5 23.0 20.3
content (%)
ASTM D 698 Max. dry unit weight 17.8 174 16.0 16.3
(KN/m?)

USCS: Unified Soil Classification System

Table 2.3 Chemical and Physical Properties of Sl in this Study

Percentage by weight, (%)
P-soil  K-soil V-soil C-soil

Chemical compound/Property

Silica (SiQ)° 777 658 54.0 63.4
Alumina (Al,O3)? 7.4 13.0 17.6 215
Ferric oxide (FgO3)® 2.3 4.8 7.2 9.1
Silica/Sesquioxide ratio (SSR)

SIOJ/(Al,0:+F805) 14.9 7.0 4.1 3.9
Calcium oxide (Cad) 3.1 3.6 3.8 0.1
Magnesium oxide (MgC® 1.¢ 3.5 5.C 1.2
Sulfur trioxide (SG)° 0.C 0.1 1.8 0.C
Alkali content (N,O + K,0)* 2.4 3.2 5.8 3.C
Percentage passing No. » 54.0 88.8 94.8 87.2
pH (pure materiaf) 8.91 8.82 8.14 4.17
Sulfate content (pprf) <40 <40 15400 267

Specific surface area %gm)° 51.0 92.5 116.5 118.5
Cation exchange capacity
(meq/100 gn)

28-day UCS (kPa) 224 191 168 207
3 -ray Fluorescence analysi8ASTM C 430;°ASTM D 6276;°0OHD L-49 tesi
method*Ethylene glycol monoethyl ether method (Cerato lamgnegger
2001);'EPA 9081 test method; No. 325: 0.04m

11.5 21.7 19.9 5.2
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Table 2.4 Chemical and Physical Properties of $tais used in this Study

Percentage by weight, (%)

Chemical compound/Property

Lime CFA CKD

Silica (SiO)° 0.6 37.7 14.1
Alumina (AlL,O5)° 0.4 17.3 3.1
Ferric oxide (FgD3)? 0.3 5.8 1.4
Silica/Sesquioxide ratio (SSR)

. 1.9 3.0 6.0
SiO,/(AlL,Os+Fe,05)
Calcium oxide (CaC) 68.6 24.4 47
Calcium hydroxide (Ca(OH) 95.9"
Magnesium oxide (MgQ) 0.7 5.1 1.7
Sulfur trioxide (SG)° 0.1 1.2 4.4
Alkali content (Ni,O + K,0)° 0.1 2.2 1.7
Loss on ignitiofi 31.8 1.2 27
Free limé& 46.1 0.2 6.7
Percentage passing No. 825 98.4 85.8 94.2
pH (pure materiaf) 12.58 11.83 12.55
Specific surface area ffgm)° 17.0 6.0 12.0
28-day UCS (kPa) . 708 17

3 -ray Fluorescence analysi8ASTM C 114°ASTM C 430:°ASTM D

6276;°Ethylene glycol monoethyl ether method (Cerato lame&negger
2001); UCS: Unconfined compressive strength; *Cayf@ldcomposes

at 51:°C; *Before ignitior
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Table 2.5 Variation of pH Values with Soil and Atiie Type

Type of édditive P-soil K-soll V-soil C-soil
Additive | 9PN PH | % ) pH | % pH % | PH | %
(%) value | Increas@ | value | Increas® | value | Increas@| value | Increas@
0 8.91 8.82 - 8.14 - 4.17 -
1 12.24 374 12.04 36.5 11.6y 43.4 9.22 12111
3 12.43 395 12.49 41.6 12.4]1 52.5 12.23 193.3
Lime 12.45 39.7 12.50 41.7 12.49 53.4 12.54 200.7
12.45 39.7 12.54 42.2 12.5p 53.8 12{55 201.0
12.46 39.8 12.5Y 42.5 12.5p 53.8 12|55 201.0
12.47 40.0 12.5¢ 42.5 12.52 53.8 12)57 201.4
100 12.58 41.2 12.58 42.6 12.58 54.5 12|58 201.7
0 8.91 - 8.82 - 8.14 - 4.17 -
25 10.97 23.1 10.08 13.7 10.40 27.8 5.19 245
5 11.30 26.8 10.83 22.8 10.8p 33.3 5.93 422
7.5 11.39 27.9 11.28 27.9 11.0b 35.7 6.55 5711
CFA 10° 11.50 29.1 11.42 29.5 11.14 36.9 7.79 86.8
125 11.59 30.0 11.50 30.4 11.15 37.( 8.82 995
15 11.6 30.2 11.5Y 31.2 11.19 37.5 8.86 1125
17.5 11.62 30.4 11.61 31.6 11.38 39.8 9.47 127.1
100 11.83 32.8 11.88 34.1 11.883 45.3 11|83 183.7
0 8.91 8.82 - 8.14 - 4.17 -
25 11.35 27.4 11.11 26.0 10.99 35.0 7.05 691
5 11.88 33.3 11.73 33.0 11.59 42 .4 88 11110
7.5 12.09 35.7 12 36.1 11.79 44.8 10/11 1424
CKD 10° 12.22 37.1 12.1% 37.8 12.14 49.1] 10.88 160.9
12.5 12.3 38.0 12.28 38.7 12.21 50.( 11{28 170.5
15 12.36 38.7 12.3 39.5 12.31 51.2 11)62 178.7
175 12.38 38.9 12.3p 40.1 12.38 52.1 11,98 187.3
100 12.55 40.9 12.55 42.3 12.55 54.7 12(55 201.0

dncrease in pH w.r.t. pH value of raw s8Bold values represent minimum additive content fuliog asymptotic behavior (<
1% increase)
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Table 2.6 A Summary of OMC-MDD of Lime-, CFA- andKD-P-soil Mixtures

Type of Percentage OMC Maximum dry density

additive  of additive (%)  kN/m® pcf
Raw 0 13.1 17.8 113.4
3 14.7 17.1 108.7
Lime 6 15.9 16.9 107.2
9 16.5 16.6 105.9
5 14.0 17.8 113.5
CFA 10 12.8 18.1 114.9
15 11.7 18.0 114.7
5 14.8 17.4 110.5
CKD 10 15.2 17.2 109.3
15 15.3 17.1 108.6

1 pcf = 0.1572 kN/m) OMC: optimum moisture content; MDD:
maximum dry density; CFA: class C fly ash; CKD: @ahkiln dust

Table 2.7 A Summary of OMC-MDD of Lime-, CFA- an&D-K-Soil Mixtures

Type of Percentage OMC Maximum dry density

additive  of additve (%)  kN/m° pcf
Raw 0 165 17.4 110.6
3 16.1 17 108.<
Lime 6 16.5 16.¢ 106.¢€
9 185  16.C 103.¢
5 13.C 17. 110.¢
CFA 10 15.2 17.2 111.C
15 15.1 17.F 111.F
5 16.¢  17.c 110.2
CKD 10 17.2 171 108.¢

15 17.¢ 16.€ 107.¢
1 pcf=0.1572 kN/ff) OMC: optimum moisture content; MDD:
maximum dry density; CFA: class C fly ash; CKD: @rhkiln dust
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Table 2.8 A Summary of OMC-MDD of Lime-, CFA- and&D-V-Soil Mixtures

Type of Percentage OMC Maximum dry density

additive  of additive (%)  kN/m® pcf
Raw 0 23.0 16.0 101.9
3 25.4 15.¢ 99.t
Lime 6 25.¢€ 15.c 97.4
9 26.¢ 14.€ 95.C
5 22.€ 16.C 101.¢
CFA 10 21.7 16.1 102.t
15 21.2 16.2 102.¢
5 24.1 15.7 100.]
CKD 10 23.t 15.¢ 100.:

15 23.1  15.¢ 100.5

1 pcf = 0.1572 kN/m) OMC: optimum moisture content; MDD:
maximum dry density; CFA: class C fly ash; CKD: @ahkiln dust

Table 2.9 A Summary of OMC-MDD of Lime-, CFA- and&D-C-Soil Mixtures

Type of Percentage OMC Maximum dry density

additive  of additive (%)  kN/m® pcf
Raw 0 20.3 16.3 103.7
3 22.C 16.C 101.t
Lime 6 22.1 15.¢ 92.0
9 23.E 15.¢ 97.:
5 20.C 16.5 103.t
CFA 10 18.¢€ 16.¢ 105.:
15 16.€ 16.£ 104.]
5 21.€ 16.1 102.:
CKD 10 21.7 16.C 101.¢

15 21.€ 15.¢ 101.¢
1 pcf=0.1572 kN/ff) OMC: optimum moisture content; MDD:
maximum dry densityCFA: class C fly astCKD: cement kiln du
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Table 2.10 Testing Sequence used for Resilient Misdlest

Sequence Confining M_aximum Cyclic Constant No. of Load
Number Pressure Axial Stress Stress Stress Apblications
(kPa) (kPa) (kPa) (kPa)

Conditioning 41 28 25 3 500

1 41 14 12 1 100

2 41 28 25 3 100

3 41 41 37 4 100

4 41 55 50 6 100

5 41 69 62 7 100

6 28 14 12 1 100

7 28 28 25 3 100

8 28 41 37 4 100

9 28 55 50 6 100

10 28 69 62 7 100

11 14 14 12 1 100

12 14 28 25 3 100

13 14 41 37 4 100

14 14 55 50 6 100

15 14 69 62 7 100

Table 2.11 A Summary of Resilient Modulus Values.iofie-Stabilized P-soil

Specimens
O3 Oy4 Mr (MPa)

(kPa) (kPa) Raw SD CV 3%Lime SD CV 6%Lime SD CV 9%Lime SD CV
41 12 181 4 2 1,104 91 8 1,298 95 7 1,388 121 9
41 25 153 3 2 856 65 8 1,091 90 8 1,120 102 9
41 37 137 2 2 694 78 11 815 64 8 860 92 11
41 50 127 2 2 615 78 13 708 48 7 737 71 10
41 62 120 2 2 550 69 13 637 33 5 650 45 7
28 12 161 3 2 1176 60 5 808 80 10 1,255 131 10
28 25 133 2 2 799 72 9 934 71 8 882 125 14
28 37 120 2 1 647 76 12 679 29 4 706 102 14
28 50 114 2 1 570 73 13 625 26 4 642 65 10
28 62 110 2 2 533 66 12 592 27 5 613 47 8
14 12 146 3 2 1092 80 7 981 18 2 1,261 187 15
14 25 116 2 2 740 58 8 990 3 0 844 102 12
14 37 105 2 2 597 69 12 695 1 0 698 98 14
14 50 99 2 2 532 66 12 629 3 0 614 69 11
14 62 96 1 2 504 62 12 627 10 2 585 49 8

1 psi = 6.89 kPa; 1 ksi = 6.89 MPa; SD: standardatien; CV: coefficient of variation (%)
oq4 . deviator stressi; : confining pressure; M resilient modulus (using internal LVDTS)
* Deformations are out of the measuring range obI'g
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Table 2.12 A Summary of Resilient Modulus Valuet.iofie-Stabilized K-soil

Specimens
O3 Gy M, (MPa)

(kPa) (kPa) Raw SD CV 3% Lime SD CV 6% Lime SD CV 9% Lime SD CV
41 12 97 1 1 1,174 41 4 1,382 128 9 929 27 3
41 25 8 1 2 1,130 36 3 1,206 44 4 813 12 1
41 37 68 1 2 1,101 42 4 1,063 34 3 755 10 1
41 50 57 1 3 1,069 56 5 987 19 2 725 2 0
41 62 50 2 3 1,027 59 6 926 15 2 680 8 1
28 12 92 1 1 1,107 18 2 1254 109 9 828 28 3
28 25 77 2 2 1,117 29 3 1,108 34 3 770 28 4
28 37 65 2 3 1055 43 4 990 21 2 736 4 1
28 50 57 2 3 1029 61 6 958 18 2 700 9 1
28 62 51 1 3 1034 65 6 922 17 2 677 11 2
14 12 9 1 1 1,179 48 4 1209 96 8 832 49 6
14 25 75 2 3 1090 42 4 1115 50 4 772 21 3
14 37 63 2 3 1062 58 5 1006 23 2 723 8 1
14 50 55 2 4 1040 58 6 941 19 2 699 9 1
14 62 50 2 4 1042 62 6 918 15 2 667 11 2

1 psi = 6.89 kPa; 1 ksi = 6.89 MPa; SD: standakdatien; CV: coefficient of variation (%)
o4 . deviator stresss; : confining pressure; M resilient modulus (using internal LVDTS)
* Deformations are out of the measuring range oblg

Table 2.13 A Summary of Resilient Modulus Valuet.iofie-Stabilized V-soil

Specimens
O3 Oy4 Mr (MPa)

(kPa) (kPa) Raw SD CV 3%Lime SD CV 6%Lime SD CV 9%Lime SD CV
41 12 145 8 6 958 68 7 821 25 3 745 22 3
41 25 126 1 1 941 41 4 772 23 3 706 14 2
41 37 108 1 1 916 7 1 740 20 3 700 19 3
41 50 94 2 2 911 4 0 710 12 2 682 22 3
41 62 83 2 3 876 11 1 717 8 1 651 20 3
28 12 127 6 5 1049 63 6 843 18 2 719 23 3
28 25 103 O 0 922 5 2 750 15 2 698 22 3
28 37 90 2 2 909 4 0 729 16 2 676 19 3
28 50 83 3 3 896 8 1 703 14 2 662 26 4
28 62 77 3 3 869 6 1 678 13 2 645 21 3
14 12 119 6 5 1,010 32 3 820 26 3 710 44 6
14 25 95 O 0 939 7 1 756 14 2 683 20 3
14 37 83 2 2 898 9 1 724 17 2 668 22 3
14 50 75 3 3 883 14 2 699 15 2 650 24 4
14 62 71 3 4 868 10 1 684 10 1 643 29 5

1 psi = 6.89 kPa; 1 ksi = 6.89 MPa; SD: standardatien; CV: coefficient of variation (%)
oq4 . deviator stressi; : confining pressure; M resilient modulus (using internal LVDTS)
* Deformations are out of the measuring range obI'g
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Table 2.14 A Summary of Resilient Modulus Valuet.iofie-Stabilized C-soil

Specimens
O3 Gy M, (MPa)

(kPa) (kPa) Raw SD CV 3% Lime SD CV 6% Lime SD CV 9% Lime SD CV
41 12 137 1 1 293 7 2 573 67 12 421 20 5
41 25 129 1 1 277 5 2 502 3 7 388 11 3
41 37 117 1 1 257 5 2 472 32 7 360 7 2
41 50 106 1 1 237 4 2 445 28 6 334 5 2
41 62 96 1 1 220 4 2 422 27 6 310 5 2
28 12 130 1 1 288 4 2 55 51 9 409 10 2
28 25 123 1 1 261 5 2 491 31 6 375 5 1
28 37 115 1 1 242 5 2 461 28 6 339 7 2
28 50 104 1 1 226 4 2 435 27 6 326 5 2
28 62 9 1 1 217 4 2 423 27 6 307 5 2
14 12 117 1 1 283 10 3 519 34 7 400 12 3
14 25 114 2 1 258 5 2 473 28 6 359 8 2
14 37 106 2 2 237 4 2 448 27 6 334 6 2
14 50 99 2 2 223 5 2 431 29 7 319 6 2
14 62 91 1 1 213 5 2 418 28 7 298 7 2

1 psi = 6.89 kPa; 1 ksi = 6.89 MPa; SD: standakdatien; CV: coefficient of variation (%)
o4 . deviator stresss; : confining pressure; M resilient modulus (using internal LVDTS)
* Deformations are out of the measuring range oblg

Table 2.15 A Summary of Resilient Modulus Value£&A-Stabilized P-soil Specimens
O3 Oy4 Mr (MPa)
(kPa) (kPa) Raw SD CV 5% CFA SD CV 10% CFA SD CV 15%CFA SD CV

41 12 181 4 2 280 7 2 818 83 10 2435 234 10
41 25 153 3 2 255 6 2 642 28 4 2,150 151 7
41 37 137 2 2 230 6 2 587 17 3 1,394 127 9
41 50 127 2 2 212 5 3 553 11 2 1,155 16 1
41 62 120 2 2 197 5 2 520 9 2 1,038 17 2
28 12 161 3 2 246 7 3 746 85 11 2,221 198 9
28 25 133 2 2 209 5 3 580 24 4 1,756 187 11
28 37 120 2 1 190 5 3 539 17 3 1,348 120 9
28 50 114 2 1 181 5 3 520 14 3 1,148 115 10
28 62 110 2 2 178 5 3 503 11 2 1,038 116 11
14 12 146 3 2 214 5 2 730 98 13 1961 176 9
14 25 116 2 2 177 4 2 567 34 6 1,923 142 7
14 37 105 2 2 162 4 2 517 21 4 1,359 31 2
14 50 99 2 2 155 4 2 493 14 3 1131 25 2
14 62 96 1 2 154 4 3 484 12 2 1,037 17 2

1 psi = 6.89 kPa; 1 ksi = 6.89 MPa; SD: standardatien; CV: coefficient of variation (%)
oq4 . deviator stressi; : confining pressure; M resilient modulus (using internal LVDTS)
* Deformations are out of the measuring range obI'g
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Table 2.16 A Summary of Resilient Modulus Value£&fA-Stabilized K-soil

Specimens
O3 Gy M, (MPa)

(kPa) (kPa) Raw SD CV 5% CFA SD CV 10% CFA SD CV 15% CFA SD CV
41 12 97 1 1 605 54 9 1003 49 5 108 35 3
41 25 83 1 2 49 11 2 899 22 2 978 31 3
41 37 68 1 2 450 11 3 876 20 2 954 35 4
41 50 57 1 3 416 13 3 81 15 2 949 33 3
41 62 50 2 3 389 13 3 846 11 1 924 29 3
28 12 92 1 1 540 29 5 89 10 1 1034 44 4
28 25 77 2 2 431 10 2 82 14 2 975 34 3
28 37 65 2 3 397 14 3 84 7 1 952 30 3
28 50 57 2 3 373 14 4 847 17 2 917 28 3
28 62 51 1 3 366 13 4 842 9 1 924 26 3
14 12 9 1 1 498 29 6 926 39 4 967 35 4
14 25 75 2 3 412 11 3 88 10 1 970 32 3
14 37 63 2 3 373 14 4 879 10 1 931 28 3
14 50 55 2 4 352 15 4 857 13 1 919 22 2
14 62 50 2 4 340 16 5 843 13 2 945 9 1

1 psi = 6.89 kPa; 1 ksi = 6.89 MPa; SD: standakdatien; CV: coefficient of variation (%)

o4 . deviator stresss; : confining pressure; M resilient modulus (using internal LVDTS)
* Deformations are out of the measuring range oblg

Table 2.17 A Summary of Resilient Modulus Value€&A-Stabilized V-soill

Specimens
O3 Gy M, (MPa)

(kPa) (kPa) Raw SD CV 5% CFA SD CV 10% CFA SD CV 15% CFA SD CV
41 12 145 8 6 750 72 10 1,092 64 6 1255 66 5
41 25 126 1 1 629 24 4 1013 29 3 1253 62 5
41 37 108 1 1 58 16 3 995 26 3 1,169 20 2
41 50 94 2 2 549 13 2 957 23 2 1,180 10 1
41 62 8 2 3 527 10 2 935 24 3 1,145 23 2
28 12 127 6 5 719 70 10 1,104 70 6 1212 89 7
28 25 103 0O 0 588 19 3 1004 42 4 1,168 4 0
28 37 90 2 2 558 15 3 964 28 3 1,148 16 1
28 50 8 3 3 532 11 2 93¢ 27 3 1,142 16 1
28 62 77 3 3 514 9 2 931 26 3 1151 4 0
14 12 119 6 5 661 53 8 1,183 86 7 1,203 139 12
14 25 9 0 O 572 19 3 996 46 5 1,145 53 5
14 37 8 2 2 545 13 2 957 34 4 1150 22 2
14 50 75 3 3 525 10 2 940 27 3 1,141 25 2
14 62 71 3 4 510 9 2 920 28 3 1,136 14 1

1 psi = 6.89 kPa; 1 ksi = 6.89 MPa; SD: standakdatien; CV: coefficient of variation (%)

o4 . deviator stresss; : confining pressure; M resilient modulus (using internal LVDTS)
* Deformations are out of the measuring range oblg
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Table 2.18 A Summary of Resilient Modulus Value£&A-Stabilized C-soil Specimens

O3 Gy M, (MPa)

(kPa) (kPa) Raw SD CV 5% CFA SD CV 10% CFA SD CV 15% CFA SD CVv
41 12 137 1 1 241 10 4 290 12 4 359 11 3
41 25 129 1 1 225 11 5 274 10 4 354 11 3
41 37 117 1 1 205 11 5 256 10 4 331 9 3
41 50 106 1 1 190 10 5 240 9 4 313 9 3
41 62 96 1 1 176 10 6 228 10 4 295 7 2
28 12 130 1 1 229 12 5 276 10 4 331 15 5
28 25 123 1 1 206 11 5 252 10 4 311 10 3
28 37 115 1 1 189 11 6 236 11 5 295 7 2
28 50 104 1 1 177 10 6 223 11 5 285 7 2
28 62 96 1 1 168 10 6 215 10 5 276 6 2
14 12 117 1 1 218 13 6 267 15 6 307 9 3
14 25 114 2 1 195 11 6 238 12 5 293 9 3
14 37 106 2 2 180 12 6 222 12 6 275 5 2
14 50 99 2 2 168 11 7 212 13 6 263 4 2
14 62 91 1 1 160 11 7 205 12 6 258 4 2

1 psi = 6.89 kPa; 1 ksi = 6.89 MPa; SD: standakdatien; CV: coefficient of variation (%)
o4 . deviator stresss; : confining pressure; M resilient modulus (using internal LVDTS)
* Deformations are out of the measuring range oblg

Table 2.19 A Summary of Resilient Modulus Value£#&D-Stabilized P-soil

Specimens
O3 Oy4 Mr (MPa)
(kPa) (kPa) Raw SD CV 5% CKD SD CV 10% CKD SD CV 15%CKD SD CV

41 12 181 4 2 666 52 8 * * * * *

41 25 153 3 2 734 21 3 2,010 359 18 2,613 365 14
41 37 137 2 2 531 14 3 1,784 202 11 2563 229 9
41 50 127 2 2 456 11 2 1,627 236 14 2428 204 8
41 62 120 2 2 409 8 2 1,495 147 10 2,389 136 6
28 12 161 3 2 673 49 7 * * % * * *

28 25 133 2 2 601 18 3 1,969 257 13 2549 344 14
28 37 120 2 1 477 12 2 1,840 199 11 2,511 175 7
28 50 114 2 1 425 10 2 1,619 132 8 2,400 170 7
28 62 110 2 2 400 8 2 1,493 157 10 2,328 165 7
14 12 146 3 2 662 52 8 * * % * * *

14 25 116 2 2 617 19 3 1916 232 12 2,532 357 14
14 37 105 2 2 465 11 2 1,747 148 8 2,502 253 10
14 50 99 2 2 418 10 2 1,543 126 8 2,337 193 8

14 62 96 1 2 391 8 2 1,488 125 8 2,333 161 7
1 psi = 6.89 kPa; 1 ksi = 6.89 MPa; SD: standardatien; CV: coefficient of variation (%)
oq4 . deviator stressi; : confining pressure; M resilient modulus (using internal LVDTS)
* Deformations are out of the measuring range obl'g
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Table 2.20 A Summary of Resilient Modulus Value£#iD-Stabilized K-soil

Specimens
O3 Gy M, (MPa)

(kPa) (kPa) Raw SD CV 5% CKD SD CV 10% CKD SD CV 15% CKD SD CV
41 12 97 1 1 355 36 10 1,264 93 7 * * *
41 25 83 1 2 344 29 9 109 51 5 1,973 239 12
41 37 68 1 2 322 25 8 1,118 50 4 1,926 156 8
41 50 57 1 3 303 23 7 109 41 4 1,89 59 3
41 62 50 2 3 28 20 7 1076 64 6 1,885 55 3
28 12 92 1 1 341 24 7 1226 89 7 * * *
28 25 77 2 2 332 24 7 1,132 53 5 1944 134 7
28 37 65 2 3 309 23 7 1,111 30 3 1,910 147 8
28 50 57 2 3 293 20 7 1,070 39 4 1,854 40 2
28 62 51 1 3 283 21 7 1,080 47 4 1829 61 3
14 12 9 1 1 339 32 9 1,200 99 8 * * *
14 25 75 2 3 323 23 7 1,180 28 2 1,928 280 15
14 37 63 2 3 306 21 7 1,084 22 2 1862 269 14
14 50 55 2 4 290 20 7 1,073 34 3 1,845 133 7
14 62 50 2 4 281 21 7 108 39 4 1827 50 3

1 psi = 6.89 kPa; 1 ksi = 6.89 MPa; SD: standakdadien; CV: coefficient of variation (%)
o4 . deviator stresss; : confining pressure; M resilient modulus (using internal LVDTS)
* Deformations are out of the measuring range obl'g

Table 2.21 A Summary of Resilient Modulus Value£#iD-Stabilized V-soil

Specimens
o3 Gy M, (MPa)

(kPa) (kPa) Raw SD CV 5% CKD SD CV 10% CKD SD CV 15% CKD SD CV
41 12 145 8 6 462 18 4 2151 213 10 * * *
41 25 126 1 1 427 17 4 1660 158 10 1982 208 10
41 37 108 1 1 389 16 4 1633 172 11 1962 202 10
41 50 94 2 2 356 16 5 1551 110 7 1934 198 10
41 62 83 2 3 326 16 5 1547 127 8 1881 182 10
28 12 127 6 5 413 18 4 2140 192 9 * * *
28 25 103 0 O 378 17 5 1635 177 11 1925 77 4
28 37 9 2 2 34 18 5 1554 113 7 1839 197 11
28 50 83 3 3 3% 17 5 1569 149 9 1825 133 7
28 62 77 3 3 318 17 5 1552 127 8 1800 180 10
14 12 119 6 5 400 19 5 2065 178 9 * * *
14 25 95 0 O 376 21 6 1608 146 9 1892 29 2
14 37 83 2 2 346 19 6 1577 170 11 1869 194 10
14 50 75 3 3 324 19 6 1572 122 8 1821 202 11
14 62 71 3 4 310 18 6 1545 132 9 1793 197 11

1 psi = 6.89 kPa; 1 ksi = 6.89 MPa; SD: standakdadien; CV: coefficient of variation (%)
o4 : deviator stresss; : confining pressure; M resilient modulus (using internal LVDTS)
* Deformations are out of the measuring range obl'g
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Table 2.22 A Summary of Resilient Modulus Value€#&D-Stabilized C-soil

Specimens
O3 Oy Mr (MPa)

(kPa) (kPa) Raw SD CV 5% CKD SD CV 10%CKD SD CV 15%CKD SD CV
41 12 137 1 1 251 19 7 434 38 9 901 120 13
41 25 129 1 1 230 17 7 417 34 8 88 55 6
41 37 117 1 1 205 17 8 395 36 9 844 33 4
41 50 106 1 1 186 15 8 376 36 10 814 31 4
41 62 9 1 1 169 13 7 355 35 10 798 26 3
28 12 130 1 1 23 20 8 412 35 8 933 98 11
28 25 123 1 1 208 16 8 391 34 9 897 47 5
28 37 115 1 1 189 15 8 376 36 10 841 44 5
28 50 104 1 1 173 15 9 361 37 10 826 31 4
28 62 9 1 1 162 14 9 348 36 10 804 28 3
14 12 117 1 1 226 19 8 413 31 7 927 74 8
14 25 114 2 1 201 19 9 38 38 10 899 73 8
14 37 106 2 2 179 17 9 370 38 10 874 61 7
14 50 99 2 2 165 16 10 355 38 11 848 45 5
14 62 91 1 1 154 15 10 344 38 11 822 44 5

1 psi = 6.89 kPa; 1 ksi = 6.89 MPa; SD: standardatien; CV: coefficient of variation (%)
oq4 . deviator stressi; : confining pressure; M resilient modulus (using internal LVDTS)

* Deformations are out of the measuring range obl'g
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Chamber

Figure 2.2 Setup for Resilient Modulus Test (Witk$3ure Chamber)
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Figure 2.23 SEM/EDS of Raw (a) Lime, (b) CFA, anfil@KD Powder
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(b) Calcium Hydroxide (CH)
Figure 2.24 SEM Micrographs of 28-Day Cured 9% LiStabilized C-Soil Specimen
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(b) Hydration Coatings
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(c) Ettringite érystals ®

Figure 2.25 SEM Micrographs of 28-Day Cured 15% €$tabilized C-Soil Specimen
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Figure 2.25 (Cont'd) SEM Micrographs of 28-Day Qi % CFA-Stabilized C-Soil
Specimen
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(c) Ettringite Crystals o
Figure 2.26 SEM Micrographs of 28-Day Cured 15% C8tabilized C-Soil Specimen
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CHAPTER 3

I NFLUENCES OF VARIOUS CEMENTITIOUS ADDITIVES ON THE DURABILITY
OF STABILIZED SUBGRADE SOILS

3.1 Introduction

Durability (or long-term performance) of pavemerdtarials induced by changes
in climatic conditions namely, freeze-thaw and wet; have been recognized by
pavement engineers as a major factor in poor paveperformance. In cold regions,
freeze-thaw (F-T) action is considered to be onthefmost destructive actions that can
induce significant damage to a pavement structtreezing of moisture present in the
pore spaces of soil structure result in the foramatof ice lenses. During times of
temperate weather, the ice lenses thaw, and thetstal capacity of the roadway may be
dramatically reduced (Guthrie and Hermansson, 2008¢ repeated action of F-T
deteriorates the integrity of the pavement strgctimdicating possible changes in the
engineering properties of pavement material suchesdient modulus and unconfined
compressive strength. The importance of considedimgbility in mixture design has
also been highlighted by AASHTO (2004), TranspatatResearch Circular E-C086:
Evaluation of Chemical Stabilizers (Petry and Sah#005) and recent NCHRP Web-
Only Document: Recommended Practice for Stabibratf Subgrade Soils and Base
Materials (Little and Nair, 2009). To this end, dhitity (or long-term performance) of
stabilized soil specimens was evaluated by condgd&T cycling, vacuum saturation
and tube suction tests. Also, specimens were eapiloaked for 60 days and tested for

M,, as an additional indicator for evaluating longvigoerformance.
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3.2 Overview of Previous Studies

A review of previous studies reveals no widely @ted laboratory procedure to
evaluate the durability of cementitiously stabitizeubgrade soils. Hence, a summary of
different experimental procedures available inrditere for evaluating durability of

stabilized soil specimens is provided in this setti

3.2.1 Freeze-Thaw and Wet-Dry Cycling

Soil specimens subjected to freeze-thaw (F-T) ardwg (W-D) cycles provide
an indication of how those specimens will maintaigineering parameters in the field
exposed to diverse environmental conditions. Amdlgnventional” laboratory
procedures, the ASTM D 559 and ASTM D 560 test mdshare the only existing
standardized procedures for evaluating effect oDWand F-T cycles on cement-
stabilized soil specimens, respectively. These auxltonsist of mixing soil and additive
at optimum moisture content and compacting witingaad effort in a 100 mm (4 in)
diameter Proctor mold. After compaction, specimarescured for 7 days in a humidity
room and then subjected to a series of F-T or WyBles. After completion of each
cycle, specimen is brushed on all sides with a Witesh and effect of F-T or W-D cycles
is measured in terms of percent weight loss. Assalt of the variability associated with
the brushing process, many agencies and reseaminérthe brushing portion of the test
and replace it with unconfined compressive stregtDS) testing after completion of all
12 cycles (Shihata and Baghdadi, 2001).

Petry and Wohlgemuth (1988) subjected highly ptastiils stabilized with lime
and Portland cement (P1 64 to 77) to 12 W-D cydssspecified in ASTM D 559, after 7

days of curing in a humidity room. However, the evibrushing called for in the
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specification was not performed. The results indiddahat the lime-stabilized specimens
retained their integrity better than the Portlarthent specimens, at each gradation level.
The theory of “water proofing” was used to expldire differences in performance
between cement and lime.

In a combined laboratory and field study from Oklata, Miller and Zaman
(2000) investigated durability of CKD-stabilizedilsby performing UCS on samples
subjected to F-T and W-D cycles separately. Test®wonducted on 7-day cured three
combinations of soil and additives, namely, CKD hwgand, CKD with shale, and
quicklime with shale. One W-D cycle consisted ofmarsing samples in water for 5
hours, followed by oven drying for 24 hours al@{160F). Samples that survived were
subjected to UCS after 0, 1, 3, 7, and 12 W-D g Cldne UCS tests were conducted after
the drying cycle so that moisture conditions wohé&l uniform for each sample tested.
The same procedure was used to prepare and cupesaduring F-T testing. One F-T
cycle consisted of placing samples in a freezer2&C (-FF) for 24 hour and then
pacing in a moisture chamber under controlled hitgnaf 95% and temperature of about
23°C (73F). UCS tests were conducted after 0, 1, 3, 7,ldhdycles. Specimens were
tested at the end of thawing period. CKD-stabilizbdle specimens showed increase in
UCS values for the first three W-D cycles, beyondioh sample did not survive
immersion in water. On the other hand, specimeasilszed with quicklime survived
only one W-D cycle. Sand specimens stabilized kD showed an increase in UCS
values over the full 12 cycles of W-D. Contrary t¢-D cycles, all the specimens

survived 12 F-T cycles.
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In a comparative study by Parsons and Milburn (200@rability of soils treated
with different additives, namely, lime, CFA, Portthcement and enzymatic stabilizer
was evaluated. After compaction of the soil-adéitiaix, the samples were cured for 7
days in a humidity room and then subjected to &esersf F-T and W-D cycles. The
cement-treated soils had the least weight lossTnt&sting, while CFA-treated soils had
lower weight losses in F-T testing than lime-trélateils. Relative performance in the W-
D cycles was mixed; lime generally performed better fine-grained materials and
Portland cement on coarse-grained soils, althoughaad cement performed relatively
well with the CH clays. Additionally, CFA performemaell only on the SM soil, where it
survived the full 12 cycles.

In another study by Parsons and Kneebone (2004t @ifferent soils with
classifications of CH, CL, ML, SM and SP were tdsfer F-T and W-D durability to
evaluate the relative performance of CKD as a ktaty agent. Results were compared
with previous findings for the same soils stabdizeth lime, cement, and fly ash. It was
reported that the CKD treated soil samples’ pertoroe in W-D testing was similar to
that for lime, fly ash and cement treated soilsweleer, CKD-stabilized samples were
not as durable in F-T testing as lime, fly ash e@ohent treated soil samples.

Arora and Aydilek (2005) conducted F-T tests otyshnd (SM) stabilized with
40% class F fly ash in combination with cementimel It was found that the strength of
specimens stabilized with class F fly ash and ceémmereased with increasing number of
F-T cycles. The increase in strength was more azdthfor mixtures that contained 7%

cement than for mixtures with 4 and 5% cement. oAléme-stabilized specimens

77



survived during F-T cycles but their strengths dased with increasing number of F-T

cycles.

3.2.2 Vacuum Saturation

The vacuum saturation method was proposed by Dgngsk Thompson (1973)
as a rapid and economical method for predictingdimebility of stabilized materials.
Currently, vacuum saturation test is outlined inTAMBC 593 as durability test for Class
C fly ash, lime-fly ash, and lime-stabilized soil$iis method consists of mixing soil and
additive at optimum moisture content and compactitg standard effort in a 100 mm
(4 in) diameter Proctor mold After compaction, spemns are cured for 7 days and
placed in a vacuum chamber that is subsequentiyuatd to a pressure of 610 mm Hg.
(24 in. Hg., 11.8 psi). After 30 minutes, the chamls flooded with de-ionized water,
and the vacuum is removed. The specimens are alltoveoak for 1 hour and are then
tested for UCS. Only few studies (e.g., McManis &nchan, 1989; Guthrie et al., 2008;
Parker, 2008) are available in the literature.

McManis and Arman (1989) evaluated the durabilifytwo CFA-stabilized
sands, namely, A-3 and A-2-4 in accordance with A8TM C 593 specifications.
Specimens were conditioned in a vacuum saturatiamber and tested for UCS with the
exception that they were cured in a humidity rodr@a7+1°C (73+3°F) rather than at
38°C (100F), as specified in the ASTM procedure. A comparisb the differences in
strength between specimens subjected to this puoeeghd those not subjected to this
procedure provided a relative measure of durabditghe sand mixtures. The strength
loss in the A-3 specimens was inconsistent, butAH&4 specimens demonstrated a

consistent loss in strength.
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In a recent study, Parker (2008) conducted vacuaturation test on silty sand
and lean clay stabilized with different additivesmely, class C fly ash, lime-fly ash,
lime or Type I/ll Portland cement. It was foundttiiae silty sand specimens stabilized
with lime-fly ash had significantly higher UCS afteacuum saturation than specimens
stabilized with CFA, lime or cement. Also, clay speens stabilized with CFA or lime-
fly ash had significantly higher UCS values thaesmens stabilized with cement or
lime. This study also proposed strong correlatietwieen residual UCS values after F-T

cycling and vacuum saturation.

3.2.3 Tube Suction Test

The Tube Suction Test (TST) was developed by theisih National Road
Administration and the Texas Transportation Ingituo evaluate the moisture
susceptibility or the amount of “free” water presavithin a soil system (Syed et al.,
1999; Guthrie et al., 2001). The TST involves measient of surface dielectric values
(DV) of the test specimens. During the test, thaase of moisture in the specimen is
monitored with a dielectric probe, which measutesdielectric properties at the surface
of the specimen. The DV is a measure of the unbamtfree” moisture within the
specimen. High surface dielectric readings indicatetion of water by capillary forces
and can be an indicator of a non-durable matehat will not perform well under
saturated or freeze-thaw cycling conditions (Sounlland Saarenketo, 1997). Guthrie and
Scullion (2003) suggested that aggregate baserspasihaving final dielectric readings
less than 10 are characterized as satisfactory weispect to moisture and/or frost
susceptibility, while specimens with final readinggbove 16 are considered

unsatisfactory. Aggregate base specimens with tredéctric values between 10 and 16
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are expected to exhibit marginal long-term dur&biliTo the author’s knowledge, there
are no recommended lower and upper DV values &tilsted soil specimens. Hence, in
the present study DV values will be used to evaleaimparative moisture susceptibility
of stabilized soil specimens.

In recent years, TST results have been correlatéld bearing capacity, frost
heave, and several other parameters (PCA, 1992e18ad0 and Scullion, 1996; Scullion
and Saarenketo, 1997; Little, 2000; Syed et alQ020Guthrie and Scullion, 2000;
Saarenketo et al., 2001; Guthrie and Scullion, 2@&ed et al., 2003; Syed et al., 2003;
Barbu et al., 2004; Zhang and Tao, 2008). Little0@ evaluated moisture susceptibility
of low, moderate, and high plasticity soils usin@TI Moisture susceptibility was
determined indirectly by measuring the DV of staled specimens using a
Percomete!. Tests were performed on three versions of eadh wutreated, lime-
treated with unsealed curing, and lime-treated withtrolled curing (seal-cured). It was
found that for low-plasticity soils, lime acted asfine filler and increased the water
content after capillary soaking. No significantfeience was seen on the DV over that of
the untreated soil. For moderate plasticity and lpgasticity soils, lime treatment, with
seal-curing, resulted in slightly lower moisturentants and substantial and statistically
significant reductions in DVs.

Barbu et al. (2004) studied only the moisture spisiogity of 28 day cured silty
sand specimens stabilized with 3.5% of cement.eiefit conditions for conducting TST
were evaluated, such as specimen size, the effecngpaction energy and size of clods.
The two different cylindrical specimen sizes usedav305 mm (12 in) by 152 mm (6 in)

diameter and 180 mm (7 in) by 101.6 mm (4 in) dieemeDV readings were taken for
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500 hours using Percometér It was concluded that the difference in finalulesiue to
different dimensions of the specimen, compactioergy or clod size is not significant.
Zhang and Tao (2006) conducted wetting-drying tstig with the TST and 7-day UCS
to determine the efficiency of cement stabilization low plastic soils, which is
frequently encountered in Louisiana. This study ficored the equivalence among
wetting-drying, TST, and 7-day UCS tests as anratéve to traditional durability tests.

