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DISCLAIMER

The contents of this report reflect the views of the
author who is responsible for the facts and the accuracy
of the data presented herein. The contents do not neces-
sarily reflect the official views of the Oklahoma Depart-
ment of Transportation or the Federal Highway Adminis-
tration. This report does not constitute a standard,
specification, or regulation. While equipment and
contractor names are used in this report, it is not
intended as an endorsement of any machine, contractor, or
process.



SUMMARY

- The use of expansive shales as roadbeds in Oklahoma
has led to pavement failures. Attempts at stabilizing
these shales in the laboratory have met with some suc-
cess. However, no scientific information was available
on the performance of stabilized shales under actual cli-
matic and loading conditions in the field. This study is
an attempt to investigate the field implementation of
shale stabilization on an experimental project.

A number of test sections were set on the south
bound lane of U.S. Highway 77, north of Ponca City, Kay
County, Oklahoma. To compare the effectiveness of vari-
ous stabilizing agents, the base courses of these test
sections were stabilized with cement (14 percent),
quicklime (4.5 percent), fly ash (25 percent), and an
optimum mixture of 8 percent cement + 3 percent quicklime
+ 18 percent fly ash used conjunctively. Also a control
(non-stabilized) section was set as a reference section.

Analyses of the samples prepared during construction
and those cored from under the pavement after construc-
tion showed significant amelioration of the engineering

properties of stabilized shale as manifested in their



plasticity and strength compared to raw (non-stabilized)
shale. The improvement in strength was measured in terms
of unconfined compressive strength, cohesion, angle of
internal friction, and beam action. In addition,
Benkelman beam measurements obtained from the test
sections reflected higher deformation resistance
(improved stability) of the stabilized section.

The microstructure of stabilized shale was studied
using X-ray diffraction (XRD) and scanning electron
microscopy (SEM) in conjunction with energy dispersive
spectroscopy (EDS). The .non basal (hkl) reflections in
stabilized oriented specimens suggest that the clay
particles in the stabilized shale acquired high resist-
ance to dispersive forces. This, together with the re-
duction in the integrated intensities of clay minerals
helps explain the improved stability as a result of
stabilization. SEM observations in conjunction with EDS,
depicted the presence of some newly formed hydration
products and a rather dense degree of packing. Both of
these characteristics are significant in improviné
strength’ and deformation properties of stabilized shale.
While the laboratory samples yielded higher strength
values than their field counterparts, the latter are at
an acceptable level strongly indicating that field sta-
bilization is a viable solution to the use of expansive

shales.



TABLE OF CONTENTS

LIST OF TABLES :cccceccccccccscssccccscsscsccscscoscsssssscscse ix
LIST OF ILLUSTRATIONS .:cccccccocccccccccscccossccscscs xii

PREFACE......ooooooooooooooooooooooooooo.-::oo.... xv‘

ACKNOWLEDGEMENTS.................................. xvi

Chapter
I INTRODUCTTON ... c c c coclogsonosoMeagesaqsscssdecess 1
II LT ERATURE  REVIEME 25 . oo c fcccectoccdiosce sfstecss 4

Cement SCabTIIZatrion: ... % Wt . 5. ™ 8, 4
Lime StabilizatiON..cccccccccsccssscscscse 12
Fly-Zsh Stabrlizdtiont ...t ctcsccsecsosces 16
Flexural Strength of Stabilized Soils... 21
Electron MicCrosSCOpPYe.ccececececcccccccscccocs 22
X-Ray Diffraction....cceceecccccccccccccas 26

NN
L]
o WN =

III FIELD TEST SECTIONS, MATERIALS AND SAMPLING.. 30

3.1 Field Test SeCtiONS....cceeecccccccccss . 32
3.1.1 Construction of the Test

SECTION S o % « e oie e s olooocss th e s e s 32

3.1.2 Traffic StatistiCS.ccececccccccccscs 34

MaterialS.cceecceccoccccscscccscscsccscsccssas 32
Smplingl.... ............. ® © © © © & ¢ & o o o 0 o o 39

ww
° o
w N

3.3.1 Construction SampleS..cccccccccss 39
3.3.2 Field SampleS.ccccecccccccccss 5oC 39



TABLE OF CONTENTS (continued)

Iv

EXPERIMENTAL METHODOLOGY.:cccosccecscsccssccscscs 43
4.1 Grain Size AnalySiS..ccccecccccccccccccscs 43
4.2 Atterberg LimitS.ccecececceccccccccsccsccscs 43
4.3 Unconfined Compressive Strength......... 44
4.3.1 Construction SampleS...cccececcccss 44
4.3.2 Field SampleS.ccceccccccccas 5000C 44
4.4 Triaxial Compression Test....ccccceceeees 45
4.4.1 Construction SampleS...ccccccccss 47
4.4.2 Field SampleS...cccceccccccccccss 47
4.5 Wet-Dry CycCleS...cceeeccccccccccccncccacs 47
4.6 Flexural Strength.ccececececcccccccccccccccs 51
4.7 Pavement Deflection Measurements........ 51
4.8 Scanning Electron Microscopy and
Energy Dispersive Spectroscopy........ 53
4,9 X-Ray DiffractioN....ccccceccecceccccccs 53
PRESENTATION AND DISCUSSION OF TEST DATA..... 57
5.1 Moisture=-DensSity.cccccccccccccccccccccscs 57
5.2 Grain Size AnalySiS...cccccecccccccccccccs 59
5.3 Atterberg LimitS.ccceccccccccccccccccccscs 65
5.4 Unconfined Compressive Strength......... 66
5.4.1 Construction SampleS...c.cccceeeee 66
5.4.2 Field SampleS...cccccccccccccccos 72
5.5 Triaxial COmpressSiON.cccccccccccccccccss 78
5.5.1 Construction SampleS....ccccccecee 81
5.5.2 Field SampleS...ccccccecccccccscscs 86
5.6 Wet-Dry CyCle....cceeeeceecccceacccnccnas 89
5.7 Flexural Strength....cccccccceee 5000000C 93
5.7.1 Modulus of Rupture.......ccccc.c.. 96
5.8 Modulus of Elasticity..ccececececccccccces 97
5.9 Scanning Electron MiCroSCOpPY.:.cceeessses 99
5.9.1 Raw Shal€.c.ccccecccccccsoccccsas 101
5.9.2 Fly Ash Powder....cccccccecceccccsce 101
5.9.3 Cement StabilizatioN...ccccecececes 101



TABLE OF CONTENTS (continued)

Chapter Page
5.9.4 Lime StabilizatiON..cccccocceccsse 111

5.9.5 Fly Ash StabilizatioN..ccececceaecs 116

5.9.6 Conjunctive Stabilization........ 121

5.10 XzRay JDiffragkiol. -« cceBedhe Wil oos 128
5.10.1 Field SampleS.cccccicccccccccncscs 130

5.10.2 Construction SampleS.cccccceccsss 130
5.10.3:Reactien. Produetos s .24t s 138

VI COMPARISON OF LABORATORY, CONSTRUCTION, AND

FIELD DATA................................... 142
6.1 Gradation.and: Plasticitys e’ . eebeieesoes s 142
6.2 Unconfined Compressive Strength......... 148
6.3 Cohesion and Angle of Internal
Friction.............................. 151
6.4 Moduli of ElasticCity.ecceececccceccccccccnse 154
6.5 Scanning Electron MiCroSCOPYeeeccoccooss 156
6.6 X-Ray D DifEHaCERON..% .. .elecleoTaoore s odsiels’ss o 159
6.7 Visual ObservatioN...cccccsecsh ssoscccsss 161
VII CONCLUSIONS AND RECOMMENDATIONS.:.ccccocccccss 162
7.1 CONCLUSHOMS 4t oo o sisaas's’sancsssssestosoee 162
7.2 RecommendatiONS..c.ccecceeccccccscscscsscssscs 166
REPBRENCES:.,.ctserererore il BB ot the, & b Sl BTG o Lol MWess. = V68
APPENDIX A - GRAIN SIZE AND PLASTICITY DATE OF
STABILIEZED SHALE Ve sle ce v ascossoase 175
APPENDIX B - TRIAXIAL DATA OF CONSTRUCTION
SMPLBSOO.....‘.................... 181
APPENDIX C - X-RAY DIFFRACTOGRAMS AND DIFFRACTION
» DATA..........0.................... 186
APPENDIX D - TRAFFIC STATISTICS.c.cccccccccccccccscs 223
APPENDIX E - BENKELMAN BEAM DATA..... ceccscscscvos 226



LIST OF TABLES

Table Page

2.1 Field Performance of a Few Lime Stabilized
Roads.o..o.ooo.oooooo.o.....oo--.---‘o...ooooo 14

2.2 Summary of Clays, Lime-Clay and Cement-Clay
Reactlon BEOQUECLS . e« o cievrsrec oo e onesssssissssce 27

3.1 Chemical Composition of Type I Portland

Cement....cccccceeccccccccccccccccscccccccnns 37
3.2 Chemical Composition of Quicklim€...cccoccoee 3%
3.3 Chemical Composition of Fly Ash.cccecccccccss 38
3.4 Sampling Location of Stabilized Material..... 38
5.1 Moisture-Density Test Results of Test l

Sections Using Nuclear ApparatuUS.cccececececcccss 58
5.2 Index Properties of Construction Samples..... 62
5.3 Index Properties of Field SampleS.cccccccccss 63

5.4 Aggregation Index Values of Raw and
Stabilized Shale............................. 64

5.5 Remolded Strength (psi) and Sensitivity of
Stabilized Samples for the Indicated Curing
Periods.........'....................Q..Q.... 76

5.6 Shear Parameters of Remolded Samples for
the Indicated Curing PeriodS...ccccceccccccocos 77

5.7 Shear Parameters of Cement Stabilized
Construction Samples After Being Subjected
to 15 Weie-Bny ISFC e, . Jo e oo Ll lolnall. s 90

5.8 Shear Parameters of Lime Stabilized
Construction Samples After Being Subjected
to 15 .Wet-DER .CRCles. ik Std. s0adilcls S BDLIS 90

X



LIST OF TABLES (continued)

Table-

5.9

Shear Parameters of Fly Ash Stabilized
Construction Samples After Being Subjected
to 15 Wet=Dry CycCleS.ccceccccccccccccsccccsscse 91

Shear Parameters of Conjunctively Stabilized
Construction Samples After Being Subjected
t0 15 Wet=Dry CYyCleS.cceeccccccccccccssosccscse 91

Modulus of Rupture of Stabilized Construction
Samples for the Indicated Curing Periods..... o8

Modulus of Elasticity of Stabilized Shale.... 100

Void Area from Micrographs of Raw and
Stabilized Shale for the Indicated Curing
Periods...............................'...... 103

Integrated Intensities of Clay Minerals
of Field Samples for the Indicated Curing
Periods....C.......Q......................... 134

Integrated Intensities of Clay Minerals
of Construction Samples....'................. 139

Properties of Laboratory, Construction, and
Field Samples Stabilized With 14 Percent
Portland Cementooooooooooooooooooooooooooo'ooo 143

Properties of Laboratory, Construction, and
Field Samples Stabilized with 4.5 Percent
Quicklime....C............................... 144

Properties of Laboratory, Construction, and
Field Samples Stabilized with 25 Percent
FlyAshoooo.oo-oooo.ooo..ooooooooooooo--.-.o.. 145

Properties of Laboratory, Construction, and

Field Samples Stabilized with 8 Percent

Cement + 3 Percent Quicklime + 18 Percent

03 52 N ol 5 5000 000 000880 000G000008000008000C 146

Unconfined Compressive Strength (psi) of
Raw and Stabilized Shale for the Indicated
Curing Periods............................... 149

Strength Ratios of Stabilized Samples for
the Indicated Curing PeriodS..cccccececcceccas 150
% .



LIST OF ILLUSTRATIONS (continued)

Figure

5.4

5.5

Dry and immersed strength of lime
stabilized construction samples.........

Dry and immersed strength of fly ash
stabilized construction samples..... caae

Dry and immersed strength of conjunctively
stabilized construction sampleS.........

Dry and immersed strength of undisturbed
field sampleS.cccecccccccsacssns 5000000C

Undisturbed strength of stabilized field
samples calculated from remolded
strength and sensitivity...ccceccccccccs

Illustrative p-q diagram...ccccecccccesscccs

Variation of cohesion of construction
samples with time (70° F, Ary).eccccecces

Variation of angle of internal friction of
construction samples with time
(70° F, drY).............-.-..........;.

Variation of cohesion of construction
samples with time (70° F, imm.)...ccc0..

Variation of angle of internal friction
of construction samples with time
(70° F, 1IMec) ccecococccscscccccscccccccccs

Variation of cohesion of cement and con-
junctively stabilized field samples
with timel..............................

Variation of angle of internal friction of
cement and conjunctively stabilized
field samples with time......ccceeeccccnn

Deflection patterns of stabilized beams
(construction samples) cccecececeecccoccans

Pavement deflection of test sections......
Schematic representation of an electron

micrograph of a soil MaSS.ccccceccccccns
xiii

69

70

73

79

80

82

83

84

85

87

88

94
95

102



LIST OF ILLUSTRATIONS (continued)

Figure

5.19

5.31

5.32

Micrograph of raw shale....cccecceecccccces
Micrograph of fly ash POWAET e eveeeeeaaannn

Micrographs of cement stabilized
construction sampleS..ccceccecccccss B

EDS of the hexagonal crystals observed in
Figure 5.21Coooooo.oooooo.oooooooooooo.o

Micrographs of cement stabilized field
samples.................................

Micrographs of lime stabilized
construction sampleS..ccccecccccccccccsccs

Micrographs of lime stabilized field
samples.................................

Micrographs of fly ash stabilized
construction sampleS.cceccecccccccccsccscss

Micrographs of fly ash stabilized field
samples.................................

Micrographs of conjunctively stabilized
construction sampleS.cccecceccccssccccccscs

Micrographs of conjunctively stabilized
field sampleSccccccccccccccccccccccccnns

EDS of the reacted cenosphere observed in
Figure 5.29Q...cccccecccccccccccccccns .o

Response of raw shale to glycolation......

Response of raw shale to heat treatment
A6 R e . T e, A

105

108

109

112

114

117

119

122

124

127

131



LIST OF TABLES (continued)

Table ' Page

6.7 Shear Parameters c (psi) and ¢ (degrees)
- of Stabilized Shale for the Indicated
Curing Period... .. s s daes « e P sie o0 o oo 1152

6.8 Ratios of Cohesion and Angle of Internal
Friction of Stabilized Shale for the
Indicated Curing PeriodS...ccceccccccccccccsss 153

6.9 Comparison of Moduli of Laboratory to
Construction and Field SampleS..ccccceccccscs 155

6.10 Void Area From Micrographs of Raw and

Stabilized Shale for the Indicated Curing
Periods, Percent of Total Ar€ad....ccccceccccses 157

xi



Figure

2.1

LIST OF ILLUSTRATIONS

Coal consumption and ash generation
by United States electric power
stations.....‘............O.............
Comparison ray diagrams of light
microscope, and transmission and
scanning electron MiCroscopeS...c.cecece.e.
Location of study Sit€..ccccccccccccccccscs
Location of test sectionS...ccccececccccccss

Typical cross-section of stabilized test
SECEH ON% . ovs.5.0 oo s o sis's sle s sle sie slo sl siosolsnsns

Flow chart of sampling and testing
sequence of construction samples........

Flow chart of sampling and testing
sequence of field sampleS...ccceceecccccnn

Compression strength testing device.......
Triaxial compression test set UPeecececcecccoscs
Failure patterns of triaxial samples......

Load arrangement and mode of failure
of stabilized beamS....ccccccccccccccccns

Grain size distribution curves of
construction sSampleS..cccccccccccccccccss

Grain size distribution curves of field
samples.................................