In a recent study, Parker (2008) evaluated the tonm@ssusceptibility of 7-day
cured stabilized silty sand and lean clay specimEng additives, namely, class C fly
ash, lime-fly ash, lime, and type I/ll Portland aarhwere used in this study. DV values
measured in the tube suction test were lowestdecisens treated with lime-fly ash and
cement with respect to the sand and for specinreatet with class C fly ash and cement
with respect to the clay. The lime-fly ash and cetseiccessfully reduced the DV values
of sand specimens to a marginal rating, while rabiBter reduced the moisture
susceptibility of the clay to a satisfactory level.

In another recent study, Zhang and Tao (2008) acteduTST for evaluating
durability of cement-stabilized low plasticity snilA series of specimens were molded at
six different cement contents (2.5, 4.5, 6.5, 86,5 and 12.5%) and four different
molding moisture contents (15.4, 18.5, 21.5, an8%4. It was found that the final stable
DV values of stabilized specimens were all abowewalue of 30. The maximum DVs
generally decreased with increase in cement canisfith increase in the molding
moisture content, it was less effective for cementeduce the maximum DV. Also, it
was reported that at the low cement dosages, spasirmmolded on the dry side of

compaction curve can suck in free water faster thase compacted on the wet side until

81



enough amount of cement is used. Further, thedeatts indicated that the water-cement
ratio of cement-stabilized soil had the dominafilience on the maximum DV.

It is also worth mentioning here that there is nandardized procedure for
conducting TST on stabilized materials. A summdr§f®T procedure used by different
researchers is presented in Table 3.1. Hence, btigecobjectives of this study is to

develop TST procedure for stabilized soils, as belldiscussed later.

3.2.4 Other Methods

Several researchers (see e.g., Kenai et al., Z0G6)g and Tao, 2008; Osinubi et
al., 2010) and agencies (see Table 3.2) use 7-da$ hlues as an indicator of the
durability for the soil stabilization mix designofexample, Zhang and Tao (2008)
established equivalency of 7-day UCS and W-D dlitgbin a recent study, Osinubi et
al. (2010) evaluated durability of soil-lime-slagxtres by determining strength of
moisture conditioned specimens. The resistanced® in strength was determined as a
ratio of the UCS of specimens wax-cured for 7 dagswaxed top and bottom and later
moisture conditioned in water for another 7 daythtoUCS of specimens wax-cured for
14 days. It was found that the resistance to losstriength decreased with higher slag
content. For 8% lime-stabilized specimen, a pedkevaf 80% with highest durability
was observed. However, soil-lime-slag mixtures amimg 6 — 8% lime showed
resistance to loss in strength values in the réegween 50 — 70%.

Some researchers (e.g., Prusinski and BhattacH&§9; Parsons and Milburn,
2003; Parsons and Kneebone, 2004) used leachingfalesvaluating durability of
stabilized soil specimens. The leaching durabthst involves leaching de-ionized water

through a Proctor specimen of soil for 28 days.chate samples are collected for
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determining flow rate, calcium concentration, amtlgd different intervals of 1, 3, 7, 14,
21, and 28 days. Only limited information is avlaitaon leaching of CFA- or CKD-

stabilized soil specimens. However, extensive legchmvestigations were performed on
lime-stabilized specimens by McCallister and P€ir990; 1991; 1992). According to
McCallister and Petry (1990; 1991; 1992), lime-&iddi levels in soils are defined at two
levels: lime modification optimum (LMO) as deterrathby pH test (ASTM D 6276) and
lime stabilization optimum (LSO) as determined hg time addition percentage which
provides the maximum UCS. For the soils tested loCMlister and Petry (1990; 1991,

1992), the lime levels for LMO and LSO were 3 — 466 7 — 8%, respectively.

3.3 Materials

The three soils: (1) Port series soil (P-solil), Ki)gfisher series soil (K-soil), and
(3) Carnasaw series soil (C-soil), were used tduata the durability. Their properties
are presented in Section 2.3.1, Chapter 2. Alsdratgd lime, class C fly ash (CFA) and
cement kiln dust (CKD) were used. Their properties presented in Section 2.3.2, and
summarized in Table 2.4. As mentioned in the previchapter, the differences between
the chemical composition and physical propertieoragnthe selected additives are
clearly evident in Table 2.4 and are expected &0l f® different durability of stabilized

specimens.

3.4 Laboratory Procedure

3.4.1 Conventional Freeze-Thaw Test

The freeze-thaw (F-T) test was performed in acamrdawith procedure outlined

in ASTM D 560. Specimens were prepared by mixing s0il mixed with specific
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amount of additive. The amount of additive (6% liare and 10% for CFA and CKD)
was added based on the dry weight of the soil. §pecimens were molded with a
Harvard Miniature device (diameter = 33 mm i.e3 ib.and height = 71 mm i.e., 2.8 in).
The Harvard Miniature procedure was calibrateddooadance with the ASTM D 4609
test method using each soil and additive mixturéhat at the standard Proctor optimum
moisture content (OMC) and the Harvard Miniaturegadure produced a specimen
having the standard Proctor maximum dry density DMDAIl specimens were
compacted at the OMC and MDD of the soil-additivetare, as presented in Tables 2.6,
2.7 and 2.9. After compaction, specimens were ctoed days at a temperature of 23.0
+ 1.7°C (73.4 + 3.3F) and a relative humidity of approximately 96%,rasommended
by ASTM D 1632 test method. A total of two repliestwere prepared for each
combination and then subjected to 0, 1, 4, 8 andr-T2cycles after 7 days of curing.
Each F-T cycle consists of freezing for 24 hoursademperature not warmer than -
23.3C (-10F) and thawing for 23 hours at 2C1(7CF) and 100% relative humidity
(Figure 3.1). Free potable water was made availébléhe porous plates under the
specimens to permit the specimens to absorb wgteamllary action during the thawing
period. After the completion of appropriate F-T leyaunconfined compressive strength
(UCS) tests were conducted by loading specimerss displacement control mode at a

strain rate of 1% per min.

3.4.2 Vacuum Saturation Test

The vacuum saturation test was performed in acooslaith ASTM C 593 test
method with slight modifications. This method catsiof mixing soil and additive

namely, 6% lime or 10% CFA or 10% CKD, and compagtwith standard effort in a
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Proctor mold (diameter = 100 mm i.e., 4 in and herg 115 mm i.e., 4.5 in). After
compaction, specimens were cured in a humidity r@r23.0 + 1.7C (73.4 + 3.3F)
rather than at 37°8 (100F), as specified in the ASTM procedure. Followingiig,
specimens were placed in a vacuum chamber thatbjeted to a vacuum pressure of
81.3 kPa (11.8 psi; 24 in Hg). After 30 minutesgwam was removed and the chamber
was flooded with water and the specimens were akbto soak for 1 hour. After the
saturation period the water was drained, and tleeisens were immediately tested for
UCS by loading specimens in a displacement contiaie at a strain rate of 1% per min.
A comparison of the differences in UCS values betwspecimens subjected to this
procedure (UCS after vacuum saturation) and thoseubjected to this procedure (UCS
before vacuum saturation) provided a relative measd durability of the stabilized
specimens. Figure 3.2 shows photographic view tifpsesed for vacuum saturation test.
The vacuum chamber consists of a 25 mm (1 in) tRiekiglas lid. As shown in Figure
3.2, specimens were placed in an upright positioa perforated steel plate so that water

could enter the soil from all surfaces.

3.4.3 Tube Suction Test

Since there is no standard protocol for condudtitge suction tests, durability of
specimens was evaluated by preparing specimenssing dollowing three different
methods:

1. Method-1
Compaction: Standard Proctor compaction (five Is§its) at the OMC and a target
dry density of 95-100% of MDD

Cylindrical specimen size: diameter = 101.6 mm{4 lheight = 203.2 mm (8 in)
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2. Method-2

Compaction: Superpave gyratory compactor (singierléft) at the OMC and a

target dry density of 95-100% of MDD

Cylindrical specimen size: diameter = 101.6 mm{4 lheight = 203.2 mm (4 in)
3. Method-3

Compaction: Superpave gyratory compactor (singierléft) at the OMC and a

target dry density of 95-100% of MDD

Cylindrical specimen size: diameter = 152.4 mm{6 height = 152.4 mm (6 in)

Method-2 and Method-3 are similar to the methodarhpaction used by Harris
et al. (2006). According to Harris et al. (2006§)esimens should be molded in one lift
because molding specimens in multiple lifts withrap hammer generates permeability
barriers. The permeability barriers do not allow thater to rise up through the sample
beyond the bottom lift (Harris et al., 2006). Iretpresent study, the specimen size
compacted using Superpave gyratory compactor wsisiated to 152.4 mm (6 in)
(Method-3) due to the constraint of molding in difte
After compaction, specimens were cured for 7 daya controlled environment

of temperature of 23.0 + C (73.4 + 3.2F) and a relative humidity of approximately
96%. Then, specimens were dried in an oven at 84104 + 9F) for two days. After
oven drying, the specimens were allowed to cool @ room temperature for 30
minutes, and then applied with a thin layer of geearound the lateral surface and placed
on a porous stone in an open dish containing appaiely 10 mm (0.4 in) of de-ionized
(DI) water. Since the quality of the porous stohas an important influence on the final

DV (Barbu and Scullion, 2005), clean porous stomese used. Further, the top surface
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of specimen was covered with a plastic sheet aat ffbr avoiding loss of moisture due
to evaporation. During wetting of specimens in Citer, the increase in dielectric value
(DV) with time due to capillary rise of water wasasured. Four measurements were
taken along the circumference of the specimenparsge quadrants and the fifth reading
was taken at the center of specimen and an averfagi five readings was calculated.
Measurements were taken daily for 10 days usingekealric probe (or Percomef&)
and the final 16 day reading was reported. A photographic viewhaf TST setup is
shown in Figure 3.3. To ensure adequate contapraife on the top of surface of the
specimen, a surcharge of 2.2 kg (4.86 Ib) was eg@kigure 3.3). After 10 days of TST,
specimens prepared by using Method-1 and -2 wdrentaufive and three equal layers,

respectively, and oven dried for moisture content.

3.4.4 Resilient Modulus Test on Capillary-Soaked Specimens

The new Mechanistic-Empirical Pavement Design GM&PDG) (AASHTO,
2004) recommends the evaluation of resilient moglu ;) for critical performance
prediction of stabilized subgrade layer. During thervice life, however, subgrade
undergoes moisture variations and consequentl langngth and stiffness fluctuations
as well. It is critical that the changes takinggelan the modulus of proposed subgrade
soil at the expected field condition be investigdbeforehand (AASHTO, 2004). One of
the modes of moisture variation includes capillaoaking, which involves sucking of
water into the pavement matrix from a free watefage located at its base. In practice,
the external water sources may come from rain,gddgup drains, or perched and
shallow water tables. Hence, in this study, staddispecimens already tested for b6

discussed in Section 2.6, were further subjectedagullary soaking under controlled
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temperature (23.0 + °C i.e., 73.4 + 3.F) and relative humidity (>96%) in an ice chest.
After 60 days of capillary soaking, specimens wagain tested for M as additional
indicator of durability. Specifically, Mtest was conducted on two replicates of capillary
soaked specimens of P-, K-, and C-soil stabiliz&ti three additives namely, 6% lime,

10% CFA and 10% CKD. Further, details of thetbkts are given in Section 2.6.

3.5 Presentation and Discussion of Results

3.5.1 Effect of Freeze-Thaw Cycles

The individual results of the UCS tests after 0418 and 12 F-T cycles are
graphically illustrated in Figures 3.4, 3.5 and ®6P-, K- and C-soil, respectively. All
the specimens tested in this study, in generalstalecrease in the UCS values with
increase in the number of F-T cycles. For exantpke UCS value of raw, 6% lime-, 10%
CFA-, and 10% CKD-stabilized K-soil specimen afig@ F-T cycle is approximately
97%, 89%, 93%, and 90% lower than a comparableimpacwith a zero F-T cycle. A
similar qualitative trend was observed for the Rd &-soil specimens, where the UCS
values exhibited a decrease as the number of FelExyncreased up to 12. The decrease
in UCS values can be explained by a combined eéfepbre structure and the increase
of moisture content (Figure 3.7 for K-soil specimeduring the thawing portion of the
cycle. Increase in moisture content during the thgwphase results in ice lenses within
the void space of the specimens in the freezingghfarmation of ice lenses distorts the
structure of raw and stabilized specimens (Kho@305). On the other hand, higher
density of stabilized soil specimen indicates fipare structure. The capillary force
exerted on a pore wall depends on the pore sizesthaller the pore, the higher the

suction force. As water enters and exits the patesgn generate considerable pressure
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and degrade the surrounding material (PrusinskiBivattacharja, 1999). Although lime-
stabilized specimen had higher moisture contennh tbarresponding CFA-stabilized
specimens (Figure 3.7), it also had lower densitlicating open pore structure which
reduces F-T damage effects (16.8 kRifior K-soil-lime versus 17.4 kN/fnfor K-soil-
CFA mixtures). It is also clear from Figures 3.4otigh 3.6 that decrease in UCS from F-
T cycle 0 to 1 is higher than decrease in UCS betwaher F-T cycles. For example,
UCS values of 6% lime-stabilized K-soil specimersrdased by approximately 40%
between F-T cycles 0 — 1 and 34% between F-T cytles 4, respectively. It is
speculated that freezing and thawing opened upadhes, reducing the damaging effects
of later F-T cycles.

The effect of F-T action on UCS values varies frone soil-additive mixture to
another, as shown in Figures 3.4 through 3.6. Tal8eshows the average percentage
decrease in UCS values of raw and stabilized P-aitt C-soil specimens due to F-T
action. It is evident that for P-soil specimenssildy clay with sand, the percentage
decrease in UCS values of 10% CKD-stabilized speesnis lower than the
corresponding 6% lime-stabilized specimens, folldwey 10% CFA-stabilized
specimens. For example, the UCS values of CKD-s&tallispecimens subjected to 4 F-T
cycles is approximately 65% lower than the corresitiy UCS values of stabilized
specimens with no such cycles. The correspondincepéage decrease is 75% and 82%
for lime- and CFA-stabilized specimens, respecyiv@lthough the percentage decrease
in UCS values for lime-stabilized specimens sule@gdio 1 F-T cycle is higher than
corresponding CKD-stabilized specimens, the UC8asfor CKD-stabilized specimens

were higher than the corresponding UCS values ef lttne-stabilized specimens.
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Specifically, the UCS values of CKD-stabilized speens is 605 kPa (87.8 psi) which is
approximately 91% higher than the corresponding U@&Bues of lime-stabilized
specimens after 1 F-T cycle (Figure 3.4). Figui® shows a photographic view of the
raw, 6% lime-, 10% CFA-, and 10% CKD-stabilized @peens of P-soil with no visual
degradation evident. Consequently, CKD-stabilizatirovided better resistance than
lime- and CFA-stabilization towards F-T durabildf/P-soil specimens.

Contrary to the behavior of stabilized P-soil spemms, F-T tests on both K-soil
(lean clay) and C-soil (fat clay) stabilized speems projected 6% lime-stabilized
specimens showing highest UCS values followed b% IOKD and 10% CFA. For
example, the average UCS value of 6% lime-stalilesoil specimens subjected to 1 F-
T cycles is 159 kPa (23 psi), as compared to 65(RR=si), and 21 kPa (3 psi) for 10%
CKD- and 10% CFA-stabilized specimens, respectivélyther, the percentage decrease
in UCS values from Table 3.3 supports the fact 8%t lime stabilized specimens are
more durable against F-T cycles as compared tarapas stabilized with 10% CKD and
10% CFA. It is believed that presence of highedtigan content in lime among all
additives used in this study (Table 2.4) will produhigher amount of cementitious
products (e.g., calcium silicate hydrate, calcidlomanate hydrate) after combining with
pozzolana (silicious and aluminacious materialjc8iK- and C-soil have very high clay
content indicating higher amount of pozzolana anmared to P-soil (Table 2.2), more
cementitious compounds are expected in K- and C-Bayures 3.9 and 3.10 show
photographic view of raw and stabilized K- and @-specimens, respectively. It is clear
from Figures 3.9 and 3.10 that raw and stabilizedofC specimens show more

degradation than corresponding K-soil specimenssTane can conclude that durability
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of C- and K-soil specimens against F-T cycles ghér with lime as compared to CFA

and CKD.

3.5.2 Vacuum Saturation Test

A summary of UCS results conducted on P-, K- amsbi{Cspecimens subjected to
vacuum saturation procedure (UCS after vacuum a&@m) and those not subjected to
vacuum saturation procedure (UCS before vacuunratain) is presented in Figure
3.11. The raw soil specimens deteriorated durirey dbaking stage and could not be
tested for UCS. All of the stabilized specimeng lsisength compared to the control
specimens tested after 7 days. During vacuum gsatnrgesting, the UCS of the P-soil
specimens stabilized with lime, CFA and CKD decegaby an average of 44, 53 and
55%, respectively. Although lime-stabilized speammeshowed lowest percentage
decrease, the average UCS value of CKD-stabilipedisien was highest (258 kPa, i.e.,
37 psi) after vacuum saturation test among allaithditives used in this study. Similar to
the trends of UCS values after F-T cycles, 6% Istabilized specimens of K- and C-soil
specimens showed lowest percentage decrease invidld8s after vacuum saturation.
For example, K-soil specimens stabilized with 6%hdj 10% CFA and 10% CKD
showed a percentage decrease in UCS values of xamately 51%, 66% and 71%,
respectively. Also, it is evident from Figure 3.ttfat for K- and C-soil specimens, the
UCS values after vacuum saturation of 6% lime-$itaal specimens is higher than the
corresponding 10% CKD-stabilized specimens, folldwby 10% CFA-stabilized
specimens. Since UCS values of stabilized P-, Kt @rsoil specimens after vacuum
saturation showed similar trends to UCS valuesr &td& cycling, similar reasons as

mentioned in the preceding Section 3.5.1 can be tspistify the observed trends.
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3.5.3 Tube Suction Test

A summary of the final 10day dielectric constant values (DVs) for the rawd a
stabilized P-, K- and C-soil specimens is summadrire Figures 3.12, 3.13 and 3.14,

respectively.

3.5.3.1 Effect of Method of Specimen Preparation

It is clear from Figures 3.12 through 3.14 that sipecimens prepared by using
Method-1 showed a lower DV as compared to corredipgnspecimens prepared by
using Method-2 and -3 which provided similar DMSor example, raw K-soil specimens
provided a DV of 18.1, 40.2 and 39.9 when specinvegr® prepared in accordance with
Method-1, -2 and -3, respectively. This differemc®V between specimens prepared by
using Method-1 and -2 or -3 could be attributedht® variation of the moisture content
values along the height of specimens, as shownigurés 3.15, 3.16 and 3.17,
respectively, for P-, K- and C-soil specimens. $peas prepared by using Method-1
showed that the moisture content of bottom layewasy high as compared to the
moisture content of the top layer. This differemcenoisture content between bottom and
top layer varies between 1.3 — 3.9%, 1.3 — 6.9%, BO — 6.7% for P-, K- and C-soil
specimens, respectively. On the other hand, alPthé&- and C-soil specimens prepared
by using Method-2 showed a difference in moistuwatent of less than 0.5% between
bottom and top layer. Since the measured signaguercometél depends only on the
dielectric properties of top 20 — 30 mm (0.8 — P of material (Saarenketo, 2006;
Adek, 2007), it is expected that the specimen kgwiniform moisture content will
provide the representative behavior. Also, it igpamant to note that the specimens

compacted in single layer (Method-2 and -3) are enmpresentative of the field

92



conditions where stabilized subgrade layer is cartgghin one lift. Figures 3.18 (a) and
(b) show photographic view of 10% CKD-stabilizeds@it specimens prepared by using
Method-1 and -2, respectively. It is evident frongufes 3.18 (a) and (b) that the
specimen prepared by using Method-1 is dry at tbdewspecimen prepared by using
Method-2 is uniformly wet resulting in lower (28.80d higher (41.1) DVs, respectively,

as shown in Figure 3.14.

3.5.3.2 Effect of Additive and Soil Type

Since Method-2 and -3 provided similar and repregese DVs of stabilized soill
specimens, DVs obtained by using Method-2 were tmeflirther evaluation of effect of
additive and soil type on durability. The raw P-, lind C-soil specimens showed an
average DV of approximately 35.3, 40.2 and 39.8peetively (Figures 3.12 — 3.14).
Stabilization with 10% CFA is more effective in umihg the DV of P-soil specimens
followed by 6% lime. For example, DV reduced by 18f@ 17% by treating P-soil with
10% CFA and 6% lime, respectively. Similar to thmlitative trend noticed in preceding
sections, K- and C-soil specimens showed more teflawess with 6% lime by
decreasing the DVs of corresponding raw soil spensrby 20% and 15%, respectively.
These results are consistent with the observatioade by Little (2000) and Barbu and
McManis (2005). The percentage decrease in DV du&086 CFA was found to be
approximately 7% and 4% for K- and C-soil specimeaspectively, consistent with the
observations reported by Guthrie et al. (2008) Ratcker (2008). It is an indication that
lime and CFA stabilization has more or less sanggeseof effectiveness in reducing the

DV for K- and C-saoils.
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On the other hand, the DVs of 10% CKD-stabilizedK2-and C-soil specimens
exhibited an increase, an opposite trend as comptrelime- and CFA-stabilized
specimens. For example, P-, K- and C-soil specinpeegared with 10% CKD showed
an average increase of approximately 5%, 4% anda$%ompared to raw specimens.
Hence, CKD was found to show no significant improeat in DVs for the P-, K- and C-
series. Similar behavior of increase in DV with éidd of 2% CKD in limestone base
material was reported by Si and Herrera (2007)s Tdehavior of increase in DV of
CKD-stabilized specimens may be attributed to tmesg@nce of extra CKD in the
specimen which is not reacting with the host matehence it absorbs water increasing

the moisture content (Figures 3.15 — 3.17) ancedigt constant.

3.5.4 Resilient Modulus Test on Capillary-Soaked Specimens

The M test results of P-, K- and C-soil specimens teaftat 60 days of capillary
soaking are presented in Tables 3.4, 3.5 and 8dpectively. All M values listed in
Tables 3.4 through 3.7 are mean of results frotinggonducted on two specimens. In
general, it is clear that all P-, K- and C-soil ilapy-soaked specimens showed decrease
in M, values with respect to corresponding specimengededefore soaking, as
mentioned in Section 2.7. For comparison,Mdlues at a particular stress leve € 41
kPa, i.e., 6.0 psikg = 25 kPa, i.e., 3.6 psi) are graphically showrFigure 3.19. After
capillary soaking, 6% lime-stabilization of K- afidsoil showed the best performance by
providing highest Mvalues (Figure 3.19). As compared to capillarykedaraw K-soll
specimens, 6% lime produced 759% higher Wlues. On the other hand, C-soil
specimens stabilized with 6% lime producedwdlues enhanced by 356%, as compared

to raw C-soil specimens. Stabilization with 10% CpAduced a moderate effect after
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capillary soaking. For example, 10% CFA enhancedvislues by an approximate
percentage of 422% and 67% respectively, for K- @rgbil specimens. With P-soil, the
degree of effectiveness after capillary soaking feasid more for 10% CFA-stabilized
(approximately 1,237% increase) specimens thanesponding 6% lime-stabilized
(approximately 538% increase) specimens.

On the contrary to before capillary soaking behguwitKD-stabilized specimens
showed the worst performance after 60-day capiltargking. For example, specimens
stabilized with 10% CKD showed an increase invislues only by 245%, lowest among
all stabilized P-soil specimens. Similarly, additiof 10% CKD in K-soil specimens
showed an increase of approximately 349% in Wlues, compared to raw soil
specimens. Capillary-soaked C-soil specimens stelilwith 10% CKD showed no
improvement in Mvalues.

Further, to discuss the comparative long-term &ffeness of lime, CFA, and
CKD, a chart of ratio of Mvalues before and after capillary soaking versye tof
additive was plotted (as shown in Figure 3.20)sltlear from Figure 3.20 that P-soill
specimens stabilized with 10% CFA showed maximusistance towards moisture
damage with reduction in Malues by an average factor of 1.7. On the othedh6%
lime-stabilization proved more effective with K-diC-soils. For example, M/alue of
K- and C-soil specimens stabilized with 6% limerdased by a factor of 15.3 and 4.8,
respectively. K- and C-soil specimens stabilizedhwi0% CFA showed moderate
behavior with reduction in Mvalues by a factor of 18.7 and 7.1 for K- and @-so
respectively. Stabilization of specimens with CK2lged least resistance to moisture

damage among all the three additives used in thdysFor example, Mvalues of P-, K-
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and C-soil specimens stabilized with 10% CKD desedaby a factor of 20.0, 26.6 and

30.7, respectively.

3.6 Discussion

Based on aforementioned UCS results, P-soil spexsjre silty clay with sand,
showed better performance with 10% CKD against &ydles. On the other hand, K-
(lean clay) and C-soil (fat clay) specimens showgther degree of improvement against
F-T cycles with 6% lime. Similar qualitative trend P-, K- and C-soil specimens were
observed for the retained UCS values after vacuatmration test. It is also important to
note that C-soil specimens stabilized with lime AC&hd CKD showed lowest retained
UCS values as compared to corresponding specimiei®s and K-soil. This can be
attributed to the acidic nature of C-soil (pH = #).Wwhich will decrease the rate of
cementitious reactions. Further, analyses of theresults indicated that the UCS values
after 12 F-T cycle were lower than the correspogdialues associated with UCS values
retained after vacuum saturation. This observasioggests that the 12 F-T cycles are
more severe than the vacuum saturation test feetparticular fine-grained soils. Figure
3.21 shows a plot of UCS after F-T cycles (1 and t@rsus UCS after vacuum
saturation. The Rvalue associated with this correlation is compaeat high at 0.9401
and 0.7361 after F-T cycle 1 and 12, respectivélyus, a strong correlation exists
between UCS values retained after vacuum saturatidr=-T cycles.

The final DVs of all the raw and stabilized speamm&vere above the value of 16.
Referring to the maximum DV criterion proposed byti@ie and Scullion (2003), which
was mainly for coarse soils or aggregates, the testied in this study were moisture

susceptible with its maximum DV above 16. Howews&sed on increase of 7-day UCS
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by 345 kPa (50 psi) over raw specimens criteri@ommended by several highway
agencies (Table 3.2) for selection of additive eant10% CKD-stabilized P-soil and all
stabilized K-soil specimens should be durable. Thius maximum DV criterion seems
more conservative since no specimen satisfied theimmum DV criterion; consistent
with the observations reported by Zhang and Ta0§2Q008). Also, no correlation was
observed between the final DV after TST and durtglvaluated by using retained UCS
values after F-T or vacuum saturation test. Formgta, P-soil specimens stabilized with
10% CKD showed best performance against F-T cyaesng all the additives used in
this study. On the other hand, TST projected 109D&kabilized specimens showing the
worst performance with a very high DV of approxieigt37.2. Figure 3.22 shows that
the final DV is affected by the moisture contentsplecimens. However, it is worth
noticing that the final DV is dependent on matetyge and is influenced by properties
such as clay content, saturation history, degrdmnotling of water molecules around soil
particle, optimum moisture content, and plastiatlif8aarenketo, 2006).

The qualitative trend of Mvalues of stabilized soil specimens tested afded®ys
of capillary soaking were similar to the behavidrcorresponding specimens tested for
DV by using Method-2. For example, Nests on capillary-soaked specimens showed
that P-soil specimens stabilized with 10% CFA hawaximum resistance towards
moisture damage consistent with the lowest DV (P88 10% CFA-stabilized
specimens. Figure 3.23 shows a plot ofdffer 60 days of capillary soaking versus final
10" day DV. The R value of 0.6786 associated with this correlatioggests similar

qualitative trend of results obtained using the testing procedures.

97



3.7 Conclusions

The following conclusion can be drawn from the afoentioned results of this study:

1. All the specimens tested in this study showed dsgen the UCS values with
increase in the number of F-T cycles. Such a deereauld be explained by the
increase in moisture absorbed by specimen duriaghhwing portion of the cycle
and pore structure of the stabilized specimen.

2. For the percentages of additives used in this stebults showed that lime provides
higher resistance against F-T cycles for lean (fagoil) and fat clay (C-soil). On the
other hand, CKD-stabilization is more effective twisilty clay (P-soil) against
damage caused by F-T cycles. A similar qualitatreed of behavior was observed
for retained UCS after vacuum saturation test.

3. The test results indicated that the 12 F-T cyclesmore severe than the vacuum
saturation test for the particular soils used iis #tudy. Also, a strong correlation
exists between UCS values retained after vacuunnagain and F-T cycles.

4. The final dielectric constant values measured hydooting Tube Suction Test are
influenced by the method of specimen preparaticwévVer, final DV is not affected
by the specimen size, as evident from similar tesadtained by using Method-2 and
-3.

5. Stabilization with 10% CFA is more effective in wtmihg the DV of silty clay
specimens followed by 6% lime. However, 6% lime @ more effective in
reducing DV of lean clay and fat clay specimens. tas contrary, 10% CKD was
found to show no significant improvement in DVs tbe soils used in this study.

Also, a strong correlation was found between thalfDV and moisture content of
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specimens suggesting that DV is affected by theustof moisture present in the
specimens.

. The maximum DV criterion for selecting durable aggate base material seems more
conservative for raw and stabilized soil specimens.

. No correlation was observed between the final Diéraf ST and durability evaluated
by using retained UCS values after F-T or vacuuturation test.

. After capillary soaking, 6% lime-stabilization a#dn clay and fat clay showed the
best performance by providing highest Malues. With silty clay, the degree of
effectiveness after capillary soaking was found endor 10% CFA-stabilized
specimens than corresponding 6% lime-stabilizeccispmns. Contrary to before
capillary soaking behavior, CKD-stabilized specisishowed the worst performance
after 60-day capillary soaking. Thus, the quaMatirend of M values after capillary
soaking were similar to the behavior of correspogdipecimens tested for DV.

. For all the soils used in this study, raw and $ted C-soil (fat clay) specimens
showed worst performance in F-T UCS, vacuum saturadnd M after capillary
soaking tests. This can be attributed to the agidiare of C-soil (pH = 4.17) which

will decrease the rate of cementitious reactions.
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Table 3.1 Summary of Literature Review of Tube #ucTest on Stabilized Materials

Type of ]
) . . . Duration
Soil Curing Specimen Drying . .
Reference . ; : of Experimental Details
/Aggregate period Size Period readin
(Additive) 9
Little Silty soil (L) 7 days 1524 mm 4days 311 hours Specimen was placed in a tray with a
(2000) x 152.4 (40°C) (13 days) porous plate at the bottom of the
mm (6.0 in) specimen (No mold was used)
X 6.0 in)
Syed etal. Aggregates NA 1524 mm - 240 hours Specimen was compacted in
(2000) (CLS) x 203.2 (10 days) cylindrical plastic molds. These
mm (6.0 in molds were having 1.0mm diameter
x 8.0 in) holes around the circumference(at
height of 6 mm from the bottom) of
the mold at a horizontal spacing of
12.5 mm
Guthrie Hanson NA 1524 mm 2days 240 hours Specimen was compacted in
and Aggregates x 203.2 (60+5° (10 days) cylindrical plastic molds. These
Scullion mm (6.0in C) molds were having 1.5mm diameter
(2003) x 8.0 in) holes around the circumference(at
height of 6 mm from the bottom) of
the mold at a horizontal spacing of
12.5 mm
Saeed etal. NA NA 1524 mm 3 days -- Specimens were compacted in
(2003) x 203.2 (38° C) cylindrical plastic molds. These
mm (6.0 in molds were having 1/16 in diameter
x 8.0 in) holes (¥ in above the outside bottom
of the mold)around the
circumference of the mold at a
horizontal spacing of 0.5 in. This
equates to 38 or 39 holes around the
cylinder base. In addition it also
consisted of one 1/16 in diameter
hole in each quadrant of the circular
bottom of the mold, with each hole
about 2 in from the center
Syed et al. Aggregates 0 day 101.6 mm 3-4 240 hours Specimen was placed in a tray with a
(2003) © x116.8 days (10 days) porous plate at the bottom of the
mm (4.0in (40 C) specimen (No mold was used)
X 4.6 in)
Barbu et al. Silty sand 28 days 1524 mm 2days 500 hours The bottom of the tube was cut and
(2004) © x 304.8 (50°C) (21days) replaced with aluminum foil pierced
mm, 101.6 with a 1.mm nail, to form 3
mm X concentric circles and with a
177.8 mm distance between holes of
(6.0in x approximately 4 cm
12.0in,4.0
in x 7.0in)
Zhangand Leanclay (C) 1 day 101.6 mm 14 days 240 hours Specimens were placed in plastic
Tao (2008) x177.8 (40°C) (10days) tube with holes at their bottoms, and
mm (4.0 in then plastic tubes were placed in a
X 7.0 in) large plastic container with a porous

stone underneath and 20 mm water
above the bottom= of the samples

L-Lime; C-Cement; CLS-Concentrated liquid stabifiz&A-Not Applicable
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Table 3.2 Summary of Recommended Procedures bgmiit Agencies for Evaluating
Durability of Stabilized Soils

Agency Specification/ Type of  Procedure Requirements
Reference additive
American ASTM D 4609 Chemicals Unconfined compressive strength onUCS > 50 psi + UCS
Society for  (2001) raw, cured specimens and 2-day
Testing and moisture conditioned samples
Materials
(ASTM)
Department AFJMAN Lime, PC  Cured specimens (28-day for lime- UCS>250 psi (for
of Air Force (1994) stabilized, 7-day cement-stabilized atflexible pavement),
and Army 73°F) are subjected to 12 cycles of WUCS>200 psi (for rigid
D or F-T in accordance with ASTM D pavement)
559 or 560, respectively and tested for
UCSs
lllinois DOT PTA-D7/ Lime, PC  Unconfined compressive strength onUCS, > 50 psi + UCS
(ILDOT) IDOT (2005) raw and treated specimens UCS,> 100 psi
UCS pc> 500 psi
Indiana INDOT (2008) Lime, PC  Unconfined compressive stttran =~ UCS > 50 psi + UCS
DOT cured specimens (2-days at 320 UCS > 100 psi + UCS
(INDOT)
Ohio DOT  Supplement Lime, PC  Cured specimens (7-day at ’F)4 UCS > 50 psi + UCS
(OHDOT) 1120/ OHDOT followed by moisture conditioning of UCS > 100 psi
(2007) specimens through capillary soaking UCS pc> 50 psi + UCS
for 1-day before UCS test UCS pc 150 psi
Oklahoma  OHD L-50/ PC, CFA, Cured specimens (one for 7-day, Without moisture
DOT ODOT (2006) CKD another for 5-day followed by 2-day conditioning:
(ODOT) of moisture conditioning through UCS pc, cra, ckp™ 50 psi
immersion in water) at 78 before + UCS
UCS test UCS,PC, CFA, CKD< 150
psi
Moisture conditioned:
UCS pc, cra, ckp™ 50 psi
+ UCS
Texas DOT Tex 121-E/ Lime Cured specimens (7-day at room
(TXDOT) TXDOT (2002) temperature) and air dried at fBGo  UCS,; > 50 psi + UC$
loose 1/3 — ¥ of molding moisture
content
Texas DOT Tex 135-E/ PC Cured specimens (7-day at 980are
(TXDOT) TXDOT (2002) subjected to 12 cycles of F-T in

accordance with ASTM D 560, and
weight loss is determined

DOT: Department of Transportation; UCS: unconfigedhpressive strength; t: treated soil; r: raw soil
W-D: wet-dry; F-T: freeze-thaw; L: Lime; PC: Porithcement; CFA: class C fly ash; CKD: cement kilistd
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Table 3.3 Percentage Decrease in UCS Values ofdRavitabilized P-, K- and C-soil
Specimens Due to F-T Cycles

Additive Number of F-T Cycles

Type 1 4 8 12
P-soil

None 96 96 97 97

6% Lime 33 75 82 85

10% CFA 57 82 87 87

10% CKD 48 65 78 83
K-soll

None 95 95 96 97

6% Lime 40 79 86 89

10% CFA 69 91 92 93

10% CKD 66 83 88 90
C-saoil

None 95 95 96 100

6% Lime 62 91 95 98

10% CFA 97 98 98 99

10% CKD 88 94 98 99

Table 3.4 A Summary of Resilient Modulus ValuesStdbilized P-soil Specimens (After
60-Day Capillary Soaking)

O3 Oy Mr (M Pa)

(kPa) (kPa)Raw SD CV 6%Lime SD CV 10% CFA SD CV 10%CKD SD  CV
41 12 33 6 18 181 28 15 391 38 10 98 19 19
41 25 29 5 17 186 31 17 388 41 11 100 18 18
41 37 25 4 16 209 22 11 344 37 11 117 17 15
41 50 24 4 17 227 28 12 261 42 16 126 21 17
41 62 24 5 21 236 13 6 218 39 18 131 18 14
28 12 32 5 16 169 21 12 258 41 16 87 11 13
28 25 26 6 23 189 11 6 241 38 16 101 16 16
28 37 23 4 17 204 10 5 232 37 16 107 19 18
28 50 23 3 13 215 19 9 232 41 18 112 21 19
28 62 22 4 18 224 17 8 225 38 17 116 16 14
14 12 24 2 8 156 18 12 271 39 14 83 14 17
14 25 18 3 16 173 22 13 273 43 16 83 17 21
14 37 17 1 6 183 17 9 277 29 10 86 13 15
14 50 18 1 5 193 22 11 269 34 13 92 11 12
14 62 18 2 11 203 29 14 249 31 12 96 9 9

1 psi = 6.89 kPa; 1 ksi = 6.89 MPa; SD: standaxdatien; CV: coefficient of variation (%)
oq4 : deviator stresss; : confining pressure; M resilient modulus (using internal LVDTS)
* Deformations are out of the measuring range obI'¢
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Table 3.5 A Summary of Resilient Modulus ValuesStdbilized K-soil Specimens (After
60-Day Capillary Soaking)

63  Og M; (MPa)
(kPa) (kPa) Raw SD CV 6% Lime SD CV 10% CFA SD CV 10% CKD SD CV

41 12 11 4 40 72 17 24 47 11 23 41 8 19
41 25 9 3 36 79 16 20 48 9 19 41 9 22
41 37 ° @ @ 79 12 15 46 10 22 39 6 15

41 50 - - - 83 13 15 45 6 13 38 6 16
41 62 - - - 87 14 16 45 8 18 38 8 20
28 12 - - - 56 11 19 43 9 21 39 10 25
28 25 - - - 58 14 24 37 9 23 35 6 16
28 37 - - - 64 13 20 37 10 27 35 8 23
28 50 - - - 71 10 13 39 11 28 37 5 15
28 62 - - - 78 11 14 41 10 24 39 9 23
14 12 - - - 48 9 20 36 7 19 39 7 18

14 25 - - - 50 9 18 31 6 19 32 5 15

14 37 - - - 56 12 21 31 8 25 31 4 13
14 50 - - - 64 10 16 33 6 18 32 4 12
14 62 - 72 14 20 36 4 11 34 5 15

1 psi = 6.89 kPa; 1 ksi = 6.89 MPa; SD: standardatien; CV: coefficient of variation (%)
oq4 : deviator stressys : confining pressure; M resilient modulus (using internal LVDTS)
* Deformations are out of the measuring range obI'¢

Table 3.6 A Summary of Resilient Modulus Valuesstdbilized C-soil Specimens (After
60-Day Capillary Soaking)

O3 oy M, (MPa)

(kPa) (kPa) Raw SD CV 6% Lime SD CV 10% CFA SD CV 10%CKD SD _ CV
41 12 30 4 14 104 21 20 40 9 23 15 3 20
41 25 23 3 14 105 18 17 38 4 11 14 4 29
41 37 18 2 14 101 20 20 36 7 20 12 3 23
41 50 16 2 12 100 17 17 34 1 32 ° @ @

41 62 ° a a 101 21 21 33 7 21 - - -
28 12 - - - 87 15 18 34 4 11 - - -
28 25 - - - 79 12 15 27 3 11 - - -
28 37 - - - 79 11 14 26 4 15 - - -
28 50 - - - 83 12 15 27 2 7 - - -
28 62 - - - 87 13 15 28 2 8 - - -
14 12 - - - 67 11 16 25 2 8 - - -
14 25 - - - 62 10 16 21 3 14 - - -
14 37 - - - 64 9 14 21 2 10 - - -
14 50 - - - 68 11 15 22 2 9 - - -
14 62 - - - 74 8 11 23 3 13 - - -

1 psi = 6.89 kPa; 1 ksi = 6.89 MPa; SD: standaxdatien; CV: coefficient of variation (%)
o4 . deviator stressis : confining pressure; M resilient modulus (using internal LVDTS)
* Deformations are out of the measuring range obDI'¢
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Figure 3.1 Setup for (a) Freezing (b) Thawing Test

Figure 3.2 Setup for Vacuum Saturation Test
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Static Load

Figure 3.3 Setup for Tube Suction Test
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Figure 3.4 UCS of Raw and Stabilized P-Soil Speosret the End of 0, 1, 4, 8 and 12
Freeze-Thaw Cycles
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Figure 3.5 UCS of Raw and Stabilized K-Soil Specimat the End of 0, 1, 4, 8 and 12

Freeze-Thaw Cycles
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Number of Freeze-Thaw Cycles

Figure 3.6 UCS of Raw and Stabilized C-Soil Speasnat the End of 0, 1, 4, 8 and 12
Freeze-Thaw Cycles
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Figure 3.7Moisture Content of Raw and Stabilize-Soil Specimens at the End of1,
4, 8 and 12 Freeze-Thaw Cycles

(a) Raw (b) 6% Lime  (c) 10% CFA (d) 10% CKD
Figure 3.8 Pscil Specimens at the End of 12 Freéizeaw Cycle
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(a) Raw (b) 6% Lime (c) 10% CFA (d) 10% CKD
Figure 3.9 K-soil Specimens at the End of 12 Fredzav Cycles

(a) Raw (b) 6% Lime  (c) 10% CFA (d) 10% CKD
Figure 3.10 C-soil Specimens at the End of 12 Feddmw Cycles
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Unconfined Compressive Strength, UCS

Additive Type
—24— P-soil (Before Vacuum Saturation)--&--- P-soil (After Vacuum Saturation)
—O— K-soil (Before Vacuum Saturationy ® = K-soil (After Vacuum Saturation)
—H&— C-soil (Before Vacuum Saturationy B~ C-soil (After Vacuum Saturation)

Figure 3.11 UCS of Raw and Stabilized Soil Specsri@efore and After Vacuum
Saturation Test
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@ Method-1 (4x8): five layers Method-2 (4x4): onelayer  BMethod-3 (6x6): one layer
Figure 3.12 Final 10 Day Dielectric Values of Raw and Stabilized P-Spkcimens
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Final 10" Day Dielectric Constant

K-soil+6

K-s0il+10%
dditive type
B Method-1 (4x8): five layers  @Method-2 (4x4): one layer  ®@Method-3 (6x6): one layer
Figure 3.13 Final 10 Day Dielectric Values of Raw and Stabilized K-S®flecimens

Final 10" Day Dielectric Constant

@ Method-1 (4x8): five layers Method-2 (4x4): onelayer  ®Method-3 (6x6): one layer
Figure 3.14 Final 10Day Dielectric Values of Raw and Stabilized C-Rylecimens
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Figure 3.15 Variation of Moisture Content Along tHeight of Stabilized P-Soil
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Figure 3.17 Variation of Moisture Content Along tHeight of Stabilized C-Sall
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Figure 3.18 Photographic View of C-soil Specimetabiized with 10% CKD Under
Tube Suction Test (After 10 Days)
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CHAPTER 4

INFLUENCES OF VARIOUS CEMENTITIOUS ADDITIVES ON PERFORMANCE
OF SULFATE BEARING SOIL

4.1 Introduction

Sulfate bearing natural soils are ubiquitous intlsewn, western, and southwestern
states of the United States (Hunter, 1988; Mitchetl Dermatas, 1990; Petry and Little,
1992; Kota et al., 1996; Rollings et al., 1999; palp et al., 2001). These states mainly
include Texas, Nevada, Louisiana, Kansas, Coloradd, Oklahoma where calcium-
based additives such as lime, ordinary Portlandecgnand fly ash, are traditionally used
to stabilize natural subgrade soils rich with sigiféKota et al., 1996; Rollings et al.,
1999). Primary “sulfate-induced heaving” problenmnseawhen natural sulfate rich soils
are stabilized with calcium-based additives (Pupgdlal., 2004), also known as “sulfate
attack.” Calcium ions of the additive are knownréact with free alumina and soluble
sulfates in soils to form ettringite, gAI(OH)¢)2.(SQy)3.26H0, causing expansion of up
to 250 percent when completely formed (Hunter, 1888ger et al., 2001). Ettringite, a
weak sulfate mineral, undergoes significant heawulngn subjected to hydration. This
heave is known to severely affect the performariqgga@ements, and other geotechnical
engineering structures built on sulfate rich sesiigbilized with calcium-based additive
(Hunter, 1988; Mitchell and Dermatas, 1990; Petng d.ittle, 1992; Rajendran and
Lytton, 1997; Rollings et al., 1999; Puppala et 2004).