Dry and immersed strength of cement
stabilized construction sampleS...cccos-.

xii

18

23
31

313

35

40

42
46
48
49

52

60

61

67



PREFACE

In cooperation with the Oklahoma Department of
Transportation a research project was undertaken in 1982
by the University of Oklahoma Office of Research
Administration encompassing the construction and field
performance of a stabilized base course on U.S. 77 in
Ponca City.

During the course of this effort, which was con-
ducted by the School of Civil Engineering and Environ-
mental Science, reports were submitted quarterly, and the
present constitutes the final report.

The opinions, findings and conclusions expressed in
this publication are those of the authors and not
necessarily those of the Oklahoma Department of

Transportation.
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FIELD STABILIZATION OF PONCA CITY SHALE
CHAPTER 1
INTRODUCTION

Shales are commonly occurring sedimentary rocks.
Depending on the degree of weathering, they are clas-
sified as either rocks or soils ranginglfrom a hard du-
rable rock to a stiff plastic clay. The engineering
properties of shales are affected by a number of intrin-
sic characteristics such as grain size, clay content, de-
gree of cementation, and presence of moisture. By virtue
of their abundance, shales have been used in the con-
struction of many engineering projects and primarily as
foundation materials for highways.

C:En Oklahoma, shales are extensively used as subgrade
material in highway construction.” Unfortunately their
performance has been unpredictable; sometimes it is
satisfactory but at other times shales deform excessively
resulting in pavement failure. To approach the problem
in a scientific manner, the Oklahoma Department of Trans-
.portation, in cooperation with the ﬁniversity of

Oklahoma, initiated a series of research projects to



identify the "problem™ and "no problem" shales, and to

upgrade the former. The first study in 1968 centered on

classifying shales (Laguros, 1972). The second study
focused on the response of shales to stabilization by

Portland cement, lime, and fly ash (Laguros and Jha,

1977) and based on the recommendations thereof, a section

(3000 ft) of the south-bound lane of U.S. Highway 77,

north of Ponca City, Kay County, Oklahoma was chosen as

the site for a field test project. The project consists
of four sections with stabilized base courses and one
control (non-stabilized) section. The first phase
encompassed the laboratory investigation (Laguros and

Medhani, 1984), in which the optimum amounts of

stabilizing agents were determined. Thus, 14 percent of

Portland cement, 4.5 percent-of quicklime, 25 percent of

fly ash, and for the conjunctive use, 8 percent cement +

3 percent quicklime + 18 percent fly ash were used:>
The present study covers the performance of

stabilized base test sections under field conditions with

the following objectives:

5 Identifying the differences between laboratory and
field stabilization by comparing the results of the
laboratory prepared samples( Laguros and :Medhani,
1984), hereinafter referred to as laboratory
samples, to those: i) obtéined from sample§

prepared during constrution in the field, but cured



in the laboratory, hereinafter referred to as con-
struction samples, and 1ii) results obtained from
samples retrieved after the pavement 1layer(s) were
placed, cured wunder field conditions and had
experienced traffic induced stresses; these are
hereinafter referred to as field samples.

The purpose of studying construction samples
was to inveétigate the influence of the variations
in compaction and curing conditions (laboratory vs.
field) as manifested by the plasticity, strength,
and microstructure of the stabilized shale.
Analyzing the microstructure of raw and stabilized
shale using scanning electron microscopy (SEM) and
X-ray diffraction (XRD) techniques, so as to relate
the changes in engineering behavior of stabilized
shale to its microfabric and clay mineral structure,

and the formation of reaction products.



CHAPTER II
LITERATURE REVIEW

The literature on shales is quite abundant. 1In so far as
shale classification, stabilization and mechanisms of
soil stabilization are concerned, they are extensively
covered in previous studies conducted at the University
of Oklahoma (Anessi, 1968;.Kumar, 1974; Laguros and Jha,
1977; Laguros and Medhani, 1984). The present study is
focused on the field application and performance of
stabilized shale under actual field conditions. There-
fore, the literature review presented herein is limited

to this latter topic.

2.1 Cement Stabilization

In the literature the terms "cement stabilization”
and "soil-cement" are used interchangeably. According to
the Highway Research Board Committee on Soil-Portland Ce-
ment Stabilization (1959), soil cement is defined as "a
hardened material formed by curing a mechanically com-
pacted intimate mixture of pulverized soil-Portland

cement and water."”

The use of cement as a stabilizing agent in the

4



construction of roadways dates back to the early 20th
century. According to Davidson (1961), Bert Reno, an en-
terprising contractor, used soil-cement for the first
time in Sarasota, Florida in 1915. Although during the
1920°'s, Texas, California, Iowa, and South Dakota
experimented with soil-cement, lack of knowledge of the
application of soil science to road building apparently
caused unsatisfactory service per formance, and therefore
the method was given up.

Soil-cement in road construction was brought to the
attention of highway engineers after the South Carolina
State Highway Department (1932) began investigation of a
mixture of soil and cement. Several test sections were
built in 1933 and 1934, and based on the performance of
these test sections it was concluded that soil and cement
were compatible materials, and that they could be mixed
together to form a 1low-cost base material for roads
(Mills, 1935 and 1936). This led to another study where-
in the South Carolina State Highway Department in coop-
eration with the Portland Cement Association and the
Bureau of Public Roads, constructed a 1% mile section of
pavement ﬁear Johnsonville, S.C., in 1935. This project
is known- as the first "engineered" soil-cement road
(Davidson, 1961). The success of this soil-cement proj-
ect made other states follow the South Carolina example

quickly and build their own soil-cement projects.



Willis (1947), reported on another experimental
soil-cement base course in South Carolina, where twenty-
two sections of a 6-mile road base course were stabilized
with cement. The thickness of soil-cement base course
varied from 4 to 8 inches, and the cement content varied
from 3 to 11 percent. The performance of this experi-
mental road was monitored over a period of eight years
during which it was found that the addition of cement to
soil reduced the plasticity, increased the durability of
base course, and increased the quality of performance.
It was also found that 3 percent cement content was not
sufficient to produce the required base course stability,
even though the base thickness was increased to 8 inches.
On the other hand, soil-cement bases 4 inches thick were
inadequate even with cement content as high as 9 percent.

Hoover et al., (1962) reported the resul?s of three
years of field and laboratory observations of 600 feet of
stabilized soil base and subbase course of primary High-
way 117, Jasper County, Iowa. Lime-fly ash, lime-fly
ash-accelerating agent, and cement were used in stabiliz-
ing the 7-inch base course test sections. The base
course material consisted of sand-loess mix plus 8 per-
cent type I Portland cement. The unconfined compressive
strength of the cores obtained three years after con-
struction ranged from 1,100 to 2,600 psi. On the other

hand, the average unconfined compressive strength of



cement stabilized field mixed laboratory molded specimens
were 550, 834, and 720 psi after 26, 183 and 365 days of
curing, respectively. The performance of the experi-
mental base and subbase was reported as excellent after
three years of service.

In an attempt to develop a freeze-thaw test for the
design of soil-cement, George and Davidson (1963),
studied the performance of an experimental section in
Iowa. The cement content of the 7 inch stabilized base
varied from 7 to 13 percent. The AASHTO classification
of natural soil varied from A-4(8) to A-6(10), and the
plasticity index of the natﬁral soil varied from 9 to 15
percent. The immersed strength of cores obtained after
360 days of curing ranged from 700 psi for 7 percent
cement, to 1500 psi for 13 percent cement.

.The effectiveness of various types of stabilizing
agents in the laboratory and in the field was evaluated
by Stewart et al., (1971). Portland cement was one of
the three stabilizing agents that was studied in this in-
vestigation. The AASHTO classification of the natural
soil ranged from A-2 to A-7, and the plasticity inde*
ranged from non-plastic to 21. The laboratory prepared
samples were tested in immersed condition. Their
unconfined compressive strength ranged from 183‘psi to
526 psi, while the compressive strength of one-month

cured field samples ranged from 97 to 217 psi.



Extensive performance surveys of the soil-cement
have been carried out by several investigators. A de-
tailed literature review on this subject is available in
the Highway Research Board Bulletin 292 (1961).

Mills (1940), surveyed 64 projects of soil-cement
roads in 23 states. He reported that 44 projects were in
excellent condition, 17 projects in good condition and 3
projects in fair condition. He also reviewed the con-
struction history of early soil-cement projects (Mills,
1941) and reported that scaling of wearing surface was
the most frequently occurring defect in soil-cement
roads. The actual structural damage to the pavement was
light. He 1listed 1low cement content, poor drainage,
unsatisfactory compaction, and excessive mixing time
after application of cement and water to soil as causes
of failure for soil-cement roads.

Reid (1948), summarized two surveys that were con-
ducted during 1945 to 1946 and 1946 to 1947. The first
survey included 18 projects ranging in age from 5% to 9
years. The condition survey showed that 12 of these
projects were performing‘in excellent, four in good and
one in average manner. In the second survey, 59 projects
from 19 states with a total of 273 miles of roads were
surveyed. The thickness of the soil-cement layer in
these projects ranged from 5 to 10% inches. The cement

content ranged from 6 to 14 percent by volume. The



natural soil had a plasticity index up to 35 percent.
The condition survey showed that base failure occurred in
32 projects. Twenty-seven projects experienced some
failure and only six projects experienced failures that
warranted analysis. The reason for excessive failures
were given as insufficient moisture and thickness, and
frost heave on silty soils.

Loughborough (1948), reported the performance of ten
individual projects of soil-cement <constructed in
Virginia since 1938. The natural soils ranged from silty
sand to silty clays. The report concludes that in spite
of severe climatic conditions in the region, no distress
in the soil-cement was appafent.

Redus (1958), studied the service behavior of seven
airfields where soil-cement had been used in construc-
tion. Field and labératory tests were run on only four
of the airfields. The major findings of this study were:
(a) cracking was caused by shrinkage of soil-cement and
was not connected with induced load; (b) plastic binders
at the time of construction were rendered non-plastic one
to 10 years after construction; and (c) the reduction in
plasticity index appeared to be permanent.’

Mitchell and Freitag (1959), carried out an inten-
sive "performance study of field test sections and air-
fields in the United States and overseas. The perfor-

mance of field test sections and airfields,K was compared
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with the performance of conventional flexible pavements.
Among their findings were: (i) out of a total of 85 the
performance of 42 test panels was equal to that expected
of flexible -pavements having the same or greater
thickness, (ii) the performance of 19 highway test panels
and airfields was poorer than expected from a flexible
pavement of equal thickness, and the rest could not be
compared for a variety of reasons. Also, éhey found that
cracking in soil-cement is to be expected and should not
be treated as a sign of failure.

Several researchers have carried out studies to cor-
relate the strength of laboratory prepared soil-cement
specimens to that of specimens cored from the field. As
the degree of contrpl becomes less strict from laboratory
to the field, the 1level of strength attainment with
stabilization becomes lower. Mixing, degree of pulveri-
zation, curing conditions, and disturbance of specimens
during coring are some of the factors responsible for
lower strength of field samples.

The Waterways Experiment Station in Vicksburg,
Mississippi,  performed unconfined compreéssive strength
tests on the laboratory mixed and compacted, and undis-
turbed samples obtained from their field tests at the
same water content, dry density and curing time. It was
found that the ratio of the strength of field samples to

laboratory samples was 0.63. Also, it was found that the
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ratio of the strength of field to laboratory samples de-
creased as the cement content increased. For example,
with cement contents of 3, 6 and 10 percent the corres-
ponding ratios were 0.75, 0.60 and 0.56. The strength of
field-mixed but laboratory compacted samples were also
found to be less than the laboratory mixed and compacted
specimens. In general, it was discovered that the
strength of the former was about 86 percent of the
latter. Again the ratio of the strength of the field-
mixed laboratory compacted specimens to laboratory mixed
and compacted specimens decreased as the cement content
increased. For 3, 6, and 10 percent cement content the
ratios were 0.97, 0.83, and 0.78, respectively. It¢ diss
obvious that mixing operations, curing conditions, and
compaction are important élements of strength gain of
soil-cement (Chu, 1977). |

Maclean (1956), noticed that the strength of "mixed-
in-place" stabilized soil was about 67 percent of that
made in the laboratory. Wang (1968), reported that the
ratio of the unconfined compressive strength of the un-
disturbed to that of laboratory compacted specimens was
about 0.50.

Robert and Schoeneman (1965), found that the average
difference in compressive strength between 1laboratory
prepared samples (after seven days of curing) and cores

obtained from the field (after eight days of curing) was
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about 400 psi.
Stewart et al., (1971) reported that the ratio of
the strength of field to laboratory samples ranged from

0.3 to 0.7.

2.2 Lime Stabilization

Lime, the oxides or hydroxides of calcium and magne-
sium, has long been used in the stabilization of cohesive
soils. The physical and chemical changes which are im-
parted to the soil as a result of lime stabilization,
have made 1lime an ideal stabilizing agent in the
construction of bases and subbases of highways. Numerous
laboratory and field studies have been conducted on
soil-lime stabilization.

An excellent annotated bibliography of soil-lime
literature was presented by Herrin and Mitchell (1961).
(&he review indicated the beneficial effects of lime sta-
bilization on the plasticity, shrinkage, workability, and
strength properties of soils. In general, the plasticity
index was reduced, the shrinkage limit increased, worka-
bility improved, and strength 1ncreased-\>There have been
limited attempts to correlate laboratory strength test
results and the actual field performance of lime-soil
stabilized roads. The reason is probably related to the
problems encountered in obtaining cores of lime soil mix-

tures from field that can be used in the laboratory for
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evaluating strength (Herrin and Mitchell, 1961).

The field berformance of a few lime stabilized roads

was documented by Herrin and Mitchell (1961) which are

reproduced in Table 2.1.

McDowell (1966), obtained cores from old lime sta-

bilized roads and tested them in the laboratory. Some of

his findings were:

i)

ii)

iii)

the strength of the cores for properly con-
structed roads ranged from two and one-half to
three times that obtained from samples cured
under normal room temperature.

there was no relation between the PI of the
soil-lime mixture and its strength.

higher percentages (8 percent) of lime had less
tendency for PI to increase with age than lower
percentages of lime (4.5 percent). Also, high-
er lime content produced less soil binder than
lower lime content. He also found that the op-
timum 1lime content cannot be identified by
short term strength, but it is essential in de-
termining the reactivity of the soil to 1lime
treatment. The purer and finer the 1lime, the

easier it is to mix it with cohesive soils.

McDonald (1970), reported the effects of lime sta-

bilization on Pierre shale. The natural soil was an

AASHTO A-7-6(20) with a plasticity index close to 50.
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Table 2.1. Field Performance of a Few
Lime-Stabilized Roads"r
Location Soil Tvpes Reported Field Perfarmance
Nebraska High plastic Satisfactory performance
glacial clay was cbserved after 2 yr.
service.
Perry Co., Gravelly clays After 4.5 yr. service, all
Missouri and silty clay sections had an
loams of good to excellent. The
PI's increased during this
time.
Mascoutah, Highly plastic Performance of this section
Illinois clay was very good after 4 yr.
service.
Englemann Highly plastic This section was in
Township, Clay excellent cordition after
Illinois 5 yr. service.

Mitchell Co.,
Kansas

Taylor, Texas

williamson
Co., Texas

East of Taylor,
Texas

Texas

Limestone
gravel
Taylor marl
gravel
Grandular

soil

Clay gravel

01d clay gravel

The sections developed a
few cracks after 1 yr. of
service :

This section was holding up
well after 5 yr. use.

After 8 yr. service this
section was in excellent
condition.

This road was used to serve
light traffic for 5 yr. It
was patched and resealed as
many dry weather cracks had
developed. .

After 2 yr. service, the
candition of the road was
perfect.

(atter Herrin and Mitchell, 1961)
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The soil was stabilized with 6 percent hydrated lime.
Results of the plasticity index test over a period of
four years showed that the PI was reduced from approxi-
mately 50 percent to slightly under 20 percent. .He could
not obtain any field specimens for strength testing.