Consequently, a research program was undertakénthgtobjective of exploring
potential additives with different amount of caltiuthat are locally produced and
economically available, namely, lime, class C #n4CFA), and cement kiln dust (CKD)

for stabilizing natural sulfate rich lean clay framrthwestern Oklahoma. The research
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presented in this chapter is unique in several walysrt-term and long-term strength-
stiffness parameters of stabilized sulfate richnleday are evaluated for pavement
application and volume change behavior of staldlilsan clay is addressed. Short-term
performance evaluation included determination aflient modulus (M), modulus of
elasticity (Mg), and unconfined compressive strength (UCS), d&rdays of curing,
consistent with the MEPDG, as presented in Chaptdrong-term performance was
evaluated in terms of three-dimensional (3-D) swaling 120 days of capillary soaking
of selected specimens. At the end of capillary smpkspecimens were further tested for
M., modulus of elasticity, and unconfined compressitrength, as additional indicators
to long-term pavement performance. Furthermore, vattles, Atterberg limits, and
percent passing No. 200 sieve were also determiaitelr 28 days of curing.
Mineralogical studies such as scanning electronrasaopy, energy dispersive
spectroscopy, and X-ray diffraction were used tofyeesearch findings observed from
the macro test results. The evaluation resultseptes here could potentially lead to the
selection of type and amount of locally availabdigliive for stabilization of sulfate rich

lean clay in pavement construction projects.

4.2 Background

Sherwood (1958) was the one of the early invesirgaivho noticed the problem
concerning sulfate attack on stabilized soil. Stoerdv(1962) conducted an experiment to
determine the effect of the presence of sulfats ionsoils on the durability of cement-
and lime-stabilized soils. The method of invesimatonsisted of observing the behavior
of specimens of stabilized soil when totally imneersn water. The laboratory study

showed disintegration of lime-and cement-stabilizéaly specimens within few days,
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whereas cement-stabilized sand mixtures contaittiegsame proportions of sulfates
were unaffected even after being immersed for aa.yOn the basis of results, it was
proposed that sulfate attack on cement-stabilioéd & principally due to the reaction
involving clay minerals and that the relativelywloombination of the sulfates with the
cement is of secondary importance.

Cordon (1962) conducted similar laboratory test ceoning sulfate attack
resistance of soil cement. Type |, Type Il and Ty¥p®ortland cements and a coarse-
grained soil and a fine-grained soil were usedsfuecimen preparation, which would be
immersed in sulfate solution. A photographic re¢cdeken at different time intervals,
was used as a method of demonstrating progrese cfulfate attack. Major conclusions
included: (1) soil-cement is subject to sulfat@aektmuch in the same manner as cement
concrete, but deterioration in soil-cement is mogre rapid than in cement concrete; (2)
soil cement specimens prepared with Type V and Typements were more resistant to
the sulfate attack than soil cement specimensdatad with Type | cement; and (3) soil
cement specimens made with fine-grained soils ibeéded more rapidly.

Mitchell (1986), in a Terzaghi lecture, reintroddcde profession to calamities
associated with sulfate-induced heave in lime Bradl clay soils. An investigation was
carried out concerning a section of a major artsti@et with lime treated expansive soil
base in Las Vegas, Nevada. The completed consiruappeared to be of good quality
and the initial performance was excellent but after years pavement failed in the form
of surface heaving and cracking. The investigatbthe failed pavement indicated that
structural design of the pavement section was ategand the failure was not traffic-

induced. Further tests provided the following imf@tion: the soil contained significant
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amounts of soluble sodium sulfate (up to 1.5 pdartgnweight); samples taken from
intact and un-failed zones swelled if exposed ttewalay minerals were present in the
soil; a significant amount of ettringite was inded by X-ray diffraction in both the
failed and un-failed zones. This landmark paper follswed by a comprehensive study
by Hunter (1988), which provided a geochemical gsialof the phenomenon of sulfate-
induced heave in clay soils stabilized with calcihased additives. Both papers focused
on a case study of failure at Stewart Avenue in\{@gas, Nevada.

The phenomenon of sulfate-induced heave receivechnattention during the
1990s and continues to pose problems for thoselistiadp soils where soluble sulfates
are present, especially in the western United StaBetter understanding of this
phenomenon was provided by Mitchell and Dermat&9(), Little and Petry (1992),
Petry (1995), Rollings et al. (1999), and Little &t (2010). Petry and Little (1992)
reviewed the background on sulfate-induced heavene- and cement-stabilized clay
soils and some examples of projects affected by phenomenon. In another study by
Petry and Little (2002), future research needseftablishing more effective ways to
stabilize sulfate-bearing clays have been idetifie

The problem of stabilizing sulfate bearing soilghniime as well as plausible
stabilization schemes were recently reviewed byrislagt al. (2004). Among the
stabilization schemes identified were mellowing Iaio 3 days, higher molding moisture
contents (2% above optimum), and single applicatainlime instead of double
application. However, conclusions were made onliasis of only three-dimensional
swelling tests and no attempt was made to studpéhfermance using other tests such as

resilient modulus, unconfined compressive strengtid modulus of elasticity, as
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recommended by the MEPDG. Moreover, 1 to 3 daysafowing could be problematic
for design applications.

Further, Puppala et al. (2004) addressed the eféedss of sulfate resistant
cement additives Types I/l and V, for providingtiee treatment of four different sulfate
rich soils. Experimental design included evaluatioh compaction relationships,
Atterberg limits, linear shrinkage and free swathm potentials, unconfined compressive
strength, and low strain shear moduli propertieger@l test results showed that both
cement types provided effective stabilization dfate rich soils of varying sulfate levels.
Also, this study addressed some of the design snfmutthe MEPDG. However, it was
carried out by using sulfate resistant additivesctvhare not readily available in the
Oklahoma area and are expensive (Nevels and Lagl085). Also, sulfate resistant
cement additives may provide protection againsfliyye | sulfate attacked, but they will
be completely ineffective against the Type |l stdfattack (Wang, 2002), as will be
discussed later. This makes it necessary to irgagstiocally available additives.

In a recent study, Hilbrich and Scullion (2010) sessfully stabilized soils
containing high sulfate concentration (30,000 tg0B0O ppm) using traditional additives
and non-traditional construction methods. A tothlfaur combinations of traditional
additives, namely, 6% lime, 4% lime with 4% clasfiyFash, 4% lime with 6% class F
fly ash, and 4% lime with 8% class F fly ash weoasidered. The subgrade was pre-
treated with 3% lime slurry at OMC+2% and kept aetl reworked approximately 3to 5
times for a period of 7 days. After 7 days, remagnpercent of stabilizer was added
followed by another mellowing period and compacti@ood performance in the field

indicated that stabilization with extended mellogviis feasible, even with very high
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sulfate bearing subgrade soils. However, severad damellowing could be problematic

for design applications.

4.3 Factors Affecting Sulfate Attack

Similar to cement concrete, the pH, moisture abditg, lime dosage,
temperature, sulfate levels, reactive alumina, @agl mineralogy may all affect sulfate
attack of stabilized soils (Hunter, 1988; Roy et 2003; Puppala et al., 2005; Little et al.,
2010). These factors should therefore be determatesh stabilized soils are susceptible
to sulfate attack. The thermal and chemical stgbitf ettringite, under varying
conditions of pH value, has been evaluated by abewurof investigators, for example
Gabrisova et al. (1991). It was reported that galgium alumino-sulfate system at room
temperature, ettringite is no longer stable when ipHLO, and decomposes to form
gypsum and hydrogarnet {&H5).

The ettringite formation process was given by Haf2004) as:

(i) lonization of lime: Ca(OH)—C& +20H

(i) Dissolution of clay mineral: ASI;O19(OH)s+40OH+10H,O — AI(OH)4
+4H,SiOq4

(iii) Dissolution of gypsum: CaS2H,0 — C&*+SO*+2H,0

(iv) Formation of ettringite: 6C&+2Al(OH),+40H+3SQ*+26H,0 —

Cas[Al(OH) ¢]2.(SQy)3.26H0

Thus, when calcium-based additive is added in @efit quantities to clay, the
pH is raised. Once the pH exceeds 10.5, dissolatidhe clay surface occurs, and Si and
Al ions are released. If sulfates, either in sadid groundwater form, are present in

sufficient quantity, they may initiate a reactioatween the calcium and the silica and
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alumina released from clay minerals to form sigaifit quantities of ettringite or
monosulfate hydrates. Mehta and Klein (1966) detegth that the formation of
monosulfate hydrates is favored in high aluminairemvnents, but the formation of
ettringite is favored in low alumina environmen$so, there appears to be two ettringite
formation mechanisms, namely, Type | and Type llafyy, 2002). The Type |
mechanism refers to the conventional sulfate attasklogous to attack on conventional
Portland cement concrete, where the Portland cetmgaitation products provide the
calcium and alumina to react with sulfates to fattningite. On the other hand, the Type
Il mechanism is clay-based sulfate attack wherePihitland cement hydration products
provide calcium and the clay minerals in the sodvide alumina to react with sulfates,
when it is present, to form ettringite (Wang, 2002)

Based on several investigations of sulfate attackme-stabilized soils in Texas,
Petry (1995) suggested that soils containing sulfaintents of 2,000 ppm have the
potential to cause swelling, and levels of 10,0pthhave the potential to cause serious
damage due to lime addition. According to curramdarstanding, “low to moderate” and
high sulfate soils are those with sulfate less tA&@90 ppm and more than 2000 ppm,
respectively (Kota et al., 1996; Mitchell and Detaga 1990; Puppala et al., 2002; Rao
and Shivananda, 2005; Little et al., 2010).

Time frame to form ettringite in stabilized soiks mot well established. Several
case studies reported that the time frame for wuli@aving varied from a few days to
several weeks (Kota et al., 1996). The time gehemé¢pends on the solubility of
sulfates, amount of reactive alumina liberated freail particles and the amount of

calcium present in the additive, which helps in fibrenation of ettringite (Puppala et al.,
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2004). Recently, Little et al. (2010) suggested tha time required to form ettringite in
stabilized soils depends upon: amount of water ,ubedrelative activities of ions in the
agueous solution, uniform pH regime, mineralogyd #re ability to solubilize sufficient
reactants into an aqueous phase.

In the laboratory controlled environments, the @Beof these variables and
conditions are somewhat minimized since heave ssugere conducted on stabilized soil
specimens subjected to capillary soaking in higmidity environment (>96%) and
controlled temperature of 23.0 + 3C7(73.4 + 3.3F). In such ideal conditions, ettringite
mineral was formed in treated clays in less thah@4s after stabilization and maximum
heaving was noted within seven days after curimghfasombat, 2003). Hence, the
present capillary soaking time frame of 120 daysn@nths) is considered more than
sufficient for sulfate heave assessment in thidystuMoreover, pH values were
monitored before and after 28 days of curing (kefoapillary soaking). A soil having
sulfate content of greater than 10,000 ppm wasctesleto ascertain the formation of

ettringite.

4.4 Materials and Test Procedure

The lean clay used in this study belongs to therfige series” in northwestern
Oklahoma. Selection of this particular clay wasedohen the soluble sulfate content
measured in this soil. Sulfate was present in de fof gypsum (CaS{£2H,0) outcrops,
as shown in Figure 4.1 (a). Figure 4.1 (b) demaiss$r the presence of small gypsum
crystals in Vernon series soil, also called as Wisathis study. Soluble sulfate content
in the lean clay was measured using the Oklahompaieent of Transportation

procedure for determining soluble sulfate cont@#D L-49 (ODOT, 2006). This soil
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has a sulfate content of 15,400 ppm (>10,000 ppysical properties of this soil were
determined from the Atterberg limit test, hydrometests, and standard Proctor
compaction tests. The chemical analyses include atd, cationic exchange capacity
(Chapman, 1965) test. These results are presanfeabie 2.2. As per the ASTM D 4318
test method, the selected lean clay has an avéoage limit of approximately 37% and
a plasticity index (Pl) of approximately 11. Theeafhical properties of the clay
determined using X-ray Fluorescence analyses aengn Table 2.3.

As noted previously, three different additives, eimhydrated lime, CFA and
CKD were used in this study. The chemical and mlaygproperties of the additives are
presented in Table 2.4. Hydrated lime is high catcbased additive with 46.1% of
available free lime. On the other hand, CFA and CK®low (free lime content = 0.2%)
and moderate (free lime content = 6.7%) calciunebasdditives, respectively (Wang,
2002). It is worth mentioning that properties of Bl€an vary significantly from plant to
plant depending on the raw materials and type decion process used (Miller and
Zaman, 2000). Similarly, fly ash properties mayumeque to the same source while it
may differ from ashes obtained from other souréde€SAA, 1999). These differences in
physical and chemical properties of additives ceadlto different performance of

stabilized soil specimens.

4.4.1 Specimen Preparation

A total of 40 specimens were prepared in this studthe procedure consists of
adding a specific amount of additive to the rawy clehe amount of additive (3%, 6%, or
9% for lime and 5%, 10%, or 15% for CFA and CKDgigpressed as a percentage of the

dry weight of the soil. The additive and clay werixed to achieve a uniform mix. After
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the blending process, a desired amount of water adaked based on the optimum
moisture content (OMC). Then, the mixture was cottghin a mold having a diameter
of 101.6 mm (4.0 in) and a height of 203.2 mm (8)Qo reach a dry density of between
95%-100% of the maximum dry density (MDD). A sumgaf OMCs and MDDs of
raw and soil-additive mixes is presented in Tab8& @MCs and MDDs were determined
in accordance with the ASTM D 698 test method. ®islent from Table 2.8, laboratory
experiments showed an increase in OMC and a decieaBIDD with the amount of
lime. This is consistent with the results reporteg Nagaraj (1964), Haston and
Wohlegemuth (1985), Ali (1992), and Little (199%0r CFA stabilization, MDD
decreased for 5 percent and then increased fondQLa percent fly ash. On the other
hand, a decrease in OMC was observed with increas€FA content. A similar
observation was made by McManis and Arman (198%), Misra (1998), McManis and
Arman (1989) reported that the reduction in OMC barattributed to the spherical shape
of the fly ash particles in the soil voids, whidhbticated the mix and aided in the
densification efforts. On the contrary, for soil-DKnixtures the moisture-density results
were more complex. Laboratory experiments showatiMDD decreased with 5 percent
CKD, and then increased with the increase in thegmtage of additive. On the other
hand, OMC increased with 5 percent CKD and thenme#sed with the increase in the
amount of CKD, as evident from Table 3. This bebavis consistent with the
observations made by other researchers (see eghdBdi and Rahman, 1990; Baghdadi
et al., 1995; Parsons et al., 2004).

After compaction, specimens were cured at a terhperaf 23.0 + 1.7C (73.4 +

3.1°F) and a relative humidity of approximately 96% 2& days; 28-day curing period is
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recommended by the new MEPDG (AASHTO, 2004). Altofafour replicates were
prepared for each additive content, of which twecamens were tested for,Mnd then
followed by the three-dimensional (3-D) swell tegt subjecting specimens to capillary
soaking under controlled temperature (23.0 £°Q.7e., 73.4 + 3.%F) and humidity
(>96%) in an ice chest. After 120 days of capillaoaking, specimens were again tested
for M; and then followed by Mand UCS tests. The other two specimens were tésted
M, and then followed by Mand UCS tests, without capillary soaking. Aftee tHCS
test, broken specimens were air dried for approteip days, and then pulverized and
passed through a No. 40 sieve. The finer materéa rgconstituted with moisture for 1
day, and then tested for liquid limit and plastmit in accordance with ASTM D 4318.
Moreover, pH values were monitored before and &8edays of curing (before capillary
soaking), in accordance with the test method recended by ASTM D 6276. SinceM
Mg and UCS tests are already discussed in Sectiom2lythree-dimensional swell tests

and mineralogical studies will be discussed indapter.

4.4.2 Three-Dimensional Swell Test

The oedometer swell testing method is most widsbduto evaluate the swelling
behavior of soils. This is mainly because of theagicity of its operation and the
availability of conventional oedometer in most sogchanics laboratories (Al-Shamrani
and Al-Mhaidib, 2000). However, a large discreparisyobserved between swell
predicted using parameters obtained from oedonetés and that actually realized in the
field. Comparison of field and laboratory data atta from oedometer tests revealed
that the laboratory results from 1-D swell testeregtimate the in situ heave by a factor

of about 3 (see e.g., Johnson and Snethen, 1969; 92). Hence, to investigate the
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swelling potential of specimens, three-dimensiqi3aD) swell test were conducted in
accordance with a procedure described by Harias €2004). The 3-D swell values were
measured by determining the height to the near®250mm (0.001 in) in 3 places that
are 120 apart. The diameter was measured to the nea@2% éam (0.001 in) near the
top, in the middle, and near the base of each sanipie three height and diameter

measurements were averaged and the 3-D volume eheasgcalculated.

4.4.3 Mineralogical Studies

The Scanning Electron Microscopy (SEM) techniques wamployed to
qualitatively identify the micro-structural developnts in the matrix of the stabilized
soil. After the UCS test on capillary-soaked 9% dimand 15% CKD-stabilized
specimens, the broken mix was air-dried for appresely four days. Three
representative tiny pieces were mounted on stulesn(tvide discs that have a pin-mount
on the base of the disc) and coated with a thierlgdy 5 nm) of Iridium by sputter
coating technique to provide surface conductivRyJEOL JSM 880 scanning electron
microscope operating at 15 kV was used to visualliyerve the coated specimens. The
JEOL JSM 880 was fitted with an energy-dispersivea)X spectrometer (EDS). The EDS
was used to analyze chemical compositions of tlkeeisgen. In this technique, electrons
are bombarded in the area of desired elemental @sitign; the elements present will
emit characteristic X-rays, which are then recordea detector. EDS was performed on
selected specimens where needle-shaped crystakstraigite were identified. The
micrographs were taken using EDS2000 software.

To confirm the SEM results, X-ray diffraction (XRD¢sts were performed on

raw soil and capillary-soaked 9% lime- and 15% C#tBbilized specimens. Four-day air

127



dried mix was pulverized with a mortar and pestieyed through a U.S. standard No.
325 sieve (45um) and the powder finer than 46n was collected and placed on a
specimen holder prior to testing. This holder wantmounted on a Rigaku D/Max X-
ray diffractometer for analysis. This diffractomets equipped with bragg-brentano
parafocusing geometry, a diffracted beam monochtomand a conventional copper
target X-ray tube set to 40 kV and 30 mA. The meaments were performed froM ®
70° (20 range), with 0.03step size and 1 seconds count at each step. b&tmed by
the diffractometer were analyzed with Jade 3.1Xamay powder diffraction analytical
software, developed by Materials Data, Inc. (Jati®99). Generated diffractograms
(using the peaks versud® and d-spacing) were used to determine the presefce

ettringite.

4.5 Laboratory Test Results

4.5.1 pH Testing

Since the pH level of soil indicates strong pozamareaction and stability of
ettringite, pH values were also determined afterda§s of curing, before capillary
soaking. The results of pH tests for mixtures afychnd different amounts of additives
are presented in Figure 4.2. The comparison of @ldes of specimens stabilized for zero
and 28 days revealed that specimens prepared witlerhlime content and cured for 28
days exhibited lower reduction in pH, as compadgecimens prepared with lower
lime content. For example, specimens prepared @4thlime and cured for 28 days
exhibited no significant reduction (1.9%) in pH wa$ compared to 3% (11.3%) and 6%
(6.3%), as shown in Figure 4.2. It is believed tiat excess of lime caused the presence

of high amounts of un-reacted lime and thus reduted strength values, as noted
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subsequently. In addition, all percentage of CFAd &KD-stabilized specimens showed
significant decrease in 28-day pH value, as redealeFigure 4.2. A decrease in pH
value indicates consumption of calcium oxide (CaDgementitious reactions and thus
an increase in strength values. In addition, #lso clear that pH is greater than 10 for
28-day cured clay specimens stabilized with 3%, &% 9% lime, and 10% and 15%
CKD. This pH value provides a good stable environimfor the development of

ettringite (Gabrisova et al., 1991; Little et 2005).

4.5.2 Effect of Additives on M, After Capillary Soaking

The M test results of V-soil stabilized with differenéngentages of lime, CFA
and CKD after capillary soaking are presented inld®4.1, 4.2 and 4.3, respectively. A
convenient way to observe the effect of differeatcentages of additives is to compare
M, values obtained before and after capillary soaking particular stress level (Drumm
et al., 1997). The mean Mt a deviatoric stress of 25 kPa (3.6 psi) andariming
pressure of 42 kPa (6.0 psi) have been comparetiitopurpose (Figure 4.3). Further, to
study the comparative effectiveness of lime, CR&] &KD on V-soil, a chart of percent

improvement in Mvalues versus percentage of additive was plo&egli(e 4.4).

4.5.2.1 Effect of Lime Content

It is clear that the Mvalues decreased after 120 days of capillary sgaftue to
damage caused by moisture. For example, 3%, 6%9@%ntme showed a decrease of
approximately 91%, 89% and 88%, respectively (Fgli3). This decrease is maximum
for 3% beyond which a reduction in percentage demenvas observed. Although 3%

lime showed maximum percentage decrease, 6% liovadad highest Mvalues ranging
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between 52 — 93 MPa (2.0 — 3.7 ksi), as shown e€rd.1. Also, comparison with the
M, values of raw soil specimens after capillary sogkshows that 6% lime produced

highest percentage increase in\Mlues of approximately 99% (Figure 4.4).

4.5.2.2 Effect of CFA Content

From Table 4.2 and Figure 4.3, one can see thaawbege Mvalue decreased
by approximately 89%, 87% and 42% after capillavpksng for specimens stabilized
with 5%, 10% and 15% CFA, respectively. Howevee, percentage decrease in\Wlue
was lower for specimens stabilized with higher amoof CFA. It is also clear from
Figure 4.3 that specimens with a lower percentddeF®\ (i.e. 5%) showed an increase
in M, values by 55% as compared wlues of the raw specimen after capillary soaking
Higher percentages of CFA resulted in an increasbe improvement of Mvalues, as
shown in Figure 4.4. For example, 10% and 15% Ctahilized specimens magnified
the M values by 186% and 1,552% with respect to the specimens tested after

capillary soaking.

4.5.2.3 Effect of CKD Content

Table 4.3 illustrates the Mralues of CKD-stabilized specimens after capillary
soaking. It is evident from Table 4.3 that aftepifary soaking, specimens showed a
decrease in Mvalues. For example, 5%, 10% and 15% CKD-stalilispecimens
showed a decrease in Malues by approximately 69%, 90% and 95%, resypalgti With
respect to Mvalues of raw specimens after capillary soakingDestabilized specimens
showed maximum effectiveness with 10% CKD (Figurd).4 For example, at a

deviatoric stress of 25 kPa (3.6 psi) and a comfinpressure of 42 kPa (6.0 psi),
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specimens stabilized with 5%, 10% and 15% CKD slibare increase of approximately
201%, 258% and 122%, respectively.

It is also evident from Tables 4.1 through 4.3 tthet M values at other stress
levels follow similar trends of behavior, as disses in the above paragraphs. It is clear
in general for 120-day capillary-soaked specimdrat the highest improvement for
CKD-stabilized specimens is observed at applicatates of less than 10% (Figure 4.4).
At application rates between 10% and 15%, CFA-brahi specimens showed the
highest improvement in the Mvalues. Overall, the 15% CKD-stabilized specimen
showed highest improvement (1,473%) before capikbaaking (as discussed in Section
2.7), while 15% CFA-stabilized specimen showed lighest improvement (1,561%)
after 120-day of capillary soaking. This differenneM, values before and after capillary
soaking can be attributed to difference in chemigadperties of the additives, as
illustrated in Table 2.4, which will result in deffent swell behavior of stabilized

specimens. This issue will be illustrated in sulbsed sections.

4.5.3 Effect of Additives on Mg and UCS After Capillary Soaking

The variation of modulus of elasticity @@land UCS values with the additive
content is shown graphically in Figures 4.5 and #eSpectively. Also, results of both
specimens before and after capillary soaking awuded in the same graph for
comparative purpose. It is evident that there gmificant increase in Mand UCS with
increasing additive content in the treated soilswever, capillary-soaked specimens
showed decrease indvnd UCS values than the corresponding specimstedtbefore
capillary soaking. For example, theeMalues of lime-, CFA- and CKD-stabilized

specimens subjected to capillary soaking is appnately 88 — 89%, 31 — 92%, and 82 —
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95% lower, respectively, than the corresponding Wlues of stabilized specimens
before capillary soaking. Similarly, UCS valuescapillary-soaked specimens showed a
decrease ranging between 86 — 88%, 40 — 90%, ardB8% for lime-, CFA- and CKD-
stabilized specimens, respectively, correspondingpecimens tested before capillary
soaking.

Further, to study the comparative effectivenesdimg, CFA and CKD after
capillary soaking, graphs of percent improvementMa and UCS values versus
percentage of additive were plotted in Figures dnd 4.8, respectively. For lime-
stabilized specimens, 3% lime showed maximum erdranats of approximately 110%
and 157% for M and UCS values, respectively. Specimens stabizighl 15% CFA
projected highest improvements (1,635% fog &hd 1,222% for UCS) among all the
percentages of different additives used in thishstKD showed improvements ingM
and UCS values ranging between 82 — 271% and 885%4respectively, with 10%
providing maximum enhancements in:Mnd UCS values. This behavior is contrary to
the behavior observed before capillary soaking ehE3% CKD provided maximum
enhancements before capillary soaking. It is beliethat excessive CKD (>10%)
increases the moisture susceptibility and sweltihgpecimens resulting in decreased M

and UCS values.

4.5.4 Effect of Additives on Atterberg Limits

A summary of the Atterberg limits and percent pagdilo. 200 (< 75um) sieve
determined after 28 days of curing for differentgeatages of additives is presented in
Table 4.4. Results show that lime produced higpésdticity index (PI) reductions by

substantially increasing plastic limit and a snradrease in liquid limit. For example, 3%
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lime increased plastic limit and liquid limit by pqoximately 69% and 32%, respectively.
Reduction in PI values for lime-stabilized soilsndae attributed to ion-exchange and
associated flocculation reactions between lime smitlwhich made soil non-plastic by
agglomerating it into a more friable and aggregateacture (Prusinski and Bhattachatrja,
1999; IRC, 2000; Little, 2000).

The addition of CFA to V-soil produced only a smatirease (8%) in liquid limit
values. The maximum liquid limit occurred at a CEéntent of 5%. Additional CFA
beyond 5% resulted in decrease in liquid limitI6€6 and increase for 15%. Plastic limit
showed monotonic increase with increase in thegmage of CFA used in this study.
For example, 15% CFA increased plastic limit valne approximately 27%. The
combined effect of change in liquid and plasticifichecreased Pl values. For example,
15% CKD decreased PI values by approximately 45%.

Adding CKD to the V-soil also produced changes he plasticity. However,
effectiveness of CKD in reducing the plasticity\6é&oil is low as compared to lime and
CFA. It is also clear from Table 4.4 that increas€KD content produced similar order
of magnification in liquid limit and plastic limitalues which resulted in small changes in
Pl values. For example, 5% CKD increased liquid piagtic limit by approximately 3%
and 4%, respectively. One of the explanations cbeldhe large contents of sulfates and
alkalis present in the CKD used in this study (€al2.4). The presence of these
compounds can lead to the formation of gypsumjngite, and possibly syngenite
crystals during the hydration process (Peethampataral., 2008). These reaction
products may induce stiffening and increased altisorpof water, resulting in less

effectiveness in the reduction of Pl values. Similbservations of effect of CKD on PI

133



were reported by other researchers (Miller and Az2@00; Parsons et al., 2004,
Peethamparan et al., 2008; Snethen et al., 2008).

Further, percent passing No. 200 sieve resultslglshows that lime is the most
effective additive in decreasing the fine contemant CFA, followed by CKD. For
example, 9% lime, 15% CFA and 15% CKD decreasegéhneent passing No. 200 sieve

by approximately 61.4%, 15.2% and 6.6%, respedctivel

455 Effect of Additives on Three-Dimensional Swell

Figure 4.9 shows three-dimensional swell progressiith time for raw V-soill
and stabilized specimens. Final three-dimensionalisvalues after 120 days are
presented in Table 4.4. Negative swells from dag 8ay 4 are a result of drying of the
specimens before the start of the swell test. Tiheselts demonstrate an unmistakable
trend of increasing swell with the increasing pato&f lime and CKD. As discussed in
the background section, sulfate-induced heavetiguated to the increase in volume.
After 120 days, the 9% lime-stabilized specimervagtbthe highest magnitude of swell,
equal to 22.3%, compared to the value of 0.8% mredson the raw soil. Swelling was
also seen with V-soil stabilized using 10% and 18%D. On the contrary, CFA
stabilization helped by reducing the swelling. Fexample, 15% CFA-stabilized
specimens reduced the swelling by a factor of 13B%s clear from Figure 4.9 that
sulfate-induced heave is pronounced only in limed &KD-stabilized specimens. This
can be attributed to comparatively high pH values1Q) after 28 days of curing
(beginning of 3-D swell test) and high concentmatad calcium ions in lime (95.9% of
calcium hydroxide) and CKD (47.0% of calcium oxiday compared to CFA (pH < 10

and 24.4% of calcium oxide). At higher pH values1(® ettringite is more stable, as
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discussed in the background section. Similar bemafireduced sulfate-induced heaving
with low calcium-based stabilizers was reportedobiyer researchers (e.g., Kota et al.,
1996; Wild 1996, 1998; Wang, 2002). For exampleldf1996, 1998) demonstrated that
partial substitution of lime with granulated bldstnace slag substantially reduce the

damaging expansion and have positive effect omgtinedevelopment.

4.5.6 Assessment of Sulfate-Induced Heave

Figure 4.10 shows SEM/EDS test results conducterkpresentative tiny pieces
of 9% lime- and 15% CKD-stabilized specimens, af@® days of capillary soaking. The
SEM micrograph (magnification = 10,000 times) dgahows needle-like ettringite
crystals. The length of ettringite crystal is lésan 2 um for both 9% lime- and 15%
CKD-stabilized specimens. This observation is cstesit with the findings reported by
other researchers (e.g., Mitchell and Dermatas218®y et al., 2003; Intharasombat,
2003; Moon et al., 2007; Little et al., 2010). Fenmore, EDS was used on specific
needle-shaped crystal for analyzing elemental caitipn. EDS for the selective
identified crystals showed the presence of sul®)rdlong with other elements such as
calcium (Ca), aluminum (Al) and oxygen (O), whichan indication of the presence of
ettringite. No areas were found showing normalregite spectra without traces of silica
(Si).

To confirm the ettringite formation, XRD tests wetlso conducted on 9% lime-
and 15% CKD-stabilized specimens. For comparisam Yasoil was also tested, as
shown in Figures 4.11 (a-c). Figure 4.11 (a) indisathat no ettringite peaks were
noticed in raw V-soil. The ettringite peaks weresetyed for 9% lime- and 15% CKD-

stabilized V-soil specimens. This substantiates fbemation of ettringite resulted in
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heaving as noted in Figure 4.9. Furthermore, thkrengite traces detected in 9% lime-
stabilized soil were of higher intensity level asmpared to 15% CKD-stabilized

specimen. As a result, 9% lime-stabilized soil ugdes higher sulfate induced heaving.
Based on SEM, EDS and XRD studies, it can be cdeduhat the ettringite was formed
in lime- and CKD-stabilized specimen which yieldagelling and a decrease in strength-

stiffness of the mix, after 120 days of capillaoaking.

4.6 Conclusions

This study was undertaken to evaluate natural teulf@aring lean clay (V-soil)
from northwestern Oklahoma for the effect of tymel amount of additive on the short-
and long-term performance by evaluating materiapprties as recommended by the
new Mechanistic-Empirical Pavement Design Guide BE). Lean clay (CL)
specimens stabilized with lime (high calcium ade}i CFA (low calcium additive), and
CKD (moderate calcium additive)were molded, cur@d28 days, and then subjected to
different stress sequences to study the ©Mhe same specimens were then tested for
modulus of elasticity (M) and UCS or 3-D swell. Specimens tested for 3-Blswere
further tested for M Mg, and UCS, after 120 days of capillary soaking.eBasn the
study presented in this chapter the following cosidns can be derived:

1. All three additives helped by improving MUCS and M values after 28 days of
curing. However, after 120 days of capillary sogkirraw and all stabilized
specimens showed reduction in,N\UCS, and M values. Overall, the 15% CKD-
stabilized specimen showed the highest improveratat 28 days of curing, while
the 15% CFA-stabilized specimen showed the highlestJCS, and M values after

120 days of capillary soaking.
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. For the different percentages of additive usedhia study, the range of Malues
after capillary soaking were 47 — 93 MPa (1.9 — RBsi) for lime—stabilized
specimens, 37 — 755 MPa (1.5 — 29.7 ksi) for CFaébiized specimens and 53 — 180
MPa (2.1 — 7.1 ksi) for CKD-stabilized sulfate bagrlean clay specimens.

. For CFA-stabilization, the amount of improvemerteafcapillary soaking increases
with increase in the additive content; howeverduction in M, Mg and UCS values
was observed beyond a certain percentage of lin@eK@ content (between 3 — 6%
for lime, between 10 — 15% for CKD).

. The Me and UCS values of lime-, CFA- and CKD-stabilizggte@mens showed
decrease ranging between approximately 86 — 89%, ¥1%, and 77 — 95% due to
120 days of capillary soaking.

. Atterberg limit results showed that lime produckd best results in decreasing the
plasticity index of clay followed by CFA and CKD.eBults showed that lime
produced highest plasticity index (P1) reductioryssibstantially increasing plastic
limit and a small increase in liquid limit. Howeye€FA produced only a small
increase in liquid limit values and monotonic irasge in plastic limit with increase in
CFA content. Increase in CKD content produced simdrder of magnification in
liquid limit and plastic limit values which resuttén small changes in Pl

. Three-dimensional swelling test showed an incréaselume for lime- (22.3% for
9% lime) and CKD-stabilized (6.4% for 15% CKD) sjmeens, while a reduction in
volume for the specimens stabilized with low caicibased stabilizer (i.e., CFA), as
compared to raw sulfate bearing clay specimens iflgrease in volume is attributed

to sulfate-induced heaving and presence of caldiuadditive which results in the
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formation of expansive mineral ettringite. Furthdére presence of ettringite was
verified using SEM/EDS tests in conjunction with BRnalyses.

Development of ettringite depends on several facdach as pH (or calcium content),
moisture availability, lime dosage, temperaturdfasel levels, reactive alumina and
clay mineralogy. In this study, pH value greatertl10.0 and availability of moisture

were verified as two dominant factors requiredtfer formation of ettringite.
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Table 4.1 A Summary of Resilient Modulus Valued.iofie-Stabilized V-soil Specimens
(After 120-Day Capillary Soaking)
O3 Gy M, (MPa)

(kPa) (kPa) Raw SD CV 3% Lime SD CV 6%Llime SD CV 9%Lime SD CV
41 12 48 1 1 84 9 10 93 9 10 87 1 1
41 25 44 1 2 82 6 7 88 9 10 82 11 13
41 37 38 O 0 75 8§ 11 80 6 8 74 10 13
41 50 32 O 1 72 8 11 76 4 5 71 8 11
41 62 29 1 4 70 6 9 75 4 5 69 4 6
28 12 33 1 3 63 6 9 76 8 11 71 13 18
28 25 28 1 4 60 8 13 70 8 11 65 12 18
28 37 26 1 4 59 7 13 68 3 4 63 10 16
28 50 26 1 5 61 8 13 68 2 3 63 6 10
28 62 26 1 5 61 6 10 66 3 4 61 4 7
14 12 25 1 5 48 8 17 57 4 7 53 8 15
14 25 21 2 8 45 5 11 52 3 5 48 10 21
14 37 21 1 7 46 6 13 52 1 2 47 9 19
14 50 21 2 8 48 7 14 53 3 6 49 7 13
14 62 22 1 6 49 7 14 52 8 15 47 5 10

1 psi = 6.89 kPa; 1 ksi = 6.89 MPa; SD: standardatien; CV: coefficient of variation (%)
o4 : deviator stresss; : confining pressure; M resilient modulus (using internal LVDTS)
* Deformations are out of the measuring range obil'g

Table 4.2 A Summary of Resilient Modulus Value<&A-Stabilized V-soil Specimens

(After 120-Day Capillary Soaking)
o3 o4 M; (MPa)

(kPa) (kPa) Raw SD CV 5% CFA SD CV10% CF/ SD CV 15%CF/’ SD CV
41 12 48 1 1 73 6 8 125 8 7 755 46 6
41 25 44 1 2 69 4 6 127 3 2 731 16 2
41 37 38 0 0 63 5 7 122 2 1 696 13 2
41 50 32 0 1 60 3 5 119 1 1 685 16 2
41 62 29 1 4 60 4 6 119 9 7 684 17 2
28 12 33 1 3 61 5 8 99 8 9 677 32 5
28 25 28 1 4 52 4 8 93 3 3 646 18 3
28 37 26 1 4 50 4 8 93 2 2 629 12 2
28 50 26 1 5 50 4 7 97 1 1 632 11 2
28 62 26 1 5 49 4 7 101 2 1 638 11 2
14 12 25 1 5 40 4 10 71 9 13 638 17 3
14 25 21 2 8 35 5 15 68 4 6 593 15 3
14 37 21 1 7 35 3 9 70 3 4 580 31 5
14 50 21 2 8 36 3 8 76 2 2 588 25 4
14 62 22 1 6 37 3 8 80 1 1 590 16 3

1 psi = 6.89 kPa; 1 ksi = 6.89 MPa; SD: standardadien; CV: coefficient of variation (%6)
o4 : deviator stressy; : confining pressure; M resilient modulus (using internal LVDTS)
* Deformations are out of the measuring range obl'g

“additive content providing maximum enhancements
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Table 4.3 A Summary of Resilient Modulus Value<#fD-Stabilized V-soil Specimens
(After 120-Day Capillary Soaking)
o3 O M, (MPa)
(kPa) (kPa) Raw SD CV 5% CKD SD CV 10% CKD SD CV 15% CKD SD CV

41 12 48 1 1 145 9 6 180 8 5 104 12 11
41 25 44 1 2 133 7 5 158 4 2 98 5 5
41 37 38 O 0 118 7 6 138 6 4 88 3 3
41 50 32 O 1 109 5 5 128 6 5 83 3 4
41 62 29 1 4 104 3 3 123 5 4 80 6 7
28 12 33 1 3 108 10 9 127 5 4 73 8 11
28 25 28 1 4 94 6 6 108 4 4 66 7 11
28 37 26 1 4 89 5 6 104 6 6 65 4 6
28 50 26 1 5 89 5 6 104 7 7 67 4 5
28 62 26 1 5 88 4 5 105 6 6 68 8 12
14 12 25 1 5 79 9 11 89 4 4 52 7 13
14 25 21 2 8 68 9 13 78 8 11 47 8 16
14 37 21 1 7 66 7 11 76 8 10 47 6 13
14 50 21 2 8 68 6 9 79 8 10 50 5 10
14 62 22 1 6 69 5 8 81 8 10 53 4 8

1 psi = 6.89 kPa; 1 ksi = 6.89 MPa; SD: standakdatien; CV: coefficient of variation (%)
o4 . deviator stresss; : confining pressure; M resilient modulus (using internal LVDTS)
* Deformations are out of the measuring range oblg

Table 4.4 A Summary of Stabilized V-Soil Specim@8sDay Atterberg Limits and Final
3-D Swell Volume

% passing No. Atterberg limits 3-D Swell
Pfer%%r.\t_age 200 sieve (28- (28-day curing) Volume (%)
of additive day) L (%) PL(%) PI(%) (120-day)
RawV-Soill
0 100.( 37 2€ 11 0.8
Lime
3 69.(C 49 44 5 13.2
6 48.2 51 NP NP 21.c
9 38.¢€ 48 NP NP 22.%
CFA
5 994 40 30 10 0.7
1C 90.¢€ 37 3C 7 0.2
15 84.¢ 39 33 6 -0.8
CKD
5 99.¢ 38 27 11 0.€
1C 96.2 40 3C 10 1.t
15 93.4 43 34 9 6.4

LL: Liquid Limit; PL: Plastic Limit; PI: Plasticityndex; NP: Non-plastic
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Figure 4.1 (a) Outcrops Containing Gypsum in Wes@klahoma$ource: Adams,
2008, and (b) Gypsum Crystals in Vernon Series Soill
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CHAPTER 5

STATISTICAL AND ARTIFICIAL NEURAL NETWORK M ODELING

5.1 Introduction

Empirical design methods for flexible pavement cites are primarily based on
the equations that were developed largely fromABRSHO Road Tests conducted in
1950’s. These methods fail to reflect the dynanature of traffic loads. Therefore, the
mechanistic design methods referred to as the “ARSH5uide for Design of Pavement
Structure” (AASHTO, 1986) recommended the use siliemnt modulus (M, a dynamic-
strength parameter, to characterize flexible paveémeterials. The Maccounts for the
cyclic nature of vehicular traffic loading, anddefined as the ratio of deviatoric stress to
recoverable strain.

Several laboratory and field procedures are eittierently being used or
evaluated for determining a design Wlue of subgrade soil. Direct laboratory methods
used for evaluating Mduring the past two decades include resonant aglduarsional
shear, gyratory, and repeated load triaxial tes(hgSHTO, 1986, Kim and Stokoe,
1992, George 1992, Kim et al., 1997). Among thése,M from repeated load triaxial
test (RLTT) is used most frequently because ofrdpeatability of test results and its
representation of field stress in a controlled fabary environment. RLTT is conducted
in the laboratory on remolded or undisturbed samplecording to different AASHTO
test methods of which AASHTO T307 is used frequer(hASHTO, 2004). The
AASHTO T307 test method can be a time consuming expensive test method,

particularly for small projects.
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In the new 2002 AASHTO guide, which is currentlytire evaluation stage, a
hierarchical approach is used to determine differdasign inputs including M
(AASHTO, 2004). It requires evaluation of pertinemgineering properties of subgrade
soils in laboratory or field to pursue a Level 1o@haccurate) design. For a Level 2
(intermediate) design, however, the design inpués user selected, possibly from an
agency database or from a limited testing prograncauld be estimated through
correlations (AASHTO, 2004). A Level 3 design, whics the least accurate and
generally not recommended, uses only the defauliesa For Level 2 designs, a
regression model for Mcan be very useful as it provides the designen wignificant
flexibility in obtaining the design inputs for agpect.

Consequently, the primary objective of the studgspnted herein is to develop
correlations or models for Mof some common subgrade soils in Oklahoma staliliz
with locally available cementitious additives foeuel 2 pavement design applications.
Two different modeling options, namely regressiandels and artificial neural networks
(ANN) are employed. The strengths and the weaksestéhe developed models were
examined using additional Mest results that were not used in the developmoktitese
models. Further, possible correlations gfwith compacted specimen characteristics and
soil/additive properties are investigated. The n®@ad correlations developed in this

study are expected to be useful in the Level 2gmhssof pavements in Oklahoma.

5.2 Review of Previous Studies

5.2.1 Statistical Models

Several studies have previously been undertakdevelop empirical correlations

for estimating M values in terms of other soil properties (see, d.ge et al., 1997,
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Mohammad et al., 1999; Ooi et al., 2004; Rahim @edrge, 2004, Elias and Titi, 2006;
Hossain, 2009; Mohammad et al., 2009). Howevery anfew models and correlations
are available for cementitiously stabilized soits the literature (Table 4.1); these
correlations are either limited to one type of &sdi(e.g., Achampong, 1996; Arora and
Aydilek, 2005, Ling et al., 2008) or applicable pribr a particular stress level (e.qg.,
Achampong et al.,, 1997; AASHTO, 2004; Hillbrich aBdullion, 2006; Mooney and

Toohey, 2010). No studies to the author's knowledugve addressed the statistical
modeling of stabilized soils specimens correlasnd/additive properties with Mvalues

at different stress levels.

One of the commonly used models to represenisMhe power model (see e.g.
Dunlap, 1963; Seed et al.,, 1967; Thompson and RHbh876; Moossazadeh and
Witczak, 1981; May and Witczak, 1981; Uzan, 198&tr&r and Turner, 1991; Yau and
Quintus, 2002; NCHRP 2003; Hopkins at el., 2004;hiRa and George, 2004,
Khazanovich et al., 2006). A number of researcherge utilized other index properties
to estimate M (see e.g., Gomes and Gillet, 1996; Paute and ldbrny996; Rada and
Witczak,1981; Raad et al.,, 1992; Zaman et al. 199di and Zollars, 2002). For
example, Drumm et al. (1990) developed two regoessiodels for Mof fine-grained
soils as a function of deviator stress and soieingdroperties, namely, percentage passing
No. 200 sieve (Ro), plasticity index (PI), dry density{), and unconfined compressive
strength (UCS). A relatively small (twenty-two) nber of these samples were used in
developing these models. Also, this study was é&dhito raw soil and no additive was

used.

150



In a similar study, Lee et al. (1997) investigated M of raw cohesive soils,
mainly clayey subgrade soils, with RLTT. Specimemse compacted using standard and
modified Proctor methods at near optimum moistwetent (OMC) in a mold with a
diameter of 38 mm (1.5 in) and a height of 100 @ {n). It was seen that the custom-
compaction results were in close agreement withntagimum dry density (MDD) and
the optimum moisture content (OMC) from the staddand modified Proctor tests.
Regression analyses were conducted to obtain woredhip between Mand the stress in
unconfined compressive strength test causing 1&mnst&;; o) in laboratory compacted
specimens. The relationship betweep &id 3104 for a given soil was found to be
unique regardless of moisture content and compaetifort. The results showed that the
M, and 9109 vary with the moisture content in a similar mannéuarthermore, four
different compactive efforts were used in that gfumit a single relationship between M
and $1.00Was obtained, as presented in following equation:

M, = 695.4 (S1.009 — 5.93 (S1.09)° (5.1)
where, M, = resilient modulus at maximum axial stress of44kPa (6.0 psi) and
confining pressure of 20.7 kPa (3.0 psi), &dos = Stress causing 1% (strain kPa) in
conventional UCS test.

Moreover, the relationship was similar for differ@ohesive soils, indicating that
it may be applicable for different types of claysyils. The limited data suggested that
the same correlation might be used to estimateMhdor both laboratory and field
compacted conditions.

Achampong et al. (1997) tested the Whlues for soils stabilized with Portland

cement or lime by using a RLTT with variable deoragtress, moisture content, additive
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content, curing period and soil type. It was fouhét the M values of stabilized
specimens are dependent on deviator stress aruaiting time. However, this study was
conducted on synthetic soils and limited to onlp @dditives namely, lime and Portland
cement.

In a field study, Yau and Von Quintus (2002) praggmbshe following correlation
using the M data obtained from the Long Term Pavement PerfocmgLTPP) test
sections:

M = ki Pa (0/P2)“[(zocdPa)+1] (5.2)
where, 7, IS the octahedral shear stress, &nd,, andks, are the regression constants.
Yau and Quintus (2002) expressed these regressimstants as a function of moisture
content, dry density, optimum dry density, liquichit, percent silt, percent clay, and
percent passing different sieve sizes. The soile whassified into three different groups
(coarse grained sandy soils, fine grained siltissand fine grained clayey soils), and the
regression constants were developed for eachypal t

The new AASHTO 2002 MEPDG (AASHTO, 2004) and Midlet al. (2004)
indicated that the design Nor lime-stabilized subgrade can be approximatethfthe
UCS results using following equation:

M, = 0.124 UCS + 9.98 (5.3)
where,M; is resilient modulus in ksi andCSis unconfined compressive strength in psi.
Mallela et al., (2004) cites Thompson (1966) asdberce of aforementioned equation
and indicates that the design &d UCS values should be based on testing ofreeesi
cured at room temperature for 28 days and stretegtied in accordance with ASTM D

5102 test method. Also, Egn. 5.3 was developed Iwonipson (1966) from
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unconsolidated undrained compression testing afidgtal specimens having a diameter
of 50 mm (2 in) and a height of 100 mm (4 in). Hoew there is a lack of proper

information by AASHTO 2002 MEPDG as no patrticulaess level is suggested for Eqn.
5.3. Also, in a recent study Mooney and Toohey (@0doncluded that Eqn. 5.3 is

conservative in its prediction of Mrom UCS of lime-stabilized specimens.

In Minnesota, Khazanovich et al. (2006) used rebults for 23 samples from
several locations and evaluated the regressiontaiassfor use in the mechanistic-
empirical-based pavement designs. However, becthesanineralogical and textural
characteristics of soils in Oklahoma are differér#n those in Minnesota, those results
may not be directly used for pavements in Oklahéona Level 2 design.

Malla and Joshi (2008) used long-term pavement opaidnce (LTPP)
information for 259 test specimens for developingdel consisting bulk stres§)(and
Toct Felating to soil properties, namely, moisture eomtw), OMC,y4, MDD, liquid limit
(LL), and PI. Predictions models were developed dopnducting multiple linear
regression analysis using computer software SAS.

Another study performed by Ling et al. (2008) recoemded models for
predicting M values of lime- and lime-cement-stabilized soiiweuring time, degree of
saturation, and wet-dry cycles. The proposedpkédiction models were verified and
calibrated by means of a laboratory experimentag@m and on-site testing. It was
found that the predicted values were close to dberhtory results and the former were
consistently higher. In most cases the predictioareof lime-cement-stabilized soil is

less than 10% while the difference between predidte of lime-stabilized and tested
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values could be as much as 30% depending on tlkeasah levels. The prediction
models developed in their study, however, weretéthto only one particular stress level.
In a recent study, Hossain (2009) evaluated thiféereht models namely, Model
1, 2 and 3. Model 1 is used by the Virginia Departimof Transportation for predicting
design Mvalue:
M; = ki(03)(59)"® (5.4)
where,o3is confining stressyyis deviator stress arld, k;, ks are regression coefficients.
Model 2 was developed by Von Quintus and Killingstvg1997) for pavement design
and is recommended by AASHTO 1993 design guide:
M, = ki Pa (0/P2)¢ (0a/P2)® (5.5)
where,d is bulk stress ankh, ko, ks are regression coefficients. Model 3 is recomménde
by the new AASHTO 2002 MEPDG and is given by Eq&. Hurther, correlations were
developed for estimating Malues from CBR and stress at 1% strain from iwiashear

test. As in any many previous studies, this studg imited to raw soils.

5.2.2 Artificial Neural Network Models

ANN has become an important modeling technique tduigs success in many
engineering applications including geotechnical ieegring problems (see e.g., TRB,
1999; Najjar et al., 2000; Shahin et al., 2004; @aret al., 2010). One of the common
artificial neural networks in use currently is teed-forward network. As evident from
its name, a feed-forward network only allows théad#ow in the forward direction
(Zurada, 1992; Fausett, 1994; Ripley, 1996; Hild drewicki, 2006). Based on the
architecture, a number of feed-forward networks awvailable such as multi-layer

perceptrons, radial basis function, probabilistunmal networks, generalized regression
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neural networks, and linear networks (TRB, 1999l et al., 2004; StatSoft Inc,
2006; Sharma and Das 2008; Far et al., 2009).

ANN contains a number of simple, highly intercoreelcprocessing elements,
known as “nodes” or “units.” In a typical procegsglement, each input connection has a
weighting value. With the weighting value, inputtalaand bias value, a net input is
described into the processing element. Then, afeafunction provides an output from
the net input. Finally, a single output is produ@ed transmitted to other processing
elements (Skapura, 1996; Najjar et al., 2000; Shahal., 2001).

The weights between the processing elements amstadjduring the “training or
learning” phase. In the training process, a numifeepochs are performed in the
network. After each epoch, the weights are adjusied a sum of mean squared error
between target and output values is calculated.tiEeing process stops when the sum
of mean squared error is minimized or falls witlim acceptable range (Shahin et al.,
2001; Shahin et al., 2004).

Different algorithms can be used to train a netwdrk general, the training
algorithms can be divided into two types: supenviaad unsupervised. The supervised
algorithms adjust the weights and the thresholdsguse input and target output values,
while the unsupervised algorithms only use the ingalues. The supervised training
algorithms include back propagation, conjugate igréddescent, Levenberg-Marquardt,
Pseudo-inverse, etc. (Mehrotra et al., 1996; Shathah., 2004; StatSoft Inc., 2006).

A number of researchers have utilized ANN technigupavement applications.
For example, Meier et al. (1996) augmented a coemguibgram, WESDEF, with ANN

models to back-calculate pavement layer moduli. ANN models were trained to
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compute the layer Mfrom falling weight deflectometer (FWD) data froftexible
pavements (Meier et al., 1996).

In another pavement application study, Sharma aasl(R008) used ANN models
to back-calculate layer moduli with better accurammympared with other software,
namely, EVERCALC and ExPaS. In a recent study,dtal. (2009) utilized ANN for
estimating the dynamic modulus of asphalt concr@iee results showed that the
predicted and measured dynamic modulus valuesnaose agreement using ANN
models.

In another study by Far et al. (2010), ANN modelsdstimating dynamic moduli
of LTPP sections were developed. A large natioath det that covers a substantial range
of potential input conditions was utilized to trand verify the ANNSs. First, the ANN
predictive models were trained and ranked usingnangon independent data set that was
not used for calibrating any of the ANN models. écion tree was developed from
these rankings to prioritize the models for anyilabée inputs. Next, the models were
used to estimate the dynamic moduli for the LTPRlolsse materials and ultimately to
characterize the master curve and shift factortfanc It was found that ANN models
predict reliable dynamic moduli of LTPP section®ioa wide range of temperature and

frequencies.

5.3 Characteristics of Soils and Database

In this study, a total of four clay subgrade seilies namely, Port series (P-soil),
Vernon series (V-soil), Carnasaw series (C-soit) Kimgfisher series (K-soil) are used.
Of these, three soils (P-, V- and C-soil) were usedhe development/evaluation of

models and are collectively referred to as the é&ltgyment/evaluation dataset.” The
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remaining one soil (K-soil) was used for the vdiida of the models. Data for stabilized
K-soil is collectively referred to as the “validai dataset.” P-soil, V-soil, C-soil and K-
soil are CL-ML, CL, CH and CL clays, respectively,accordance with the Unified Soil
Classification System (USCS). As noted previoutityee different additives, namely,
hydrated lime, CFA and CKD were used in this stu@ige physical and chemical
properties of soils and additives are present8alries 2.3 and 2.4, respectively.

A M, database developed using laboratory test resnlit6 specimens prepared
by using four soils stabilized with three additiveamely, lime (3%, 6% and 9%), CFA
(5%, 10% and 15%) and CKD (5%, 10% and 15%) wad.uBee specimen preparation
and laboratory testing procedure are already déswlsin Sections 2.5 and 2.6,
respectively. An outlier approach was used by empipt-statistic to discard the test
results if a sample result deviates significantlynf the average of Mesults obtained
from four replicates. The critical value-dritical) for student’st-test is taken at a
significance leveld) of 0.05. If the calculatetistatistic value is greater or equal to this

value (-critical), then one chance in twenty the valu&asn the same population.

5.4 Statistical Models

5.4.1 Selection of Models

Several constitutive models are available in tlmgportation literature for M
calculation/prediction. The input required in MEPDO@vel 1 design consists of the
regression coefficients (k-values) determined flaboratory test results. The following
four stress dependent models are considered istilnly:
1. Model 1, a log-log model recommended by the 1993SAAO Design Guide for

unbound materials (1993).
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M, = klp{gJ (%j (5.6)

where, p, = atmospheric pressure (101.283 kP&)z= bulk stress (sum of three
principal stressesyy = cyclic deviatoric stress acting on the matekiglk, andks; are
the model constants.

. Model 2, a log-log model recommended by NCHRP 1(2897) for stabilized
specimens.

k, ks
M, = klp{%j [%J (5.7)

a a
where,o3 = confining stress acting on the material.

. Model 3, a model similar to semi-ldg, ks, ks (o3, 64) model reported by Andrei et al.

(2004).

M, =kpk he 59
One of the advantages of using the aforementioasd-log model is that it is valid
for eitheros = 0 orog = O.
. Model 4, a log-log model recommended by the new AAS 2002 MEPDG for
unbound materials (AASHTO 2004).

ANE,; ©
w.=a(Z ] (54 9
where,zoc: = octahedral sheatress acting on the material

= 1/3[(0'1 —0'2)2 + (0'1 _0-3)2 + (0.2 _0_3)2] 1/3
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Tables 5.2, 5.3 and 5.4 present the aforementiamechge model constantg, (k.
and k3) for P-, V- and C-soil, respectively. These valumsild easily be used for
pavement design using both the 1993 AASHTO Desigid& and MEPDG Level 2
design/analysis provided the state of stress isvknfom layered elastic analysis or
some other means. In this study, the designvdues were calculated at a deviatoric
stress of 41.34 kPa (6.0 psi) and a confining presof 13.78 kPa (2.0 psi), as

recommended by Jones and Witczak (1977) and Pialg @001).

5.4.2 Evaluation of Models

Four models were evaluated using the followingeciat (1) ¥/S, ratio represents
the ratio of the standard deviation of the errorthe standard deviation of the sample. A
lower value of this ratio is a measure of the inweroent in prediction achieved by using
the model instead of the mean. (2J, Bhe square of the correlation coefficient (or
coefficient of regression), is probably the mostiely used indicator for identifying the
accuracy of prediction. The new MEPDG recommend’® avalue greater than 0.90
(AASHTO, 2004). (3) Visual examination of the pretéd versus measured; M used to
identify local bias (i.e. incorrect model form) (érei et al., 2004).

Figures 5.1 (a) and (b) show the frequency diagraii® and /S, values of the
samples used in this study. Compared to other mpddSHTO 2002 MEPDG model
(Model 4) for unbound material has the worst odegabdness of fit statistics with only
seven samples having®Ralues greater than 0.9 and 19 samples havifty 8 0.2.
Hence, Model 4 was rejected for further developnoémrrelations and validation. Both
Models 1 and 2, resulted in 62 samples with’av&lue greater than 0.9. Additionally,

Models 1 and 2 gave 33 and 36 samples witk/§, Salue of less than 0.2. Therefore,

159



Models 1 and 2 were selected for further develognoércorrelations and validation.
Although Model 3 gave less number of samples (&8lywith R > 0.9, it showed the
highest number of samples with'§ < 0.2. Hence, Model 3 was also selected for furthe

development of correlations and validation.

5.4.3 Correlations

The model constants were correlated with commosBducompacted specimen
characteristics and basic soil/additive propert&secifically, the correlations developed
herein consider the following compacted specimeraratteristics — unconfined
compressive strength, dry density, moisture confetcent of additive, silica sesquoxide
ratio (SSR); soil properties — percent passing20@. sieve, plasticity index, clay content,
pH, specific surface area, cationic exchange capaand additive properties — silica
content, alumina content, iron oxide content, S&&cium oxide content, magnesium
oxide content, alkali content, free-lime, spec#igrface area, loss on ignition, percent
passing No. 325 sieve, pH. The stepwise methoduttipte linear regressioru(= 0.05)
option in SAS 9.1 was used for correlating modatstants with the aforementioned
properties. The F test for the multiple regressia@s conducted using SAS 9.1 to
validate significance of the relationship betweenavd independent variables included
in the model constants. The associated proballittesignated as Pr > F or p-value. A
small p-value implies that the model is significantexplaining the variation in the
dependent variables. For example, the relativeesffef mechanical properties of mixture
and chemical/physical properties of soil and additior Model 3 are summarized in

Table 5.5. The analyses of variance (ANOVA) resshiew that the M(in MPa) values
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were significantly influenced by the compacted spea characteristics, soil/additive
properties and stress levelsxat 0.05. The following correlations were establghe

Model 1

ucs

logk, =17.2068+ 1.690309{ B DUW

a

j +3.31830gMC + 12.4465Iog( j - 4.8520l0g P,

w

+0.32240gPI - 0.25260g Al,0, —12.74140g pH, (5.10)
K, = 0.0905Iog(UFC);Sj +0.06410g MC + 2.4389Iog( DUW] - 0.0224l0g(P,,)
+0.0089%0g(CC) —ao.00291|og(sse\) ~0.0534l0g(ACA) —WO.263309( pH,) (5.11)
K = O.233]Jog(UCSJ +0.1159%0gMC + 4.7928Iog( Dswj - 0.02420g(P,,.)
+0.008010g(CC) + 0.01520g(PA) + 0.01180g(Ca0) - 0.76100g(pH, ) (5.12)

(R*= 0.9249; F value = 633; Pr < 0.0001)

Model 2

logk, = -0.8970+ 1.6698|og(ussj +3.1629%0gMC + 9.371]]09( DUW] + 0.6549l0g PI

~1.47710g(SSA) - 0.432909(Fe,0,) -1.18280g(Ca0) (5.13)
ucs

k, = 0.1322Iog( = j +0.0482log(MC) + 0.0141log(CC) - 0.01380g(SSA)

~0.00990g(CEC) - 0.00590g(PA) + 0.01440g(ALO,) - 0.00610g(SSR) (5.14)

k, = 0.1732Iog(ulgS

a

DUW
Y
+0.02120gPA-0.23110g(Ca0) +1.44120gP,,. -~10.74600g pH, - 0.15590g SSR

(5.15)

j +0.1245logMC + 6.1274Jog( j —-0.02330g SSA-0.011logCEC

(R*=0.9262; F value = 609; Pr < 0.0001)
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Model 3

logk, =1.6417+ 1.317]]09(UTCSJ ~ 0.2554l0g MC - 0.5917log pH, + 0.1585l0g CEC

a

~0.1220logPA- 0.1066l0g SiQ, + 0.29420g SSR (5.16)

logk, = —O.3369Iog(UTCSJ - 0.1957logMgO - 0.15930og LOI + 0.2671ogSSR (5.17)

a

UCs DUW

logk, = 0'4326|09(TJ - 1.042]]09(

a

] +0.27910gCC (5.18)

w

(R*=0.9078; F value = 1022; Pr < 0.0001)

where,

UCS = 28-day unconfined compressive strength (kPa),
Pa = atmospheric pressure (101.283 kPa),
MC = molding moisture content (%),

DUW = molding dry unit weight (kN/f),

Ko = density of water (9.81 kNAn

PA = additive content in specimen (%),
P20o = passing No. 200 sieve for soil (%),
Pl = plasticity index,

CC = clay content in soil (%),

pHs = pH of pure saill,

SSA = specific surface area of soil {im),

SiIOQ, = silica content of additive (%),

Al,O3 = alumina content of additive (%),

SSR = SSR of additive,
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CaO = calcium oxide content of additive (%),

MgO = magnesium oxide content of additive (%),
ACA = alkali content of additive (%),

FL = free-lime content of additive (%),

LOI = loss on ignition of additive (%),

P32s5 = passing No. 325 sieve for additive (%),
PHa = pH of pure additive,

SSR, = SSR of soil-additive mixture.

A comparison between the measuredrdtults and predicted values for Models
1, 2 and 3 by using aforementioned correlationssamvn in Figures 5.2, 5.3 and 5.4,
respectively. It is evident that the predicted ealare closer to the equality line when the
M, values are less than 1,600 MPa. This observatiay Ioe due to the distribution of
dataset. Only 133 Mralues out of 1181 Mvalues (approximately 11%) are in the upper
range of 1,600 MPa. The remaining 89% of thevilues for this study are in the lower
range of the evaluation dataset. Overall, all Hlre¢ models showed similar performance
based on the R> 0.90) and F values (600 — 1000). Thereforethallthree models were

selected for further validation.

5.4.4 Validation of Models

The evaluated models were validated usingMslues of a lean clay (K-soil)
stabilized with lime (3%, 6%, 9%), CFA (5%, 10%,%4pand CKD (5%, 10%, 15%).
This provides different views on the prediction kifyeand the importance of datasets on

statistical analysis. As noted previously?, R/S, value and visual examination are
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utilized as the basis of comparing the three montelegard to the goodness of fit and
significance of the model.

The M values of 31 stabilized K-soil specimens were fated using the
correlations developed with stabilized P-, V- angdll specimens dataset. Then, the
predicted M values were compared to the measured/dlues, as shown in Figure 5.5.
As evident from Figure 5.5, Model 3 showed supeperformance with the highesf R
value of 0.9791 and the lowest averagSSvalue of 0.4817. Although Models 1 and 2
predicted M values with high Rvalue (~ 0.9), but both models gave an averaffg, S
value greater than 1. Also, it is evident from Fegb.5 that the scatters for Model 3 are
closer to the equality line as compared to scatiEfdodels 1 and 2. It is an indication
that Model 3 is capable of predicting the, Malues of stabilized subgrade clays

reasonable well, as compared to other models.

5.4.5 Correlations Developed Using Selected Parameters

As noted earlier, a total of 23 input parametergewased for developing
correlations. However, some of the inputs paramsd®g., specific surface area, cationic
exchange capacity) require test setup(s) which rawe readily available in the
geotechnical engineering laboratories. Hence, & decided to use selected parameters
that are readily available from the additive sugpknd/or evaluated commonly in the
geotechnical laboratory. Specifically, the correlas developed herein consider the
following compacted specimen characteristics — ofined compressive strength, dry
density, moisture content, percent of additive| podperties — percent passing No. 200
sieve, plasticity index, clay content, pH; additpeperties — free lime content, loss on

ignition, percent passing No. 325 sieve, pH. Sidedel 3 showed best acceptable
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performance, the stepwise method (as discussedentio8 5.4.3) was used for

developing Model 3 correlations. The following e@ations were established:

logk; = 33.8689+ 1.3106|OQ(UFC:S

a

J - 0.45390gMC - 0.2246log pH,

~0.1073l0g PA + 0.4926l0g FL (5.19)
logk, = ~16.3817l0g P,,s - O.3620Iog(ucsj " 1.2722log( DUW]

P, Y
- 0.1552l0gCC (5.20)

logk, = 0.3969Iog( UISSJ - 2.6845Iog( DUWJ +0.2384log PI

a w

+0.27780g pH, - 0.0530log FL (5.21)

A comparison between the measured and predictedvdlies for Model 3
correlations developed using all 23 parameters §E&IL6 — 5.18) and selected 12
parameters (Eqns. 5.19 — 5.21) is shown in Figuelbis evident from Figure 5.6 that
both models show very similar prediction with high value (> 0.90). As an example,
Model 3, developed using selected 12 parameteesliqgted design Mvalues of 6%
lime-stabilized K-soil specimens approximately 0.2#%gher than corresponding (M
values predicted using Model 3 developed usin@allparameters. The corresponding
percentage difference in predicted design Wdlue is approximately 0.8% and 1.2%

higher for 10% CFA- and 10% CKD-stabilized K-s@ksimens, respectively.
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5.5 Artificial Neural Network Models

5.5.1 Development and Evaluation of Models

In the present study, two feed-forward-type ANN migd namely, Radial Basis
Function Network (RBFN) and Multi-Layer Perceptromdetwork (MLPN), were
developed using the Miataset of P-, V- and C-soils. Previous studiesvstihat RBFN
and MLPN are two best ANN models for predicting Wilues of subgrade soils (Zaman
et al., 2010). A commercial software, STATISTICAW&S used to develop these models.
In the present application, the input layer cossigt25 nodes (or neurons), one node for
each of the independent variables, naméyS/R, MC, DUWJ,, P PIl, CC, pH,
SSA, CEG, PA, SiQ, ALOs, Fe0s, SSR, CaO, MgO, ACA, FL, LOI, 425, pH,, SSA,
SSR, 03/P,, andoy/P,. The output layer consists of one node, represgmii,/P,. For
each ANN model developed, a trial and error apgroaas used to find the number of
nodes in the hidden layer(s), in search of thenogtn model. After the architecture was
set, the development dataset was fed into the nfod&hining. To examine the strengths
and weaknesses of the developed models, they wekiated by comparing the
predicted M values with the experimental values (or measueddes) with respect to the
R? values. Thus, a higheRalue was considered a better fit of the evalmatiataset.
Previously, several researchers have usédaan indicator of model performance

(Tarefder et al., 2005; Rankine and Sivakugan, 280%anki et al., 2008).

5.5.1.1 Radial Basis Function Network (RBFN)

The radial basis function network (RBFN) divides tmodeling space using

hyperspheres. The centers and radii are used t@aatbeze these hyperspheres. The
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RBFN units respond non-linearly to the distanc@ahts from the center represented by
a radial unit. The response surface of a singléakanhit is the Gaussian (bell-shaped)
function, peaked at the center, and descendingasdsmHaykin, 1994; Bishop, 1995;
Hill and Lewicki, 2006). Therefore, the RBFN hé&see layers, namely input, hidden,
and output layers. The hidden layer consists dfataunits. It models the Gaussian
response surface. The two most common methodssigning the center of the radial
units are sub-sampling and K-Means algorithm (BisH®95; Hill and Lewicki., 2006).
The RBFN model has one hidden layer. A trial andreapproach was used to
determine the optimum number of node in the hiddgar. Following this approach, the
optimum number of node in the hidden layer prodydhre least root mean square error
(RMSE) was found to be 18, as shown in Figure Bhi& R value of the RBFN model is
0.6207, which is lowest among all the statisticadl 8A\NN models used in this study.
Figure 5.8 shows an overall comparison between unedsand predicted Mralues for
this model. Significant scatter is observed for éméire data range, justifying a low’ R
value. Based on these results, it is clear that NRB$ incapable of predicting the
development dataset. However, thé Rilue for fewer specimens is close to 1. For
example, predicted Mvalues show a good correlation?(R 0.9012) with experimental
M, values for 3% lime-stabilized P-soil and 5% CKRkslized V-soil specimens, as
shown in Figure 5.9. The correlation becomes weakanore soil and additives types are

included in the dataset.

5.5.1.2 Multi-Layer Perceptrons Network (MLPN)

The MLPN is one of the popular network architecturause today (Rumelhart

and McClelland, 1986; Bishop, 1995; Narayan, 200@nan et al., 2010). The MLPN
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consists of an input layer, a number of hiddenrdayand an output layer. In each of the
hidden layers, the number of nodes (also calledamgican be varied. Due to the number
of layers and the number of nodes in each layerMhPN can adjust the architecture of
the network based on the complexity of a probldmSTATISTICA 8.0, the MLPN has
up to three hidden layers available. Each of th@esdn the network performs a biased
weighted sum of their inputs and passes this aaivdevel through a transfer function to
produce its output. The weights and biases in #teaerk are adjusted using a training
algorithm. The training algorithms available in SMATICA 8 are back propagation,
gradient descent, conjugate gradient, and quasitdde(dill and Lewicki, 2006).

In MLPN, the weighted sum of input components alkwated as (Yilmaz and
Yuksek, 2007; Canakci and Pala, 2007):

n
S = WX +Q (5.22)

i=0

wherei is number of inputg, is number of neurons in hidden laye$sis the weighted
sum of thejth neuron for the input received from the precedanget with n neurons (or
inputs for MLPN with one hidden layeNy; is the weight between th8 neuron and the
i"™ neuron in the preceding layet,is the output of thé" neuron in the preceding layer
(or inputs for MLPN with one hidden layer), af@l is the constant bias term. Once the
weighted sum§ is computed, the output of th& neurony; is calculated with an
activation function, sigmoid in this case, as folfo

1

yi = f(Sj)=m (5.23)
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where 7 is a constant used to control the slope of thel-iapar region. The sigmoid
nonlinearity activates in every layer except thauinlayer (Yeh, 1998; Canakci and Pala,
2007).

In the present study, the MLPN model was developitid one hidden layer. The
number of nodes in hidden layers was selectedlrased on minimum RMSE by using a
trial and error approach, as shown in Figure 5Tk architecture of the developed
MLPN model is illustrated in Figure 5.11. The news®f input layer receive information
from outside environment and transmit to the nesirof the hidden layer without
performing any calculation. The hidden layer theacpsses the incoming information
and extracts useful features to construct the nmgpgrom the inputs space and
interconnects each other through weights. The meofdast layer called the output layer
produce the network prediction to the outside waorlthe form of M values.

The training algorithm used in the study is conjeg@radient algorithm,
activation function is sigmoid function, and numbéepochs is 5,000 producing an error
of less than 18 per 100 cycles. As a result of the training, teenork produced 9 x 25
weights (V) and 9 bias value€X) connecting input and hidden layer, 9 x 1 weidht§)
and 1 bias value (Q) connecting hidden layer anduidayer. Table 5.6 presents a list of
the final weights and bias values. With these wisigimd bias values, the network is able
to simulate M values with the trained data and to predigtMdlues with the untrained
data by using following equations:

Mr 3054 (5.24)

Fa 1+ex 1.4071 + 0.6943 0.7252 1.3595 04442 03108 _ 02729 _ 07253 0.6157
1ve P 1veF 1ieF 1ieF 1ie R 140 R 14eF 14eF 1ie7F

where,
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FH =VV1—1(UCSJ +W>_1(MC) +W3—1( D:/J Wj +Wy—1(Pooo) + We—1 (P1 ) + We_1 (CC)
+Wy_1(pHs) + W1 (SSA) +Wo_1 (CEC) + Wi g1 (PA) + Wi 1-1(SiO) + Wi 1 (Al,03)

"‘W13—1(Fezo3) "'W14—1(SS|3) +V\/15_1(Ca0) +VV16—1(MgO) "'W17—1(ACA) +VV18—1(FL)

+Wig-1(LOI ) +Wag 1 (Pa2s) + Way_1 (PHa) + Wop1(SSA ) + Waz 1 (SSR,) + W24—1(%j

a

+W25—1(%:j +Qp (5.25)

FunctionsF,, F3,..., Fg can be obtained by employing weights,, W3, ..., Wig
(i =1 - 25), respectively in Egn. 5.25. By emplayithe aforementioned approach, the
R? values of the MLPN model was found to be 0.98##idating that the MLPN model
is expected to better correlate the \Wlues than the RBFN (0.6207) model. Figure 5.12
shows a comparison between the experimental artiicped values of Mvalues for the
MLPN model. It is clear that the level of scatterdata points reduced significantly for

this model. Also, it is evident that the predictedues are closer to the equality line.

5.5.2 Validation of Models

As noted earlier, a different dataset of Whlues of stabilized V-soil specimens
was used for validation. This provides differeréws on the prediction quality and the
importance of datasets on regression analysis (@omery et al., 2006; Myers et al.,
2001; Solanki et al., 2008). Additionally, a compan was made between the differences
in the R values of the development/evaluation dataset mdalidation dataset.