Stewart et al., (1971) reported on the field appli-
cation of lime stabilization of Piedmont soils where the
results of laboratory investigation were applied to an
experimental road. The raw soil in the project area had
an AASHTO classification ranging from A-7-5(4) to A-2-4,
and the plasticity index of the soil ranged from non-
plastic to 14. The amount of lime used for stabilization
varied from 4.3 to 6.3 percent. The ratio of compressive
strength of field to laboratory specimens after one month
ranged from 0.6 to 1.1.

Alexander (1976) made a detailed survey of the per-
formance of lime-treated bases in California. He noted

that:

"Of the thirty-five roads constructed with lime
treated native soils as a base, 22 (63%) were judged
to be in fair to good condition by the end of the
ten year service period. Two other roads, although
unsurfaced prior to the end of the ten year service
life, were considered to have performed satisfactor-
ily with the additional thickness of asphalt con-
crete being added as preventive maintenance on
slightly distressed pavement."

The roads that were judged to be poor indicated that
structural deficiencies in lime treated bases resulted in

an almost immediate distress of the road. It was found



16

that there was a correlation between performance and de-
ficiency in the asphalt concrete thickness. ' Other fac-
tors contributing to the observed distress were treatment
of non-responsive soil material, poor lime disfribution
uniformify, and deficiencies in the constructed thickness
of the lime treated base or asphaltic concrete.

Dallaire (1973), reported on the largest project ev-
er to stabilize swelling soils with lime. This project
was the construction of the Dallas-Ft. Worth airport,
where the native soil, a poor gumbo clay, was stabilized
with 5 percent hydrated lime or 20 gallons of lime slurry
per cubic yard to a depth of 18 inches. The reason for
the great depth was to provide adequate pavement thick-
ness in order to accommodate all types of heavy loads
induced by planes including the giant 750,000 pounds
747s, and even heavier aircraft. The ultimate pavement
design load was 2 million pounds. No data are available

on the performance of this project.

2.3 Fly Ash Stabilization

Fly ash or pulverized fuel ash is the fine inorganic
residue of combustgd pulverized coal consumed in power
generating plants (Diamond, 1981). The coal from which
fly ash is derived i§ first ground and then injected into
the boiler in a stream of hot air at a temperature of

1500° to 1700°C. ?he non-combustible - mineral matter
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which is deposited on the relatively cool boiler tubes
from where it periodically falls to the lower section of
the furnace is bottom ash (Stamp and Smith, 1984). The
smaller particles (fly ash) remain in suspension in the
hot gas stream and as they undergo melting the suspended
liquid droplets assume a spherical shape, where upon
cooling preserve the external spherical outline. Occa-
sionally irregular shaped particles are also observed
which are the result of incomplete melting, either
because of their composition, insufficient high tempera-
ture or too short a time to heat exposure (Diamond,
1981). Fly ash is collected by electrical precipitators
or mechanical means or a-combination of the two.

Depending on the type of coal, fly ashes are clas-
sified into two classes. Low calcium ashes are derived
from bituminous and anthracite coal and are referred to
as Class F fly ash; high calcium fly ashes are derived
from lignitic and subbituminous coals and are referred to
as Class C fly ash.

The ever increasing coal consumption and restriction
on the release of particulate material into the atmo-
sphere resulted in the collection of large quantities of
fly ash in recent years. In the United States, about 600
million tons of pulverized coal are burned annually and
it is projected to reach one billion tons by 1990 (Burnet

et al., 1984). Figure 2.1 depicts coal consumption and
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ash generation in the United States. From the total ash
produced currently only 20 percent is utilized for vari-
ous purposes such as concrete, brickmaking, water pol-
lution control, filler for plastics, o0il drilling mud and
soil stabilization (Burnet et al., 1984).

Fly ash in soil stabilization has been mainly used
as a supplement or replacement for lime and cement in
soils showing poor pozzolanic properties_in order to en-
hance the lime-silica reaction. A pozzolan is defined as

"A siliceous or siliceous aluminous material, which

in itself possesses little or no cementitious value

but which will, in finely divided form and in the
presence of moisture, chemically react with calcium
hydroxide at ordinary temperatures to form compounds

containing cementitious properties” (ASTM, 1973).
Class F fly ash is mainly used as a synfhetic pozzolan,
while Class C fly ash, because of high calcium oxide con-
tent, exhibits both pozzolanic and self hardening prop-
erties. Laguros and Jha (1977) and 1later Laguros and
Medhani (1984), in their study of Oklahoma shales have
used Class C fly ash as a main stabilizing agent, and it
proved effective when used in significant amounts (25
percent by weight). They reported that fly ash stabi-
lization reduced the ' plasticity index, ameliorated
durability and increased the strength of the shale.

Despite the favorable results obtained from labora-

tory studies of soils stabilized with fly ash alone, its

field application in the construction of bases and sub-
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bases of highways has not been tested, as yet adegquately.

Joshi et al. (1975), reported on the effectiveness
of two fly ashes in reducing the plasticity index of a
Kansas City, Missouri, plastic clay. Both fly ashes were
found to be effective in reducing the plaéticity index of
a clayey soil. As an extension of laboratory findings,
15 percent fly ash was added to a highly plastic subgrade
with a plasticity index of 22 percent. The thickness of
the modified subgrade was 9 inches, covered by 9 inches
of asphaltic concrete. The performance of the pavement
after two years of service under light traffic was re-
ported excellent. In contrast to the stabilization of
soils with fly ash alone, soil stabilization with lime-
fly ash is accepted widely.

Minnick and Williams (1956), evaluated the perfor-
mance of a number of field projects in which lime-fly
ash-soil composition has been used in their construction.
The materials in the projects included stone screenings,
slags, cinders, and soils ranging from the sandy or
gravelly forms to the fine grained and plastic variéfy.
Unconfined compressive strength test was run on undis-
turbed cubic specimens. They found that the pozzolanic
strength values varied from 100 to 4315 psi, and .the
ratio of field strength to laboratory strength varied

approximately from 0.21 to 3.2.
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2.4 Flexgral Strength of Stabilized Soils

Although most pavements with stabilized bases and
subbases are classified and designed as flexible pave-
ments, they develop high moduli of elasticity which may
impart in the pavement enough rigidity to make them per-
form as a slab or a.beam. The required thickness is,
however, in many cases less than that required for a con-
ventional flexible pavement.

Several investigators have studied the flexural
strength and correlated it to the unconfined compressive
strength of stabilized soils.

Felt and Abrams (1957), found that the modulus of
rupture (flexural strength) of soil-cement mixtures was.
approximately 20 percent of the compressive strength at
all ages. According to Chu (1977), the flexural strength
of Vicksburg silty clay stabilized with 3, 6 and 10 per-
cent cement‘was about 25 to 30 percent of the compressive
strength. Laguros and Medhani (1984), reported tﬁat the
ratio of flexural strength to compressive strength of
cement stabilized Oklahoma shale ranged from 0.17 to
0.23. Wang (1968), noted that the flexural strength of
undisturbed cement stabilized soil was about 60 percent
of the laboratory compacted specimens. He also reported
that a nearly linear relationship between flexural
strength and compressive strength exists, and the modulus

of rupture is approximately 20 to 35 percent of the un-
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confined compressive strength.

Thompson (1968), reported that the flexural strength
of lime treated soils was about 25 percent of the un-
confined compressive sfrength. Laguros and Medhani
(1984) , found that the ratio of flexural to compressive
strength of Oklahoma shale stabilized with 6 percent lime
ranged from 0.18 to 0.25.

In a study of lime-fly ash stabilized bases and sub-
bases reported by NCHRP (1976), the ratio of flexural
strength to compressive strength for most lime-fly ash-
aggregate mixtures ranged from 0.18 to 0.25. Laguros and
Medhani (1984), in their study of fly ash stabilized
shales, reported these values to be in the range of 0.17

to 0.25.

2.5 Electron Microscopy

Over the years the need for higher resolution made
it necessary to consider an electron source, rather than
light, as the illumination source. Depending on whether
the electrons are detected after being reflected by or
transmitted through the specimen, electron microscopes
are classified as transmission electron microscopes (TEM)
or scanning’ electron microscopes (SEM). Figure 2.2
presents a schematic diagram of 1light microscope (LM),
TEM and SEM.

Extensive use has been made of SEM in the study of
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CHAPTER 1V
EXPERIMENTAL METHODOLOGY

To evaluate the engineering and other significant
properties of raw and stabilized shale, standard tests

were employed; they are described herein.

4.1 Grain Size Analysis

Grain size distribution of all specimens was
determined in accordance with ASTM D422-63(72) (AASHTO
Designation T 88-81). Calgon (40 g/l) solution was used
as the dispersing agent. They were further dispersed by
the Iowa’jet apparatus under an air pressure of 10 psi

for 5 minutes.

4.2 Atterberg Limits

The 1liquid 1limit of the specimens was determined
according to ASTM D423-66(72) (AASHTO Designation T
89-81), and the plastic 1limits were determined in
accordance with ASTM D424-59(71) (AASHTO Designation

T-90-81).

43
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Sloane (1964), utilized an electron microscope to
study the early reaction between calcium hydroxide =
kaolinite system. He observed the progressive
dissolution of the kaolinite particles along the edges
from the first 24 hours of treatment to the conclusion of
the study i.e. after 15 days of treatment.

Mitchell and ElJack (1965), observed the fabric
changes accompanying the hardening of soil-cement by
electron ﬁicroscope. They noticed that;

"The fabric changes developing during the curing of

soil-cement lead from a mixture of discrete soil

particles and cement grains to a more homogeneous
fabric of indistinguishable components".

Another study, Ormsby and Kinter (1973), utilized
SEM for the identification of lime-clay reaction prod-
ucts. Unfortunately they could not identify any. Howev-
.er, based on their X-ray analysis of lime-montmorllonite-
water system they concluded that CSH (gel) .are the re-
action products responsible for strength impfovement in
cured montmorillonite-lime mixtures.

Laguros and Medhani (1984), in their study of
Oklahoma shales, utilized SEM to study the pore distribu-
tion and reaction products of stabilized shale. They re-
ported that, as a result of stabilization, the shale re-
vealed a dense packing of particles thereby reducing the
open spaces or voids which led to increased unconfined

compressive strength.



26

2.6 X-Ray Diffraction

Since its discovery in 1895 by the German physicist
Roentgen, X-rays have provided the physicists and engi-
neers a viable means of studying the intermnal structure
of opagque objects.

X-ray diffraction has long been used to study the
hydration products of soil-cement and soil-lime systems.
Table 2.2 presents a summary of d-spacings for clays,
lime-clay and cement-clay reaction products. Detailed
literature review of the application of X-ray diffraction
in soil-stabilization is given by Laguros and Medhani
(1984). In many cases, X-ray diffraction analyses are
performed on pure clay minerals stabilized with lime or
cement under strict laboratory conditions. X-ray dif-
fraction of field specimens is rare. One such study was
done by Eades et al. (1962), in which they analyzed lime-
stabilized field specimens using X-rays. They concluded
that the increase in strength of soil-lime is partially
due to formation of new materials, such as calcium
silicate hydrates. They also reasoned that if the perma-
nence of strength in Portland cement concrete is due to
hydrated calcium silicates, then it must follow that
lime-stabilization of soils by virtue of having the same
hydration products would show permanence in strength.

Laguros and Medhani (1984), in their study of stabi-

lization of Oklahoma shales, reported that hydrated lime



Table 2.2. Summary of Clays, Lime-Clay and Cement-Clay Reaction Products
Crystal d—sp;éiﬁ;:_h _ Refereﬁce o -
Chlorite 14.00 7.18 7.02 4.80 AST™ (1966)
4.70 3.60 3.50
Kaolinite Y 3.58 2.50 AST™ (1966)
Illite 9.99-10.40 3.34 Carroll (1970) Grim (1968
Montmorillonite 15.40 (variable) 4.48 3.34 Carroll (1970), Ruff & Ho
2.56 3.09 (1966)
Quartz 4.26 3.34 2.46 ASTM (1966)
Lime, Portlandite (Ca(OH),) 4.90 2.63 1.93 ASTM (1966)
Calcite (CaC03) 3.04 2,29 2.10 ASTM (1966)
Lime-Kaolinite 5.09 3.04 2.80 1.80 Eades and Grim (1962)
Lime-Montmorillonite 8.11 7.94 7.59 Hilt and Davidson (1961)
Glenn and Handy (1963)
CAH 8.10 7.60 3.90 Noble (1967)
C3AH 8.30 8.07 7.70 Noble (1967)
C4N¥1 7.50 4.10 3.99 2.88 Ruff and Ho (1966)

(continued)

LB



Table 2.2, Summary of Clays, Lime-Clay and Cement-Clay Reaction Products

(continued)
Crystal d-spacing, 2 Reference
CSH 17.30 12.60 10.00 3.08 Leonard and Davidson
Glenn and Handy (1963)

C,SH, Tobermorite 14.00 9.00 6.16 3.18 Glenn and Handy (1963)
3.05 3.00 2,83 2,73 Ruff and llo (1966)
1.82 Taylor (1966)

C,S 2.88 Taylor (1966)

C45 3.07 2,98 2.77 Herzog and Mitchell (1963)

(after Laguros and Medhani, 1984)

8¢
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(6 percent) stabilization produced calcium aluminum
silicate hydrate;' fly ash- (25 percent) stabilization
produced tetracalcium aluminum silicate hydrate, calcium
aluminum silicate and tricalcium silicate; and cement
(14 percent) stabilization gave hydrated forms of calcium

aluminum and calcium silicate.



CHAPTER III
FIELD TEST SECTIONS, MATERIALS AND SAMPLING

The main purpose of this investigation was to
identify the differences between the laboratory and field
behavior of stabilized shale.

The Oklahoma Department of Transportation in
cooperation with the University of Oklahoma chose a
pértion of the southbound lanes of 4-lane divided U.S.
77, north of Ponca City, Kay County, Oklahoma, Project
No. F-20(36), as the site for a field tegt section
(Figure 3.1). The experiment was carried out in two-
phases. Phase I was a laboratory study of the stabiliza-
tion of the shale found in the project area (Laguros and
Medhani, 1984), and it was concluded that Portland cement
(14 percent), hydrated lime (6 percent), fly ash (25 per-
cent), and the conjunctive use of 8 percent cement + 4
percent hydrated 1lime + 18 ©percent fly ash can
successfully stabilize this shale.

Phase II of the project, which covers the field

implementation, is the subject of this study.

30



31

US.77 8 S.H. II
SURFACING PLANS

KAY COUNTY

CONTROL SECTION 77-36-10
STAT‘E JCB NO. 00I21(08)

REex
‘”._._.k

X

133 .
:£~.
Ay

PONCA CITY
mNC. POR 25.238
300(_)_'.{

5 -

Location of study site

Figure 2.1:



32

3.1 Field Test Sections

The project consists of four stabilized sections and
one control (non-stabilized) section, with a total length
of 3000 ft (Figure 3.2). The length of the cemenf sec-
tion is 500 feet and 14 percent (by dry weight) Portland
cement is used to stabilize its base course. Lime, fly
ash and the conjunctively stabilized sections, each with
a 700 ft length, are stabilized with 4.5 percent quick-
lime (equivalent to 6 percent hydrated lime), 25 percent
fly ash, and 8 percent cement + 3 percent quicklime
(equivalent to 4 percent hydrated lime) + 18 percent fly
ash, respectively. The length of the control section is
400 feet and serves to provide reference data so as to
offer a basis for comparing the effectiveness of stabi-

lization.

3.1.1 Construction of the Test Sections

-Construction of the stabilized base course test
sections started on September 6, 1983. The top 8 to 10
inches of the subgrade was pulverized by a BOMAG MPH100
to facilitate mixing of shale with the stabilizing agent.
The stabilizing agent was then added by driving an air
discharged bulk hauling truck directly over the pulver-
ized shale. The BOMAG made three fo four passes mixing
the stabilizing agent and the dry shale. Water was then
added and the BOMAG continued two to three passes of wet

mixing. The shale-stabilizing agent was further blade
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mixed between each BOMAG mixing. Compaction was accom-
plished by a tractor towed double drum sheepsfoot roller
followed by a rubber tired compactor. The compacted ma-
terial was kept moist until it was sealed with §SS-1
emulsion material to prevent moisture from entering the
pavement. With the exception of the lime section, the
entire construction activity, i.e. from scarification to
compaction, was accomplished on the same day. In the
lime section, however, the shale-lime mixture was left
uncompacted but maintained moist for three days to ensure
;rottening“‘of lime in the shale. The stabilized base
course was then covered by 8 to 11 inches of type A
asphaltic concrete and 2 to.3 inches of type C asphaltic
concrete (ODOT, Standard Specifications for Highway
Construction, 1976, p. 365). The pavement in the control
section rests directly over the subgrade.

The top finished grade width of the test section is
38 feet. The driviné lane is 24 feet wide with a 10-foot
wide outside shoulder and a 4-foot wide inside shoulder.
A typical ‘cross-section of the pavement is presented in

Figure 3.3.

3.1.2 Traffic Statistics

The test sections opened to traffic in May, 1984.
The traffic statistics are presented in Appendix D. The
data show that heavy trucks (semi-and full-trailer

combinations) comprise about three percent of the total
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traffic volume. About 85 percent of the traffic uses the
outside lane. This volume of traffic is considered@ to be

medium (Yoder and Witczak, 1975).

3.2 Materials

The £ill material which constitutes the pavement
subgrade was placed in 1980. It is a plastic weathered
shale which belongs to the lower Wellington Formation of
Permian age. Pedological information on these shales is
found in the United States Department of Agriculture's
Soil Survey for Kay County, Oklahoma (1967). This shale
varied in color from yellowish gray to gray and grayish
brown. The AASHTO classification (AASHTO, 1982) of the
subgrade shale was in the range A-7-6(25) to A-7-6(39),
and the plasticity index values varied from 26 to 37
(Laguros and Medhani, 1984). Other properties are
_reported 1in the appropriate places throughout the
report.

The type I Portland cement was provided by General
Portland Plant in Fredonia, Kansas. The quicklime was
supplied by St. Clair Lime-Co., in Marble City, Oklahoma,
and the £fly ash for the project was obtained from the
Oklahoma Gas & Electric Sooner Generating Plant in Red
Rock, Oklahoma. The chemical composition of Portland
cement, quicklime, and fly ash used in this project are

shown in Tables 3.1, 3.2, and 3.3, respectively.
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Table 3.1. Chemical Composition of Type I Portland
Cement, from General Portland Plant,
Fredonia, Kansas *

SiO2 20.86%
A1203 5.66%
Fezo3 s 2.89%
Cao 63.49%
MgO 2.17%
SO3 2.70%
Na20 0.16%
K,0 0.62%
Loss on Ignition 0.12%

*

Based on telephone conversation with Mr. Larry Parker,

Control Marager

Table 3.2. Chemical Composition of Quicklime, From .

St. Claire Lime Co., Marble City,

Oklahoma *
Cao 96.4%
MgO 1.1%
Si02 0.7%
Fezo3 0.1%
A1203 0.13%
SO3 0.04%
Loss on Ignition 1.5%

*

Based on telephone conversation with Mr. Don Stuart,

Sales Representative
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! *
Table 3.3. Chemical Composition of Fly Ash , from
Oklahoma Gas & Electric Sooner Generating
Plant, Red Rock, Oklahoma

SiO2 33.31% .
A1203 23.09%
Fe203 7.91%
SO3 2.67%
Cao 27.53%
MgO 5.14%
Nazo 0.37%
Loss on Ignition 0.16% ~

*
Composite figures for December, 1983

Table 3.4. Sampling Location of Stabilized Material

Station Offset .Distance
Test Section Construction Field from Centerline
: ft
Control 298+05 298+05 6 L
Cement Stab. 269+22 - S L
272437 272437 ~10.3 R
Lime Stab. 275+46 275446 1.8 R
279+64 - 4.5 L
Fly Ash Stab. 284+60 - 11.8 R
285+36 285+36 5.5 L
Conjunctively 289+22 289+22 3.4 R
Stab.

L

292+89 — 10.2
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3.3 Sampling
Sampling locations were determined based on statis-
tical randomness, and are depicted in Table 3.4.

Sampling was carried out in two phases.

3.3.1 Construction Samples

Immediately after final mixing and before compac-
tion, samples were retrieved from two locations in each
stabilized section (Table 3.4), and transferred to the
field laboratory for molding. These samples later were
transported to the laboratory for testing after curing
periods of one, six, twelve, and twenty two months.
Figure 3.4 depicts a flow chart of sampling and testing

sequence of stabilized construction samples.

3.3.2 Field Samples

These samples were obtained from under the pavement.
They were taken one, six, eighteen, and twenty two months
after the construction of the test sections. With the
exception of the twenty two month cured samples which
were obtained by hand auger, all others were obtained by
coring. It should be noted that the curing period for
field samples of the last observation is different from
that of construction samples (twelve months). The reason
being, that after twelve months of curing, a decision was
made to postpone field sampling so as to allow more

curing time for strength development of field samples.
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o
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Harvard Minature size

|

Unconfined and triaxial
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Figure 3.4: Flow chart of sampling and testing sequence
of construction samples
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To minimize pavement damage one sampling location per
section was considered in this phase. The sampling lo-
cations of field samples were the same as those of
construction samples (Table 3.4). Figure 3.5 depicts
sampling and testing sequence of stabilized field

samples.



42

Construction of the test ‘sections

6, 18 and 22 months after canstruction 1 month after construction
'y 3
Sampling Sanmpling

i } ! | 1
Undistrubed Remolded fxram Undistrubed Distrubed
(6"dia. cores) cament**, lime, (6"dia. cores) from lime
fram conjunctively fly ash conj. fran cement and and fly
and ceament* stab. stab. sections conjunctively stab. ash stab.
sections . sections sections
Trimming into Trimming into
Harvard Miniature Harvard Minature
Size Size

Unconfined and
triaxial tests

Unconfined and
triaxzial tests

L

Y

» Remolding

Y
Grain size 'analysis, plasticity,
XRD, and SEM
* after 6 months only

** after 18 and 22 months

Figure 3.5: Flow chart of sampling and testing sequence
of field samples



CHAPTER IV
EXPERIMENTAL METHODOLOGY

To evaluate the engineering and other significant
properties of raw and stabilized shale, standard tests

were employed; they are described herein.

4.1 Grain Size Analysis

Grain size distribution of éll specimens was
determined in accordance with ASTM D422-63(72) (AASHTO
Designation T 88-81). Calgon (40 g/l) solution was used
as the dispersing agent. They were further dispersed by
the Iowa_jet apparatus under an air pressure of 10 psi

for 5 minutes.

4.2 Atterberg Limits

The 1ligquid 1limit of the specimens was determined
according to ASTM D423-66(72) (AASHTO Designation T
89-81), and the plastic 1limits were determined in
accordance with ASTM D424-59(71) (AASHTO Designation.

T-90-81).

43
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4.3 Unconfined Compressive Strength

4.3.1 Construction Samples

Specimens for the unconfined compressive strength of
construction samples were compacted in Standard Proctor
molds using standard compaction effort (3 1layers, 25
blows per layer) with the exception of twenty two month
cured samples which were compacted into Harvard Miniature
size. After the specimens were extracted from the mold,
they were wrapped in plastic wrap and transferred to the
laboratory for curing at 70°F and 90 to 100 percent rela-
tive humidity for one, six, twelve, and twenty two
months. At the end of the curing periods, the specimens
were unwrapped and tested for unconfined compressive

strength.

4.3.2 Field Samples

The field samples, on the other hand, were cored
from undér the pavement, one, six, eighteen, and twenty
two months after construction of the test sections. Due
to the brittleness of lime and fly ash stabilized sec-
tions, it was ﬁot possible to obtain any wundisturbed
cores. So it was decided to remold the lime ard fly ash
stabilized field samples in the laboratory using a
Harvard miniature mold and then test them. Therefore,
all strength values (unconfined and triaxial) of lime and

fly ash stabilized field samples reported pertain to



remolded samples. Cement and conjunctively stabilized
sections, however, developed enough strength to withstand
the coring action aad six-inch diameter 'cores were
obtained £from these -seCtibns. The cores were ' ‘then
trimmed down %o the siielﬁf a cylinder 1.3 inches in
diameter and 2.8 inches in height. This procedure was
not followed for the twenty two month cured samples.
Since a hand auger was used for sampling, strength
determinations were not made.

all the specimens were tested for compressive
strength on a Soiltest Model AP-1708B compression machine
shown in Figure 4.1. :The proving ring capacity of the
machine was 10,000 pounds. - Compressive strength tests
were run on one specimen from construction samples and a

ninimuem of two specimens from fielé samples.

4.4 Triaxial Compression éest

The shear parameters oﬁwcohesion (c) and anglg ozf
inte;nal friction .(¢) were evaluated employing triaxial
compfession. Pére water pressure measirements wefe not
made because in the fielé the combination of rapidé load
application arné small thickness of Dbease course does rnot
create a critical pore pressure builild-up. Thereifore, ail
values of ¢ and ¢ were determined by the total stress
method.

Triaxial compression tests wexe run on & minimum of
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two specimens in accordance with the ASTM D2850-70

(AASHTO Designation T 234-74).

4.4.1 ConstrucfionnSample;

Specimens for the tria#iaikcompréégion,tests were com-
pacted in the'ﬁarvarﬁ’éiniéture apgératns from the por-
R sﬁabilizea shaléQpassing‘the‘U.S;‘Stghdard No. 10
sieve, Tie speciméns'wére cohpécted:i£ three 1ayers with
a compactive effort of 25 blpﬁé»ber:layer using a 20
pound spring loaded preés hemmer. 'Théy were then wragped
in plastic wrap, and fransferred to. the laboratory for
curing. at . 70°F ‘and“90°%E, at §0 to 100 percent relative
humidity. At he enéd of the-cﬁring period, specimens

were unwrapped and:. then tested:

4.4.2 Field Samples

Field samples were: obtained the .same ‘way as for the
unconiined compression tgst (Section 4,3.2)4; A Clock-
house triexial machine (Figure 4.2) with a pﬁoving ring

capacity of 2,000 pounds was used in the tests. The con-

ining pressure was appiied through a liguid mixture of
glycerine and water. Different £failure 'patterns of the

svecimens are depicted in Figure 4.3.

4.5 Wet-Dry Cycles
Weathering effects are simulateé by subjecting the

stabiiized shale to «cycles <¢f wetting anéd drying.
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Laguros and Medhani (£984), defined the wet-dry cycle in
the field as
"A wet-dry cycle in the field is defined as a dry
period in a 24 hour interval; rainfall less than 0.1
inches is disregarded unless it is continuous over
two 24 hour periods with a total of at least 0.10
inches". :
Wet-dry cycle data (Laguros, 1972), showed that Xay
County, Oklahoma experiences about 40 wet-dry cycles per
year. Between the construction of stabilized base and
the placement of the pavement, it was estimated that the
stabilized base would be subjected close to 15 wet-Céry
cycies. The construction samples were subjected to wet-
dry cycles in the laboratory. Due to the high number of
poor guality specimens the wet-dry cycle test was not
pérformed on the twenty two month cured specimens.
Specimens for wet-dry cycles were preparecé the same
way as for triaxial test. At the end cf curing periods
the specimens were unwrapped ané placed in an oven set at
140°F for 12 hours. The drying temperature is slichtly
more than the maximum temperature of open areas of
Oklahoma. Then the samples were removed from the oven

ané put in humidifiers set at 70°F and 90°F, and 90-10C

'y

percent relative humidity, for 24 hours. This drying Zfcr
12 hours and wetting for 24 hours constituted one cycle
(Laguros and Medhani, 1984). At the end of 15 cycles,
specimens were tested in a triaxial machine in wet and

ry conditions.



4.6 Flexural Strength

To study the effectiveness of stabilization under
flexural loads, beams 16L x 4W x 3H inches were molded in
the £ield 1laboratory as construction samples. The
material was passed through U.S. Standard sieve with 1/2
inch opening. A precalculated amount of stabilized shale
was forced into a steel mold using a plate Zfor load
transfer from a hydraulic jack. The beams were wrapped
in plastic wrap and transferred to the 1laboratory for
curing at 70°F, and 90-100 perceant relative humidity. No
attempt was madé to retrieve any beam sample £rom under
the ‘pavement after construction.

£ the end of the icuring period the beams were
unwrapped and tested in accordance with ASTM C78-75 which
relates to the flexural strength of concrete using simple
beam third7p0int loading. Figure 4.4 shows the loading

arrangement and failure mode of stabilized beams.

.7 Pavement Deflection Measurements

1Y

Davement deflections were measured with the
3enkelman beam under a vehicle whose axle load was 18,000
ib. The apparatus is owned by ODOT and was operated by

its personnel. The measurements were taken according to

AASHTO Designation T256-77.
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4.8 Scanning Electron Microscopy and Energy Dispersive
Spectroscopy

Following the strength tests broken pieces of the
specimens were collected and cut into thin slices. Care
was e#ercised not to damage the failure plane. These
specimens were soaked in acetone to halt the hydration
process by evaporating the free water in the shale matrix
(Laguros and Baker, 1984). The specimens were further
dried in an oven at 110°C to remove any excess water and
then glued to aluminum stubs with rubber cement. Using a
TECHNICS sputter coater the specimens were coated with
gold under a vacuum pressure of 110 to 120 millitor (1
millitor = 1luHg) to a depth of approximately 200 i. The
reason for coating with gold was to provide a conductive
layer on the specimen surface. After coating the speci-
mens were placed in an ETEC electron microscope with an
operating voltage of 20 kv, to obtain photographic expo-
sure of the specimen surface. The photographic packets
used were self developing Polaroid type 665. Qualitative
energy dispersive spectroscopy (EDS) (elemental analysis)
of some of the selected specimens was carried out by a
YPGT energy dispersive spectroscope connected to the

electron microscope.

4.9 X-Ray Diffraction
To determine the mineralogical composition of raw

and stabilized shale X-ray diffraction was utilized.
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Material used for analysis was obtained from the speci-
mens collected after strength tests which were treated
.with acetone and then dried in the oven at 110°C. The
material was then ground and passed through U.S. Standard

No. 200 sieve. To facilitate detailed analysis, speci-

mens were studied both in random powder and oriented

forms explained as follows:

1. Powder packed specimens were put in grooved aluminum
slides and pressed by a glass plate. The slides
were then put in a Siemens counter tube goniometer
(diffractometer) which was operating under 35 kv and
18 ma. The rate of scan was set at 1 degree 26 per
minute. Cu Ke radiation (A = 1.537 i) was used. A
Siemens KOMPENSOGRAPH X-T was utilized to record the
pulses generated by the dector. The chart speed was
set at 2 cm per minute. ‘The specimens were scanned
from 3° (26) to at least 50° (26). A number of se-
lected specimens were tested by a Siemens D 500 dif-
fractometer coupled to a LC 500 logic controller by
using a PDP 11/23 minicomputer (256K RAM). Excel-
lent agreement was observed with these two diffrac-
tometers.

2% Vacuum filtration technique was used to prepare ori-
ented samples in this study. Sodium hexametaphos-
phate (calgon) was used as the dispersing agent.

Optimum dispersion was evaluated by using various
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concentrations of calgon (1g/1, 1g/1, S5g/1, 10g/1,
20 g/1l) with the different treatments (lime, cement,
fly ash, no treatment). The lowest concentration of
calgon that effectively dispersed the majority of
the samples was chosen as the "optimum"; this con-
centration was found to be 2 g/l. Dispersion was
aided mechanically by air jetting the calgon + water
+ soil slurry for 10 minutes.