The RBFN model predicted the,Malues of the validation dataset with a lo& R

value of 0.3172. Figure 5.13 shows a comparisoth@fprediction quality of the RBFN
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model for the validation dataset. It is observeat tihe data points start to deviate to a
“banded” distribution ranging between approximatél0 — 1000 MPa, as shown in
Figure 5.13. The effect is presented as a narrowd laaross indicating a poor prediction.
Also, S/S, value of greater than 1 indicates low quality of pdediction achieved by
using the RBFN model. On the other hand, th@Rhe validation dataset for the MLPN
model was found to be 0.9582 (Figure 5.13). Thaesponding 8S, value for the
MLPN model was found to be less than 1 (0.5985)s Hlso evident from Figure 5.13
that the scatters for MLPN model are closer to etyune as compared to scatter of the
RBFN model. Overall, the MLPN model appears to e best model for the present

(development/evaluation and validation) datasets.

5.6 Sensitivity Analysis

A sensitivity study was conducted on the best pariiog statistical (Model 3) and
ANN (MLPN) model to evaluate the effect of eachapdndent variable. In pursuing this
sensitivity analysis, only one independent variabkes changed at a time. First, the
average and standard deviation of each independeiasble were determined from the
combined evaluation/development and validation sidta The corresponding results of
the mean and standard deviation of each independeiatble for Model 3 and MLPN
models are shown in Tables 5.7 and 5.8, respegtifélen, M value was calculated by
inputting the average values of each independaimhia into the corresponding models
and this calculated value was called the “primarywhklue.” A series of Mvalues were
then calculated by changing (within plus and minti®ne-half standard deviation) one
independent variable at a time, while the resthef independent variables were kept at

their mean values. The series of the Wlues thus obtained were compared with the
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primary M value. Also, it is worth noticing that one-hatlisdard deviation was used
instead of one standard deviation because it wasdféhat one standard deviation may
change the independent value to an extent beyandatige of the original independent

parameters used in this study.

5.6.1 Senditivity Analysis For Stress-Based Statistical Model 3

The results (as percent difference) of the serisitanalysis of the stress-based
statistical Model 3 are presented in Table 5.7s Iseen that unconfined compressive
strength, pH of soil, cationic exchange capaciiycas content of additive, and SSR of
soil-additive mixture were more sensitive variahleshe statistical Model 3. These five
independent variables contributed to more than ##%érednces in the comparison of,M
values. The unconfined compressive strength hadhigbest (approximately 24%)
sensitivity followed by the pH of soil, SSR of sailditive mixture, silica content of
additive, and CEC of soil. The confining and demiat stress contributed to less than 2%
of difference for the dataset considered hereirnciwig consistent with the observation
reported in Section 2.7.4. The dry unit weight ahelviatoric stress had the least

sensitivity of less than 0.5%.

5.6.2 Sensitivity Analysis For Neural Network MLPN Model

The results of the sensitivity analysis of MLPN rabdre presented in Table 5.8.
Only unconfined compressive strength followed byistuwe content showed significant
sensitivity in the MLPN model. These two indeperdeariables had more than 5%
differences in the comparison of, Malues. Free-lime content followed by passing No.

325 sieve of additive, passing No. 200 sieve ofitadd SSA of additive, percent of
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additive, PI of soil, calcium oxide content of atidd, FeO3; content, loss on ignition,
deviatoric stress, SSR of soil-additive mixture loatly modest influence (2 — 5 percent)
on M. This behavior is consistent with the observatiomgorted in Section 2.9; M
values are better correlated with free-lime contkss on ignition, percent passing No.
325 sieve, SSA of additive, and SSR of soil-additmixture. Dry unit weight, clay
content, pH of soil, CEC, and confining stress Iask than 1% difference in the
comparison of Mvalues. The rank of each independent variableidered here based
on the sensitivity result is presented in Table 508y unit weight and confining stress
showed the least significance in the sensitivitglgsis. The reason for the low effect of
dry unit weight may be that the influence of drytumeight is over shadowed by other
material parameters. Low sensitivity of confiningress is consistent with the
observations reported in Section 2.7.4.

The overall sensitivity study showed that the densi of independent variables
was dependent on the type of models. The sengitiaitking of independent variables
was different for each model (Tables 5.7 and S3R)wever, unconfined compressive
strength consistently remained one of the mostitbemsndependent variables in both
statistical Model 3 and MLPN models. The confinisigess, on the other hand, was
always the least sensitive independent variablgHersoils and additives considered in
this study. Also, SSR of soil-additive mixture sleal intermediate influence on the M
values predicted by using both statistical Modaeh@ MLPN model. These observations

are consistent with the observations reported ctiG@e2.9.
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5.7 Concluding Remarks

In this study, a total of four stress-based siatisinodels and two feed-forward-
type ANN models, were evaluated to correlate msilimodulus with specimen
characteristics and soil/additive properties. Addtabase developed using laboratory test
results on 160 specimens prepared by using fous stabilized with three additives
namely, lime (3%, 6% and 9%), CFA (5%, 10% and 18%g CKD (5%, 10% and 15%)
was used. Of these, three soils namely, P- (dity)cV- (lean clay) and C- (fat clay) soill
were used in development/evaluation, and the rangione soil (K-soil, lean clay) was
used in the validation of the selected models. Tollowing points highlight the
assessments and evaluations of these models:

1. One semi-logds, o4) and three log-log6( og; o3, o4; 0, Toc) Stress-based statistical
models were evaluated. The log-log model recommehgeAASHTO 2002 Design
Guide 0, toc) for unbound materials showed the least acceptasfermance.

2. The model constants of the three selected statistiodels were calibrated through
multiple linear regressions by using common congmhspecimen characteristics and
soil/additive properties. The developed correlaionere the most accurate in
producing R values ranging from 0.90 to 0.93.

3. All three stress-based statistical models weradatdid by using additional Miata of
stabilized K-soil specimens. Overall, a semi-leg, c4) model was found to show
best acceptable performance with the highéstv&ue (0.98) and lowest average
SJ/S, value of 0.48.

4. From the correlations of best performing statistroadel (Model 3), it appears that

the model constants for 28-day, Mere mainly governed by compacted specimen
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characteristics — UCS, molding moisture contentding dry unit weight, percentage
of additive, silica sesquoxide ratio of soil-adeti mixture; soil properties — clay
content, pH, cationic exchange capacity; and addiproperties — silica content,
calcium oxide, magnesium oxide content, loss ortian

. Model 3 developed using selected parameters shomadhe model constants are
governed by compacted specimen characteristics S, W@lding moisture content,
molding dry unit weight, percentage of additivejl goroperties — clay content,
plasticity index, pH; and additive properties —eflane content, percent passing No.
325 sieve.

. For the RBFN model, with one hidden layer, the’ Ralue for the
development/evaluation dataset showed worst pedocen (0.62) among all the
statistical and ANN models used in this study. Aiswas found that the Rvalue for
fewer specimens is close to 1 but the correlatiecomes weaker and appears in a
“banded” distribution as more soil and additivepely are included in the dataset.
Further, study showed that RBFN model predictss8lues of validation dataset with
lowest reliability (R = 0.32, §/S, = 1.26).

. The R value of the MLPN model with one hidden layer viasnd to be 0.99 for
evaluation/development dataset. Based dnv&ue and visual examination, this
model appeared to be the best model. Further, atadid of MLPN model using a
different dataset showed/S, value of 0.60 and Rvalue of 0.96 indicating high

guality of M prediction achieved by using the MLPN model.
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8. Overall, the MLPN model was found to be the bestdehofor the present
development/evaluation and validation datasetss Thodel as well as the other
models could be refined using an enriched database.

9. The sensitivity ranking of independent variablesswdifferent for each model.
However, unconfined compressive strength consistertmained one of the most
sensitive independent variables in both statistMatlel 3 and MLPN models. The
confining stress, on the other hand, was always I¢ast sensitive independent
variable for the soils and additives considerethis study. Also, SSR of soil-additive
mixture showed intermediate influence on the Wlues predicted by using both

statistical Model 3 and MLPN model.
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Table 5.1 A Summary of Relevant Laboratory Studie$Soils Stabilized with Different

Additives
Reference Type of  Type of Parameters/TestéStatistical
soil? additive Analysis for M: Yes/No)
Chang (1995) Lateritic soll FA, Lime UCS,,\No)
Achampong (1996) CL, CH PC, Lime UCS, (fe9)
Misra (1998) Clays FA UCS (No)
Little (2000) Fine grained Lime UCS, M, Swell (No)
soils
Miller and Azad (2000) CH, CL, ML CKD UCS (No)
Qubain et al. (2000) CL Lime UCS,;NNo)
Kim and Siddiki (2004) A-4, A-6, A-7- Lime, LKD UCS, CBR, volume stability, MYes)
6
Rahim and George (2004) A-2-4, A-3, A- None M (Yes)
6
Arora and Aydilek (2005) SM FA UCS, CBR,,¥es)
Hillbrich and Scullion (2006) A-3 PC MSeismic ModulusYes)
Osinubi and Nwaiwu (2006) CL Lime UCS (No)
Peethamparan et al. (2008) Kaolinite clay CKD, Lime UCS, Modulus (No)
Ling et al. (2008) Silty clay Lime, PC NYes)
Hossain (2009) A-1, A-2, A-4, None M (Yes)
A-5, A-6, A-7
Mohammad et al. (2009) A-4, A-6, A-7- None M (Yes)
5, A-7-6
Mooney and Toohey (2010) A-6, A-7-6 Lime UCS, (Mes)

3Soils according to USCS and AASHTO classificati®ompaction and Atterberg limit tests are not ineftiéh the
list; M,: Resilient Modulus test; CBR: California Bearingt®; FA: Fly Ash; PC: Portland Cement; CKD: Cement

Kiln Dust; LKD: Lime Kiln Dust
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Table 5.2 Average Model Constants for P-soil Sizdxl with Lime, CFA and CKD

Percentage \odel 1: My = klpax(elpa)k2 X(Gd/pa)k3

Model 2: Mr = kipa x (63/pa)? X (6a/pa)*?

of additve ki ko ks M. ke o ks M
Rawsol 803 0342 0341 103 1266 0223 -0248 103
3% Lme 3946 0095  -0482 604 4595 0074 0456 604
6% Lime 4384 0073  -0545 713 5087 0037 -0522 764
9% Lime 4177 0274  -0541 650 5754 0143 0470 668
5% CFA 1207 0403  -0323 162 2285 0276 0209 161
10% CFA 4145 0195  -0175 472 5415 0134 0122 468
15% CFA 7960 0025  -0635 1417 8185 0013 -0625 1415
506 CKD 2924 0110 0371 404 3396 0073 -0340 403
10% CKD 14547 0004  -0296 1920 14805 0005 -0.295 1935
15% CKD 22,399  -0.046  -0100 2505 21,163 -0.024 0117 0®5

Ef;cde d”itti"\"/ge Model 3: Mr = kupa X (k)@ x (ka)’?®=  Model 4: M = kipa X (0/pa)*® X (toctpa+1)
Rawsoll 1206 2563 0439 107 1425 0040  -1580 118
3% Lme 10801 1410 0246 646 8593 0217 -2352 685
6% Lime 11,881 1699 0303 794 9454 0317 -2030 799
9% Lime 9551 2013 0397 730 8462 0007 -1932 678
5% CFA 1797 3339 0528 165 2251 0275 -1748 175
10% CFA 5176 1770 0652 476 5402 0098 -0.364 513
15% CFA 23751 1057 0277 1436 17,650 -0.362 -2424 1436
5% CKD 6328 1367 0373 447 5256 0142 -1476 458
10% CKD 27,751 0943 0441 1997 22667 -0211 -1549 1988
15% CKD 20,077 0889 0719 2534 26139 -0.110 -0.548 2534

*M , values calculated at,= 101.28 kPag; = 13.78 kPagy = 41.34 kPaf) = 82.68 kPag,.; = 12.99 kPa
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Table 5.3 Average Model Constants for V-soil Stabd with Lime, CFA and CKD

Percentage  Model 1: Mr = kipa X (0/pa)2 X (ca/pa)®  Model 2: Mr = kipa X (63/pa)2 X (ca/pa) ®
of additve ki k2 ks M#(MPa) ki ko ks M~ (MPa)
Raw soil 575 0285  -0.408 79 856  0.198  -0.328 78
3%Llime 8419 0010  0.030 828 8546 0011 0032 822
6% Lime 6430 0030  -0.074 692 6,698 0020  -0.066 692
9% Lime 6098 0043  -0.085 660 6460 0028  -0.071 660
50 CFA 4695 0082  -0.145 533 5252 0055  -0.119 531
10% CFA 8763 0016  -0.092 960 8964 0016  -0.089 954
15% CFA 11,116 0060  -0010 1123 12032 0038 0008 1,122
50 CKD 4,827 0117  -0.182 562 5342 0079  -0.149 529
10% CKD 14,013  -0015 -0.136 1609 13773 0013 0141 2416
15% CKD 18950 0028  0.016 1,881 19370 0015 0024 1,865
Ef;cde dr;ttiife Model 3: Mr = kipax (k2)?P2x (ka)°?P*  Model 4: M = kipa X (0/pa)* X (toc/pa+1)®
Rawsoil 1122 2310  0.337 82 1,102 0012  -1852 89
3% Llme 7,792 1077 1111 832 8147 0038  -0.069 812
6% Lime 7,416 1098  0.807 697 7198  -0018  -0.274 708
9% Lime 7,130 1132  0.799 670 6961 -0.011  -0.399 673
50 CFA 5884 1270  0.718 538 5728  -0017  -0.322 560
10% CFA 10,729 0583 0318 632 10,188 -0.050 -0.320 1,003
15% CFA 10,804 1177  1.012 1124 11267 0053  -0.014 1,127
50 CKD 6,034 1431  0.624 529 593  -0.011  -0.840 545
10% CKD 19512 0970  0.703 1,704 16979 -0.098  -0423 1,667
15% CKD 17,549  1.090  1.166 1,915 17,092 -0.094  0.653 1,909

*M , values calculated at, = 101.28 kPag; = 13.78 kPagy = 41.34 kPaf) = 82.68 kPag,.;= 12.99 kPa
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Table 5.4 Average Model Constants for C-soil Stabd with Lime, CFA and CKD

Percentage  \Model 1: Mr = kipa x (0/pa)*2 X (6a/pa)"

Model 2: Mr = kipa X (63/pa)*? X (a/pa)*®

ofadditve ki ko ks M*(MPa) ki k2 M (MPa)
Rawsol 1214 0026  -0315 162 1275 0026  -0306 161
3% Llme 3432 0060  -0173 401 3736 0042 0155 400
6% Lme 5879 0044 0154 678 6257 0029 -0139 677
9% Lime 4332 008  -0204 518 4863 0058 -0180 516
506 CFA 2057 0163  -0249 252 2583 0115 0203 250
10% CFA 2591 0175  -0221 309 3286 0121 -0170 304
15% CFA 3420 0231  -0179 388 4735 0159 -0113 386
506 CKD 1235 0171 0294 157 1566 0119  -0.248 156
10% CKD 2958 0076  -0.143 335 3205 0053 -0.21 335
15% CKD 7,732  -0030  -0111 871 7447 0021 -0.115 872
Zfe;e dr:ttiife Model 3: Mr = kipax (k2)¥P2x (ks)°?®=  Model 4: Mr = kupa X (0/pa)2 X (toct/pas1)®
Rawsol 2,477 1118 0354 167 2050 0186 -1679 176
3%Llme 4830 1197  0.603 408 4531 -0055 -0.829 420
6% Lime 7,884 1123 0663 686 7424 0060 -0.750 695
9% Llime 6413 1279 0544 524 5920 0080 -0637 564
506 CFA 3121 1622 0514 257 3086 0002 -1287 268
10% CFA 3615 1219  0.305 232 3705 0019  -1234 322
15% CFA 4111 1973 0693 303 4591 0121  -0951 404
506 CKD 2,089 1648 0437 162 2034 0041 -1646 170
10% CKD 3811 1261 0673 339 3725 0019 -0712 348
15% CKD 10,126 0936 0718 888 9261 0099 -0597 890

*M , values calculated at,= 101.28 kPag; = 13.78 kPagy = 41.34 kPaf = 82.68 kPag.; = 12.99 kPa
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Table 5.5 Analyses of Variance on Test Resultsimiek, CFA- and CKD-Stabilized P-,
V- and C-Soil Specimens Using Statistical Model 3

Independent Variable Parameter Standard Type Il Sum F-value Pr>F ®Significant
Estimate Error of Squares
Intercept 1.64172 0.09938 2.11074 27291 <.0001 Yes
Log(UCS/R)® 1.31709 0.03879 8.91834 1153.12 <.0001 Yes
Log(MC)° -0.25544 0.05975 0.14135 18.28 <.0001 Yes
Log(pHy)° -0.59169 0.15015 0.1201 15.53 <.0001 Yes
Log(CEQ)® 0.15846 0.06837 0.04154 5.37 0.0206 Yes
Log(PAY -0.12202 0.01743 0.37903 49.01 <.0001 Yes
Log(SiO,)° -0.10662 0.00984 0.90738 117.32 <.0001 Yes
Log(SSR,)" 0.29422 0.04942 0.27408 35.44 <.0001 Yes
(65/P,) x Log(UCS/R)® -0.33687 0.08824 0.11271 14.57 0.0001 Yes
(64/P,) x Log(MgOY -0.19567 0.13117 0.01721 2.23 0.0136 Yes
(64/P,) x Log(LOI)* -0.15934 0.06462 0.04703 6.08 0.0138 Yes
(65/P,) X Log(SSR,)" 0.26706 0.09875 0.05657 7.31 0.0069 Yes
(64/P5) x Log(UCS/R)” 0.43256 0.06043 0.3963 51.24 <.0001 Yes
(64/P;) x Log(DUWA,,)°  -1.04209 0.3414 0.07206 9.32 0.0023res
(04/P,) X Log(CC¥ 0.27905 0.04761 0.26567 34.35 <.0001 Yes
(54/P,) x Log(CaO} -0.18864 0.05323 0.09714 12.56 0.0004 Yes

®Significant at probability level (alpha) = 0.08molded specimen properti€spil properties®additive properties;
o4 deviatoric stressps: confining stress; P atmospheric pressure (101.283 kPa); UCS: 28-degonfined
compressive strength; MC: molding moisture contBtdW: molding dry unit weight (kN/f); V,: unit weight of
water (9.81 kN/m); PA: additive content (%); pHpH of pure soil; CC: clay content in soil (%);35i silica

content of additive (%); MgO: magnesium oxide caontef additive (%); LOI: loss on ignition; SSR: isd

sesquoxide ratio of mix
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Table 5.6 Weight and Bias Values for MLPN 25-9-1

Number of hidden layer neurons (j)

Weights (i) —7 2 3 5 6 7 8 9

Between Input and Hidden Layer
Wy (UCS/R) 0.7849 -0.2768 -0.4757 -0.7488 -0.3004 -0.6057.21D5 -0.6374 -0.5808
W, (MC) -0.2339 -0.3610 -0.4485 -0.3660 0.1410 0.019P2.3717 -0.2784 -0.0769
W (DUWYy,) 0.1414 0.0763 0.1269 0.0510 0.3162 -0.4473 -1.985B0919 0.9099
W.i (Paoc) -0.1455 0.2050 -0.6296 -0.3227 -0.0140 0.2394 0842 -0.6616 -0.0189
Ws; (PI) -0.1268 -0.0302 0.4097 -0.0823 -0.0651 0.18210.2170 0.0563 -0.0482
We; (CC) 0.0414 -0.0964 0.0139 -0.0245 -0.1234 0.51060.2283 0.1011 0.3436
Wo; (pHe) 0.6026 0.6030 -0.1112 0.4181 0.0286 0.5532 0.23842701 0.2605
We; (SSA) 0.0932 -0.0469 0.2761 0.2811 -0.0070 0.0062 1ZB0 -0.0087 -0.0044
Wy; (CEC) -0.1407 0.5116 1.4874 0.7090 0.1179 0.2400.1110 0.4663 0.3095
Wi (PA) 0.3427 -0.4081 0.5317 0.5927 -0.1045 -0.1116.0787 -0.0072 -0.0460
Wy, (SIOy) -0.0769 -0.0565 -0.0937 -0.0767 -0.0852 -0.0178.0697 0.0973 0.0112
Wy (Al,05) 0.2679 0.0830 0.2180 0.3672 -0.1492 0.1319 0.01381156 -0.2717
W3 (F&0O3) 0.0508 0.8503 -0.1267 -0.1323 -0.1328 0.0454 3982 -0.1594 -0.1061
Wy (SSR) -0.3170 -0.2456 -0.2431 -0.2376 -0.2884 -0.0872.04D2 0.6130 -0.0230
W5 (CaO) -0.0830 -0.0955 -0.2227 0.0881 -0.0618 (1880.3144 0.0350 0.4890
W6 (MgO) -0.0860 0.0378 -0.0123 -0.4499 0.1731 0.0169.2102 0.3254 0.0249
W7 (ACC) 0.1233 0.0478 0.1394 0.1016 0.0063 -0.1280.26@8 0.4927 -1.0806
W g (FL) 0.6707 -1.5454 -0.7059 0.0926 0.8779 0.0639.44@1 0.1220 0.2625
Wg; (LOI) 0.2201 -0.7126 0.0994 0.2387 -0.2065 0.3949.1745 -0.0968 -0.1482
Wi (P32e) 0.0653 -0.5064 -0.0065 0.2077 -2.7049 -0.6988 5%B81 0.2068 -0.3732
Wo; (PHa) -0.1558 -0.0510 0.2445 -0.0054 0.6924 0.0392 54P1 -0.0408 0.9005
Wy, (SSA) -0.1839 -0.0622 0.4394 -0.5280 0.1013 -0.0296 7D/0 -0.1034 0.0928
W3 (SSRy) 0.0014 0.2497 0.0841 -0.3350 -0.3646 -0.1201 9@pl -0.2597 -0.3332
Wi (03/Ps) 0.2257 -0.6296 -0.3056 0.1483 0.1646 0.1695 (®0110.1503 0.1561
Wos; (64/Ps) 0.1277 0.1610 0.1236 0.1076 0.0899 0.1620 0.095B0014 -0.5593
Bias Q -0.3421 -0.0373 0.2645 -0.1617 -0.3442 0.0294 &b08-0.0228 0.2484
Between Hidden and Output Layer
W2 (M,/P,) 1.4071 0.6943 0.7252 1.3595 0.4442 -0.3108 -®2720.7253 0.6157
Bias Q 0.6435
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Table 5.7 Sensitivity Study for the Statistical Mb8

Independent Averagé Standard Percent Ran® + Percent Rank —
Variables Deviation Different’ + Different —

Primary M (MPa) 690.4 -
UCS (kPa) 810.5 543.3 17.85 1 -23.76 1
MC (%) 77.3 43.3 -1.31 8 1.45 8
DUW (kN/m?) 19.3 4.0 -0.48 13 0.49 13
CC (%) 17.6 9.1 0.91 9 -1.10 10
pH. 375 13.6 -4.04 2 4.65 2
CEC (meq/1009) 98.3 25.6 1.78 5 -2.27 5
PA (%) 14.4 6.9 -1.36 7 1.74 6
SiO, (%) 8.4 4.0 -1.99 4 3.12 4
CaO (%) 3.6 1.8 -0.66 12 0.80 12
MgO (%) 46.2 18.0 -0.88 10 1.29 9
LOI (%) 17.1 20.1 -0.66 11 0.94 11
SSR, 11.6 4.5 3.70 3 -4.59 3
o3 (kPa) 10.6 4.5 0.18 14 -0.18 14
oq4 (kPa) 27.6 11.2 -1.64 6 1.64 7

*reference valuéindependent variable plus one-half standard dewigiNote: some plus one standard

deviation values are out of variables randeependent variable minus one-half standard deviat
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Table 5.8 Sensitivity Study for the Neural NetwddkP 25-9-1 Model

Independent Averagé Standard Percent Rank + Percent Rank —
Variables Deviation Different’ + Different” —

Primary M (MPa) 889.8 --- ---
UCS (kPa) 810.5 543.3 32.72 1 -36.14 1
MC (%) 77.3 43.3 6.34 2 -5.86 2
DUW (kN/m®) 19.3 4.0 1.30 14 0.13 25
Pooc (%) 16.5 0.8 -3.04 5 3.65 5
Pl 92.8 4.7 3.94 3 -2.96 8
CC (%) 17.6 9.1 0.08 24 -0.59 22
pH. 37.5 13.6 1.59 9 -0.84 21
SSA (n’/g) 7.3 2.0 -2.67 7 1.03 18
CEC (meq/100g) 98.3 25.6 -1.37 13 0.96 20
PA (%) 14.4 6.9 -3.35 4 3.01 7
SiO; (%) 8.4 4.0 0.85 20 -0.99 19
Al,O5 (%) 17.8 15.3 -0.24 23 -1.07 17
Fe0; (%) 7.1 7.4 -1.40 12 -2.47 10
SSR 2.7 2.3 -2.59 8 0.28 23
CaO (%) 3.6 1.8 1.26 15 -2.81 9
MgO (%) 46.2 18.0 -0.79 22 -1.89 14
ACA (%) 25 1.9 -0.95 17 -1.54 16
FL (%) 1.4 0.9 -0.92 18 -4.23 3
LOI (%) 17.1 20.1 0.97 16 -2.27 11
P325(%) 19.7 135 1.47 11 -3.66 4
pH. 92.7 5.2 2.73 6 -1.81 15
SSA, 12.3 0.3 0.80 21 -3.36 6
SSR, 11.6 4.5 0.85 19 -2.12 13
o3 (kPa) 10.6 4.5 -0.02 25 0.16 24
o4 (kPa) 27.6 11.2 -1.55 10 2.12 12

®reference valuéindependent variable plus one-half standard derigiNote: some plus one standard
deviation values are out of variables rangedependent variable minus one-half standard deviat
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CHAPTER 6

BEHAVIOR OF CEMENTITIOUSLY STABILIZED SUBGRADE SOILS UNDER
TENSION AND FLEXURE

6.1 Introduction

In the absence of any stress relief layer suchggsegate base, the location of
critical tensile stress completely changes the mi@te performance of the flexible
pavement, from the mechanistic standpoint (e.g.SHAO, 2004; Adaska and Luhr,
2004; Lav et al.,, 2006; Molenaar and Pu, 2008; Mgaschio et al., 2008). This
phenomenon is demonstrated through parametric stidifferent pavement sections, as
illustrated in Table 6.1. The pavement configuratie shown in Figure 6.1 which is
commonly used by Oklahoma Department of TransgortgODOT) in low water table
regions and defined aemi-rigidtype flexible pavement by the new MEPDG, as wdl b
discussed later in Section 7.2. The section cansithree layers: (1) The top layer is
178 mm (7 in) thick asphalt concrete (AC); typed'Sasphalt concrete with M/alue of
approximately 3,445 MPa containing PG 64-22 bindearsed. (2) The layer below is a
203 mm (8 in) thick cementitiously stabilized sudg layer; V-soil stabilized with 6%
lime or 10% CFA or 10% CKD is used for making tlase realistic and design,Malues
are reproduced from Table 5.3. (3) The bottom lay¢he natural subgrade soil (V-soil).
The linear analysis of the aforementioned sectsoconducted using a multi-layer elastic
theory-based computer program, KENLAYER (Huang,40@r different cases. Case 1
is the only case without any stabilized layer. Tikiachieved by using design Malue of
raw V-soil for both stabilized and natural subgrddgers. In Case 2, analysis was
conducted after reducing the thickness of AC ldye50%, whereas for Case 3 thickness

of stabilized layer was reduced by 50%. Case 4istinef AC layer with a Mvalue of
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1,723 MPa which is approximately 50% of the WAlue of 10% CKD-stabilized V-soil.
Cases 5 (6% lime-stabilized layer), 6 (10% CFA-tadd layer) and 7 (10% CKD-
stabilized layer) were evaluated to demonstrateefifect of stabilized subgrade layer
moduli on critical stresses. Following discussian e drawn from the critical responses
calculated by using KENLAYER and presented in Tdble

1. Case 1 indicates that the critical tensile streasegpresent only at the bottom of AC
layer. However, a comparison of Cases 5, 6, andtlY @ase 1 reveals increase in
tensile stresses with increase in the Whlue of stabilized subgrade layer. For
example, an increase in,Malue by 1,978% (10% CKD) induced tensile stresdes
approximately 372 kPa (54 psi) at the bottom obiiteed subgrade layer. Also,
decrease in tensile stresses at the bottom of A€ lay 85% is evident from Table
6.1.

2. A comparison of Case 3 with Case 7 indicates tleatahse in stabilized subgrade
layer thickness by 50% causes approximately 59%ease in tensile stresses at the
bottom of stabilized subgrade layer. However, #nsile stresses at the bottom of AC
layer also increases by approximately 108%.

3. A comparison of Cases 2 and 4 with Case 7 shoveppearance of tensile stresses at
the bottom of AC layer (positive stresses). Ondtteer hand, an increase in tensile
stress at the bottom of stabilized subgrade by®rfaf 63% and 16% was observed
for Case 2 and 4 with respect to Case 7, respégtive

4. It is also interesting to note that the maximumstenstress of 605 kPa (88 psi) is

generated at the bottom of stabilized subgrader ligreCase 2. This tensile stress
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value is higher than the indirect tensile streragtd modulus of rupture values of 6%
lime-, 10% CFA- and 10% CKD-stabilized V-soil speeins, as presented later.

From above discussion, it is clear that the preseot thin AC layers in
combination with stabilized subgrade layer havinghhM, values generates critical
tensile stresses at the bottom of stabilized sulegiayer. As the pavement is subjected to
repeating loading, stabilized subgrade layer egpegs fatigue-induced cracking which
may accelerate to surface in the form of reflectixecking (Adaska and Luhr, 2004; Lav
et al.,, 2006; Molenaar and Pu, 2008; Agostinacdtial., 2008; Saxena et al., 2010;
Prozzi and Aguiar-Moya, 2010).

Consequently, the primary objective of the studgspnted herein is to evaluate
engineering properties, namely, flexural strengtin fnhodulus of rupture), flexural
stiffness (My) and fatigue life of selected soils stabilized hwdifferent cementitious
additives namely, 6% lime, 10% CFA and 10% CKD. ldger, due to difficulties
associated with preparing and handling of a beasisgen, indirect tensile strength and
resilient modulus in indirect tension {Mon cylindrical specimens are also evaluated, as
a possible alternative to the flexural beam test.

It is important to note that the potential of reflen of stabilized subgrade cracks
through asphalt surface could be minimized by redyucrack size through the use of
“pre-cracking” (Scullion, 2002; Guthrie et al., Z)Adaska and Luhr, 2004), and relief
of stress concentrations through the use of agtgelgases and geosynthetic layers
(Adaska and Luhr, 2004; Luo and Prozzi, 2008) i@ pgavement structure. Also, the
actual stresses and strains measured in the fidldow different than the responses

calculated using KENLAYER (Solanki et al., 2009d)his difference between the
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measured and calculated responses could be atwihatthe major assumptions of the
layered elastic theory used by KENLAYER. The massumptions of the layered elastic
theory are the following (Huang, 2004; Loulizi ¢t, 2006): (1) each layer is assumed
homogeneous, isotropic, and linear elastic; (2)naditerials are weightless (no inertia
effect is considered); (3) all layers are assuneebet infinite in lateral extent and layer

interfaces are assumed to be completely bondedal(4ayers have a finite thickness

except for the subgrade, which is assumed to latef (5) pavement systems are loaded
statically over a uniform circular area; and (63 tompatibility of strains and stresses is

assumed to be satisfied at all layer interfaces.

6.2 Previous Studies

As noted in Section 6.1, cementitiously stabilizedbgrade layer is subjected to
tensile stresses and strains under applied treffids. Therefore, tensile properties are
typically required for design purposes. The direstsion test is generally believed to
provide a more accurate measure of tensile chaistate. However, the primary
disadvantage with the direct tension test is thatstandard test has been adopted by
ASTM or AASHTO to provide a direct measurement ok ttensile strength of
cementitiously stabilized materials because thensed holding the specimens create
secondary stresses that influence the test resihiss, the test results are difficult to
reproduce (Arellano and Thompson, 1998). The smiittension and the flexural test are
the two primary types of indirect tension mode$iagd to characterize tensile behavior.
The following section details the findings from wimus studies conducted for

characterizing cementitiously stabilized materialsdirect tensile or fatigue modes.
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6.2.1 Indirect Tensile Characteristics

Only a few studies are available in the literatwi@ch evaluated indirect tensile
characteristics of cementitiously stabilized matier(Table 6.2). These studies are either
limited to one type of additive (e.g., Mohammadag&t 2000; Khattak and Alrashidi,
2006) or applicable for stabilized aggregate baseses (e.g., White and Gnanendran,
2005; Gnanendran and Piratheepan, 2008).

In his earlier study, Raad (1976) demonstrated ttheatensile strengths from the
indirect tensile strength test and the direct mmgest are about equal. The validity of
analysis was subsequently demonstrated through aasops of direct tension and
indirect tensile strength tests. In another stiRigad (1988) explained the difference of
modulus in tension and compression (i.e., bimodylesperties) and the practical
significance of bimodular behavior in response mtémh and fracture of stabilized
layers. It was found that the tensile modulus fa@iven applied stress is lower than the
compressive modulus. Also, tensile modulus wasdamnich greater (2.6 to 11.6 times)
than the flexural modulus obtained from centralrbedeflections. The bimodular ratio
(modulus in compression/modulus in tension) wasnfoto be stress dependent and
increased in general for stress ratio (appliedsstdtimate strength) greater than 80%.

In a laboratory study, Mohammad et al. (2000) eas@d indirect tensile
characteristics of soil-cement mixtures used indbestruction of soil base courses for
test lanes at the Louisiana Pavement Testing EasiliThe soil used in the mixtures was
silty clay (A-4) with a plasticity index of 22. Theadirect tensile characterization test
matrix included indirect tensile strength and iedirtensile resilient modulus tests on

cylindrical specimens having 102 mm diameter (4andl 64 mm (2.5 in) height. It was
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found that increase in compaction effort and cunegiod significantly increased the
indirect tensile strength. Also, decrease in cenmritent significantly reduced the
indirect tensile strength and,M

Sobhan and Mashnad (2003a) evaluated indirectl¢essiength of recycled
aggregates stabilized with Portland cement, fly asld high density polyethylene
(HDPL) fibers. Twenty-one different mixture designere utilized to test cylindrical
specimens in indirect tension. The mixture propodiincluded 4 — 8% cement, 4 — 8%
fly ash, 0.25 — 1.25% waste HDPE strips, and 82% ®%ecycled aggregate. It was found
that inclusion of 0.5% of plastic strips to thisxtoire significantly improved the post
peak load-bearing capacity or toughness of theises in indirect tension mode. The
toughness was determined by calculating the tatahasaunder the load deformation
curves.

In a study from Australia, White and GnanendranO&)Oevaluated effect of
compaction methods and density on the indirectileerggrength and M Two host
materials, namely, reclaimed material from the bafsan existing road pavement, and
new quarried crushed rock stabilized with slag-lwere investigated. Specimens were
compacted by using standard Proctor as well ast@gyraompaction methods. It was
found that the influence of compaction method atirect tensile strength and s not
significant.

In a recent study, Gnanendran and Piratheepan Y20@&racterized lightly
stabilized granular material by indirect tensilstitdy. The material selected for this
research was a freshly quarried granular base ralateandy gravel with some fines)

which was stabilized with slag-lime. The cylindlicpecimens were prepared by using

198



gyratory compaction method and cured in a humiditym. After 28 days, specimens
were tested for indirect tensile strength angl M was found that the addition of slag-
lime is effective in enhancing the indirect tenssigength. For example, the strength
value increased by approximately 50% when the khag-content was increased from 3
to 4%. The M was found to increase approximately linearly witle amount of slag-

lime, density and indirect tensile strength.

6.2.2 Flexure Characteristics

The flexural characteristics of cementitiously dtabd materials have been
studied in terms of radius of curvature, flexut#frsess, modulus of rupture, and fatigue
life. One of the earliest studies of the flexurélaacteristics of lime- and cement-
stabilized soil was conducted by Laguros (1965 Winkler model was used to provide
the approximation for stabilized beams resting atural subgrade. This model required
evaluation of modulus of rupture of stabilized bsann this study, however, no
laboratory tests were performed for evaluating fitegue life and flexural strength of
stabilized soil specimens.

In another early study, Larsen and Nussbaum (126&mpted to duplicate
pavement loading conditions by testing cement-Btaloi soil beams supported on a
simulated subgrade composed of neoprene pads.ngatlye number of pads simulated
variations in subgrade support. A total of one fgmained and two coarse-grained soils
were used for preparing beams. The following faigwodel based on radius of curvature

of the loaded beam as the basic response wasasbdracterize the observed behavior:

R/R =aN® (6.1)
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where,R; = critical radius of curvature, the radius of atwe that would cause failure
due to a single load applicatioR, = the initial radius of curvature of the test beander
the fatigue loadinglN: = number of load applications to failure, amd = fatigue factors
determined from the tests. It is important to ntitat the failure was defined as the
development of a visible crack. Also, no affect sfbgrade strength on flexural
characteristics demonstrated need of more fundaherddels based on stress or strain
levels.

Raad (1985) conducted flexural tests on cementlgiadh silty clay specimens.
Cylindrical specimens (diameter = 101.6 mm, i.en;height = 76.2 mm, i.e., 3 in) and
beam specimens 533 mm x 152 mm x 152 mm (21 iinxx6 in) were prepared using a
drop hammer compactor. All the specimens were deafter curing for 42 days in a
humidity room. However, this study was limited tolypoone soil and one additive. No
attempt was made to evaluate the flexural charattey of soils stabilized with additives
commonly used in Oklahoma, namely, lime, CFA and>CK

Bhattacharya and Pandey (1986) stabilized latsotewith lime to evaluate the
flexural strengths and fatigue life. Tests wereriedr out on four types of stabilized
laterite soil beams compacted at three dry demaitges — light, medium, and heavy. The
beams were subjected to rate of loading of 1.831H8 cycles/min) with a cycle length
of 0.54 sec and the distribution of loading to @dmg time adjusted to 1:1. It was
reported that the fatigue resistance of lime-l&tesoils is increased to a considerable
extent at the higher dry density. Heavily compactederials can be subjected to almost
twice the flexural stresses as compared with thletlly compacted beams for the same

number of repetitions of failure.
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In another study by Laguros and Keshawarz (1988, dffectiveness of shale
stabilization with cement (14%), quicklime (4.5%}; ash (25%) and a mixture of 8%
cement + 3% quicklime + 18% fly ash was evaluatedlen flexural loads. Beam
specimens 406 mm x 101 mm x 76 mm (16 in x 4 inir)3were molded, cured and
tested under the third point beam loading configona An increase in modulus of
rupture and modulus of elasticity in flexure duestabilization was reported.

In the laboratory, two types of controlled loadiage generally applied for
flexural characterization: constant stress (loaddl @onstant strain (deformation). In
constant stress testing, the applied stress dtin@datigue testing remains constant. As
the repetitive load causes damage in the test mpecithe stiffness of the specimen is
decreased while tensile strain is increased (El/@asy and Witczak, 2005). In the
constant strain test, however, the strain remaomstant with the number of repetitions.
Because of specimen damage due to repetitive Igadie stress is reduced leading
decreased stiffness. The constant stress typeadinlg is generally considered applicable
to thick asphalt pavements (> 200 mm, i.e., 8 @).the other hand, the constant strain
type of loading is considered more applicable tm tasphalt pavement layers (EI-
Basyouny and Witczak, 2005).

In the literature, both stress- and strain-baseddahoare available for
cementitiously stabilized layers. A summary of ssttess- and strain-based models is
provided in Table 6.3. Thompson (1986, 1994) usstless-based model which was later
adopted by lllinois Department of Transportation favement designs. The relationship
which shows the stress ratio (applied stress/uterstrength) as a function of the number

of loading cycles to failure is represented byftiilowing equation:
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log(N) = (0.9722 — S)/0.0825 (6.2)
where, S = stress ratio (applied flexural stresgiihgs of rupture).