After air jetting was completed the soil slurry
was diluted to 800 ml (total volume) in a 1 1liter
graduated cylinder and quickly remixed. Samples
were allowed to settle for different time intervals
to check the influence of time on the crystalline
composition of the oriented samples. A sedimenta-
tion of 1 day was adopted as the "optimum" for all
the samples. After the 24-hour sedimentation period
the clay suspension was removed from the graduated
cylinder and an oriented sample was prepared.

After dispersing the clay fraction, the vacuum
filtration step, which produces the oriented speci-
men, takes only 5 to 10 minutes. Sample thickness
can be controlled by overlaying several filtration
runs if necessary. Due to the speed at which speci-
mens can be prepared in the vacuum filtration tech-
nique, the difference in settling velocities of the

various <clay minerals, which can cause serious
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nohhomogeniety problems in the sedimented slide
technique, are negligible (Brindley and Brown,
1980). The specimens were deposited on 0.45 um
millipore filter paper and then transferred to a
glass slide or a single crystal sample holder for
X-£ay analysis. All samples were air dried; some
were glycolated and 1later subjected to heat

treatment.



CHAPTER V
PRESENTATION AND DISCUSSION OF TEST DATA

Standard tests were employed to evaluate the engi-
neering behavior of construction and field samples.
These tests included moisture-density, grain size analy-
sis, unconfined compressive strength, triaxial compres-
sive strength, cyclic wet-dry, and beam tests. The
results of these tests along with those of X-ray diffrac-
tion (XRD) and scanning electron microscopy (SEM) are

presented and discussed in this chapter.

5.1 Moisture-Density

To ensure proper compaction of the stabilized test
section, a Campbell Pacific Nuclear Gauge was used to run
moisture-density tests (nuclear method). The results of
these tests, which were run by the ODOT personnel, are
given in Table 5.1. It is observed that all stabilized
sections were compacted in excess of 100 percent of
Proctor density. However, the moisture content in all
cases fell short of the optimum. The six month data
showed that the moisture eontent increased while the

density slightly decreased with the exception of the lime

57



l'able 5.1, Moisture-Density Test Results of Stabilized
Test Sections Using Nuclear Apparatus

Test Section Proctor Optimum ' During Construction Six Months After Construction
Density Moisture Dry Density Moisture Percent Dry Density Molsture* Percent
(pcf) Content (%) (pcf) Content § Campaction (pcf) Content § Campaction
Control 97.4 23.7 105.1 15.4 108
Cement 94.8 25.8 103.8 21.0 109 98.4 22.6 104
Lime 93.8 27.6 100.1 22.4 107 102.2 23.0 109
Fly Ash 97.4 23.7 100.3 11.6 103 97.0 23.0 99
Conjunctively
Stabilized 91.3 28.0 96.8 20.7 106 96.3 24,2 105

* Determined in the laboratory

8S
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stabilized section which showed a small increase in

density.

5.2 Grain Size Analysis

Grain size distribution curves of construction and
field samples after one month of curing are presented in
Figures 5.1 and' 5.2, and the corresponding amounts of
sand, silt and clay fraction are depicted in Tables 5.2
and 5.3. Grain size analysis data for other curing con-
ditions are shown in Tables Al and A2 in Appendix A. As
evidenced from Figures 5.1 and 5.2, stabilization sub-
stantially increased the sand and silt fraction and de-
creased the clay fraction of the shale. To evaluate the
effectiveness of stabilization on the texture of the
shale, the numerical parameter aggregation index (AI) is
used. This parameter, as defined by Laguros and Jha
(1977), gives a numerical value to the degreg of aggre-
gation attained as a result of stabilization and it is

mathematically expressed as:

_ Percent nonclay-size material of stabilized shale, > 2u

AT Percent nonclay-size material of raw shale, > 2u

Table 5.4 presents the AI values of construction and
field samples after one month of curing. AI values for
other curing conditions are included .in Tables A.1l
through A.3 in Appendix A.

All stabilizing agents imparted a high degree of ag-
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Table 5.2. 1Index Properties of Construction Samples

Test <2y Clay Silt Sané L.L. P.I.
Section Station % % % % %
Control 298+05 46 48 6 50 31
Cement 269+22 0 10 90 - NP
Stab. 272+37 0 9 91 - NP
Lime Stab. 275+46 7 42 40 38 6
279+64 0 19 81 - NP
Fly Ash 284+60 0 37 59 26 9
Stab. 285+36 0 32 68 28 4
Conjuc-
tively 289+22 0 10 90 - NP

Stab. 2°92+89 0 14 86 - NP
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Table 5.3. Index Properties of Field Samples

Test <2u Clay Silt Sand L.L. P.I.
Section Station $ % % % %
Control 298+05 46 48 6 50 31
Cement 272+37 0 30 70 - NP
Stab.
Lime Stab. 275+46 0 44 37 37 15
Fly Ash 285+36 5 57 36 40 17
Stab.
Conjunc-

tively 289+22 0 7 93 - NP
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Table 5.4. Aggregation Index Values of Raw and
Stabilized Shale

Test Construction Field
Section Station Samples Samples
Control 298+05 1.00 1.00
Cement 269+22 1.85 -
Stab. 272+37 1.85 1.85
Lime Stab. 275+46 1.52 1.85
279+64 1.85 -
Fly Ash 284+60 1.85 -
Stab. 285+36 1.85 1.72
Conjunc- .
tively 289+22 1.85 1.85

Stab. 292+89 1.85 -
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gregation (AI = 1.85) to the construction samples, with
the exception of lime stabilized shale from Sta. 275+46
which showed an AI = 1.52 and may have been caused by the
iower concentration of lime in this particular sample.
The degree of aggregation of the field samples as re-
flected by their AI values were less than their construc-
tion counterparts. Cement, lime, and conjunctive stabil-
ization imparted an equal degree of aggregation to the
shale, while fly ash stabilization showed a s;ightly

lesser effect compared to the other stabilizing agents.

5.3 Atterberg Limits

Cement, and conjunctive stabilization rendered the
shale nonplastic. Lime stabilization reduced the plas-
ticity index from a high value of 31 for raw shale to 6
at Sta. 275+46 and rendered the shale nonplastic at Sta.
279+64. Fly ash stabilization reduced the plasticity in-
dex to values below 9.

The effectiveness of stabilization on field samples
as reflected by their plasticity indices was not és pro-
nounced as it was on construction samples. Cement and
conjunctive stabilization rendered the shale nonplastic.
Lime and fly ash stabilization reduced the plasticity
index values to 15 and 17, respectively. Plasticity data
of construction and field samples after one month of cur-

ing are included in Tables 5.2 and 5.3. Data for other
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curing periods are presented in Tables A.4 through A.6 in

Appendix A.

5.4 Unconfined Compressive Strength

5.4.1 Construction Samples

Dry and immersed strengths of construction samples
cured in the laboratory for one, six, twelve, and twenty
two months are presented in Figures 5.3 through 5.6. In
general, the addition of stabilizing agents increased the
unconfined compressive strength values from a low of 16
psi for raw shale, to values ranging from 63 psi to 700
psi. Conjunctive stabilization imparted the highest
level of strength to the shale followed by cement, lime,
and fly ash stabilization in that order. The variation
in strength of specimens from station to station is
primarily due to the many variables in construction which
make it difficult to have uniform strength values over
the entire length of a sectioh.

5.4.1.1 Cement Stabilization. The unconfined com-
pressive strength:- of cement stabilized shale at Sta.
269+22 ranged from 131 psi (immersed) to 464 psi (dry).
Immersion in water for 24 hours reduced the strength of
these specimens from an average value of 378 psi to 329
psi. The pattern of the dry strength cannot be fully
explained especially since it cannot be duplicated.

On the other hand, the strength of specimens from Sta.
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272+37 ranged from 95 psi (immerséd) to 330 psi (dry).
The strength of these specimens was reduced from an
average value of 265 psi to 233 psi as a result of
immersion in water for 24 hours. Specimens from this
station showed a strength increasing pattern with curing
time. '

5.4.1.2 Lime Stabilization. The unconfined com-
pressive strength of lime stabilized shale was lower than
that of cement stabilized shale. Specimens from Sta.
275+46 showed unconfined compressive strength values
ranging from 82 psi (immersed) to 239 psi (immersed).
Immersion in water for 24 hours reduced the strength of
these specimens from an average value of 182 psi to 178
psi. The strength of specimens from Sta. 279+64 ranged
from 85 psi (immersed) to 446 (dry). Iﬁmersion in water
for 24 hours reduced the strength of these specimens from
an average value of 315 psi to 249 psi. The unconfined
compressive strength of specimens from both stations
showed an increasing pattern with curing time.

5.4.1.3 Fly Ash Stabilization. Shale stabilized
with fly ash attained levels which were lower than that
of lime stabilized shale. Specimens from Sta. 284+60
showed strength values ranging from 80 psi (immersed) to
1275 psi (immersed). The average level of strength upon
immersion in water for 24 hours increased from 169 psi to

181 psi. The strength of specimens from Sta. 285+36
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ranged from 66 psi (immersed) to 277 psi (dry). The
average strength from this staﬁion as a result of immer-
sion was reduced from 208 psi to 126 psi. The 1l2-month
immersed strength of samples from this station could not
be evaluated because the specimens were cracked before
testing.

5.4.1.4 Conjunctive Stabilization. Most specimens
from the conjunctively stabilized section developed hair
cracks especially those obtained from Sta. 289+22. Spec-
imens obtained from this station after one month of
curing showed a strength value of 92 psi (not shown in
the figure) in dry conditions which is hardly a represen-
tative value. The strength of specimens obtained from
Sta. 292+89 ranged from 63 psi (immersed) to 659 psi
(dry) . Immersion in water for 24 hours reduced the
strength of these specimens from an average value of 472

psi to 334 psi.

5.4.2 Field sSamples

5.4.2.1 Undisturbed Samples. As mentioned earlier
(Section 4.2.3) undisturbed samples could only be obtain-
ed from cement and conjunctively stabilized sections.
The unconfined compressive strengths of these samples are
depicted in Figure 5.7. For reasons explained in Section
4.2.3, no undisturbed samples were obtained from these
sections after twenty two months of curing. Thg data

show that conjunctively stabilized shale' attained a
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strength level of 515 psi after one month of field curing
while for the same time period, cement stabilized shale
showed a strength value of 174 psi. Longer curing
periods (six months) reduced the strengths of both cement
and conjunctively stabilized shale. The former was
reduced to 144 psi and the latter to 368 psi. One
important contributing factor in strength loss may be the
freeze-thaw cycle(s) that the pavement experienced during
the winter of 1983. Immersion in water for 24 hours
reduced the strength of cement and conjunctively sta-
bilized samples to 138 psi and 357 psi, respectively.
The level of strength reduction upon immersion in water
was lowered after six months of curing, i.e., the
strength was reduced to 133 and 361 psi for cement and
conjunctively stabilized shale, respectively. The ratio
of the strengths of field to construction samples were
0.66 and 3.68 for cement and conjunctively stabilized
samples after one month of curing, respectively. These
ratios were reduced to 0.6 and 1.2 after six months of
curing. The lower strength values of some of the con-
" junctively stabilized construction samples as compared to
their field counterparts could be traced to the develop-
ment of hair cracks in the construction samples which re-
sulted in lower strength values.

5.4.2.2 Remolded Samples. Lime and fly ash stabilized

sections did not develop enough strength to withstand the
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shear stresses induced from coring, and thus no undis-
turbed samples could be obtained from these sections.
However, it was decided to remold these samples and pre-
dict their unconfined compressive strength utilizing the
principles of sensitivity and remolded strength.
Sensitivity in soil mechanics is defined as "the ratio of
the strength of the soil in the undisturbed state to that
of the soil in the remolded state" (Spangler and Handy,
1982).

Table 5.5 depicts the remolded strengths and sensi-
tivity of construction and field samples. The remolded
specimens could not withstand immersion in water; there-
fore, they were tested in dry condition. Remolding re-
duced the strength of all samples to values below 45 psi.
After six months of curing the sénsitivities of cement,
lime, and fly ash stabilized construction samples were
about 5 (Table 5.6), while that of conjunctively stabil-
ized construction samples was 13. Cement and conjunc-
tively stabilized field samples showed sensitivities of 8
and 14, respectively. Sensitivity values of lime and fly
ash stabilized £field sample after six months of curing
were interpolated from the sensitivities of cement and
conjunctively stabilized field sample and the relation-
ship that exists among the sensitivity value of construc-
tion samples. Sensitivities of the eighteen month cured

field samples were extrapolated from the sensitivity of



Stabilized
Test
Section
Cement
Lime

Fly Ash

Conjunctively
Stabilized

*

Table 5.5. Remolded Strength (psi) and Sensitivity of
Stabilized Samples for the Indicated Curing Periods

_ Construction 3
6 months 18 months 22 months 6 months 18 months 22 months

* * * * * *
Rem., St. S Rem. St. S Rem. St. S Rem. St. S Rem. St. S Rem St.: S

44 5 27 - - - 18 8 12 13 -
*% +

34 4 30 = 16 = 33 4.4 31 7 26
. **k 1.

35 5 32 - 28 = 42 5.5 8 9 28
23 13 23 - = = 26 14 9 37

S = Sensitivity

* %

interpolated

extrapolated

9L



Table 5.6 Shecar Parameters of Remolded Samples for the Indicated Curing Periods

Test Construction Field

Section 6 Months 18 months 6 months 18 months months
c ¢ c ¢ (¢] ¢ c ¢ c ¢

Raw Shale 4 36

Cement 10 30 8 24 6 31 1 39 s

Lime 8 31 10 30 14 33 3 36 11 25

Fly Ash 16 21 8 31 12 31 1 18 5 39

Conjunctively

Stabilized 6 38 3 36 0 40 8 33 *

* Because of high strength and brittleness it was not possible to retrieve sufficient amount

of sample by a hand auger.

LL
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conjuctively stabilized "field sample. This procedure
could not be followed for. the 22 month cured samples,
because it was not possible to retrieve enough sample
from cement and conjunctively stabilized sections by a
hand auger. Utilizing the remolding strength and
sensitivity values (Table 5.5), the undisturbed strength
of lime and fly ash stabilized field samples were
calculated and depicted in Figure 5.8. These values are
within the range of strength values of construction

samples discussed in sections 5.4.1.2 and 5.4.1.3.

5.5 Triaxial Compression

The shear strength parameters, cohesion (c) and an-
gle of internal friction (¢), of raw and stabilized shale
were determined from the results of triaxial compression
test, using the stress path method. If cq and o are the
major ané minor principal stresses, the stress path pa-
rameters p and g are-given by

p = (o, + 03)/2

g = (o4 o5) /2
The failure envelope obtained from p-g (Figure 5.9) is

referred to as Kf line. The conventional shear strength

parameters c and ¢ may be calculated from the following

relations:
¢ = sin-1 (tane)
c = a/(cosp)
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sampleé. While no consistent pattern was followed by c
values of construction samples as a result of 1lower
curing periods, their ¢ values increased with time. 1In
many cases immersion in water reduced both c and ¢ values
of stabilized construction samples (Figures 5.12 and
5.13).. In general, higher curing temperature (90°F) re-
sulted in higher c and lower ¢ values (Tables B.l through

B.4, Appendix B).

5.5.2 Field Samples

5.5.2.1 . Undisturbed Samples. As mentioned in
Section 5.3.2, undisturbed field samples were obtained
only from cement and conjunctively stabilized sections.
Figures 5.14 and 5.15 present the cohesion and angle of
internal friction of undisturbed cement and conjunctively
stabilized field samples in dry and immersed conditions.
The c values of undisturbed samples ranged froﬁ 15 psi to
139 psi and their ¢ values ranged from 18° to 58°. As
evidenced from Figure 5.14, immersion might have
triggered a reaction between the water and the unreacted
cement resulting in an augmentation of the immersed
- cohesion values of cement stabilized samples.

DISTOPY21Y2 Remolded Samples. The shear parameters of
remolded field and construction samples are depicted in
Table 5.6. Remolding reduced both c¢ and _¢ values of

construction and field samples. In general, remolded
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construction samples showed higher c and lower ¢ values
than their field counterparts.

The maximum design axle load in Oklahoma is 18,000
1b (Yoder and Witczack, 1975). This axle load produces a
wheel load of 9,000 1lb. Assuming a tire pressure of 100
psi and a loaded area of radius 'equal to 5.6 inches, the
McDowell analytical procedure (1955), gives the maximum
shear stress, developed in depths greater than 10 inches
(base course), as less than 10 psi provided that there is
no sudden acceleration or deceleration. Shear stresses
of this magnitude would not cause failure in any of the
stabilized shale samples (construction or field) studied

in this investigation, even in their remolded condition.

5.6 Wet-Dry Cycles

The shear parameters c and ¢ of stabilized construc-
tion samples subjected to 15 wet-dry cycles are presented
in Tables 5.7 through 5.10. Each value in these tables
is the average of values from two statiomns.

Cement stabilization increased the angle of internal
friction substantially. For example, the average angle
of internal friction of cement stabilized specimens was
51°. As a result of wetting and drying it increased to
an average value of 61°. Specimens tested in dry condi-
tions showed lower cohesion and higher angle of internal

friction than those tested in wet conditions. Specimens
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Table 5.7. Shear Parameters of Cement Stabilized
Construction Samples After Being
Subjected to 15 Wet-Dry Cycles

Curing Time, 70°F T 90°F
Months Dry I, Dry Trmm.
c ¢ [S ¢ c ¢ c ¢
1 8 62 15 68 7 48 20 60
6 39 62 54 52 - 58 58 145 26
12 16 S8 28 49 14 62 8 47

Table 5.8. Shear Parameters of Lime Stabilized
‘ Construction Samples After Being
Subjected toc 15 Wet-Dry Cycles

Curing Time, 70°F 90°F
Months Dry Tmm. __Dry Imm.
Cc ¢ Cc ¢ (] (] (] ¢
1 0 56 10 54 5 56 46 52
6 g3 41 74 26 124 44 12 56

12 69 42 16 54 10 66 1 54
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Table 5.9.. Shear Parameters of Fly Ash Stabilized
Construction Samples After Being Subjected
to 15 Wet-Dry Cycles

Curing Time, _ 70°F 90°F
Months Dry Imm. Dry " Imn.
C ¢ (] ¢ c ¢ c ¢
1 11 48 34 48 15 44 32 36
6 54 36 40 30 72 30 22 36
12 58 42 30 17 22 Gl 40 26

Table 5.10. Shear Parameters of Conjunctively
Stabilized Construction Samples After
Being Subjected to 15 Wet-Drv Cycles

Curing Tirme, 70°F 90°F
Months Dry Irmm. Dry Imm.
c ¢ c ) c ] c ¢
1 22 47 8 58 56 46 105 44
6 40 56 10 58 128 43 €4 36

12 38 54 59 34 o = 44 54
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cured at 90°F showed higher cohesion and lower angle of
internal friction compared to those cured at 70°F.

Lime stabilized specimens, in many cases, showed
higher cohesion and lower angle of internal friction than
their cement stabilized counterparts. The average c and
¢ values of lime stabilized specimens cured at 70;F and
tested dry were 41 psi and 46°, respectively..- Specimens
tested in wet condition showed slightly lower average c
and ¢ (33 psi, 45°). Curing at higher temperature (90°F)
increased c and ¢. The average values of c¢c and ¢ were
increased to 46 psi and 55°, respectively.

Fly ash stabilized-specimens showed an average c and
¢ values of 41 psi and 42°, respectively, when tested in
dry conditions. Both of these parameters were decreased
when tested in wet cénditions, i.e., ¢ to 35 psi and ¢ to
32°. Specimens cured at 90°F showed slightly lower c and
almost the same average ¢ (42°) compared to those cured
at 70°F.

The average value of cohesion and angle of internal
friction of conjunctively stabilized specimens were 33
psi and 52°, respectively. Both the average c and ¢ were
reduced when tested wet. Specimens cured at 90°F showed
substantially higher c¢, slightly 1lower ¢ values than
those cured at 70°F. The average c was increased from 33
psi to 80 psi, while the average ¢ was decreased 52° to

47°.
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5.7 Flexural Strength

Upon curing stabilized shale could develop substan-
tial strength which results in increased modulus of
elastiéity and flexural stfength, both of which cause the
base course to act like a beam or slab. This section
deals with the evaluation of flexural strength of con-
struction and field samples.

The load deflection parameters of construction sam-
ples were evaluated by the third point beam loading
wherein the beam is loaded to failure and those of field
samples were evaluated by utilizing a Benkelman beam.
Figure 5.16 presents the load deflection curve of stabil-
ized construction samples and Figure 5.17 depicts the
Benkelman beam results 9 months after construction.
Load-deflection curves of all stabilizing agents followed
almost the same pattern, i.e., at lower loads they fol-
lowed a curved path with positive slope and at higher
loads (50 1lbs. and higher), they followed a nearly
straight line path, which changed to a curved path near
the failure 1load. For a given load, cement stabilized
beams experienced the lowest deflection followed by 1lime
stabilized beams. At loads lower than 50 1lbs. fly ash
stabilized beams experienced less deflection than their
conjunctively stabilized counterparts, while at 1loads
higher than 50 1lbs. the reverse is true. This contra-

dicts the results obtained from Benkelman beam measure-
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ments (Figure 5.17) which show that the average deflec-
tion of the conjunctively stabilized section was the
lowest of all followed by cement, lime, fly ash stabil-
ized sections, in that order. The same trend was
prevalent in another Benkelman beam measurement taken
twenty one months after the construction (Table. E.1l).
Observations during the flexural and unconfined
compressive strength tests revealed the presence of
hair-line cracks in the conjunctively stabilized
construction samples, which may have contributed in lower
strengths of conjunctively stabilized <construction
samples both in the flexural and some of the unconfined

tests.

5.7.1 Modulus of Rupture

Modulus of rupture or flexural stress is taken as
the extreme fiber stress under the breaking load (Yoder,

1975). 1Its value is calculated by the equation

MC

MR = =
I

where

MR = modulus of rupture, (psi)

C = distance from the neutral axis to extreme
fiber, inches

I = moment of inertia, in4
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The modulus of rupture is applicable only within the
elastic range of stabilized shale. Table 5.11 depicts
the modulus of rupture of stabilized shale. The average
modulus of rupture of cement stabilized shale was 76 psi
followed by lime 35 psi, fly ash 22 psi and conjunctively
stabilized shale 28 psi. Typical MR value for 3000 psi
concrete is approximately 500 psi. For the reasons
described earlier the MR value for conjunctively stabi-
lized shale may not be realistic. The modulus of rupture
of stabilized shale could be predicted from the uncon-
fined compressive strength values by the following linear

regression equation:

MR = 4.97 + 0.23 UC  (R% = 0.61)
where
MR = modulus of rupture, (psi)
UC = unconfined compressive strength, (psi)

5.8. Modulus of Elasticity
The flexural moduli of elasticity (Ef) of stabilized

shale were calculated from the following equation:

5 PL3
Ez =
* 324 ¢
where
Ef = modulus of elasticity in flexural, psi

. . .. 4
moment of inertia, in

H
I

o
]

load, pounds
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Table 5.11. Modulus of Rupture of Stabilized
Construction Samples for the
Indicated Curing Periods
Stabilized Station 1 month 6 month 12 month
Test Section Curing Curing Curing
Cement 269+22 77 66 125
272+37 75 38 70
' Lime 275+46 28 26 -
279+64 42 60 44
Fly Ash 284+60 22 6 25
285+36 21 22 26
Conjunctively 289+22 - 66 -
Stabilized 292+89 28 - -
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L

span length, inches

Y

deflection, inches

The Ef values of stabilized shale (Table 5.12)
varied from 3207 to 5559 psi after one month of curing.
No consistent pattern could be established between time
of curing and modulus of elasticity. In addition,
modulus of elasticity in compression (Ec) of stabilized
shale from triaxial data (03 = 30 psi) were also cal-
culated and are included in Table 5.12. The modulus of
elasticity in compression ranged from 10,999 to 40,000
psi. Among construction samples, cement stabilized spec-
imens showed the highest modulus of elasticity followed
by conjunctively, fly ash and lime stabilized specimens.
On the other hand, for field samples conjunctive
stabilized specimén showed an Ec of 40,000 psi (highest)

followed by cement stabilized 12,000 psi.

5.9 Scanning Electron Microscopy

To study the microstructure and void domain charac-~
teristics of r;w and stabilized shale, use is made of
SEM. Micrographs of raw shale, fly ash powder, construc-
tion samples cured for one, six, twelve, and twenty two
months at 70°F, and those of field samples cured for one,
six, eighteen, and twenty two months were obtained.
These micrographs were closely analyzed for any change in

the microstructure and void domain as a result of stabi-
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Table 5.12. Modulus of Elasticity of Stabilized
Shale

Stabilized Flexural Modulus . Campressicnal

Test Type of of Elasticity Modulus of

Section Sample (psi) Elasticity (psi)

Cament Construction 5474 33,400
Field - 12,000

Lire Construction 4926 10,999

Fly Ash Construction 2645 24,103

Conjunctively

Stabilized Construction 3207 29,706
Field - 40,000
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lization. The void domain was analyzed following a pro-
cedure developed by Laguros and Jha (1977), a schematic

representation of which is given in Figure 5.18.

5.9.1 Raw_ Shale

The micrograph of raw shale is depicted in Figure
5.19. The particles appear as a blocky arrangement of
loosely packed particles. The projected void area
was measured and was found to constitute about 17 percent

of the total area (Table 5.13).

5.9.2 Fly Ash Powder

Figure 5.20 is a micrograph of fly ash powder as re-
ceived. The micrograph reveals a preponderance of spher-
ical particles with varying sizes. The surfaces of the
spherical particles are relatiQely smooth and glassy.
Also present in the micrograph is an irregular shaped
particle which is thought to be a coal fragment which did

not fully melt during the firing process.

5.9.3 Cement Stabilization

Micrographs of construction samples stabilized with
14 percent Portland cement are presented in Figure 5.21.
After one month of curing, no hydration products in the
form of crystal growth could be observed (Figure 5.2la).
After six months of curing, Figure 5.18, indicates the

formation of blocky aggregates. The twelve month cured
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Table 5.13. Void Area From Micrographs of Raw and Stabilized
Shale for Indicated Curing Periods

lest : Construction . . i PRpeld el

Section I1mo. 6mo., 12 mo. 22 mo. l1mo. 6 mo. 18 mo. 22 no.
i *

Control : 17

Cenent 1.6 3.7 1.5 1.4 1.3 0 1.3 155

Lime : 2.9 2.8 4,6 2.0 9 3.2 6.2 3.9

Fly Ash 20w 250 2,2 1.8 15/ 1.5 2.1 1.6

Conjunctively ; sl

Stabilized 5 2.4 259 2.6 2.6 1.5 1.4 1.9

All values are percent of total area

€0T
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Figure 5.20: Micrograph of fly ash powder
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specimen (Figure 5.21c) showed hexagonal shaped for-
mations similar to the ones observed by Laguros and Baker
(1984). Their EDS (Figure 5.22), along with their hexa-
gonal prismatic shape are indicative of calcium hydroxide
crystals. The twenty two month cured specimen (Figﬁre
5.21d) showed the formation of CSH (C = CaO; S = SiOz; H
= HZO) (tobermorite) spiny crystals.

The micrcgraphs of field samples are shown in Figure
5.23. After one month of curing the micrograph (Figure
5.23a) failed to reveal any crystal formation. However,
after six months of curing the hexagonal shaped calcium
hydroxide crystals are clearly visible (Figure 5.23b).
The twelve and twenty two month cured samples (Figure
5.23c and 5.23d) showed the formation of CSH crystals.
The changes in the fabric of shale-cement mixture follows
a pattern similar to that observed by Mitchell and ElJack
(1965) in their study of soil-cement fabric i.e., the
change in the fabric of shale-cement mixture starts from
a2 mixture of discrete soil particles and works its way
toward a more homogeneous fabric of indistinguishable
components (Ficures 5.25b and 5.25c).

The éreas of voids of both construction andéd Zfiela
samples (Table 5.13) were substantially reduced as a re-
sult of cement stabilization. For example, the area of
voids of cement stabilized construction and field samples

were reduced from 17 percent (raw shale) to 1.6 and 1.3
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percent, respectively. The reduction in the areas of
voids as evidenced from Table 5.13 was more pronounced in
field samples as compared to construction samples, sug-
gesting denser packing of particles in field samples pos-—
sibly due to the additional compactive effort expended

during the construction of the pavement layer.

5.9.4 Lime Stabilization

Eleétron micrographs of construction samples sta-
bilized with 4.5 percent guicklime are presented in Fig-
ure 5.24, and those of field samples are shown in Figure
5.25. The aggregation of shale particles is discernible
in all micrographs, a fact that was also ascertained by
the corresponding reduction in their amount of <2p clay
(Table 5.2). The only micrograph which reveals the for-
mation of CSH crystals is the one taken from the twenty
two month cured field sample (Figure 5.25d). The void
areas in shale fabric were reduced substantially as a
result of lime stabilization; for the construction sam-
ples they were reduced to 2.9 percent, and for the field
samples they were reduced to 9 percent (Table 5.13), in-
dicating better packing for constructiorn samples than
field samples. This could be related to the less dis-
persion of 1lime throughout the field samples (Figure
5.24) as compared to the construction samples (Figure

5.25).
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5.9.5 Fly Ash Stabilization

The major feature in the micrographs of fly ash (25
percent) stabilized construction and field samples is the
presence of spherical fly ash particles. Figure 5.26
shows the micrographs of fly ash stabilized construction
samples, and Figure 5.27 presents the micrographs of fly
ash stabilized field samples. After one month of curing
the fly ash particles are heavily coated with hydration
products, with some CSH spiny crystals (Figures 5.26a and
5.26a). After six months of curing the amount of CSH
crystals is increased substantially with the construction
samples (Figure 5.26b) showing more crystal formation
than the field samples (Figure 5.27b). After twelve,
eighteen, and twenty two months of curing a higher number
of CSH crystals are present both in construction and
field samples (Figures 5.26c, 5.27c, and 5.27d). ©Unlike
fly ash-cement mixtures in which the spherical (glassy)
particles are dissolved with time, in the micrographs of
fly ash stabilized shale the spherical particles continue
to be present. This could be attributed either to the
higher percentage of fly ash or the low amount of water
that was used in shale-fly ash stabilization.

The void areas of shale were reduced to 1.7 percent
both for construction and field samples as a result of

fly ash stabilization (Table 5.13).
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5.9.6__Conjunctiwe Stabilization

The micrographs of conjunctively stabilized con-
struction and field samples are presented in Figures 5.28
and 5.29. The micrograph of construction samples (Figure
5.28a) after one month of curing shows heavy precipita-
tion of calcium hydroxide. Fly ash particles have rela-
tively clean surfaces which suggest the lack of hydration
in this particular micrograph. F;gure 5.28b reveals some
hexagonal crystal formation after six months of curing
which was also observed in the cement stabilized shale
(Figure 5.2ic) and is thought to be calcium hydroxide
crystals. After twelve months of curing (Figure 5.28c)
the number of spherical particles has been reduced sub-
stantially which suggests the consumption of the glassy
part of fly ash particles as a result of hydration. The
spiny crystals are the CSH type crystals from the tober-
morite family.