Sobhan and Mashnad (2003a) evaluated the improwaméaxural strength and
fatigue life due to the addition of HDPE fibers tecycled aggregates and Portland
cement, with or without fly ash. Beam specimens if62 x 152 mm x 152 mm (30 in X
6 in X 6 in) were prepared by compacting the midétachable steel molds in three equal
layers. The compacted beams were cured for 28 alaygested in a third-point loading
configuration for modulus of rupture and fatiguge.lilt was reported that aggregates
stabilized with cement and fly ash could developcudite strength to serve as a high
quality base course material. Additionally, theldaling relationship between the stress
ratio and number of loading cycles to failure @tidue life) was reported:

=-0.038 In(N + 1.047 (6.3)

Mallela et al. (2004) and AASHTO (2004) also idéat 28-day flexural strength
as one of the important pavement performance pdesmdor stabilized materials.
According to AASHTO (2004), the stabilized layer shuesist flexural and tensile
stresses to prevent the occurrence of fatigue sradkus, its fatigue strength needs to be
considered. In such instances, the number of abdev@ad applications is calculated in
accordance with the following equation, also knagrtransfer function’

log(Ny) =(ka1 — S)/ s8> (6.4)
or, log(Ny)=(a1—S)/ a (6.5)
where, ki, ko = global calibration factorgji:, > = local calibration factors, anai, a, =

constants.
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Lav et al. (2006) also recognized fatigue crackasghe primary mode of failure
of stabilized materials in which cracks initiateedto the repeated tensile stresses.
Mixtures of class F fly ash with different percegga of cement (2%, 4%, 8%, and 10%)
were used as stabilized base material. Utilizirggkerated full scale road test data for the
fatigue performance of mixtures and performing acmamistic-empirical design
procedure, required layer thickness for differéevegd were obtained for different amount
of cement content. It was reported that cementerudrs the most important parameter
controlling the design life (fatigue performancel siabilized layers. Also, fatigue
performance of stabilized fly ash was establish&dgithe following relationship:

N¢ =(a/ pe)” (6.6)
where, le = maximum value of the initial tensile strain (mustrain), anda, b =
regression coefficients.

In another study by Sobhan and Das (2007), flexwatadracteristics were
evaluated by testing stabilized beam specimensrumdenstant stress mode. A total of
three different mixes containing different percegem of recycled aggregates, cement and
fly ash were used. Eight prismatic beam specimeiis dimensions of 762 mm x 152
mm x 152 mm (30 in X 6 in X 6 in) were prepared tloe flexural fatigue tests. It was
found that the fatigue endurance limit of stabilizecycled aggregate is comparable to
concrete and other traditional stabilized materialso, a best-fit curve through the data
for stabilized beams tested for fatigue life gas#bofving relationship:

S =-0.038In(N + 1.08 (6.7)

In a study from Europe, Molenaar and Pu (2008) kbpesl a field fatigue

relationship for sand cement treated bases whielotien used in the Netherlands. The
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relationship was obtained by an extensive analgkithe Strategic Highway Research
Program-Netherlands (SHRP-NL) data base which awedaperformance data of a
number of pavements with a cement treated base. follving equation for the
prediction of the fatigue life of cement treateddaourse materials was proposed:

log(N) = 8.5 -0.034 (6.8)
where,N = allowable number of 100 kN equivalent singleeaxland: = tensile strain at
the bottom of the cement treated base due to d\bfalkng weight load (um/m). Also,
an endurance limit for cement treated bases wasl@j@®d. In case of good load transfer
across transverse cracks is guaranteed, a striie 850 pm/m can be taken as such a
limit. In case the load transfer across cracks rbasassumed to be poor, this limit is 41
pm/m.

It is also important to note that the flexural teetter simulates the mode of stress
to which a pavement layer is subjected by wheetlitga (Arellano and Thompson,
1998). However, because elastic behavior doescmiraip to failure, the tensile strength
(i.e., modulus of rupture) obtained by the flexuest is higher than the values obtained

from direct tension tests (Williams, 1986; Arellazsad Thompson, 1998).

6.3 Soils and Additives

The two soils: (1) Port series soil (P-soil) anyl\(2rnon series soil (V-soil), were
used to evaluate the indirect tensile and fatigbaracteristics. Their properties are
presented in Section 2.3.1, Chapter 2. P-soilassified as silty clay with sand (CL-ML)
while V-soil is classified as lean clay (CL) in acdance with USCS. Also, 6% hydrated

lime, 10% class C fly ash (CFA) and 10% cement kist (CKD) were used as
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cementitious additives. Their properties are preskm Section 2.3.2, and summarized

in Table 2.4.

6.4 Testing Plan and Details

As noted earlier, the performance tests conduatetthis study included tensile
strength and resilient modulus in indirect tensionindirect tensile characteristics. On
the other hand, flexural strength (or modulus gftuee) and fatigue life tests were
performed for evaluating characteristics of stabii soil specimens in flexure. All the
aforementioned tests except fatigue tests wereumted on two replicate specimens for
each of the eight soil-additive mixtures (raw Pkg8isoil + 6% lime, P-soil + 10% CFA,
P-soil + 10% CKD, raw V-soil, V-soil + 6% lime, \b8 + 10% CFA, V-soil + 10%
CKD) evaluated in this study. Fatigue tests wenedoated only on P- and V-soil beams

stabilized with 6% lime and 10% CKD.

6.4.1 Specimen Preparation

The specimens were prepared in a rather unique endgimn this study. For
indirect tensile strength andMcylindrical specimens having diameter of 101.6 i@m
in) and 63.5 mm (2.5 in) were compacted using thpefave gyratory compactor in a
single lift. The weight of soil-additive-water mixe used for compaction was selected to
achieve near OMC and MDD, as discussed in Sectibn(kables 2.6 and 2.8). After
compaction, specimens were extruded and coverdd latiéx membranes for avoiding
any moisture loss. Compacted specimens were cuwed®8 days in a controlled

environment as discussed in Section 2.5. A totaB®fcylindrical specimens were
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prepared, of which 16 were tested for indirect lenstirength, and the remaining 16 for
M.

A new laboratory procedure was employed in moldihg beam specimens
(length = 381 mm i.e., 15 in; width = 63.5 mm i25 in; height = 50.8 mm i.e., 2 in) for
determining flexural characteristics. The procedtoasisted of the following steps: (1)
adding specified amount of additive (6% for lim@&%d for CFA and CKD of dry weight
of soil) and mixing thoroughly with the raw soiR)(adding half of the required water
based on OMC (Tables 2.6 and 2.8) to the soil-asdiixture and mixing thoroughly;
(3) adding the remaining water and mixing thoroyghhtil a uniform mixture was
achieved. The resulting mixture was weighed founegl amount to achieve near MDD
and additional mixture was discarded. A split cootipen mold assembly was designed
and fabricated for compaction (see Figure 6.2a¢ mbld assembly consists of four parts
namely, Part A, Part B, Part C and Part D, as shiowkigures 6.2 (a) and (b). Part A
(406.4 mm x 152.4 mm x 3.6 mm, i.e., 16 in x 6 id/X in) is the bottom rectangular
plate and is used to lift the beam once it is e&ée from the mold. Parts B (406.4 mm x
88.9 mm x 158.75 mm, i.e., 16 in x 3.5 in x 6.2pand C (152.4 mm x 63.5 mm x 25.4
mm, i.e.,, 6 in x 25 in x 1 in) are hollow and solplates, respectively, used for
supporting the specimen. Part D (381 mm x 63.5 mbO&95 mm, i.e., 15in x 2.5 in x
4.25 in) is a hollow plate which is pressed ingiae mold for preparing the specimen. All
the four parts were covered with plastic wrap amfécing exposed to the specimen and
placed inside the main mold assembly of Linear Kimga Compactor, as shown in
Figure 6.3. It is important to note that accordiegASTM C 192 for concrete, the

minimum cross-sectional dimension of a rectangséation shall be at least three times
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the nominal maximum size of the coarse aggregatednconcrete for minimizing size
effect. For the soils used in the study, the nohmaximum size of coarsest particle is
less than 4.75 mm (0.18 in). Hence, the minimunsssectional dimension of 63.5 mm
(2.5 in) of beam specimen is justified.

Each beam specimen was compacted in a single&bit-additive-water mixture
was poured and compacted in the mold by applyipgeasure ranging between 3,445 —
4,823 kPa (500 — 700 psi) using the hydraulic dyiical arm until the compacted height
of beam was 50.8 mm (2 in), as shown in Figure B2 average time for preparing a
beam specimen varied between 45 and 60 minutekwtog the compaction process,
each specimen was wrapped carefully with a plastap and placed in a controlled
environment of temperature 23.0 + AC7(73.4 + 3.3F) and a relative humidity of
approximately 96% for 28 days. A total of 24 beanese prepared, of which 16 were
tested for modulus of rupture, and the remainirigr&atigue life. In fact, the actual test
matrix included a number of exploratory fatiguetdem addition to the 8 tests. For
example, some of the beams were tested at low80Q% or higher (> 600) microstrain
level. But those results were not reported in shigly because beams either failed within
few cycles (< 5) or didn't fail at all in 2 millionycles. No fatigue life test was conducted

on raw and 10% CFA-stabilized P- and V-soil beaecspens.

6.4.2 Indirect Resilient Modulus and Tensile Strength Tests

The test procedure for Mconsisted of applying six stress sequences, &l lin
Table 6.4. Each test sequence consisted of a laeesisaped load pulse having a
duration of 0.1 second and a rest period of 0.8rs&¢cA Material Testing System (MTS)

electro-hydraulic test system was used to load ghecimen. The load-deformation
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response was recorded for the last 5 cycles of stiels sequence by using a computer
controlled FlexTest SE Test Controller, as discdseeSection 2.6.1 (see Figure 2.3). A
22.2 kKN (5,000 Ibs) load cell was used for apphiogd on the specimens, as shown in
Figure 6.4. The vertical and horizontal deformatiomere measured by two LVDTs
having a stroke length of 2.54 mm (0.1 in), attacirethe diametrically perpendicular
direction of one face of the specimen, as showkignre 6.4. A closer look of specimens
with LVDTs is shown in Figure 6.5. As evident frdfigure 6.5, specially prepared brass
rods with pin on one end were prepared. To keepdts stable on the specimen’s wet
surface, instant Krazy glue was applied on the eitti pin and inserted inside the
specimen. A gauge length of approximately 71 mn8 (2) was used to mount the
LVDTs on one face of the specimen, as shown inrei@b.

A set of four specimens were prepared for each-astuitive mixture. Two
specimens were tested for indirect tensile stremgthout any LVDTs by loading them
at a deformation rate of 50.8 mm/min (2 in/min)aiccordance with ASTM D 6931 test
method. The other two specimens were tested fpbWapplying different stress levels.
The applied stress level for Mest was chosen according to the indirect tensingth
of the specimen of each set. A load correspondmg0.20 stress ratio (applied
stress/tensile strength) was used for the condigpsequence. For the remaining five
sequences, a starting load at the first sequencespmnding to 0.30 stress ratio was used
and a 0.10 stress ratio increment in each subsegeegunence was applied. In order to
make full contact between specimen and loading,st®% of the peak applied load was

used as the seating load in each loading cycle. Mh#r each sequence was calculated
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from the average recoverable deformation and aedsyl from last five cycles by using

the following expression (Tarefder, 2003; Navrasfetn, 2006):

o) 670a o] oot o e e oo

2
7DtAHT(D2+
where, t = thickness of the specimeR, = repeated load/Hr = total recoverable
horizontal deformation) = diameter of specimen,= Poisson’s ratio, anBy = distance
between LVDTs measuring horizontal deformationse Walue of Poisson’s ratio was

used as 0.2 consistent with the range of 0.1 —r@@brted by the new MEPDG

(AASHTO, 2004).

6.4.3 Flexural Strength and Fatigue Life Tests

As noted in Section 6.2.2, there is no widely ategpaboratory test procedure to
determine the flexural strength and fatigue life agmentitiously stabilized beam
specimens. In the present study, beams were téstdidxural strength and fatigue life
under four-point loading inside a beam fatigue apips in accordance with AASHTO T
321 test method (Figure 6.6). The advantage ofgulsiar-point fatigue apparatus is that
it produces a constant bending moment over theeceéhird span between the H-frame
contact points on the beam specimen (ASTM D 74%Rjs apparatus also allows free
rotation and translation at all load and reactiom{s, as shown in Figure 6.6.

To evaluate the modulus of rupture, flexural sttbrwgas performed by subjecting
specimens to vertical displacement control loadatg of 1.27 mm/min (0.05 in/min) in
accordance with ASTM D 1635 test method. This Ingdiate produced a tensile stain of
approximately 2300 microstrain at the bottom ofrbespecimens. Deformation values

were recorded during the test using LVDTs havingaximum stroke length of 5.0 mm
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(127 mm). The tip of the LVDT was supported on dheaninum target glued at the center
of the neural axis of the beam, as shown in Figure(@). The load values were obtained
from a load cell having a capacity of 2.23 kN (309. The modulus of rupture was
calculated from failure load by using the followiagpression:

MOR:% (6.10)

where, MOR = modulus of ruptureP = failure load,L = length of the beam between
supports (35.56 mm, i.e., 14 i),= average width of beam specimen, dnd average
height of beam specimen.

The fatigue life tests consist of applying a repdatonstant vertical strain to a
beam specimen in flexural tension mode until falar up to a specified number of load
cycles. In this test, the input strain was sinugbgthaped, applied at a frequency of 5 Hz
in accordance with AASHTO T 321 test method forhadipconcrete specimens. The test
was conducted at a strain level of approximatel 5Sficrostrain (deflection of
approximately 0.27 mm, i.e., 0.01 in) consisterthwhe AASHTO T 321 and ASTM D
7460 test method recommendations for conventiosphat concrete. Although Table
6.1 showed a strain level ranging between 150 &l rBicrostrain at the bottom of
stabilized subgrade layer, a higher strain levesd s@ected to reduce the test time while
at the same time capturing sufficient data for gsial Failure is assumed to occur when
the stiffness reached half of its initial value,igthis determined from the load at"50
cycle. The fatigue life (N is the total number of load repetitions that eaass0 percent
decrease in initial stiffness (AASHTO T 321). Tlesttis terminated manually when the

initial stiffness has diminished by 50 percent diew a preset number of load cycles

210



(2,000,000) is reached. The flexural stress, strathstiffness of beams were determined
by using the following expressions (AASHTO T 321):

_3aP

O; o (6.11)
& = 120 (6.12)
" (32 -4a? '

o 2 _ a2
M, _09: _aPgL 34a (6.13)
& 4bch

where,ot = tensile stress at the bottom of beaps, tensile strain at the bottom of beam,
My = flexural stiffnessP = applied peak loady = spacing between inside clamps (119
mm, i.e., 4.69 in)b = average beam width,= average beam heigldt= beam deflection
in neutral axisL. = length of beam between outside clamps or sup@B88.56 mm, i.e.,
14 in). The duration of fatigue test ranged betw&eand 110 hours (approximately 4
days and 14 hours). Hence, each beam specimenowvased with a plastic wrap before
placing inside the beam fatigue apparatus to asoyg@moisture loss due to exposure of
specimen to open environment for extended periothed (Figure 6.7b). Figure 6.7 (¢)

shows photographic view of a typical beam speciafesr failure.

6.5 Presentation and Discussion of Results

6.5.1 Resilient Modulusin I ndirect Tension

The variations of M values with the stress ratio are presented in€gabl5 and
6.6 for specimens prepared by using P- and V-sedlpectively. It is clear that the M
values increased due to stabilization. This in@edé®wever, depends on the type of

additive and soil. For example, at a stress rati6.86, 6 % lime, 10% CFA and 10%
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CKD provided an increase of approximately 1,066%9% and 1726% with P-soil (CL-
ML), respectively. On the other hand, an incredsapproximately 1,071%, 1,322% and
1,451% was observed for V-soil (CL) specimens $tadd with 6% lime, 10% CFA and
10% CKD, respectively, at a stress ratio of 0.38ei@ll, CKD provided the highest M
values ranging between 776 — 1,673 MPa (113 — 343fde P-soil and 641 — 915 MPa
(93 — 133 ksi) for V-soil. In the case of CKD-stigd®ed specimens, the current test results
are similar to those reported by Mohammad et @002 and Khattak and Alrashidi
(2006) for 28-day cured Portland cement-stabiligeelcimens. For example, Mohammad
et al. (2000) reported Mvalues ranging between approximately 1,000 an@@®@NPa
(145 — 290 ksi) for 28-day cured Portland cemealitized specimens of CL-ML soil.
The M studies on lime- and CFA-stabilized specimens weteavailable or reported in
the literature and, hence, no comparison relateesasnents were made.

The variation of M with the stress ratio is graphically illustratedrigure 6.8. As
depicted in these figures, the:Malue decreased with the stress ratio. This behasi
consistent for all the soil-additive mixtures tekte this study. For example, theM
value of P-soil specimen stabilized with 6% limehiited a decrease from
approximately 908 MPa (132 ksi) to 443 MPa (64 ksi)the stress ratio increased from
0.27 to 0.63. It is also clear from Figure 6.8 thia amount of decrease in:Mvith
increase in stress ratio is dependent on soil alditize properties. For example, an
increase of stress ratio from 0.27 to 0.63 redubedM; value by approximately 51%,
52% and 54% for P-soil specimens stabilized with I6#&, 10% CFA and 10% CKD,
respectively. For a similar change in stress ratigoil specimens stabilized with 6%

lime, 10% CFA and 10% CKD exhibited a decrease jiv&lues by approximately 36%,
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31% and 30%, respectively. Hence, it can be cordutat stabilized P-soil specimens
were more sensitive towards change in stress Evelompared to stabilized specimens
prepared by using V-soil.

Further, resilient modulus values of specimensaomression and tension mode
were plotted on same graphs for comparison. Figbu@snd 6.10 illustrate the variation
of M and M with deviatoric stress for P- and V-soil specimemspectively. It should
be noted that specimens discussed in Section ér&é subjected to additional five
sequencessg = 0 kPajoq = 12, 25, 37, 50, 62 kPa, i.e., 1.8, 3.6, 5.4, 9.@si) after first
15 sequences. The Malues calculated from the aforementioned addiiatata was
used for comparison with MIt is clear from Figures 6.9 and 6.10 that thegnitade of
M;, is higher than the Mvalues at similar deviatoric stress levels. Famegle, at &, of
50 kPa (7.2 psi), the Mvalues of 6% lime-, 10% CFA- and 10% CKD-stabitiZe-soil
specimens were approximately 38%, 30% and 2% low@spectively, with respect to,M
values of corresponding specimens. For V-soil spens g = 50 kPa, i.e. 7.2 psi),
however, 6% lime, 10% CFA and 10% CKD exhibited Whlues approximately 22%,
24% and 45% lower with respect ta Malues of corresponding specimens, respectively.
The lower resilient modulus values in tension thias in compression is consistent with
the studies conducted by other researchers on deimesly stabilized materials (see
e.g., Raad, 1976; Das and Dass, 1995). For exampkand Dass (1995) reported that
the M ranges in the order of 1.0 — 0.6 times of fer sand stabilized with Portland

cement.
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6.5.2 Indirect Tensile Strength and Modulus of Rupture

The maximum indirect tensile strengt)(of the raw and stabilized specimens
from monotonic loading in indirect tension was cédted according to the following
elastic theory solution (ASTM D 6931):

_ 2P
ot

(6.15)

Figure 6.11 illustrates the variation of indireensile strength of P- and V-saill
specimens with different type of additives. It igident that for both P- and V-soil
specimens, 10% CKD provided highest increase isileestrength values followed by
10% CFA and 6% lime. For example, the tensile gftervalues of P-soil specimens
stabilized with 10% CKD is approximately 835% higliean the corresponding indirect
tensile strength of raw P-soil specimens. The spwading percentage increase is 288%
and 406% for 6% lime- and 10% CFA-stabilized specis) respectively.

A summary of the MOR values along with the standdadiation and coefficient
of variation is presented in Table 6.7. It can beesved that the MOR improved with the
addition of additives. The average MOR value of oR-specimens increased by
approximately 76%, 137% and 333% with the addittd%% lime, 10% CFA and 10%
CKD, respectively. Similarly, V-soil specimens staled with 6% lime. 10% CFA and
10% CKD showed an increase by approximately 16684%d and 203%, respectively.
These observations are consistent with the eatiservations of UCS ang where 10%
CKD provided highest enhancements with both P-\&sail specimens.

To compare the tensile and flexural behavior widmpressive strength, variation

of MOR andc; with UCS of corresponding specimens were plottedh® same graph

(Figure 6.12). It is evident that for both P- anes®l specimens, UCS was consistently
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higher followed by MOR and; values. For example, P-soil specimens stabilizéd w
6% lime provided a UCS, MOR andg value of 392, 187 and 66 kPa (i.e., 57, 27 and 10
psi), respectively. These results are consistettt thie observations made by Arellano
and Thompson (1998) and Sobhan and Mashnad (2008b)best-fit curve through all
points can be represented by the following equation

o:=0.16 UCS (R =0.93) (6.16)

MOR = 0.41 UCS (R*=0.84) (6.17)

The R value associated with Eqns. 6.16 and 6.17 is coatipaly high at 0.93
and 0.84, respectively. Thus, a strong correlaéirists between UCS values asdor
MOR values. According to above correlations, inclirensile strength can be estimated
as approximately 16% of UCS. On the other hand, MO&pproximately 41% of UCS.
Based on the literature, the is generally about 10 to 15 percent of the UCS thed
MOR is about 20 to 25 percent of the compressinength (Kennedy et al., 1971, Little,
1995; Sobhan and Mashnad, 2003a). In the curredy sé; versus UCS correlation is
similar to previous studies. However, correlatiatween MOR and UCS values over-
predict the MOR values. This could be attributedthie fact that the previous MOR
versus UCS correlations (Little, 1995) were devetbjpy evaluating MOR values in a
three-point loading mode. Based on theory of edagtithree-point loading on a beam
specimen (ASTM C 78) develops a bending stresstiln&s higher than the bending
stress developed in four-point loading mode (ASTM293; Hibbeler, 2008). Thus,
higher MOR values for a four-point loading configtion are expected. Also, higher
MOR values with respect te values of corresponding specimens can be expldged

the fact that the flexure formula assumes thatsthess varies linearly across the cross-
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section of the beam. However, cementitiously sitadidl beams have a nonlinear stress-
strain curve. Additionally, a relatively small vohe of the specimen near the bottom of

the beam is stressed under flexure.

6.5.3 Flexural Stiffness and Fatigue Life

Testing data were analyzed using Eqns. 6.11 — rd8ented earlier to compute
the stress, strain and flexural stiffness per cydehe function of the number of load
cycles. In this study, fatigue life was defined @& number of repeated cycles
corresponding to a 50 percent reduction in inis@ifness, which was measured at the
50" load cycle. Figure 6.13 illustrates flexural st#ss (M) which was computed at
various cycles from the raw data of stabilized id ®-soil specimens. It can be seen that
the M decreases as the number of cycles increases. §,hatt the same strain level, a
greater stress is needed to reach the desired stihies at the beginning of fatigue test
than at the end of the test.

The initial M¢ values and number of cycles to failuref)(Mf fatigue beams
determined by initial tensile stress and straie, gresented in Table 6.8. It is clear that
the My values of stabilized specimens are strongly aasegtiwith type of additive, the
beams stabilized with 10% CKD exhibited a greatéral stiffness value, but its stiffness
reduces more rapidly than 6% lime-stabilized beamder repeated load. The average
Mt of P-soil specimens stabilized with 6% lime and1CKD were 563 MPa (81,713
psi) and 1,056 MPa (153,266 psi), respectively. 3¢@2 beam of 10% CKD-stabilized
P-soil showed very low (47%) initial Mas compared to corresponding beam of set#1
because the beam in set#l failed in less than BleéxyOn the other hand, the average

M+ of 6% lime- and 10% CKD-stabilized V-soil specirseshowed an initial average{M
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value of 801 MPa (116,255 psi) and 990 MPa (143 &8y, respectively. It is clear that
10% CKD provided higher initial I values (88% for P-soil and 24% for V-soil) as
compared to 6% lime.

Table 6.8 shows that the mean fatigue life of P{seams stabilized with 6% lime
is greater than 2 million cycles. On the other hamehms of P-soil stabilized with 6%
lime failed at a relatively low Nvalue (approximately 50). The 6% lime- and 10% GKD
stabilized beams of V-soil exhibited mean fatigufe lof 1,430,000 and 965,000,
respectively. The standard deviations of the faigest results for each soil-additive
mixture are large since the variability of fatigliee is generally based upon the
microstructure of beams (e.g., the soil-additivéenface, moisture and void size
distribution, distribution of cementitious productSimilar behavior has been reported by
other researchers for the recycled asphalt conbesim specimens (Xiao, 2006).

Attempts were made to develop the strain-based h{odéransfer function) for
predicting fatigue life of cementitiously stabildzéeams using the limited fatigue data;
Figure 6.14 was plotted between log(Mnd strain ratio (tensile strain at bottom of
beam/maximum tensile strain at bottom of beam ffle@xural strength test;/ey) in this
regard. The best-fit curve through all points (g@tcB-soil + 10% CKD due to high
standard deviation) can be represented by thewoipequations:

log(Nf) = -0.68 &em) + 6.55 (R =0.69) (6.18)

Although the R value associated with Eqn. 6.18 is higlf €R0.69), it is based
only on four data points. Hence, to see the validit above equation, (Nalues were
predicted from another recent strain-based modgdqeed by Prozzi and Aguiar-Moya

(2010) for cementitiously stabilized materials (3adle 6.3). It is clear from Figure 6.14
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that the experimental fatigue life and predictedvidlues from Eqn. 6.18 and model
proposed by Prozzi and Aguiar-Moya (2010) are samyilar (difference < 10%) for 6%
lime- and 10% CKD-stabilized V-soil specimens. Heoewle a considerable percent
difference (> 50%) exists between experimentagtailifeand predicted Nvalues from
Prozzi and Aguiar-Moya (2010) for P-soil specimestabilized with 10% CKD. This
could be attributed to the fact that P-soil specismstabilized with 10% CKD failed at a
very low number of cycles (< 100) with very higheéiicient of variation (60%). The
models developed by Prozzi and Aguiar-Moya (201@) ethers (Table 6.3) are typically
based on fatigue life greater than 10,000. Hermeel reliability of Prozzi and Aguiar-

Moya (2010) fatigue model is expected.

6.6 Conclusions

This study was undertaken to evaluate two soilsatygni-soil (silty clay) and V-
soil (lean clay) from Oklahoma for the effect op&yof additive on the indirect tensile
and fatigue characteristics for critical performanarediction. Cylindrical specimens
stabilized with 6% lime, 10% CFA and 10% CKD wer®lded using a Superpave
gyratory compactor, cured for 28 days and subjettedifferent stress sequences in
indirect tension mode to study thg:MDn the other hand, 6% lime-, 10% CFA- and 10%
CKD-stabilized beam specimens were compacted usih@hear Kneading Compactor
and subjected to repeated cycles of reloading-dimigaafter 28 days of curing for
evaluating fatigue life and flexural stiffness. @éJsstabilized cylindrical and beam
specimens were tested for indirect tensile stremgth modulus of rupture, respectively.

Based on the study presented in this chapter tleviog conclusions can be derived:
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1. All the three additives improved the iMo; and MOR values of P- and V-soill
specimens; however, degree of improvement varidid the type of additive and soil.

2. The resilient modulus in tension ranged betweema@mately 443 — 908 MPa (64 —
132 ksi), 315 — 656 MPa (46 — 95 ksi) and 776 73,6MPa (113 — 243 ksi),
respectively, for 6% lime-, 10% CFA-, and 10% CKiakslized silty clay specimens.
On the other hand, stabilization of lean clay vé# lime, 10% CFA and 10% CKD
provided M values ranging between approximately 444 — 691 &4a— 100 ksi),
580 — 839 MPa (84 — 122 ksi) and 641 — 915 MPa—~«{9B333 ksi), respectively.
Overall, CKD provided highest Mvalues with both silty (P-soil) and lean clay (V-
soil).

3. The test results suggest that thg tdepends on the applied load. Based on the test
results, the M decreased with increase in stress ratio.

4. The magnitude of resilient modulus in tension i&do than it is in compression,
consistent with the studies conducted by other arebers on cementitiously
stabilized materials.

5. For both silty clay and lean clay specimens, 10¥Dd#fovided highest increase in
tensile strength values followed by 10% CFA andl@e.

6. The average MOR value of silty clay specimens asee by approximately 76%,
137% and 333% with the addition of 6% lime, 10% CkAd 10% CKD,
respectively. Similarly, lean clay specimens staéd with 6% lime. 10% CFA and
10% CKD showed an increase by approximately 166%1%d and 203%,

respectively.
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7.

9.

The range of MOR values (187 — 255 kPa, i.e., &7 psi) of lime-stabilized soil
specimens is similar to the MOR value of 172 kPag&i) recommended by MEPDG
for lime-stabilized specimens. The MOR value of CGFand CKD-stabilized
specimens are approximately 50% lower than themewended MOR value of 689
kPa (100 psi) for soil-cement by the new MEPDG.

Correlations developed between indirect tensilengith, MOR and UCS suggest that
o; can be estimated as approximately 16% of UCS. l@nather hand, MOR is
approximately 41% of UCS.

The beams stabilized with 10% CKD exhibited greatéral stiffness value, but its

stiffness reduces more rapidly than 6% lime-stabdibeams under repeated load.

10.Beam specimens stabilized with 10% CKD providecdhéiginitial Mt values (88%

for P-soil and 24% for V-soil) as compared to 6&odi

11.The fatigue life tests conducted on beam specirskawed that the mean fatigue life

of silty clay (P-soil) beams stabilized with 6% énms greater than 2 million cycles.
On the other hand, beams of silty clay stabilizeth 8% lime failed at a relatively
low N; value (approximately 50). The 6% lime- and 10% CgtBbilized beams of

lean clay (V-soil) exhibited mean fatigue life 30,000 and 965,000, respectively.

12.A strain-based model was proposed for predictinigde life of cementitiously

stabilized soil and comparisons were made withetkisting model in the literature.

This model could be refined using an enriched detab

13.Although CKD-stabilized specimens showed best perémce in enhancing the

indirect tensile characteristics (Mb;) and MOR, worst performance was observed in

the fatigue life tests.
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Table 6.1 Effect of Stabilized Subgrade Layer (MHSin Pavement Response by Using
Linear Analysis (KENLAYER)

Case 1: Case 2: Case 3: Case 4 Case5: Case6: CaseT:

Misse= hac =89 hsse=102 M pc= M; ssG= M ssc= M; ssG=
Location Response M;gg= mm.; mm; M ss¢c 1,723 MPa; 697 MPa 632 MPa 1,704

82 MPa M;gssc= =1,704 M ssc= (6% (10% MPa (10%

1,704 MPa MPa 1,704 MPa lime) CFA) CKD)

Bottom o, (kPa) -1834 50 -567 53 -800 -859 -272
of AC g (um/m)  -357 -63 -135 -75 -179 -189 -90
Top of o, (kPa) 111 710 275 467 273 262 377
SSG g (um/m) 1318 364 236 268 444 470 242
Bottom o, (kPa) 3 -605 -592 -433 -202 -186 -372
of SSG g (um/m)  -192 -260 -254 -186 -226 -232 -160
Top of o, (kPa) 60 66 65 48 51 53 39
SG g (um/m) 754 857 836 619 675 692 511

AC: Asphalt Concrete; SSG: Stabilized Subgrade t;a&y6: Natural Subgrade;: Vertical Stressg,: Radial Stress;: Radial Straing.: Vertical
Strain; h: Thickness of Layer; MDesign Resilient Moduluss¢ = 13.78 kPagy = 41.34 kPa; See Table 5.3, Model 3); Note: Negatign indicate
tensile stresses and strains
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Table 6.2 A Summary of Relevant Resilient Modultgdges in Indirect Tension for
Cementitiously Stabilized Materials

Tvoe of Resilient modulus Horizontal tensile  Cylindrical
Reference PS¢ (Mp)/Modulus of Elasticity  strain/Poisson’s Specimen Load
Additive . . ; !
in tension (M) Ratio Size
359AH i
ASTM D Not M = p(V + 027) _359P y= T _ 27 100 mm Haversine
4123 Applicable rt tAH LAV AVy diameter by (0.33,0.5
ST BVT 50 mm height and 1.0 Hz)
Plv +0.2732 100 mm
(F\;L%%%) XOt licable Mgt = Q None diameterby  NA
PP tAHT 75 mm height
350P Haversine (2
Mohammad 5 11n g = tAV- éi%?nn;trgr by Hz)
etal. Cement EVT & =0.5207H+ 63 mm height (0.1s
(2000) Loading,
0.5s Rest)
White and Mg from slope of stress versus
Gnanendran Slag+Lime strain curve from Indirect Tensile None Not Available  Static load
(2005) Strength test
2P
M = f 2 2‘
7DtAHT D2 + D2
2 _ Haversine
Navaratnaraj Not (3+ l;)D b ;(1 V)z 035 1.00 mm (1.0 H2)
. D.°>-2DID¢ +D V= diameter by (0.1s
ah (2006) Applicable 9 D 9 75 mm height  Loading,
_ 0.9s Rest
e )
D
359AH Haversine
Khattak and o, - _ p(V + 0_27) v = T _ 27 100mm (2.0 Hz)
Alrashidi Cement It e — AVy diameter by (0.1s
(2006) LAHT 63 mm height Loading,
0.9s Rest)
Gnanendran
and Slagilime My = P(V + 0-27) None 150 mm Sinusoidal (3
Piratheepan 9 rn t.AHT diameter Hz)
(2008)

t = thickness of the specimen;;M resilient modulus in indirect tension; P = reeeaload;AH; = total recoverable horizontal
deformation;AV+ = total recoverable vertical deformation; D = de&ter of specimen) = Poisson’s ratiog = horizontal tensile
strain; O = distance between LVDTs measuring horizontal aeétions
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Table 6.3 A Summary of Relevant Fatigue Relatigosiior Cementitiously Stabilized

Materials
Reference  Type of Specimen Experimental details (Parameter Fatigue Model
material size evaluated)
Verstraeten ~ NA NA NA &lem = 1- 0.05log(N

et al. (1982)

Raad (1985) Silty clay 21in.x 6in. Strain gages at the top and bottom of specimen in NA
with cement  x 6 in. middle-third portion. Displacement controlled third
point loading of 0.0120 in./min. (Flexural modulus)

Bhattacharya Laterite soil ~ --- Beams were subjected to third-point loading at S =0.96 — 0.114 log@N
and Pandey  with lime loading frequency of 1.83 Hz (110 cycles/min.)
(1986) (Fatigue life); Rate of loading = 0.05 in./min
(Flexural strength)

Laguros and Shale 16 in. x4 in. Beams were tested under third-point loading NA
Keshawarz stabilized x 3in. (Flexural strength)
(1987) with cement,

quicklime,

fly ash
ACAA CSM NA NA log(Ny) = (0.9722-
(1991); S)/0.0825
Thompson
(1994)
Lav et al. Fly ash with  NA Accelerated loading facility N (a/je)®
(2006) cement
Sobhanand Aggregates 30in.x6in. Beams were tested in a third-point loading S =-0.038 In( + 1.047
Mashnad with cement X 6 in. configuration under load control conditions using a
(2003) + fly ash + sinusoidal load pulse with a constant amplitude at

HDPE strips frequency of 2 Hz (120 cycles/min.) (Fatigue life)
AASHTO CSM NA NA log(Ny) = (a-S)/a
2002
MEPDG
(2004)
Molenaar Cement NA Used pavement database (SHRP-NL) log(N) =805034;
and Pu treated base
(2008)
Prozzi and Cement NA Pavement data from South Africa log(N 7.131 -0.8629
Aguiar-Moya treated base &lem
(2010)

NA: Not applicable; N No. of cycles to failure; S: Stress ratio = apglstress/ultimate strengthg:pmaximum value of initial tensile strain; HDPE:
High density polyethylene; tensile strain at the bottom of cement treatesblifue to a 50 kN falling weight load; N: allowahfe of 100 kN ESAL;
CSM: cementitiously stabilized material; a: matecanstantsg;: tensile strain at bottom of layes;,: maximum allowable strain at bottom of beam
from flexural strength tests

Table 6.4 Testing Sequence used for Resilient Mgditiest in Indirect Tension

Sequence Maximum Cych_c Const_ant No. of Load
. Tensile Tensile o
Number Tensile Stress Applications
Stress Stress
Conditioning 0.26; 0.18&; 0.0%; 500
1 0.305; 0.27, 0.03, 100
2 0.405, 0.360; 0.04, 100
3 0.505; 0.455, 0.055, 100
4 0.605; 0.54, 0.060, 100
5 0.705, 0.63; 0.07, 100

or. Average indirect tensile strength of 28-day custbilized specimen
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Table 6.5 A Summary of Resilient Modulus Valuesnidirect Tension of Stabilized P-
soil Specimens

c4/oy M, (MPa)

Raw SD CV 6% Lime SD CcVv 10% CFA SD CV 10% CKD SD CV
0.27 75 2 2 908 152 17 656 67 10 1,673 214 13
0.36 65 2 3 758 117 15 487 21 4 1,187 36 3
0.45 60 1 2 648 24 4 429 19 4 965 50 5
0.54 55 1 2 516 17 3 351 9 3 848 28 3
0.63 49 0 1 443 9 2 315 6 2 776 25 3

1 psi = 6.89 kPa; 1 ksi = 6.89 MPa; SD: standandadien; CV: coefficient of variation (%)
o4 . deviator stresss, : tensile strength; M: resilient modulus in indirect tension

Table 6.6 A Summary of Resilient Modulus Valuesndirect Tension of Stabilized V-
soil Specimens

c4/oy M, (MPa)

Raw SD CV 6% Lime SD CcvVv 10% CFA SD CV 10% CKD SD CV
0.27 59 8 14 691 25 4 839 32 4 915 8 1
0.36 29 4 14 633 15 2 722 23 3 862 10 1
0.45 18 1 5 570 24 4 670 5 1 822 16 2
0.54 13 1 6 506 7 1 614 12 2 733 9 1
0.63 11 0 3 444 3 1 580 7 1 641 6 1

1 psi = 6.89 kPa; 1 ksi = 6.89 MPa; SD: standandadien; CV: coefficient of variation (%)
o4 . deviator stresss, : tensile strength; M: resilient modulus in indirect tension

Table 6.7 A Summary of Modulus of Rupture Value®kafv and Stabilized P- and V-
Soil Specimens

Soil Type Additive Type Average MOR (kPa) SD (kPa)CV (%)

None 106 12 11
. 6% Lime 187 26 14
P-Soil
10% CFA 251 43 17
10% CKD 459 87 19
None 96 12 13
6% Lime 255 16 6
V-Soil
10% CFA 270 41 15
10% CKD 291 28 9

MOR: Modulus of Rupture or Flexural Strength; S@ar@lard Deviation; CV:
Coefficient of Variation
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Table 6.8 Results of Fatigue Test on Stabilizedri®t V-Soil Specimens

Set#l Set#?2

Sall Additive SD cv

Type Type M (Cycle  Cyclesto My (Cycle  Cyclesto (Ny) (Ny)
50) (MPa) Failure (N)* 50) (MPa) Failure (N)*

P-Soil 6% Lime 535 * 591 * NA  NA

10% CKD 731 < 50 (29)** 1,381 72 30 60

V-Soil 6% Lime 839 1,250,000 763 1,610,001254 559 18

10% CKD 952 1,100,001 1,028 830,000 190,920 20

¥Cycle at which specimen stiffness is reduced tp&@ent of the initial stiffness; *Specimen didfatl in
2 million cycles; **Stiffness dropped suddenly &"cycle; NA: not applicable; SD: standard deviation;
CV: coefficient of variation (%)
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Wheel Load = 965 kPa
Diameter = 305 mm

a
Asphalt Concrete hac= 178 mm
M; ac = 3,445 MPay = 0.35 , > G
) 4
A
Stabilized Subgrade
M = See Table 6.3,= 0.20
rSSG ee lable hSSG: 203 mm
< | —> ©; v
Y[ oc
Natural Subgrade
Mr,SG= 82 MPay = 0.40
o, . Critical compressive strain
o, . Critical tensile strai

Figure 6.1 Pavement Configuration with Stabilizedh§ade Layer
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Hollow Steel Plate
Part B
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Hollow Steelﬁa
Part B

(b)
Figure 6.2 Photograph Showing the Fatigue Specifreparation Mold
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Main Mold
Assembly

Figure 6.4 Setup for Resilient Modulus Test in tedi Tension
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Brass Rod:

Figure 6.5 LVDTs Attached to Resilient Modulus ndirect Tension Test Specimen

Specimen

Figure 6.6 Setup for Four-Point Fatigue Test
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381 mm o

v

Figure 6.7 Fatigue Beams (a) Before Testing (b)eCed With Plastic Wrap To Prevent
Moisture Loss During Testing (c) After Testing
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Soil Specimens
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CHAPTER 7

DESIGN OF SEMI -RIGID TYPE FLEXIBLE PAVEMENT

7.1 Introduction

The basis of the AASHTO 1993 flexible pavement giesnethod was a landmark
pavement performance test (AASHO Road Tests) cdadum the late 1950s near
Ottawa, lllinois, at a cost of $27 million (1960ldos) (Huang, 2004; Papagiannakis and
Masad, 2007). This experiment consisting of 288xilfle pavements generated
substantial database of pavement performance clig®rg, which formed the basis for
the pavement design methodology adopted by AASHHIQwever, the new MEPDG
adopted a mechanistic-empirical approach to theag@nanalysis of flexible pavements.
The design process involves computing the pavestamttural response to the load (i.e.,
stresses and strains), translating them into dajmege accumulating the damage into
distresses, which reduce pavement performance tower (Papagiannakis and Masad,
2007).