Micrographs of field éamples reveal much more infor-
mation than their construction counterparts. Rigung
5.29a shows the so called "pullout” phenomenon. As the
reaction begins, the glassy portion of £fly ash is con-
sumed, and crystallized CSH fibers grow inward to Zfill
the space. This is very similar to what Grutzeck et al.
(1981), found in their study of the hydration mechanism
of high-lime £ly ash in Portland cement composites. They

) reported that, "Bonding of this CSH material to the
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sphere 1is necessarily weak, and because the f£fly ash
sphere is still quite thick and therefore, stfong in
tension, the fly ash sphere will pullout of its hydration
rim". The CSH material appears to be coating the entire
surface of fly ash particle as evidenced from Figure
5.29b. Fly ash particles that have been plucked out of
their hydration rim show a very smooth and clean surface
(Figure 5.29c) indicating stronger bond between the hy-
dration rim and the surrounding matrix than between the
hydration rim and fly ash particles. Separation of the
hydration rim from fly ash particles could not be ob-
served in the shale samples stabilized with £1ly ash
alone, an indication of a relatively weak surrounding ma-
trix. Thus, the "pullout"” phenomenon could be used as a
crude way of measuring the relative strength of fly ash
stabilized samples.

As the curing time progresses the "pullout” phenome-
non becomes less frequent because of dissolution of fly
ash particles and increased strength of surrounding ma-
trix. A reacted cenosphere (hollow particle) is shown in
Figure 5.29¢8 in which the entire glassy part of the par-
ticle has been changed to reaction products after one
month of curing in the fieid. EDS of fhis particle (Fig-
ure 5.30) showed the presence of aluminum, silica, and
calcium suggesting the presence of a calcium aluminum

silicate hydrate CASH, which is probably due to the dis-
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integration of the glass phase. This observation was
later confirmed by XRD analysis of conjunctively
stabilized shale which showed the possible presence of
CASH crystals as a hydration product. As the reaction
progresses, the hydration rim densifies and the spiny
crystals become more visible (Figures 5.29e and 5.29f).
The void areas of shale was reduced to 5 and 2.6
percent for construction and field samples, respectively,
as a result of conjunctive stabilization (Table 5.13).
This suggests.that the packing of particles was denser in

field samples as compared to construction samples.

5.10 X-Ray Diffraction

In order to identify the crystalline hydration prod-
ucts and to observe changes in the crystal structure of
the clay minerals as a result of stabilization, use is
made of XRD analysis. |

Raw and stabilized shale specimens were X-rayed both
in powder (randomly oriented) and oriented forms. The
powder specimens facilitate a random distribution of pér-
ticles throughout the specimen, thus reducing the adverse
effect of particle orientation in thé intensities of
X-ray reflections. Oriented specimens, on the othér
hand, are mostly used for clay mineral identification.
Clay minerals are ‘generally platy and acquire a high

degree of preferential orientation. In its oriented form
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the (001) basal reflection of <clay minerals is
substantially enhanced, while its (hkl) reflections are
diminished or suppressed (Brown, 1961). This property of
clay minerals greatly simplifies their identification.
To further facilitate clay mineral identification, some
selected specimens were subjected to heat treatment and
glycolation.

Powder specimens for all stations and curing con-
ditions were k-rayed. Due to the interference of the
X-ray peaks of silica, carbonates and feldspars, it was
virtually impossible to draw any conclusions from the
study of these diffractograms. Therefore, the study was
concentrated on the oriented specimens. No major
differences between diffractograms of any two stations of
the .same section were noticed. Therefore, the X-ray
diffraction results of only one station per section are
presented. Oriented specimens of three curing périods,
i.e., after one, six, and twenty two months were
subjected to XRD tests. As previously discussed (Chapter
I1I), specimens for X-ray analysis (construction samples)
wére obtained from the broken parts of Harvard size
specimens used for strength tests. These specimens were
molded frpm the stabilized material passing a U.S.
Standard sieve No. 10. To study the effect of larger
stabilized shale particles on the X-ray reflections, one

specimen for each stabilizing agent was prepared from the
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.

broken parts of Proctor size specimens (Proctor specimen)
which were cured for six months in the laboratory. The
results of the X-ray analyses are presented in this

section.

5.10.1 Raw Shale’

The raw shale consisted of alpha quartz, a carbonate
mineral éroup (possibly both calcite and dolomite), an
unidentifiable feldspar mineral and a clay fraction.

The major clay mineral detected is a mixture of
illite and smectite, - the former being predominant. The
clay is slightly expansive when glycolated. This can be
observed in the sharpening of the illite peak at 10 i and
the shifting of the peak in the smectite region (Figure
5.31). Kaolinite is the only other clay mineral present
in the raw shale. The presence of kaolinite was verified
by heat treatment at 550°C, the temperature at whicﬁ the
crystalline structure of kaolinite is destroyed
(Mitchell, 1976). The effect of heat treatment is

clearly visible in Figure 5.32.

5.10.2 Clay Mineral Response_to Stabilization

Diffractograms of oriented specimens of both field
and construction samples were examined for qlay mineral
response to stabilization. These diffractograms are pre-
sented in Figures C.1 through C.18.in Appendix C.

5.10.2.1 Field Samples. Overall, the major clay



COUNTS x10

300

111, (006)
240 1. (002)
180 |
Kao-
(002) \

. (001) 111, (004) -
1504 ao. (001) (004)
60 1

0 T
2 8 14 20 26 32 38 - 44

20, degrees

Figure 5.31: Response of raw shale to glycolation

50

TET



COUNTS x10

300

111, (0N6)
111. (002)
225
1507 p
111, (004)
454 Kao. (002
0
T T T T T T T T T T
2 7 12 17 22 27

20, degrees

Figure 5.32: Response of raw ghale to heat
treatment at 550 C

cel



133

minerals are similar to thé. ones described under raw
shale. Though it is‘not possible to make any quantita-
tive analysis from oriented diffractograms, for compari-
son purposes the integrated intensities (area under the
peak) of raw and stabilized shale as provided by the
Siemens D500 algorithm data are utilized. The complete
data are presented in Tables C.1l through C.18, Appendix
C, and the data relevant to clay minerals are depicted in
Table 5.14. '

Cement stabilization reduced the integrated inten-
sities of clay minerals of field samples substantially.
After one month of curing, the integrated intensity of
illite was reduced to 3 percent and that of kaolinite to
18 percent of that of the raw shale. After six months of
curing the illite peak disappeared but there was a slight
reduction in kaolinite. After twenty two months of
curing the reduction appeared to be less than than of the
one and six months curing periods. In addition,
non-basal  -reflections, (hkl), were also present in cement
stabilized field samples, which indicates the resistance
of cement stabilized field sample to the dispersion

process. If the logical sequence is followed:



Table 5.14. Integrated Intensities of Clay Minerals of Field Samples
Test One Month Curin Six Month Curin Twenty Two Month Curing
Section TIlite Kaolinite Illite Kaolinite T1Tite Kaolinite
Control 49575 3143
Cénent Stab. 1319 555 ND 481 4180 1140
Lime Stab. 1695 469 B - 17912 2296
Fly Ash Stab. = S 175 359 10162 1701
Conjunctively
Stab. 2179 417 15385 1344 7689 2098

ND = Not Detected

PET
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Presence of non basal reflection

Poor orientation

'

High shear resistance to dispersive forces

Effectiveness of stabilization,
it may be concluded that dispersion by itself, 1like
plasticity and strength, could be used as a rapid method
to assess the effectiveness of stabilization. However,
more research is needed to correlate dispersibility with
plasticity and strength.

Lime stabilization of field samples showed the same
effects on the clay minerals as cement stabilization.
The integrated intensity of illite was reduced to 4
percent and that of kaolinite to 15 percent of that of
the raw‘shale. Non-basal reflections (hkl) were présent,
but in many cases they were weaker than the basal
reflection (00l1) indicating that dispersion is easier in
lime stabilized than cement stabilized samples.

Fly ash stabilized field samples, like their cement
stabilized counterparts were difficult to disperse. Re-
duction in the integrated intensity of illite after six
months of curing was observed to be 1 percent and that of
kaolinite was 12 percent of that of the raw shale. Non-
basal reflectioné were strong in fly ash s£abilized spec-

imens indicating resistance to dispersion.
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The integrated intensities of illite and kaolinite
of conjunctively stabilized samples were reduced to 5
percent and 13 percent of those of the raw shale, after
one month of curing, respectively. Longer curing periods
(six and twenty two months) appear to cause no more
reduction; in fact, the reduction was less, namely, the
illite intensity was 31 percent and that of kaolinite 43
percent of those of the raw shale.

5.10.2.2 Construction Samples. Dispersion of con-
struction samples was one of the major problems encoun-
tered in oriented specimen prepa:ation.

All of the cement stabilized samples were very dif-
ficult to orient. Only the Proctor specimen oriented
properly; all the others were poorly'oriented and con-
tained a considerable amount of alpha quartz. The clay
minerals were essentially the same and glycolation had
little influence on the position of the illite peak but
it may slightly expand the smectite portion of the clay
(see Figure C.5).

The lime stabilized samples were the easiest to dis-
perse and hence could be oriented effectively. Lime sta-
bilized samples (see Figure C.6) were impossible to
remove from the filter membrane. XRD analysis for these
samples was performed directly on the samples deposited
on the filter membranes. The high background in the

diffractogram is due to the scattering off from the
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filter membrane.

The fly ash stabilized samples were difficuit to
disperse. Several of the samples produced such a thin
filter cake that they could not be transferred from the
filter paper for XRD analysis. Thus, Figure C.7 exhibits
a very high background because of the scattering off of
the filter paper underneath the clay sample. The only
sample that could be easily oriented was that obtained
from the Proctor specimen. The clay mingralslpresent in
the fly ash stabilized samples were essentially the same
as those of cement and lime stabilized samples.

Conjunctively stabilized (six months cured) samples
were impossible to disperse and orient properly. Thus,
the diffractogram of wunoriented powder samples is
presented (Figure C.8). The major clay minerals present
were illite and kaolinite.

From the above discussion it is obvious that only
the Proctor specimens were oriented properly. Thus, the
presence of larger shale particles (less.than 1/2") has a
definite effect on the degree of the dispersion effort
expended in the preparation of oriented specimens. The
fact that the Proctor specimens were dispersed with less
effort indicétes that stabilization is 1less effective
with larger shale particles as compared to smaller shale-
particles. This was to be expected because with smaller

shale particles, a more intimate mixture of shale and



138

stabilizing agent is attained as opposed to larger shale
particles which are encased and linked to each other with
the stabilizing agent forming a honeycomb type of fabric.

To study the relative effectiveness of stabilization
on the clay minerals qualitatively, again, the integrated
intensities are employed. The reason for choosing the
diffractograms of Proctor specimens is that they were
properly oriented. The integrated intensities of the
clay minerals of construction samples are depicted in
Table 5.15. As evidenced from Table 5.15 the integrated
intensities of the clay minerals are reduced substantial-
ly. Cement stabilization reduced the integrated intensi-
ty of illite to 7 percent and that of kaolinite to 35
percent. Lime and fly ash stabilization reduced the in-
tensity of illite to 9 and 3 percent, respeétively, and
that of kaolinite to 28 and 23 percent, respectively. No
comparison could be made with conjunctively stabilized
samples because it was impossible to obtain oriented

specimens.

5.10.3 Reaction Products

Diffractograms of stabilized shale were closely ex-
amined for any new reaction products.

Addition of water to Portland cement results in sev-
eral hydration products such as CSH, CAH, and Ca(OH)2.

However, none of these were observed in the X-ray re-



Table 5.15.
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Integrated Intensities of Clay Minerals

of Construction Samples

Test Section Illite Kaoclinite
Control 49575 3143
Cement Stakt. 3349 1107
Lime Stab. 4583 877
Fly Ash Stab. 1267 723
Conjunctively =
Stab. ND ND

ND

= Not Determined.
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flections of cement stabilized specimens. The CSH and
CAH crystals either did not form or if they did their
X-ray reflections were obscured by the presence of other
minerals which made their detection impossible. The ma-
jor peak of calcium hydroxide at 2.63 i d-spacing was
also absent from all diffractograms of cement stabilized
specimens. It is difficult to suggest that calcium
hydroxide did not form at all. Electron micrographs of
cement stabilized specimens showed the formation of cal-
cium hydroxide crystals. However, because of the small
amount of Portland cement (14%) used to stabilize the
shale, the amount of calcium hydroxide produced may not
be enough to be detected by X-ray diffraction. On the
other hand, the calcium hydroxide may have been consumed
by some mineral present in the shale possibly by clay
"minerals, which resulted in the suppression of their
X-ray peaks. This phenomenon is very similar to what was
postulated by Herzog and Mitchell (1963), who reported
that the hardening of clay-cement mixture involves a
"primary" reaction in which the usual hydration products
of cement are formed, and a "secondary" reaction which is
triggered by the Ca(OH)z, a reaction product of "primary"
reaction which alters the structure of the clay minerals.

The diffractograms of lime stabilized specimens also
failed to show the formation of any reaction product.

The main reaction product of quicklime and water, namely
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Ca(OH)2 was absent from the diffractogram of all lime
stabilized specimens. As discussed in the previous para-
graph it may have been consumed by the clay minerals.

Fly ash stabilized field samples and several of the
samples subjected to higher curing temperature (90°F)
showed the presence of possible hydration products at
12.7 A, 6.24 A, 4.16 A, and 3.04 A d-spacing. The first
three peaks are common to calcium-aluminum-silicate hy-
drates (CASH) while the 3.04 R peak is common to calcium
carbonate and several calcium silicate hydrates. The
1.2 w7 2, 6.24 i, and 4.16 i appears to be (001) spacings
for stratlingite (PDF # 29-285) which belongs to the CASH
group.

The reaction product of conjunctively stabilized
samples appears to be a CAH group crystal, very similar
to tetracalcium aluminate-10-hydrate (PDF's # 14-631 ‘or
14-628) . Calcium hydroxide may be present but it is hard
to verify it because of overlaps of several lines. The
presence of crystalline framework of hydration products
was also observed in the electron micrographs of con-

junctively stabilized specimens.



CHAPTER VI

COMPARISON OF LABORATORY, CONSTRUCTION

AND FIELD DATA

As stated in Chapter I the main thrust of this
investigafion was aimed at comparing the results of pre-
vious laboratory studies (Laguros and Medhani, 1984) to
those obtained from the field test sections during and
after construction. These comparisons and the relevant

discussions are presented in this chapter.

6.1 Gradation and Plasticity

Results of gradation analyses and plasticity tests
of laboratory, construction and field samples are depict-
ed in Tables 6.1 through 6.4. In terms of causing aggre-
gation of the fine fraction of shale and reducing its
plasticity index, stabilization wunder all conditions
i.e., laboratory, construction and field proved t& be ef-
fective.