Due to the effort towards implementation of the nMEPDG, several state
agencies and researchers have evaluated flexidleigid pavement sections using both
empirical and mechanistic-empirical design meth@ee e.g., Kim et al., 2005; Mulandi
et al., 2006; Carvalho and Schwartz, 2006; Li et2010). However, no studies to the
author’'s knowledge compared designseini-rigid type flexible pavements using both
AASHTO 1993 and new MEPDG. Also, only a limited ééwof attention has been
devoted to the MEPDG performance prediction capsdsl of pavement systems
involving stabilized layers (Saxena et al., 201%ihce the new MEPDG is intended to

replace the previous AASHTO 1993 pavement desigdegwhich based primarily on
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empirical methods, it is important to evaluate aondthparesemi-rigid pavement designs
using both the AASHTO 1993 and the new MEPDG guides

Consequently, the primary objective of the studgspnted herein is to develop
design curves for performance prediction of stabdi layers and to compasemi-rigid
flexible pavement designs between the empirical AAS 1993 and the mechanistic-
empirical AASHTO 2002 pavement design methodolagigsese comparisons span a
range of different sections consisting of cememtsi layers stabilized with different
types and percentages of additives. Also, speeifiphasis is devoted to the influence of
stabilized subgrade layer properties and religblivels on the comparisons. Further,
cost comparisons of different sections stabilizeith wdifferent additive types and

contents were also pursued.

7.2 Semi-Rigid Type Flexible Pavement

Several classical books and references (e.g., AAZHI993; Huang, 2004;
AASHTO, 2004; Papagiannakis and Masad, 2007; Maliad EI-Korchi, 2008) are
available that present the terms rigid or flexilbbe separate different possibilities of
pavement structures. The term rigid refers to pardgs with the top layer made of
cement concrete material; the term flexible is esded with pavements with asphalt
concrete (AC) layer on the top. The conventionexifhle and rigid pavements differ in
the way each structure distributes the verticalsguee over the subgrade. A rigid
pavement tends to cause a dispersed spread oupmresger the lower layers. On the
other hand, the response to loads on a flexiblecttre is more concentrated near the
loaded area. Thus, considering the presence ofrerdéiously stabilized layer on the

subgrade of a flexible pavement, the pressure dppear the subgrade tends to become
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more diffused compared to a conventional flexiblegment case. This behavior of
flexible pavement having a cementitiously stabdidayer puts it into a new category
calledsemi-rigidtype flexible pavement (Balbo and Cintra, 19943cérding to the new
MEPDG, a pavement section having some type of atediyi stabilized (pozzolanic)
layer below the asphalt concrete layer is definedraemi-rigid pavement (AASHTO,

2004).

7.3 Overview of the AASHTO 1993 and AASHTO 2002 MEBG

7.3.1 AASHTO 1993 Design Guide

The AASHTO Guide for Design of Pavement Struct{f®&SHTO, 1993) is the
primary document used to design new and rehaletit@avements in the United States
(Li, 2009). As noted earlier, AASHTO 1993 guidepismarily based on findings from
the AASHO Road Test program conducted between @ctd®58 and November, 1960.
During the AASHO road tests, performance measuré&nehpavement sections were
taken at regular interval. The performance dataagleith pavement material properties

and traffic data was used to develop empirical nsfie pavement design.

7.3.1.1 Design Inputs
Following are the specific design inputs required designing a pavement using
AASHTO 1993 Design Guide (AASHTO, 1993):
1. Time Constraints: AASHTO categorized two types het constraints namely,
performance period and analysis period. Performaec®d is defined as the period

of time that an initial pavement structure will tdmefore it needs rehabilitation. On
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the other hand, analysis period (or design lifejens to the period of time for which
the analysis is conducted.

. Traffic: The design procedure is based on numbdEfivalent Single Axle Load
(ESAL) applications. ESAL is defined as total numbg applications of a standard
axle (generally 80 kN, i.e., 18 kip single) reqdir® produce the same damage or
loss of serviceability as number of applicationomfe or more different axle loads
and/or configurations over life of pavement (Hua2@04). It is a convenient way for
converting mixed traffic data to a number of staddaxles for design of a pavement.
. Reliability: It is used for incorporating some degrof certainty into the design
process to ensure that the various design alteasivill last the analysis period.
Specifically, reliability accounts for variations iboth traffic predictions and the
performance prediction. Table 7.1 presents recondetbrevels of reliability for
various functional classifications. For a givendkasf reliability, the reliability factor
is defined by standard normal deviate;)And overall standard deviation,(SThe
recommended values of, Sor flexible and rigid pavements are 0.45 and 0.35
respectively (AASHTO, 1993).

. Performance Criteria: Both functional and strudtyp@formances are considered in
AASHTO 1993 design guide by using the concept ofviseability. The
serviceability of a pavement is defined as itsigbib serve the type of traffic which
uses the facility. The primary objective measuresefviceability is the Present
Serviceability Index (PSI) which ranges from O (wspible road) to 5 (perfect road).
The difference in present serviceability ind&PSI) between construction/initial and

end-of-life/terminal is the serviceability life.
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5. Material Properties: The subgrade layer properties incorporated in terms of
effective resilient modulus. Other layer propert@® accounted by using layer
coefficients. The layer coefficients measure thatree ability of a unit thickness of a
given material to function as structural componeinthe pavement. The AASHTO
1993 design guide provide correlations and chaetsvéen resilient modulus of
material and layer coefficients (AASHTO, 1993). lexample, following equation is
recommended for granular base material:

a=0.277 log(M) — 0.839 (7.1)
where,a = layer coefficient (it) andM, is in psi.

6. Drainage Characteristics: The level of drainageafdlexible pavement is accounted
through the use of modified layer coefficient, ,i.@.higher layer coefficient is used
for improved drainage condition. The factor for nigihg the layer coefficient to
account for drainage effect is referred to as ahvatue and depends on drainage
guality and percent of time during the year pavensémicture is normally exposed to
moisture levels approaching saturation. The m vaimges between 0.40 for very

slow draining layer and 1.40 for quick drainingeéayhat never saturate.

7.3.1.2 Design Method

The AASHTO 1993 method utilizes the term Structidamber (SN) to quantify
the structural strength of a pavement requirecafgiven combination of pavement layer
properties, total traffic, reliability, and servadality level. The required SN is converted
to actual thickness of surface, base and subbagemdmns of appropriate layer
coefficients representing the relative strengththaf construction materials. The design

equation used is as follows:
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SN=aD;+a;Dymp +azDsmg (7.2)
where,a = i layer coefficient,D; = i layer thickness, andy = i layer drainage
coefficient. For asemi-rigid pavement, the subscripts 1, 2 and 3 refer to Hphait
concrete, stabilized subgrade and subbase layeapflicable), respectively. The basic
design equation for flexible pavements in the AASHI993 design guide is as follows:
Oglo[APSI}

42-15

lo = Zg xS, + 936%l0g;o(SN+1) - 020+
o) = 25 S, oSN+ 040+1094 (SN+1)>**

+ 232xlog,, M, — 807

(7.3)

where,Wyg = predicted number of 80 kN (18 kip) ESAL applioas. Eqn. 7.3 can be
solved iteratively or by using nomographs for reedi SN value. The required design
thickness of each layer is derived by using Eqr. in. combination with material

properties of each layer.

7.3.2 AASHTO 2002 MEPDG

The AASHTO 2002 MEPDG developed in the NCHRP 1-33tdy is a
mechanistic-empirical (M-E) method for designinglavaluating pavement structures.
The M-E design and analysis process, shown conaliyptim Figure 7.1, integrates the
environmental conditions and material propertiestltg asphalt concrete layer and
underlying layers into the pavement structure. Tésponses of pavement structure to
load (i.e., stresses and strains) are mechanigticalculated based on material
properties, environmental conditions, and trafffam@cteristics. Thermal and moisture
distributions are mechanistically determined usthg Enhanced Integrated Climatic
Model (EICM). These responses are then used adsinptempirically derived distress

models (or transfer functions), translating thento inlamage, and accumulating the
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damage into distresses (e.g., permanent deformdttgue cracking, thermal cracking
and roughness) that are responsible for reducednpant performance over time (Priest
and Timm, 2006; Papagiannakis and Masad, 2007).dHneage for each condition is
typically added together using Miner’s hypothesispwn in Eqn. 7.4, where the failure

criteria is reached when the ratio approaches Ntger, 1959):

-y
D= 2 N (7.4)

where,D = total damagey = number of load applications at conditiofNi,= number of
load application at failure for condition i. Thestiess models were calibrated by using
data from the Long Term Pavement Performance (LTB&tpbase for conditions
representative of the entire United States (Li, YO0Because the design process is
modular, varying degrees of accuracy and sophigiitacan be used at each step
depending on the needs of the design (Priest antim]i2006). This section further

briefly describes the MEPDG design procedure apdti

7.3.2.1 Design Process

The MEPDG design process is not as straightforvasdhe 1993 AASHTO
guide, in which the structure’s thicknesses araiabt directly from the design equation
(Li, 2009). In general, the design process cons$tshree major stages. Stage 1 of
MEPDG design procedure involves development of tinpalues. In this stage, the
potential strategies for analysis are identifiele input data of pavement materials (as
discussed later), traffic characterization and El@Mdel are developed. In Stage 2,
performance analysis is conducted using an itexapvocess that begins with the

selection of an initial trial design. If the tridlesign does not meet the performance
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criteria, the design (thicknesses or material $i@le must be modified and the
calculations repeated until the design is acceptédtiage 3 of the design process consists
of the evaluation of structurally viable alternasy such as an engineering analysis and
life cycle cost analysis.

The MEPDG has a hierarchical approach for the desiguts, which provides
designer with flexibility in obtaining the designputs for a design project based on the
availability of resources and the importance of pha@ect (Von Quintus and Moulthrop,
2007). There are three levels:

Level 1 — This level provides most accurate designs widtvelst level of
uncertainty or error. Level 1 material inputs negulaboratory measured material
properties (e.g., dynamic modulus master curveasphalt concrete, resilient modulus or
modulus of elasticity for unbound and chemicallpbslized materials) and project-
specific traffic data (e.g., vehicle class, loadtalbution, axle configuration, monthly
adjustments).

Level 2— This level provides an intermediate design. L&vmputs are obtained
through empirical correlations (e.g., resilient mlug estimated from soil and additive
properties) or possibly from an agency database.

Level 3— This level provides a design with lowest levElocuracy. Inputs are
selected from a database of national or regionfauttevalues according to the material
type or highway class (e.g., soil classificatiordetermine the range of resilient modulus,
highway class to determine vehicle class distranjti Level 3 is recommended for minor
projects, usually low traffic roads. In additiorg\el 3 may be appropriate for pavement

management programs widely implemented in highwate sagencies (AASHTO, 2004;
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Schwartz and Carvalho, 2007). In this study, Léelas used throughout because (a) at
present there are rarely all the Level 1 input datibe used on a consistent basis, and (b)
the final version of the MEPDG software was caliedausing Level 3 (Schwartz and
Carvalho, 2006). Also, Level 1 and 2 for stabilizadbgrade layer are disabled in the

MEPDG software.

7.3.2.2 Design Inputs

Following are the specific design inputs required designing a pavement using

MEPDG software (AASHTO, 2004):

1. General Information: This includes information retjag expected pavement design
life, base/subgrade construction month, paving motraffic opening month and
pavement type. Information related to construci®nsed for establishing reference
time for the EICM. On the other hand, selection fleikible or rigid pavement
establishes the method of design and applicabfenpeaince models.

2. Site/Project Identification: Project site is iddietil using project ID, section ID and
functional class of the pavement. The locationhaf project is provided in the form
of latitude, longitude and height above sea leVhis defines the climatic condition
which is extracted from available database of iyeB00 weather stations throughout
the United States, which allows the user to selegizen station or to generate virtual
weather stations for a project site under design.

3. Analysis Parameters: Analysis parameters are dkfibg initial International
Roughness Index (IRI) and performance criteria. fypécal initial IRI values range
between 789 to 1,579 mm/km (i.e., 50 to 100 in/ik®r semi-rigid pavements, an

initial IRl value of 1,026 mm/km (65 in/mile) isecemmended by the new MEPDG.
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The current MEPDG software Version 1.1 supportsd#iferent performance criteria
namely, AC surface down cracking (longitudinal &iag), AC bottom up cracking
(fatigue or alligator cracking), AC thermal cracgjrfatigue cracking in chemically
stabilized layer, permanent deformation, and teafmliRl. A designer may specify the
desired level of reliability for each distress tyged roughness. Table 7.2 provides
values that are suggested for use in design bgehheMEDPG. It is important to note
here that the MEPDG is currently uncalibrated $emi-rigid pavements and is not
recommended for analysis until it is globally cedited (AASHTO, 2004; Saxena et
al., 2010).

. Traffic Characterization: The MEPDG requires thd faxle-load spectrum traffic
inputs for estimating the magnitude, configurat@md frequency of the loads to
accurately determine the axle loads that will beliad on the pavement in each time
increment of the damage accumulation (AASHTO, 200D¢4;2009). The traffic
characterization information is provided throughrfgseparate modules namely, basic
information, traffic volume adjustment factors, exdbad distribution factors, and
general traffic inputs. The basic information ird#s Annual Average Daily Truck
Traffic (AADTT) for base year, directional distribon factor, lane distribution factor
and operational speed of vehicles. The traffic r@uadjustment is comprised of
monthly adjustment factors, vehicle class distitut hourly truck traffic
distribution, and traffic growth factors. The gealetraffic inputs are used for
calculating pavement response and includes mearlwdeation (default value = 457

mm, i.e. 18 in), traffic wander standard deviat{default value = 254 mm, i.e. 10 in),
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design lane width (default value = 3.66 m, i.e.ft)2number of axle types per truck
class, axle configuration, and wheelbase.

. Climate: The climatic inputs include hourly air teemature, precipitation, wind
speed, percentage sunshine, and ambient relativedity values over the design
period. These data are used for considering thegadsaof temperature and moisture
profiles in the pavement structure and subgrade thes design life of a pavement
through the incorporation of the EICM model int@ tIEPDG design software. The
EICM is a one-dimensional coupled heat and moistiore@ program that simulates
changes in the behavior and characteristics of pawé and subgrade materials in
conjunction with climatic conditions (AASHTO, 2004)

Pavement Structure: This input data includes dggfsurface characteristics and
layer properties. Further, the material paramdtareach layer needed for the design
process are classified into three major categonas)ely, pavement response model
material inputs, material related pavement distoggeria inputs, and other material
properties. The pavement response model matepaltsrrelate to the modulus and
Poisson’s ratio used to characterize layer behawitinin the specific model (Li,
2009). Material parameters associated with paverdmsttess criteria are linked to
some measure of material strength or to some nsatfen of the actual distress
effect (e.g., modulus of rupture, repeated loadna@ent deformation). The “other”
category of material properties constitutes thossoeiated with special properties

such as thermal expansion and contraction coeficéasphalt mixtures.
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7.3.3 Conceptual Difference: AASHTO 1993 and AASHTO 2002 MEPDG

The main conceptual differences between AASHTO 1898 the new MEPDG

can be summarized as follows (AASHTO, 2004; Schevamd Carvalho, 2007; Li,

2009):

1. The AASHTO 1993 guide designs pavements for a sipgiformance criterion, the
present serviceability index (PSI), whereas the BMEPapproach simultaneously
considers multiple performance criteria (e.g.,ingttcracking, and roughness).

2. The AASHTO 1993 guide directly computes the laygrknesses. On the other hand,
MEPDG is an iterative procedure.

3. The MEPDG requires more input parameters such ssommental and material
properties. It also employs a hierarchical condeptvhich designer may choose
different quality levels.

4. The AASHTO 1993 was developed on the basis of dichiield data from AASHO
Road Test conducted at only one location. The sediyoadjusted subgrade resilient
modulus and the layer drainage coefficients areotilg variables for environmental
condition. The new MEPDG utilizes a set of projspecific climate data (e.g., air
temperature, precipitation, wind speed, and retatiwimidity) and the EICM to
determine the material properties for differentissvmental conditions throughout
the year

5. The AASHTO 1993 guide uses the concept of ESALddfine traffic levels, while
the MEPDG adopts the more detailed load spectracemin Pavement materials
respond differently to traffic pattern, frequencypdaloading. Traffic loading in

different seasons of the year also has differdiectf on the response of the pavement

246



structure. These factors can be most effectivelysicered using the load spectra

concept.

7.4 Design Curves for Fatigue Life of Stabilized Sagrade Layer

7.4.1 Structural Modd

The computer program KENLAYER (Huang, 2004), whishbased on multi-
layer elastic theory, was employed to calculate streictural response in terms of
stresses, strains, and deflections in various sagér25 hypothetical pavement sections

(described in the next section).

7.4.2 Thickness and Material Properties

All 25 pavement sections contain a 101.6 mnin4thick asphalt concrete
surface course with a resilient modulus of 3,445M$%00,000 psi) and a Poisson’s ratio
of 0.35, and they are underlain by a V-soil subgradving a design Mralue of 80 MPa
(11,611 psi) and a Poisson’s ratio of 0.4. Eachi@edexcept section P1) also has a
stabilized subgrade layer with either differentkmess or additive type (Poisson’s ratio =
0.2 as recommended by MEPDG). All layers are asdutnebe linear elastic. The
pavements are designated as P1 through P25, ammisyaombinations of thicknesses
and resilient modulus values are shown in a desigtrix in Table 7.3. Overall, twelve
sections consider resilient modulus JMn compression while the remaining twelve
sections consider resilient modulus in tensior)(Ms noted in Section 5.4.1, design M
values were calculated at a deviatoric stress 084 XkPa (6.0 psi) and a confining
pressure of 13.78 kPa (2.0 psi), as recommendelbibgs and Witczak (1977) and Ping

et al. (2001). On the other hand,:Mere also calculated at a deviatoric stress @341.
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kPa (6.0 psi) and effect of confinement op Was neglected. As demonstrated in Section
2.7.4, M values of stabilized soil specimens showed lowsisgity towards low
confining pressure (15 kPa, i.e., 2.2 psi). Simidehavior of low sensitivity of resilient
modulus towards confining pressure is expectedtaiilized soil specimens in tension.
A schematic diagram of a pavement section showihgraperties used is presented in

Figure 7.2.

7.4.3 Traffic Load

As discussed in Section 7.3, AASHTO 1993 designsu@@ kN (18 Kips)
Equivalent Single Axle Loads (ESAL) while new MEPD&Hows use of actual load
distributions. Accordingly, pavement response iIsudated due to application of a 40 kN
(9 kips) wheel load on the surface layer. A tiregsure of 120 psi (default value
recommended by MEPDG) is assumed to be the coptassure applied to a circular

area on the pavement surface.

7.4.4 Structural Response

The program KENLAYER treats the flexible pavemetrusture as an elastic
multi-layer system under a circular loaded areaafify) 2004). It analyze loading in axi-
symmetric space and give outputs namely, stressesns, and vertical deflections, at
user specified locations within the pavement systBor each pavement section, the
maximum horizontal (radial) tensile strain at tretbm of the stabilized subgrade layer
was obtained from the KENLAYER, and these outpuis @esented in Table 7.4 and
plotted in Figure 7.3. It is seen that, for the samsilient modulus value, the higher the

thickness, the lower the tensile strain which is #xpected trend. The curves tend to
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flatten out for a stabilized subgrade layer thidshef more than 254 mm (10 in). Also,
for the same thickness, lower tensile strain isugedl in stabilized section having a
higher resilient modulus, as expected, since is@@aesilient modulus corresponds to
increased “rigidity” of the system (Sobhan, 1997jaHg, 2004). It is also clear from

Figure 7.3 that for sections with same additives, pvovides lower tensile strain

compared to M. This could be contributed to the fact that thegmtaudes of M values

are higher than the Mvalues, as discussed in Section 6.5.1.

7.4.5 Prediction of Stabilized Subgrade Layer Performance

The tensile strains reported in Table 7.4 were ddii by the appropriate
maximum allowable tensile strain from flexural sigéh tests to calculate the strain ratio
(applied strain/maximum allowable tensile straBquation 6.18 and model proposed by
Prozzi and Aguiar-Moya (2010) (see Table 6.3) wdren employed to predict the
allowable number of cycles beyond which fatigudufa occurs in each pavement; these
values are presented in Tables 7.5 and 7.6 for BE4®8 and Prozzi and Aguiar-Moya

(2010) model, respectively.

7.4.6 Thickness Design Curves

The variation in the predicted number of cycleaiture with the thickness of the
stabilized subgrade layer is plotted in Figuresah8 7.6 using Egn. 6.8 and Prozzi and
Aguiar-Moya (2010), respectively, for various vauef the resilient modulus. For the
given asphalt concrete course and subgrade prepgettiese charts provide the required
minimum thickness of stabilized subgrade layer tevpnt fatigue failure in the

pavement. Similar charts can be prepared for oHsghalt concrete and subgrade
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properties. It is found that the curves represgndiifferent resilient modulus are almost
parallel to each other. The location of the desigrve for any other combination of soil
and additive can be found by evaluating its resilimodulus and then interpolating its

value on the chart.

7.4.6.1 Effect of Selection of Model

An examination of Tables 7.5 and 7.6 reveal that niodel recommended by
Prozzi and Aguiar-Moya (2010) provides higher faédife for all the stabilized sections.
For example, Section P2 (V-soil stabilized with 6ihe) provided a fatigue life of
1,691,915 and 5,353,535 by using Eqn. 6.8 and moetmmmended by Prozzi and
Aguiar-Moya (2010). It should be noted that the mloctecommended by Prozzi and
Aguiar-Moya (2010) was calibrated by using the diaedlata. The model provides
allowance for a period of crack propagation frora time of crack initiation in stabilized
layer to the time when the layer is extensivelyckesl. On the other hand, the model
proposed in this study (Equation 6.8) is basedchendboratory data. The model assumes
that fatigue failure is equal to the number of egctequired to reduce the initial stiffness
by 50%. Fatigue life of stabilized subgrade layeffield is expected to be higher than
laboratory due to several factors such as diffe¥eincstress state, traffic wander and
material compaction (Al-gadi and Nassar, 2003). &@ample, fatigue laboratory testing
applies the test control parameter, whether swessrain, repetitively to the same exact
location on the specimen. However, it is well redagd that traffic does not constrain

itself to the same position on the wheel path.
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7.4.6.2 Effect of Selection of Material Property

It is evident from Tables 7.5 and 7.6 that the ct@de of resilient modulus in
compression or tension influences the fatigue difethe stabilized sections; sections
utilizing M, consistently showed higher fatigue life as comgdoesections utilizing M
For example, Section P4 (V-soil stabilized with 1@KD) provided a fatigue life of
1,621,876, whereas Section P7 provided a fatigeeoli 1,333,899. Thus, decrease in
resilient modulus (compression to tension modelevdly approximately 42% reduced
the fatigue life by approximately 18%. From the \abdliscussion, it can be concluded
that the selection of resilient modulus value isyvienportant for predicting the fatigue

life of semi-rigidpavement.

7.4.6.3 Effect of Additive Type

Since tension mode is more conservative and reaft@muse, it was decided to
compare the additive performance for the sectiditiging M values (i.e., P5 — P7, P11
— P13, P17 — P19, P23 — P25). Both Figures 7.47amdlustrate that sections stabilized
with 6% lime showed highest resistance towardgdatifailure followed by 10% CFA
and 10% CKD. For example, the fatigue life of SactiP1ll (6% lime-stabilized) is
2,003,189, as compared to 1,934,128 and 1,717,682Séctions P12 (10% CFA-
stabilized) and P13 (10% CKD-stabilized), respedyiTable 7.5). Further, to illustrate
the effect of additive type on fatigue life, thergentage increase in fatigue life of 6%
lime- and 10% CFA-stabilized sections with resgeciw.r.t.) fatigue life of 10% CKD-
stabilized specimens having similar thickness dottqal, as shown in Figure 7.6. It is
interesting to note that the percent differencthanfatigue life of sections stabilized with

different additives decreases with the increaséhenthickness of stabilized layer. For
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example, Sections P5 (6% lime-stabilized) and PB6%1CFA-stabilized) having
thickness of 101.6 mm (4 in) showed fatigue lifeapproximately 25% and 18% higher
than fatigue life of Section P7 (10% CKD-stabilize®n the other hand, Sections P23
(6% lime-stabilized) and P24 (10% CFA-stabilizedyimg thickness of 254 mm (10 in)
projected fatigue life approximately 8% and 7% Ieigithan corresponding CFA-

stabilized section, i.e., Section P25.

7.4.6.4 Overall Pavement Performance

To study the overall performance of pavement, tetidgife of asphalt concrete
was also evaluated by using the fatigue crackinglehgecommended by the new

MEPDG. This model is given by the following equatidASHTO, 2004):

1 %9
N, =0.00432 kl'C(—j ( j e
ta M ra
C =10"=-0.0282 (7.6)
M = 48 - 069|=-155 (7.7)
V, +V,
= 1 =262
= 0003602 o
0.000398 14 1102-34h,)

where, &, = maximum tensile strain below the asphalt comcrédyer (from
KENLAYER), hyc = thickness of AC layer (101.6 mm, i.e., 4 i)}, = resilient modulus
of asphalt concrete layer (3,445 MPa, i.e., 500,080, V, = effective binder content
(4.1%), andV, = percent air voids (7%). The fatigue life of aalptconcrete layer for
different sections computed by using Eqn. 7.8 esented in Table 7.7. It is clear from

Table 7.7 that at a particular thickness, sectioth wtabilized subgrade layer having
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highest resilient modulus showed maximum resistdaosards fatigue failure of asphalt
concrete. For example, among pavement SectiongHP@dgh P25 having 254 mm thick
stabilized subgrade layer, Section P22 having tgkdst resilient modulus value (1,575
MPa, i.e. 228,592 psi) produced the highest rasistdowards fatigue failure of asphalt
concrete (fatigue life = 48,618,672 cycles). On thther hand, among same
aforementioned pavement sections, P23 having tlvesibresilient modulus value (611
MPa, i.e., 88,679 psi) showed least resistancertisviatigue failure of asphalt concrete
(fatigue life = 1,524,547 cycles). Thus, it can dmncluded that 10% CKD providing
higher resilient modulus value helped by increashmg number of cycles to failure of
asphalt concrete. On the contrary, 6% lime produte lowest resilient modulus values
reduced the fatigue life of asphalt concrete layer.

Further, the fatigue life of stabilized subgradgela(Tables 7.5 and 7.6) was
compared with the fatigue life of asphalt concritger (Table 7.7). It is clear that
Sections P4, P9, P10, P13, P15, P16, P18, P19,A221,P24 and P25 showed fatigue
life of stabilized subgrade layer lower than théigize life of asphalt concrete layer
(Table 7.5). Similarly, using the Prozzi and Agtidoya (2010), Sections P4, P10, P16
and P22 (10% CKD-stabilized) showed lower fatigfe ¢f stabilized subgrade layer as
compared to corresponding fatigue life of asphaltctete layer (Table 7.6). Overall,
improvement in the stiffness (Mof stabilized layer increased the fatigue lifeagsphalt
concrete layer. Also, increase in the thicknesstabilized subgrade layer helped by

increasing fatigue life of both stabilized subgrade asphalt concrete layer.
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7.5 AASHTO 1993 and AASHTO 2002 MEPDG Analysis

An attempt was made to compare AASHTO 1993 and ARSH2002 MEPDG
design methods by analyzing 16 hypothetical pavémestions containing V-soil and K-
soil stabilized layers. The objective is to prediu¢ thickness of asphalt concrete layer
for each pavement section using AASHTO 1993 and DIERnd to compare the level
of agreement between the two design methods. Biardo@ne can proceed with the
design, there are several design parameters tleat toebe determined or assumed for
AASHTO 1993 and MEPDG analysis (AASHTO, 1993; Hua2@04; AASHTO, 2004).

These design inputs are discussed briefly in thx¢ section.

7.5.1 Design Parameters

It was decided to select common design inputs fath AASHTO 1993 and
MEPDG analysis. However, as noted earlier, MEPDQuires more design inputs as
compared to AASHTO 1993 Design Guide. In such case®l 3 default design inputs
were selected for MEPDG, as discussed below.

1. Design PeriodThe design period for the selected pavement@esis assumed to be
20 years.

2. Traffic CharacteristicsA summary of design traffic used in the analysipresented
in Table 7.8. The initial two-way annual averagdydaaffic (AADT) for this design
is assumed to as 11,378 with 3% of the traffic peimeavy trucks (Yoder and
Witczak, 1975; AASHTO, 1993; Huang, 2004). The ESKLcalculated from the
information presented in Table 7.8. The ESAL foe fpresent traffic and annual
truck volume growth rate of 1.5% is found to be38,596. Since it is customary to

use 80 kN (18,000 Ib) axle load in AASHTO 1993was decided to use axle load
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distribution consisting of only 80 kN (18,000 Ibxla loads in MEPDG. For the
ESAL simulation, the default vehicle class disttibn was modified to include only
class 9 vehicles. This class of vehicle has onglesiaxle and two tandem axles;
however, to represent the standard single axlesdd680 kN (18,000 Ib) only single
axle load of 80 kN (18,000 Ib) are considered (@bre and Schwartz, 2007). The
load distribution was also modified so that onlg@&kN (18,000 Ib) load level was
considered in the axle load distribution. These madifications guaranteed only a
standard single axle would be used as the trafdihg. Additional MEPDG inputs
such as design lane width, traffic operation spées pressure, mean wheel location
and traffic wander standard deviation were takededault value for Level 3 design,
as presented in Table 7.8.

. Reliability and Performance Characteristickable 7.9 presents the reliability and
serviceability values used in this design applaratiThese values are based on the
recommendations by the AASHTO 1993 and MEPDG, asudsed in Section 7.3
Based on the AASHTO recommendation, a reliabiktyel of 90% was selected as an
input parameter (AASHTO, 1993; AASHTO, 2004). Arecall standard deviation of
0.46 was used, as recommended by Oklahoma Depdrwhéiransportation. The
initial and final serviceability values of the pawent are assumed as 4.2 and 3.0,
respectively (AASHTO, 1993; Huang, 2004; Papagi&imand Masad, 2007). For
MEPDG, performance characteristics were assumée ttefault values for a Level 3
design of a flexible pavement, as discussed ini@et3.

. Properties of Asphalt Concrete Lay#s noted earlier, AASHTO 1993 requires layer

coefficient (determined from resilient modulus) fasphalt concrete, whereas
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MEPDG uses dynamic modulus and Superpave bindelingyas input parameters.
To use consistent properties of asphalt concreb®ih AASHTO 1993 and MEPDG,
it was decided to select a particular gradatioasgfhalt concrete mixture. Table 7.10
presents the gradation, binder and mix propertighe asphalt concrete used in the
current study. The properties of the S3 mix areaepced from Solanki et al. (2009c)
which was used in the construction of an instrumeénsection on [-35 in the
southbound lane. Further, details of the mix axegiby Solanki et al. (2009c). The
resilient modulus of the mix was determined by gsthe following correlations
recommended by Navratnarajah (2006):
Ma = (3048.96 — 23.12T — 148.36V 280.39Y + 443.04R¢0)

*(0.803 — 0.010T+0.053Y° (7.9)
where, T = temperature (7@, i.e., 22C), S = stress ratio (0.030 — 0.375 from
KENLAYER). On the other hand, dynamic modulus wamputed by using Level 3
inputs in the MEPDG. The resultant master curvdysfamic modulus is presented in
Figure 7.7. It is interesting to note that the ayinc modulus and resilient modulus
value at a reference temperature ofF7(21°C) (frequency = 10 Hz) are 3,149 MPa
(457,039 psi) and 7,727 MPa (1,121,480 psi), raspdg. Previous studies reported
that the performance of pavements is affected byctivice of the asphalt concrete
modulus (e.g., Loulizi et al., 2006; Lacroix et 2007).

. Stabilized Subgrade and Subgrade Properfidse stabilized subgrade and subgrade
properties were changed to examine the influencadditive and soil type on the
design thickness. A summary of design matrix odiferent pavement sections (S1

— S16) used in this study is presented in Tabl@.7Altotal of two different soils,
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namely, V- and K-soil were evaluated. SectionsI8augh S6 are underlain by a V-
soil subgrade (design Mvalue = 80 MPa, i.e., 11,611 psi), whereas Sec8a@n
through S16 are underlain by raw K-soil subgradessigh M value = 56 MPa, i.e.,
8,128 psi). Only Section S16 was assumed to havetalilized soil layer. For
AASHTO 1993 design, stabilized subgrade layer isinted as a subbase and
assigned an appropriate structural layer coefftgi@ubain et al., 2000; Bin-Shafique
et al., 2004). According to the AASHTO Design Gui@®@ASHTO, 1993), the
relationship between the layer coefficient (a) loé subbase layer and its resilient
modulus (in psi) is given by Egn. 7.1. However, EGnl is valid for granular
materials relating subbase layer coefficient taliszg modulus, but no such equation
is available for the stabilized subgrade layer. Shim lieu of equation or charts
specifically for the stabilized subgrade, the epumtfor granular subbase was
assumed to apply to the stabilized subgrade layarstimate the layer coefficient.
This assumption was validated through field testaygother researchers (e.g., Bin-
Shafique et al., 2004). The measured resilient fusdvalues for all the fifteen (S1 —
S15) sections were used for calculating layer eaefits using Eqn. 7.1, as presented
in Table 7.12. For MEPDG analysis, resilient moduhalues were used directly for a

Level 3 design.

7.5.2 Layer Thickness

Based on the design parameters selected, SN forHARS 1993 design is

calculated using DARWiIn 3.1 — AASHTO 1993 Designid&usoftware (AASHTO,

1993). For the V- and K-soil subgrade, a SN of 38X — S6) and 4.48 (S7 — S16) is

obtained, respectively. In order to convert theigteSN to actual pavement thickness, a
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semi-rigidtype flexible pavement section which has an aspimadcrete layer on the top
of 152.4 mm (6 in) stabilized subgrade layer is sidered. Based on the AC layer
coefficient (0.0176 mi, i.e., 0.447 ift), the required asphalt concrete thickness can be
determined by using specified thickness design atetprovided in DARWiIn 3.1
software. Table 7.12 presents the required AC tlesk (@) for the calculated SN
pertaining to Sections S1 through S16. The MEPD@&yais was conducted for all the
sections (S1 through S16) by using the MEPDG sa#@waersion 1.100 (AASHTO,
2004). The trial thickness of AC layer was seledirein the AASHTO 1993 analysis
results. If the section failed the criteria for ttmoothness (IR) and other distresses, the
thickness of AC layer was increased by 12.7 mm 4{md€inch) and the analysis was
redone. Analysis of each section took approximabely 10 minutes on a Dell Inspiron
1501 laptop. This process was repeated until tlitiose passed all the performance
criteria. The AC thickness () that was eventually obtained was taken to be the
equivalent MEPDG section as shown in Table 7.120AKENLAYER (Huang, 2004)
was used for analyzing the fatigue life of staletisubgrade layer in Sections S1 through
S6. The fatigue life of stabilized subgrade was potad in a similar manner as discussed
in Section 7.4.5, except that the analyses wengedafor only Eqn. 6.18. The minimum
thickness of AC layer (B required to prevent fatigue failure of stabilizatbgrade layer

in different pavement sections is presented in &abl2. A summary of required AC
thicknesses for Sections S1 through S16 using B&BHTO 1993 and MEPDG is

presented graphically in Figure 7.8.
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7.5.2.1 Effect of Selection of Material Property

In the present study, both resilient modulus in poasion (Sections S1 through
S3) and tension (Sections S4 through S6) were derexd for designing pavement
sections. The required AC thicknesses computedyusith AASHTO 1993 and MEPDG
are presented in Table 7.12. It is evident fromld@ahl2 that the selection of resilient
modulus in compression or tension mode influenbegdesign thickness of the stabilized
sections. Sections utilizing Monsistently showed lower design thickness as eoatb
to corresponding stabilized section utilizingMFor example, Section S1 (V-soil
stabilized with 6% lime) provided an AASHTO 1993 thickness of 117.9 mm (4.64
in), whereas Section S4 provided an AASHTO 1993gdethickness of approximately
122.9 mm (4.84 in). It is also clear that the iefiae of selection of resilient modulus in
compression or tension mode is dependent on trects®i of design method. For
example, pavement Sections S4, S5 and S6 desighAABHTO 1993 method showed
an increase in AC thickness by approximately 5.0,ahd 19.0 mm (i.e., 0.19, 0.28 and
0.75 in) with respect to AC thicknesses of S1, 8@ 83 sections, respectively. On the
other hand, MEPDG showed an increase in AC thickbgsapproximately 7.5, 13.0 and

38.1 mm (i.e., 0.30, 0.51 and 1.50 in) betweerstimlar aforementioned sections.

7.5.2.2 Effect of Soil and Additive Type

As noted earlier, V-soil was used in Sections Sbuph S5 while K-soil was
used in Section S7 through S16. Due to similartaddiype and content, Sections S1 (V-
soil stabilized with 6% lime), S2 (V-soil stabilidewith 10% CFA) and S3 (V-soll
stabilized with 10% CKD) were compared with Secsid@®8B (K-soil stabilized with 6%

lime), S11 (K-soil stabilized with 10% CFA) and S@&4soil stabilized with 10% CKD),
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respectively. It is clear that Sections S1, S2 @8aonsistently provided lower AASHTO
1993 AC design thickness as compared to Section$S$B and S14, respectively. For
example, the required AC design thickness of Sesti®8, S11 and S14 were
approximately 20.5, 41.1 and 47.0 mm (i.e., 0.882 and 1.85 in) higher as compared to
design thickness of S1, S2 and S3 sections, ragplc(Figure 7.8). On the other hand,
Sections S1 and S2 provided approximately 41.9 48dmm (i.e., 1.65 and 0.19 in)
higher MEPDG AC design thickness as compared t¢i®@ecS8 and S11, respectively.
Section S14 showed approximately 7.6 mm (0.30 ighér MEPDG design thickness as
compared to Section S3. The higher AASHTO 1993 gieghicknesses of K-soil
stabilized sections (S8, S11, S14) as comparedrtesponding V-soil stabilized sections
(S1, S2, S3) could be attributed to the fact thatdesign Mvalue of K-soil (56 MPa,
i.e., 8,128 psi) is lower than the designWlue of V-soil (80 MPa, i.e., 11,611 psi). On
the contrary, MEPDG design thicknesses showed drmd effect of both subgrade and
stabilized subgrade layer. Although designd¥ V-soil is higher than the Mof K-soil,
M, of K-soil stabilized with 6% lime (S8) is highdran the M of V-soil stabilized with
6% lime (S1).

Further, to evaluate the effect of additive typd anontent, the design thicknesses
of Sections S8 through S15 were compared (Tabl2).7Itis evident from Table 7.12
that increase in lime content showed a decreasmiin AASHTO 1993 and MEPDG
design thicknesses up to 6% of lime, followed byirammease in design thickness for 9%
lime. On the other hand, CFA and CKD content in shabilized subgrade layer helped
by decreasing the design thickness of AC layer.dx@mple, 6% lime (S8), 15% CFA

(S12) and 15% CKD (S15) decreased the AASHTO 1988igd thickness of raw
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subgrade soil (S16) by approximately 46%, 44% aB% 5respectively. The trend of
design AC thickness is similar to the trend ofvdlues of stabilized layer, as expected

(Figure 7.8).

7.5.2.3 Overall Pavement Performance

It is clear from Figure 7.8 that for all the seasocontaining V-soil (S1 — S3),
MEPDG consistently showed higher (approximately 5@ design thickness than the
AASHTO 1993 thickness of corresponding sectionss Behavior is consistent with the
observations reported by other researchers for exdional flexible pavement without
stabilized subgrade layer. For example, CarvalltbSchwartz (2006) concluded that the
AASHTO 1993 over-estimates the performance of param(i.e., lower thickness) for
pavements in warm locations. On the contrary, tedl $ections containing stabilized K-
soil (S7 — S16) showed low percentage (< 10%) wdiffee between the design
thicknesses obtained from AASHTO 1993 and MEPDGhout. Additionally, Sections
S7, S14, S15 and S16 provided higher AASHTO 19%&ktiess than MEPDG design
thickness. According to a study conducted by Muiatdal. (2006) on lime-stabilized
sections, the MEPDG procedure resulted in muchgrisections when compared to the
sections obtained following the AASHTO 1993 degigethod.

The fatigue life prediction for Sections S1 throu@t showed that a
comparatively thicker section is required for pmeteg fatigue failure of stabilized
subgrade layer. For example, KENLAYER analysis stmuhat a design AC thickness
of approximately 111%, 150%, 240%, 110%, 139% afB8%. higher than MEPDG
design thickness is required for Sections S1, S2, B, S5 and S6, respectively.

However, it is important to note that the desigitkhess predicted by KENLAYER is
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based on a model developed using limited laboradatg. The developed model may not
be applicable directly in the field due to sevdeaitors such as difference in stress state,
traffic wander and material compaction between fdatmwy and field (Al-gadi and

Nassar, 2003).

7.5.3 Reliability Sensitivity

Three different reliability levels of 80%, 90% aB8% were considered for this
study. Table 7.14 summarizes the effect of religbievel on the AASHTO 1993 and
MEPDG design thickness of Sections S4, S13 and Bd$ed on Table 7.14, it is clear
that an improvement in the reliability from 80% 96% resulted in an increase in the
percent difference between pavement thicknessesnwhing AASHTO 1993 design) by
approximately 33%, 22% and 15% for Sections S4, &8 S16, respectively. On the
other hand, MEPDG showed comparatively less seepgitiss towards change in
reliability level. For example, an increase inability level from 80% to 95% increased
the required AC thickness (MEPDG) by approxima@®po, 16% and 12% for Sections
S4, S13 and S16, respectively. According to Cawaand Schwartz (2006), the
performance predicted with the AASHTO 2002 MEPDGséhkatively insensitive to the

reliability level as compared to AASHTO 1993 design

7.6 Cost Comparisons

In addition to the reduction of thickness of AC dayachieved by utilizing
cementitious additives in highway pavements, ther@also a potential for economic
savings. Also, selection of an additive dependscast consideration of materials and

hauling. Table 7.14 provides a comparison of costs assaCiaith the delivery of lime,
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CFA and CKD for the construction of a hypothetigaglvement section in Norman,

Oklahoma. Also, cost of a control section consgdatsing 152.4 mm (6 in) of ODOT

Type A aggregate base (properties reproduced frolan&i et al., 2009c¢) is evaluated for
comparison purposes. Cost figures shown in Taldlé Were provided by the suppliers.
Specifically, cost of hydrated lime was providedthg Texas Lime Company located in
Cleburne, Texas. On the other hand, cost of CFA @d® was provided by Lafarge

North America located in Tulsa, Oklahoma. An aggtegoase quarry located in Davis,
Oklahoma (Dolese Bros Co.) provided material armgfit cost of Type A aggregate
base. Costs were calculated for aggregate base dak Sections S7 through S15 by
assuming a 305 m (1000 ft) wide stabilized subgtager stabilized to a depth of 152.4
mm (6 in). It is clear that Type A aggregate basevided highest cost. Further, cost
comparisons indicate that the use of CKD was leagensive due to low material costs
($19/ton) and close proximity to the site. Sectistabilized with hydrated lime showed
relatively high prices due to higher material c(&t23/ton). However, it is important to

note that freight charges for lime may vary sligldepending on location in Oklahoma,
but generally, lime prices are relatively insensitto location within the State (Miller et

al., 2003).

In Figure 7.9 a comparison of total aggregate blase, CFA and CKD costs is
shown for different sections along with design\Wlues. It is clear from Figure 7.9 that
aggregate base layer provides most expensive sdatibpwith lowest design Mvalue.
Also, 15% CKD (S15) provides highest, Malues and lower costs as compared to 6%
lime- (S9) and 15% CFA- (S12) stabilized sectidrstther, costs were compared for

different additive contents providing similar desilyl, values. Sections S7 (3% lime),
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S12 (15% CFA) and S14 (10% CKD) were selected Har purpose. It is evident from
Figure 7.9 that the total additive cost of Secti@Ysand S12 are approximately $3,566
and $7,265. On the other hand, Section S14 pro\stightly higher M values and lower
cost ($345 - $4,044 savings) as compared to Sect®® and S12. Thus, based on
material and hauling costs, CKD can be cheaper tarated lime and CFA. In
addition, other factors should be considered in mamng the costs of lime-, CFA- and
CKD-stabilized layers. For example, after capillanaking CKD-stabilized soil appears
to loose more strength as compared to lime- and-§tBBilized specimens (see Section
3.5.4), which could result in more money for theimtenance of CKD-stabilized

sections.

7.7 Concluding Remarks

In this study, design curves for fatigue performapoeediction of stabilized layers
were developed for different stabilized pavemertdtises. The effect of selection of
fatigue model, soil type and additives on thicknesstabilized section was discussed.
Further,semi-rigidflexible pavement designs of different sectionsMeen the empirical
AASHTO 1993 and the mechanistic-empirical MEPDG graent design methodology
were compared and discussed. Specifically, compasispanning a range of different
sections consisting of cementitious layers staddiwith different type and percentage of
additives were discussed. Costs of different sestistabilized with different additive
types and contents were also presented. The falpwoints highlight the conclusions
drawn from this study:

1. The selection of resilient modulus value is venpartant for predicting the fatigue

life of semi-rigidpavement. It was found that sections utilizingMdlues consistently
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showed a higher fatigue life as compared to comedipg sections utilizing M
values.

. The sections stabilized with 6% lime showed highestistance towards fatigue
failure followed by 10% CFA and 10% CKD. Howevdretpercent difference in the
fatigue life of sections stabilized with differemdlditives decreases with the increase
in the thickness of stabilized layer.

. Increase in the stiffness (Mof stabilized layer increased the fatigue lifeasphalt
concrete. Also, increase in the thickness of stadul subgrade layer helped by
increasing fatigue life of both stabilized subgrade asphalt concrete layer.

. The selection of resilient modulus in compressiontemsion mode influences the
required AC design thickness. Sections utilizingddinsistently showed lower design
thickness as compared to corresponding stabiliegetioms utilizing M.

. The degree of influence of selection of resilierddulus in compression or tension
mode is dependent on the design method (i.e., AASHY93 and MEPDG).

. The trend of the AC design thicknesses of diffessdtions is similar to the trend of
M, values of stabilized layer.

. The trend of AC design thicknesses predicted bggusASHTO 1993 and MEPDG
were mixed. For the Sections S1 through S3 comtgiki-soil (design M= 80 MPa,
i.e., 11,611 psi), MEPDG consistently showed higlapproximately 50%) AC
design thicknesses than the AASHTO 1993 thicknéswesponding sections. On
the contrary, Sections S7 through S16 containingpK{design M = 56 MPa, i.e.,
8,128 psi) showed low percentage (< 10%) differdreteveen the design thicknesses

computed from AASHTO 1993 and MEPDG methods.
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8. The fatigue life prediction for all the pavementctsens showed that a relatively
thicker AC section is required for preventing fagfailure of stabilized subgrade
layer.

9. MEPDG showed comparatively less sensitiveness tisvelnange in reliability level
as compared to AASHTO 1993 design methodology.

10.At a similar M level, CKD-stabilization provided economically laxest sections as

compared to lime- and CFA-stabilized sections.
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Table 7.1 Suggested Levels of Reliability by AASHT@93 Source: AASHTO, 1993

Recommended Level of Reliability

Functional Classification

Urban Rural
Interstate and Other Freeways 85-99.9 80-99.9
Principal Arterials 80-99 75-95
Collector 80 -95 75-95
Local 50 -80 50 - 80

Table 7.2 Suggested Levels of Reliability by MEPBsurce: AASHTO, 2004

Recommended Level of Reliability

Functional Classification

Urban Rural
Interstate and Other Freeways 95 95
Principal Arterials 90 85
Collector 80 75
Local 75 70

Table 7.3 Design Matrix Showing 25 Different Pavat®ections for Design Curves of
Stabilized Subgrade Layer

Thickness Resilient Modulus in Compression,,M Resilient Modulus in Tension,

of (MPa)* M, (MPa)**

Stabilized = Raw  V-soil +  V-soil + V-soll V-soil +  V-soil + V-soil +

Subgrade  v.spil 6% Lime 10% CFA +10% CKD 6% Lime 10% CFA 10% CKD

Layer (in)  (g0)  (715) (951) (1,575) (611) (785) (916)
101.6 P2 P3 P4 P5 P6 P7
152.4 P1 P8 P9 P10 P11 P12 P13
203.2 P14 P15 P16 P17 P18 P19
254.0 P20 P21 P22 P23 P24 P25

*M, value at p= 101.28 kPag; = 13.78 kPagy = 41.34 kPa; ** M, value aisy = 41.34 kPag; = 0 kPa

Table 7.4 Maximum Tensile Microstrain at BottomSi&bilized Subgrade Layer
Computed By KENLAYER

Thickness Resilient Modulus in Compression,,M Resilient Modulus in Tension,

of (MPa)* My (MPa)**

Stabilized = Raw  V-soil +  V-soil + V-soll V-soil +  V-soil + V-soil +

Subgrade  v.soil 6% Lime 10% CFA +10% CKD 6% Lime 10% CFA 10% CKD

(erf)r (80)  (715) (951) (1,575) (611) (785) (916)
101.6 403 368 297 410 380 372
152.4 275 — 303 270 212 310 282 275
203.2 403 233 205 158 238 214 208
254.0 183 159 121 188 167 162

* M, value ato; = 13.78 kPagy = 41.34 kPa; **N}, value atoy = 41.34 kPag; = 0 kPa
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Table 7.5 Prediction of Fatigue Life of Stabiliz8dbgrade Layer Using Equation 6.18

Thickness Resilient Modulus in Compression,,M Resilient Modulus in Tension, M

of (MPa)* (MPa)**
Stabilized "Raw~ V-soil + V-soil + V-soil V-soil + V-soil + V-soil +
Subgrade /. 6o, Lime 10% CFA +10% CKD 6% Lime 10% CFA  10% CKD
Layer soil (715) (951) (1,575) (611) (785) (916)
(mm) (80)
101.6 1,691,915 1,611,689 1,621,8761,670,545 1,571,193 1,333,899
152.4 NA 2,028,815 1,983,9782,024,097 2,003,189 1,934,128 1,717,592
203.2 2,303,813 2,277,1952,329,998 2,282,990 2,234,145 2,045,316
254.0 2,522,778 2,510,5282,565,883 2,499,976 2,468,296 2,305,833

*M, value atoz = 13.78 kPagy = 41.34 kPa; **M, value atoy = 41.34 kPag; = 0 kPa; NA: Not Applicable;
Fatigue life lower than the fatigue life of asph@increte layer of same section

Table 7.6 Prediction of Fatigue Life of Stabiliz8édbgrade Layer Using Equation
Recommended By Prozzi and Aguiar-Moya (2010)

Thickness Resilient Modulus in Compression,,M Resilient Modulus in Tension, M
of (MPa)* (MPa)**
Stabilized " Raw  V-soil + V-soil + V-soil V-soil + V-soil + V-soil +
Subgrade v.soil 6% Lime 10% CFA +10% CKD 6% Lime 10% CFA 10% CKD
'(—aye)f (80) (715) (951) (1,575) (611) (785) (916)
mm
101.6 5,353,535 5,034,2155,074,536 5,268,073 4,874,616 3,962,050
152.4 NA 6,737,235 6,549,2946,717,408 6,629,684 6,341,663 5,456,599
203.2 7,913,533 7,797,9608,027,574 7,823,091 7,611,802 6,806,655
254.0 8,877,505 8,822,9649,069,067 8,776,046 8,635,489 7,922,318

*M, value atoz = 13.78 kPagy = 41.34 kPa; **M, value atoy = 41.34 kPapgz; = 0 kPa; NA: Not Applicable;
Fatigue life lower than the fatigue life of asph@increte layer of same section

Table 7.7 Prediction of Fatigue Life of Asphalt Cogte Layer Using MEPDG Transfer

Function
Thickness Resilient Modulus in Compression,,M Resilient Modulus in Tension, M
of N (MPa)* (MPa)**
Stabilized " Raw V-soil + V-soil + V-soil V-soil + V-soil + V-soil +
Subgrade y/.soil 6% Lime 10% CFA +10% CKD 6% Lime 10% CFA 10% CKD
(Laye)r (80) (715) (951) (1,575) (611) (785) (916)
mm
101.6 460,580 1,003,161 6,170,499 392,573 760,544 899,744
152.4 NA 960,093 2,434,92020,869,618 809,347 1,771,25@,125,887
203.2 1,451,999 4,013,78736,589,815 1,201,6822,802,381 3,441,992
254.0 1,864,465 5,030,22818,618,672 1,524,5473,547,747 4,414,530

*M, value ato; = 13.78 kPagy = 41.34 kPa; **M, value aloq = 41.34 kPag; = 0 kPa; NA: Not Applicable;
Note: Fatigue life: N= 0.00432xKxC(1/e)*%*%24/M,,) 2 where k' = 262, C = -1.55¢, tensile strain below
asphalt concrete layer; Mmodulus of asphalt concrete layer (500,000 psi)
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Table 7.8 Traffic Characteristics

Parameter Value

Two-way annual average daily traffic AADT 11,378,8M

Number of Lanes in Design Direction 2 (M,E)

Percent Heavy Trucks (of ADT) FHWA Class 4 or Highe 3% (M,E)

Initial two-way AADTT 341 (M,E)

AADTT Vehicle Class Distribution (Class 9) 100% (M)

AADTT Vehicle Class Distribution (All Other Class) 0% (M)

Axle Load Distribution Factor (Class 9) 18,000 Ibs 100% (M)

Axle Load Distribution Factor (Class 9) All Other %Q(M)

Design Lane Width 3.65 m (12 ft) (M)
Percent of All Trucks in Design Lane 80% (M,E)
Percent Trucks in Design Direction 50% (M,E)

Traffic Operation Speed 96 km/h (60 mph) (M)
Tire Pressure 827 kPa (120 psi) (M)
Mean Wheel Location 457.2 mm (18 in) (M)
Traffic Wander Standard Deviation 254 mm (10 in) (M
Average Initial Truck Factor (ESALs/truck) 2.338 (E

Annual Truck Volume Growth Rate (Compound Growth) .5% (M,E)

Total Calculated Cumulative ESALS 3,138,596 (E)

M: MEPDG Input; E: AASHTO 1993 Input; Only class/8hicles are considered

Table 7.9 Reliability and Serviceability

Parameter Value
Reliability Level 90% (M,E)
Overall Standard Deviation 0.46 (E)
Initial Serviceability 4.2 (E)
Terminal Serviceability 3.0 (E)
Design Roadbed Resilient Modulus (MPa) (V-soil) (BD
Drainage Factor for Layer Coefficient (Fair to Gpod 1.0 (E)

M: MEPDG Input; E: AASHTO 1993 Input;
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Table 7.10 Properties of Asphalt Concrete for Pau@resign

Parameter Value

Mix Type S3

Binder Type PG 64-22 (M)
Binder Content (Y) 4.1% (M)
Percent Passing 1 in Sieve 100% (M)
Percent Passing % in Sieve 98% (M)
Percent Passing 3/8 in Sieve 80% (M)
Percent Passing No. 4 Sieve 58% (M)
Percent Passing No. 200 Sievey¢P 2.9% (M)
Percent Air Voids (Y 7.0% (M)
Total Unit Weight 20.91 kN/ni (M)
Poisson’s Ratio 0.35 (M)
Reference Temperature (T) °(M,E)
Tensile Strength 2,756 kPa

Applied Stress (Elastic Analysis of Pavement Caufigion
shown in Figure 7.1)
Stress Ratio (S) 0.030 - 0.375

Resilient Modulus in Indirect Tension (Navaratnahgj2006) B
at 70F (Frequency = 10 Hz) (M)* 2,746 — 3,552 MPa

90 - 1,034 kPa

Average Resilient Modulus in Indirect Tension {70 3,149 MPa (E)
Structural Layer Coefficient (Asphalt Concrete) thm 0.0176 mrit(E)
Dynamic Modulus Master Curve from AASHTO 2002 MEPDGee Figure 7.7 (M)
Dynamic Modulus Value (Frequency = 10 Hz) 7,727 MPa

*M .= (3048.96-23.12T-148.36M280.39\,;+443.04B,0) x (0.803-0.010T+0.053)F; M:
MEPDG Input; E: AASHTO 1993 Input
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Table 7.11 Input Parameters for Stabilized SubgesmeSubgrade

Parameter Value
Subgrade

Design Roadbed Resilient Modulus (MPa) (V-soil) NBa (M,E)
Drainage Factor for Layer Coefficient (Fair to Gpod 1.0 (E)
Poisson’s Ratio 0.4 (M)

Gradation, Atterberg Limits
Maximum Dry Unit Weight and Optimum Moisture Conten

Stabilized Subgrade

Design Resilient Modulus
Drainage Factor for Layer Coefficient (Fair to Gpod
Structural Layer Coefficient, a*

Poisson’s Ratio
Modulus of Rupture
Unit Weight

See Table 2.2 (M)
See Table 2.8 (M)

See Table 7.12 (M,E)
1.0 (E)

See Table 7.12 (E)
0.2 (M)

See Table 6.7 (M)
See Table 2.8 (M)

M: MEPDG Input; E: AASHTO 1993 Input; *a = 0.227I¢M,)-0.839 (where, M psi, a: i)
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Table 7.12 Pavement Design Matrix and SectionsgJABRSHTO 1993 and MEPDG
Analysis

Section o g S3 sS4 S5 se ST S8
Number

Soil Typé V-soil  V-soil V-soil  V-soil V-soil V-soil K-soil K-saoll

'_?33'6“"9 Lime CFA CKD Lime CFA CKD Lime Lime
Percent 6 10 10 6 10 10 3 6
MorM, M, M, M, Me  Me Mg M, M,
(DNEI’FS,E)” M 715 951 1575 611 785 916 1,017 1,081
a(mn') 00118 00129 00149 00112 00122 0.0128 0.01820134
SN 387 387 387 387 387 387 448 448

De(mmy  117.9 108.0  90.7 1229 1151 109.7 1405 138.4
Dy (mmf  180.3 162.3  127.0 187.8 1753 165.1 139.7 138.4
D« (mmf  381.0 4064  431.8 3937 419.1 469.9 NA NA
Section g4 S10 S11 S12 S13 S14 S15  S16
Number
Soil Typé K-soil  K-soil K-soil  K-soil K-soil K-soil K-soil Ksoil

¢Ssg|ve Lime CFA CFA CFA CKD CKD CKD None
Percent 9 5 10 15 5 10 15 0
M,orM, M, M, M, M, M, M, M, M,
DesignM 719 435 801 948 291 1122 1,880 56
(MPa)

a (mmb) 0.0118 0.0099 0.0122 0.0129 0.0083 0.0135 0.01B&A

SN 448  4.48 448 448 448 448 448  4.48

De (mm)2 1524 1694 149.1 142.7 182.4 137.7 119.9 254.8
Dw (mm)2 165.1 182.9 157.5 147.32 195.6 134.6 73.7 228.6
M;: Resilient Modulus in Compression;MResilient Modulus in Tension; a: Structural Lay@oefficient; a =
0.227log (M)-0.839 (where, M psi, a: in'); SN: Structural Number (for AASHTO 1993 Desigi):: Required
asphalt concrete thickness using AASHTO 1993 Dedgn Required asphalt concrete thickness using new MEP
Dx: Required asphalt concrete thickness using KENLRY[Eqn. 6.18); NA: Not ApplicabléRoadbed soil is raw
V-soil for Sections 1 through 6 and K-soil for Sens 7 through 16°Thickness of stabilized subgrade layer = 152.4
mm

272



Table 7.13 Comparison of the Effect of Reliabilitgvels in Pavement Design on
Sections S4, S13 and S16

Section Reliability Design Structural Required AC Thickness Required AC Thickness

Number Level Number (SN) (AASHTO 1993) (mm) (MEPDG) (mm)
80 3.54 104.1 165.1
S4 90 3.87 122.9 187.8
95 4.15 138.4 203.2
80 4.13 162.6 180.3
S13 90 4.48 182.4 195.6
95 4.77 199.1 208.3
80 4.13 235.0 213.4
S16 90 4.48 254.8 228.6
95 4.77 271.3 238.8

AC: Asphalt Concrete; MEPDG: Mechanistic-Empiri€alvement Design Guide

Table 7.14 Cost Comparisons for Constructing Stadall Subgrade Layer in Norman,

OK
. . Dry Soill/Agg Additive Additive  Freight  Total
S(IE\IC(;IOI’I A(.jrd't';/e Percent Density Weight Weight Cost($ Cost($  Cost
' yp (kN/m®  (tons) (tons) per tons) per tons) (%)
Type A
Aggé None 100 22.7 1,088 0 6.5 10.50 18,488
Bas
S7 Lime 3 17.0 813 24 123 23.20 3,566
S8 Lime 6 16.8 800 48 123 23.20 7,013
S9 Lime 9 16.3 779 70 123 23.20 10,244
S10 CFA 5 17.4 831 42 36 21.92 2,407
S11 CFA 10 17.4 833 83 36 21.92 4,822
S12 CFA 15 17.5 836 125 36 21.92 7,265
S13 CKD 5 17.3 827 41 19 20.55 1,634
S14 CKD 10 17.1 815 81 19 20.55 3,221
S15 CKD 15 16.9 809 121 19 20.55 4,796

Roadway width = 9.144 m (30 ft); Thickness of dliabil subgrade layer = 152.4 mm ( 6 in); Road lerrgB05 m (1000 ft)!Cost
provided by Lafarge North America, Tulsa for CKDda@FA, Texas Lime Company for lime, and Dolese B@us Davis for

aggregate?152.4 mm (6 in) thick ODOT Type A aggregate bas#gEki et al, 2009¢); Agg: Aggregate
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Figure 7.1 Schematic Summary of Mechanistic-EmaliriRavement Design

Wheel Pressure = 826.8 kPa
Wheel Load = 40 kN

yVVv
Asphalt Concrete ac= 101.6 mm
M, ac = 3,445 MPay = 0.35 o,
A
Stabilized Subgrade
M, ssc= See Table 7.3, = 0.20 heee= 1016
SSG— 0=
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Figure 7.2 Pavement Configuration with Stabilizedb@ade Layer
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CHAPTER 8

SUMMARY AND RECOMMENDATIONS

8.1 Summary

The evaluation of engineering properties indicatisgort- and long-term
performance of pavement is important for overalarelcterization of cementitiously
stabilized subgrade soils. Variation in pavememtgumance with time indicates possible
changes in the engineering properties of pavemaienals.

In this study, the effect of type and amount of iadel on the short-term
performance in terms of material properties recomaied by new MEPDG was
examined. Four soils commonly encountered as sdbgria Oklahoma were utilized: (1)
Port Series (P-soil); (2) Kingfisher Series (K-$0(8) Vernon Series (V-soil); and (4)
Carnasaw Series (C-soil). Cylindrical specimenbiktad with lime (3%, 6% and 9%),
CFA (5%, 10% and 15%) and CKD (5%, 10% and 15%yweolded, cured for 28 days,
and then subjected to different stress sequencasidy the Mfollowed by M= and UCS
test. Results showed that all the three additimggaved the ¥ Mg and UCS values of
P-, K-, V- and C-soil specimens; however, degreengirovement varied with the type of
additive and soil. For CFA- and CKD-stabilizatidhe amount of improvement increases
with increase in the additive content; howevergduction in M, Mg and UCS values
was observed beyond a certain percentage of limeeob(between 6 — 9% for K- and C-
soil, between 3 — 6% for V-soil). At lower applicat rates (3% to 6%), lime showed
highest improvement in the Mvalues. At higher application rates (> 10%), CKD
provided maximum enhancements. The Wlues of stabilized soil specimens were

found to have relatively low sensitivity towardsacige in stress level as compared to
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untreated specimens. It was also found that theepé&sge of increase in Malues
correlate better with soil properties — cation exule capacity; additive properties — free-
lime content, alkali content, loss on ignition, gt passing No. 325 sieve, specific
surface area, pH; and soil-additive mixture prapsrt silica sesquioxide ratio. Further,
microscopic analysis confirmed the formation ofctean products such as C-S-H, C-A-
S-H and ettringite which contributed to strengthl atiffness development of stabilized
soil specimens.

The long-term performance (or durability) of stad®b soil specimens was
evaluated by conducting freeze-thaw (F-T) cyclimgcuum saturation and tube suction
tests on 7-day cured P-, K- and C-soil specimeatsilszed with 6% lime, 10% CFA and
10% CKD. Also, specimens were capillary-soaked@0@rdays and tested for ,Mas an
additional indicator for evaluating long-term perfance. This study is motivated by the
fact that during the service life of pavement dtabd layers are subjected to F-T cycles
and moisture variations. Results showed that UG&esaof all the specimens decreased
with increase in the number of F-T cycles. Sucheargélase could be explained by the
increase in moisture absorbed by specimen duriaghthwing portion of the cycle and
pore structure of the stabilized specimen. For diiterent percentages and types of
additives used in this study, results showed iha bffers highest resistance against F-T
cycles for lean clay (K-soil) and fat clay (C-solDn the other hand, CKD-stabilization is
more effective with silty clay (P-soil) against dage caused by F-T cycles. A similar
qualitative trend of behavior was observed forinegtd UCS after vacuum saturation test.
It was also found that the 12 F-T cycles are mesee than the vacuum saturation test

for the particular soils used in this study. A sfyocorrelation was observed between
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UCS values retained after vacuum saturation andckeles. The final dielectric constant
values (DV) measured by conducting tube suctioh des influenced by the method of
specimen preparation. Stabilization with 10% CFAnisre effective in reducing the DV
of silty clay specimens followed by 6% lime. Howeve% lime proved more effective in
reducing DV of lean clay and fat clay specimens.t@ncontrary, 10% CKD was found
to show no significant improvement in DVs for theils used in this study. After
capillary soaking, 6% lime-stabilization of leanagland fat clay showed the best
performance by providing highest,Malues. With silty clay, the degree of effectivemne
after capillary soaking was found more for 10% CétAbilized specimens than
corresponding 6% lime-stabilized specimens. Conttarshort-term performance, CKD-
stabilized specimens showed the worst long-ternfopeance after 60-day capillary
soaking. Also, the different test procedures emgdion this study are expected to benefit
future studies in this area.

The long-term performance of natural sulfate bepl&an clay (V-soil) specimens
stabilized with high (lime), low (CFA), and modezatCKD) calcium-based additives
were evaluated by subjecting specimens to 120 ddysapillary soaking. During
soaking, specimens were tested for 3-D swell topame the effect of additive type on
the phenomenon of sulfate-induced heave. After H2@s of capillary soaking,
specimens were further tested for, Mg, and UCS. It was found that after 120 days of
capillary soaking, raw and all stabilized specimginewed reduction in MUCS, and M
values. For example, Mand UCS values of lime-, CFA- and CKD-stabilizggamens
showed decrease ranging between approximately88%; 31 — 92%, and 77 — 95% due

to 120 days of capillary soaking. Overall, the 168%D-stabilized specimen (moderate
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calcium-based additive) showed the highest imprargnafter 28 days of curing, while
the 15% CFA-stabilized specimen (low calcium-baadditive) showed the highest,M
UCS, and M values after 120 days of capillary soaking. ForA&fabilization, the
amount of improvement after capillary soaking img®d with increase in the additive
content; however, a reduction in,MMg and UCS values was observed beyond a certain
percentage of lime or CKD content (between 3 — &%lime, between 10 — 15% for
CKD). Three-dimensional swelling test showed amrease in volume for lime- (22.3%
for 9% lime) and CKD-stabilized (6.4% for 15% CKBpecimens, while a reduction in
volume for the CFA-stabilized specimen, as compaiedaw sulfate bearing clay
specimens. This increase in volume is attributesitate-induced heaving which results
in the formation of expansive mineral ettringitairtRer, the presence of ettringite was
verified using SEM/EDS tests in conjunction with BRnalyses. Also, pH value greater
than 10.0 (or calcium content) and availabilitynodisture were verified as two dominant
factors required for sulfate-induced heaving.

For Level 2 design of pavements, a total of fouesst-based statistical models
and two feed-forward-type ANN models, were evalddi® correlate resilient modulus
with specimen characteristics and soil/additivepprties. The Mdata of stabilized P-,
V- and C-soil was used for evaluation/developmdrditberent models, whereas Mata
of K-soil was used for the validation of the modebpecifically, one semi-logs§, o)
and three log-log)( oq; 03, 04; 0, Toct) Stress-based statistical models were evaluatesl. T
log-log model recommended by AASHTO 2002 Designdéup, 1. for unbound
materials was found to show the least acceptaht®npeance. Further, all three stress-

based statistical models were validated by usirdjtiadal M, data of stabilized K-soil
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specimens. Overall, a semi-logs( oq) model was found to show best acceptable
performance with the highest Ralue (0.98) and lowest averaggSp value of 0.48.
From the correlations of best performing statistroadel (Model 3), it appears that the
model constants for 28-day [Mwere mainly governed by compacted specimen
characteristics — UCS, molding moisture contentlding dry unit weight, percentage of
additive, silica sesquoxide ratio of soil-additir@xture; soil properties —clay content,
pH, cationic exchange capacity; and additive prioger silica content, calcium oxide,
magnesium oxide content, loss on ignition. ForRBF~N model, with one hidden layer,
the R value for the development/evaluation dataset sdowerst performance (0.62)
among all the statistical and ANN models used is study. The Rvalue of the MLPN
model with one hidden layer was found to be 0.99efealuation/development dataset.
Overall, the MLPN model was found to be the bestdetofor the present
development/evaluation and validation datasetss Todel as well as the other models
could be refined using an enriched database.

Further, the effect of type of additive on indiréemsile and fatigue characteristics
of stabilized P- and V-soil was evaluated. Thisdgtis based on the fact that stabilized
layer is subjected to tensile stresses under wiheading. Cylindrical specimens
stabilized with 6% lime, 10% CFA and 10% CKD wer®lded using a Superpave
gyratory compactor, cured for 28 days and subjettedifferent stress sequences in
indirect tension to study the MOn the other hand, 6% lime-, 10% CFA- and 10% €KD
stabilized beam specimens were compacted usingh@at.iKneading Compactor and
subjected to repeated cycles of reloading-unloadftey 28 days of curing in a four-point

beam fatigue apparatus for evaluating fatiguedid flexural stiffness. It was found that
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all three additives improved the {Mo; and MOR values of P- and V-soil specimens;
however, degree of improvement varied with the tgbeadditive and soil. Overall,
specimens stabilized with 10% CKD provided highdgtvalues with both silty (P-soil)
and lean clay (V-soil). The test results suggettatithe M; depends on the applied load.
Based on the test results, the Mecreased with increases in stress ratio. The ioaign
of resilient modulus in tension is lower than itims compression, consistent with the
studies conducted by other researchers on cenoersliyi stabilized materials. For both
silty clay and lean clay specimens, 10% CKD progiddéghest increase in tensile
strength values followed by 10% CFA and 6% limerr€ations developed between
indirect tensile strength, MOR and UCS suggest thatcan be estimated as
approximately 16% of UCS. On the other hand, MORpgroximately 41% of UCS. The
beams stabilized with 10% CKD exhibited greatetiahistiffness value, but its stiffness
reduced more rapidly than 6% lime-stabilized beander repeated load. The fatigue life
tests conducted on beam specimens showed that éha fatigue life of P-soil beams
stabilized with 6% lime is greater than 2 millioyctes. On the other hand, beams of silty
clay stabilized with 6% lime failed at relativelylav N; value (approximately 50). The
6% lime- and 10% CKD-stabilized beams of lean daaibited mean fatigue life of
1,430,000 and 965,000, respectively. A strain-basedel was proposed for predicting
fatigue life of cementitiously stabilized soil andmparisons were made with the existing
model in the literature. This model could be refinssing an enriched database. Although
CKD-stabilized specimens showed best performancenimancing the indirect tensile
characteristics (M ot) and MOR, worst performance was observed in thigua life

tests.
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In order to illustrate the application of the ewawkd engineering properties, the
design curves for fatigue performance predictiorstabilized layers were developed for
different stabilized pavement sections. Furtlsemi-rigid flexible pavement designs of
different sections between the empirical AASHTO 3%hd the mechanistic-empirical
MEPDG pavement design methodology were comparedadt found that the selection
of resilient modulus value is very important foegicting the fatigue life osemi-rigid
pavement. The sections utilizing, Malues consistently showed higher fatigue life as
compared to sections utilizing MMralues. The sections stabilized with 6% lime shibwe
highest resistance towards fatigue failure folloviagdL0% CFA and 10% CKD. Increase
in the stiffness (Iy) of stabilized layer increased the fatigue lifeagphalt concrete layer.
The degree of influence of selection of resiliemdulus in compression or tension mode
is dependent on the design method (i.e., AASHTO31&¢d MEPDG). The fatigue life
prediction for all the pavement sections showed #heelatively thicker AC section is
required for preventing fatigue failure of stabeltr subgrade layer. The new MEPDG
showed comparatively less sensitiveness towardsgehen reliability level as compared
to AASHTO 1993 design methodology. At similar Mvel, CKD-stabilization provided

economically low cost sections as compared to liamel CFA-stabilization.

8.2 Recommendations

Based on the observations from this study, theofdhg recommendations are
made for future studies:
1. As indicated in this study, only short-term propstsuch as strength (UCS) and
stiffness (M, Mg) alone can be misleading. In the present studyexample, CKD

showed highest acceptable short-term performantedmur long-term performance.
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It is also worth noticing that properties of CKDnceary significantly from plant to
plant depending on the raw materials and type Bécion process used (Miller and
Zaman, 2000). Similarly, fly ash properties mayumque to same source while it
may differ from ashes obtained from other sourdesduson and Levorson, 1999).
These differences in physical and chemical propeitan lead to different short- and
long-term performances of stabilized soil specimétence, it is recommended that a
proper mix design be done with locally availabksditional stabilizers considering all
the short- and long-term performance parametersh Slesigns, including the type
and amount of additive, will ensure compatibilitydesatisfactory shot- and long-term
performance.

. Although CKD might help by increasing propertiextsutas M and UCS, it can
negatively influence the fatigue life of stabilizedbgrade and hence performance
and the service life of the pavement. Therefores recommended that future studies
be conducted focusing on the evaluation of fatigaemeters for different soil types
stabilized with different percentage and types @mhentitious additives. Also, field
studies should be conducted for comparing perfoomani stabilized subgrade layer
in laboratory and field.

. This study projected relatively low calcium-baseddiive, CFA, showing best
acceptable performance with sulfate bearing salweler, this study was limited to
only one soil (V-soil) from northwestern Oklahontaurther, short- and long-term
performance of CFA should be evaluated with othdfiate bearing soils. Also, full-

scale test sections should be built to test thpothesis in the field.
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4. The combined development and evaluation datas#iisrstudy consisted of 160 soil
specimens consisting of four soils stabilized wviitree additives namely, lime, CFA
and CKD. It is recommended that these datasetsnbehed by adding additional
sites from throughout Oklahoma. It is suggested tlifferent geological features be
considered in selecting additional sites. Trainthg statistical and ANN models
using an enriched dataset is likely to improve pinedictive capabilities of these
models. Also, as the datasets include more sals fifferent locations, the models
will become more representative of diversity in &dma soils.

5. Itis recommended to develop a field testing progta measure pavement distresses
at the selected representatisemi-rigid type flexible pavement sites and compare
field data to MEPDG distress predictions. The figldta in combination with
laboratory data will be essential for eventuallwaliion of the MEPDG fosemi-rigid

pavements.
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Applied Maximum Load

Percent Passing No. 200 Sieve

Percent Passing No. 325 Sieve

Atmospheric Pressure

Plastic Limit

313



AHt
AVt
&

€m
Tests
&
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Temperature
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Tensile Strain at the Bottom of Beam
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FHWA

FL

F-T

FWD
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Class C Fly Ash

Cement Kiln Dust
Calcium-Silicate-Hydrate
Cementitiously Stabilized Material
Carnasaw Series Soll

Coefficient of Variation
De-lonized

Department of Transportation
Molding Dry Unit Weight
Dielectric Constant Value

Energy Dispersive Spectroscopy
Ethylene Glycol Monoethyl Ether
Enhanced Integrated Climatic Model
Environmental Protection Agency
Equivalent Single Axle Load

Fly Ash

Federal Highway Administration
Free-Lime Content

Freeze-Thaw

Falling Weight Deflectometer
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Indian Road Congress
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LKD

LMO

LOI
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LVDT

MC

MDD

M-E

MEPDG

MLPN

MOR

MTS

NA

ODOT

OHD

OMC

PA
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PDG

Pl

PSI

Kingfisher Series Soll

Lime Kiln Dust

Lime Modification Optimum

Loss on Ignition

Lime Stabilization Optimum

Long-Term Pavement Performance
Linear Variable Differential Transformer
Molding Moisture Content

Maximum Dry Density
Mechanistic-Empirical
Mechanistic-Empirical Pavement Design Guide
Multi-Layer Perceptrons Network
Modulus of Rupture

Material Testing System

Not Applicable

Oklahoma Department of Transportation
Oklahoma Highway Department
Optimum Moisture Content

Percentage of Additive

Portland Cement

Pavement Design Guide

Plasticity Index

Present Serviceability Index
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P-soil

RBFN

RLTT

SD

SEM

SHRP

SN

SSA

SSR

TRB

TST

UCS

USCS

V-soil

W-D

XRD

XRF

Port Series Soil

Radial Basis Function Network
Repeated Load Triaxial Test
Standard Deviation

Scanning Electron Microscopy
Strategic Highway Research Program
Structural Number

Specific Surface Area

Silica Sesquoxide Ratio
Transportation Research Board
Tube Suction Test

Unconfined Compressive Strength
Unified Soil Classification System
Vernon Series Soil

Wet-Dry

X-Ray Diffraction

X-Ray Fluorescence
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