The AI value of cement stabilized shale was in-
creased from 1.00, for raw shale, to 1.83, 1.85 and 1.85
for laboratory, construction and field samples, respec-

tively after one month of curing. This means that

142



Table 6.1.
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Properties of Laboratory, Construction, and
Field Samples Stabilized with 14 Percent
Portland Cement

Type of Sample Curing Time <2u Clay Silt Sand AI LL PI
(months) % % % % %

Raw 46 48 6 1.00 50 31
Laboratory 3 1 13 8 1.83 - NP
Construction 1 0 9 91 1.85 - NP
6 4 13 83 1.78 - NP

12 0 28 72 1.85 - NP

22 0 22 78 1.85 - NP

Field 1 0 30 70 1.85 - NP
6 5 30 65 1.76 - NP

18 0 17 83 1.85 - NP

22 0 33 67 1.85 - NP
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Table 6.2. Properties of Laboratory, Construction, and
Field Samples Stabilized with 4.5 Percent

Quicklime*
Type of Sample Curing Time <2p Clay Silt Sand AI LL PI
(months) % % % % %

Raw 46 48 6 1.00 50 31
Laboratory 1 4 18 78 1.78 43 9
Canstruction - 1 ' 7 42 40 1.52 38 6
6 3 29 68 1.80 - NP

12 2 19 79 1.81 - NP

22 0 24 76 1.85 - NP

Field 1 0 44 37 1.8 37 15
6 8 46 46 1.70 41 7

18 0 47 53 1.85 37 6

22 0 30 70 1.85 45 3

* Laboratory samples were stabilized with 6 percent

hydrated lime.
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Table 6.3. Properties of Laboratory, Construction, and
Field Samples Stabilized with 25 Percent
Fly Ash -
Type of Sample Curing Time <2u Clay Silt Sand AI 1L PI
(months) $ % % %
Raw 46 48 6 1.00 50 31
Laboratory 1 6 30 64 1.74 39 12
Construction 1 0 32 68 1.85 28 4
6 2 35 63 1.81 30 3
12 2 36 g2 ' 1.8l. B2 2
22 0 42 58 1.85 - NP
Field p 5 57 26 -4.72 40 17
6 12 58 30 1.63 37 16
18 3 52 45 1.80 40 17
22 2 5 43 1.81 37" ®
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Table 6.4. Properties of Laboratory, Construction, and
Field Samples Stabilized with 8 Percent
Cement + 3 percent Quicklime* + 18 Percent

Fly Ash

Type of Sample Curing Time <2u Clay Silt Sand Al 1L PI
(months) % % % % ]

Raw 46 48 6 1.00 50 31
laboratory 1 0 12 8 1.85 - NP
Construction 1 0 10 % 1.85 - NP
6 0 7 93 1.85 - NP

12 4 25 71 1.78 - NP

22 0 28 72 1.8 - NP

Field 1 0 7 93 1.8 - NP
6 14 26 60 1.59 - NP

18 0 19 81 1.85 - NP

22 - - - = —

* The amount of lime for laboratory samples was 4 percent
hydrated lime
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laboratory, construction, and field samples attained
almost the same degree of aggregation of the fine
fraction. The shale was rendered non-plastic in all
cases as a result of cement stabilization.

Stabilization with lime increased the AI value of
laboratory samples to 1.78 which was higher than con-
struction samples (1.52), and lower than field samples.
(1.85), The latter value may have been caused by an
undue concentration of lime in this particular sample.
The plasticity index of shale was reduced from 31 percent
for raw shale to 9, 6 and 15 percent, respectively, for
laboratory, construction and fieldhsamples.

Fly ash stabilization also increased the AI values
substantially. Laboratory samples showed an AI value of
1.74 which was lower than that of the construction
samples (1.85) and slightly higher than their field
counterparts (1.72). Plasticity index values of fly ash
stabilized shale were 12, 4 and 17 percent, respectively,
for laboratory, construction and field samplés.

The AI of conjunctively stabilized shale was the
same (1.85) for both laboratory and construction samples,
followed by 1.78 for field samples. Conjunctive stabi-
lization rendered the shale non-plastic in all cases.

The unexpected higher AI of construction samples
compared to laboratory samples in some cases may be at-

tributed to the fact that during specimen preparation of
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construction samples, the material was passed through the
U.S. Standard sieve No. 10 which may have resulted in a
higher concentration of the stabilizing agent which was
finer than the pulverized shale. Also the fraction re-
tained on the sieve contained clay lumps which were dis-
carded. The combination of these two factors may have
caused an undue increase in AI and decrease in P.I. Fur-
ther proof of the effect of these factors was observed in
the preparation of oriented specimens for XRD (see Sec-
tion 5.10.2.2) wherein construction samples showed higher
resistance to dispersive forces thus making it impossible

to orient properly.

6.2 Unconfined Compressive Strength

The immersed strength which represents a more severe
test conditiop is selected as a basis of comparison of
unconfined compressive strengtﬁ, with the exception of
raw shale, lime and fly ash stabilized remolded field
samples which could not withstand immersion in water, and
thus their predicted field strength calculated from re-
molded strength in dry test condition is chosen for com-
parison. Table 6.5 presents the unconfined compressive
strengths of laboratory, construction, and field samples;
and Table 6.6 depicts the ratios of the strengths of con-
struction to laboratory and field to laboratory samples.

The data iﬂ Table 6.5 show that cement stabilized



Table 6.5. Unconfined Compressive Strength (psi) of Raw
and Stabilized Shale for the Indicated Curing Period

Stabilized _Laboratory Construction Field
Test lmo. 6mos. 1 mo. 6 mos. 12 mos. 22 mos. 1 mo. 6 mos. 18 mos. 22 mos.
Section
Control 73 16 16
Cement Stab. 300 545 113 211 290 352 138 133 - *k
Lime Stab. 71 126 84 157 160 294 - 143* 217* -

*
Fly Ash Stab. 132 134 77 96 80 222 - 231 72* -
Conjunctively
Stab. 437 721 63 123 159 612 357 361 248 -

Predicted undisturbed strength

** Could not be predicted because of insufficient
amount of sample for remolded strength

69T



Table 6.6.
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Strength Ratios of Stabilized Samples
for the Indicated Curing Periods

*R *R
Stabilized 1 : 2
Test 1 month 6 months 1 month 6 months
Section
Cement 0.38 0.39 0.46 0.24
Lime 1.18 1.25 - 1.15"
Fly Ash 0.58 0.72 = ¥. 72"
Conjunctively
Stabilized 0.14 0.17 0.82 0.50
* R = Strength of construction samples

1 Strength of laboratory samples

Strength of field samples

2 ~ Strength of laboratory samples

Predicted undisturbed strength
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laboratory samples have higher strength levels than their
construction and field counterparts. The strength ratio
of field to laboratory samples was 0.46 (Table 6.6) which
is within the range of values reported by Wang (1968),
and Robert and Schoeneman (1965). While lime stabilized
laboratory samples showed slightly lower strength than
their construction counterparts, £fly ash stabilized
laboratory samples attained higher 1levels of strength
than their construction counterparts. The conjunctively
stabilized laboratory samples attained higher strength
levels than their construction and field counterparts.

In general, as the controlled conditions become less
strict from the laboratory to the construction to the
field samples, the effectiveness of stabilization as

manifested by strength is slightly reduced.

6.3 Cohesion and Angle of Internal Friction

The shear parameters c and ¢, as determined from the
triaxial test, are presented in Table 6.7 and 6.8. The
data suggest that cement stabilization laboratory samples
showed higher cohesion than their construction and field
counterparts after one month of curing; however, the
value of ¢ was almost equal for all types of cement
stabilized samples. Both c and ¢ of the lime stabilized
laboratory samples were higher than their construction

counterparts. The same trend is prevalent for fly ash



Table 6.7. Shear Parameters c (psi) and ¢ (degrees) of Stabilized Shale
for the Indicated Curing Periods

Laboratory Construction Field

Test 1 month 6 months 1 month 6 months 1 month 6 months
Section

c ¢ c ) c ) c ¢ c ¢ c )
Raw 4 36
Cement 33 50 - - 2 50 19 38 18 51 78 18
Lime 14 41 16 50 8 33 6 37 0 - - 14* 33"

*

Fly Ash 28 43 14 60 0 38 19 28 - - 12 31*
Conjunctively

Stabilized 31 61 = = 6 44 14 45 40 56 57 54

ZsT



Table 6.8. Ratios of Cohesion and Angle of Internal Friction
of Stabilized Shale for the Indicated Curing Period

Z ™, ; A * * *
Stabilized RCl R¢l RC2 ROZ
Test 1 month 6 months 1 month 6 months 1 month 6 months 1 month 6 months
Section
Cement 0.06 - 1.0 & 0.54 - 1.02 -
Lime 0.57 1 0.8 0.74 - W - 0.80'
Fly Ash 0 ., 1.3 0.88 0.47 - 0.43" . 0.72"
Conjunctively
Stabilized 0.19 = 0.66 = 1.29 = 0.84 -
X - € of construction samples o c of field samples

ey ’ RCs c of laboratory samples

c of laboratory samples
Ré. = ¢ of construction samples Re L= ¢ of field samples
) ¢ of laboratory samples 4 2 $ of laboratory samples

t Remolded samples

€sT
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and conjunctively stabilized samples, except for the
cohesion of conjunctively stabilized field samples which
was higher than that of the laboratory samples, after one
month of curing.

The ratio of the cohesion of stabilized construction
to laboratory samples ranged from 0 to 1.36 and that of
field to 1laboratory samples ranged from 0.43 to 1.29.
For the corresponding ¢ values the ratios ranged from

0.66 to 1.0 and 0.72 to 1.02, respectively (Table 6.8).

6.4 Moduli of Elasticity

The flexural modulus of elasticity (Ef) and com-
pressional modulus of elasticity (Ec) of laboratory, con-
struction, and field samples are presented in Table 6.9.
Ef values of cement stabilized laboratory and construc-

tion were very close to each other. The ratio of E_. of

£
construction to laboratory samples was 1, while the ratio
of their Ec values was 0.61. The ratio of the Ec values
of cement stabilized field to laboratory sample was 0.22.
Lime stabilized samples showed a different pattern i.e.,

the Ef of laboratory samples was lower than E_ of con-

struction samples, while the reverse was true for Ec.
The ratio of Ef of construction to laboratory samples was
1.18, and the ratio of their Ec was 0.62 which is approx-
imately the same as that of cement stabilized samples

(0.61).
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Table 6.9. Comparison of Moduli of Laboratory to
Construction and Field Samples
Type Flexural Modulus Campressional
Test of of Elasticity, E £ Modulus of -
Section Sample RE Elasticity R‘Ec
(psi) (psi)
Ceament laboratory 5504 54545
Construction 5474 0.99 33400 0.61
Field - 12000 0.22
Lime laboratory 4178 17708
Construction 4926 1.18 10999 0.62
Field - - - -
Fly ash laboratory 3877 22989
Construction 2645 0.68 24103 1.05
Field - - - -
Conjunc- laboratory 5839 48889
tively Construction 3207 0.55 29706 0.61
Stabilized Field - = 40000 0.82

RE

T

E_ Construction samples

£

E £ laboratory samples

Ec Construction or field samples

Ec laboratory samples
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Fly ash stabilized laboratory samples showed higher
Ef and lower Ec than their construction counterparts.
The ratio of Ef of construction to laboratory samples was
0.68, and the ratio of theif Ec was 1.05.

Finally, the ratio of Ef of conjunctively stabilized
construction to laboratory was 0.55. The ratio of Ec of
construction to laboratory was 0.61 and that of field to
laboratory samples was 0.82 which suggests that conjunc-

tively stabilized field samples attain higher modulus of

elasticity than the construction samples.

6.5 Scanning Electron Microscopy

The projected area of voids as measured from the mi-
crographs of raw and stabilized samples is a qualitative
measure of the degree of aggregation of the particles and
by extension an indicator of the degree of packing which
takes place. Therefore, the projected area of voids is
used to compare the effectiveness of stabilization.
Table 6.10 depicts the void areas of raw and stabilized
laboratory, construction, and field samples.

Cement stabilization reduced the void areas‘substan-
tially. Laboratory samples showed a void area of 1.4
percent of the total area as compared to 1.6 percent and
1.3 percent for construction and field samples, respec-
tively, indicating an almost equal degree of packing of

particles in the samples. Longer curing periods (six
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Table 6.10. Void Area From Micrographs of Raw and
Stabilized Shale for the Indicated Curing
Period, Percent of Total Area

Test Type of 1 month 6 months
Section Sample
Control Laboratory 14 -
Field 157 -
Cement Stab. Laboratory 1.4 -
Construction 1.6 337
Field 1.3 0
Lime Stab. Laboratory 2.2 2
Construction 2.9 2.8
Field 9 3.2
Fly Ash Stab. Laboratory 253l 0.6
Construction 1.7 2
Field 1.7 1.5
Conjunctively Laboratory 1.1 1.1
Stab. Construction 5 2.4
Field 2.6 1.5

¥ie @
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months) increased the void area of construction samples
and decreased that of the field samples.

This was not unexpected because the field samples
were further compacted by the placement. of pavement
layers and the construction samples showed some swelling
as part of humid curing.

Lime stabilization reduced the void areas of labo-
ratory samples to 2.2 percent of total area and those of
construction and field samples to 2.9 and 9 percent of
the total area. This indicated that packing of particles
in laboratory samples was dénser than their construction
and field counterparts. Longer curing periods reduced
the void areas to 2, 2.8, and 3.2 percent, respectively,
for laboratory, construction, and field samples.

Fly ash stabilized samples showed void areas of 2.1,
1.7, and 1.7 percent for laboratory, construction, and
field samples, respectively, indicating almost the same
degree of packing of particles in laboratory, construc-
tion and field samples. While longer curing periods (six
month) reduced the percent void areas of laboratory and
field samples to 0.6 and 1.5, no significant change was
observed with those of construction samples.

The area of voids of conjunctively stabilized labo-
ratory samples was 1.1 percent and those of construction
and field samples were 5 and 2.5 percent, respectively.

Laboratory samples did not experience any change upon
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longer curing periods, but the area of voids of construc-
tion and field samples were reduced to 2.4 and 1.5 per-
cent, respectively. Packing of particles was denser in
laboratory samples followed by field and: construction

samples in that order.

6.6 X-Ray Diffraction

A gquantitative comparison of XRD data of laboratory
and field samples is impossible because of a number of
reasons such as different diffraction equipment, differ-
ent diffractogram scales, and different sample prepara-
tion techniques. Therefore, in this section all compari-
sons are made from a qualitative point of view.

Unlike laboratory samples in which the kaolinite
peak disappeared from the diffractogram of lime, cement,
and conjunctively stabilized samples, the kaolinite peak
was present in the diffractogram of all construction and
field samples. This indicates that 1laboratory stabi-
lization was more effective in destroying and/or masking
of kaolinite crystal. The 10 11 illite peak, although
present in the diffractograms of laboratory, construc-
tion, and field samples, was substantially reduced in in-
tensity.

As far as reaction products are concerned, cement
and lime stabilized laboratory samples showed the forma-

tion of different forms of hydrated and unhydrated calci-
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um silicates, but diffractograms of construction and
field samples failed to detect any new crystal formation
as a result of lime and cement stabilization.

Fly ash .stabilized laboratory specimens produced
tetracalcium aluminum silicate hydrate, calcium aluminum
silicate, calcium silicate hydrate and tricalcium
silicate. However, only one possible form of calcium
aluminum silicate hydrate (stratlingite) was identified
as the reaction product of fly ash stabilized construc-
tion and field samples.

Conjunctively stabilized 1laboratory samples also
produced reaction products that could not be found in the
diffractograms of construction and field samples. Only
tetracalcium aluminate-19-hydrate lwas observed in the
diffractogram of construction and field samples which was
not observed in laboratory samples.

It appears that the favorable laboratory controlled
mixing, sample preparation, and curing conditions produce
reaction products that are not formed or cannot be
detected in the field because of poor pulverization, lack
of an intimate mix, poor distribution of stabilized agent
into the shale, and lack of controlled curing conditionmns.
However, the last item, namely curing conditions, may not
be as critical as the other factors because construc;ion
samples which were cured under laboratory conditions

behaved like their field counterparts.
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6.7 Visual Observations

Periodic visual observations of the stabilized test
section indicated their performance to be excellent. The
last‘two observation (July 1985 and May 1986) showed some
slight rutting of the test sections which was more
obvious in the control section, as expected. The rut
depth ranged from 0 to 0.2 in. over the length of test
sections (Table E.l). To this date the ride quality is
excellent.

The supporting abilities of the stabilized sections
was in excess of 20,000 1lb. with the exception of one
measurement out of fourteen in the fly ash stabilized
section which was slightly lower than 20,000 1lb. (Table

E.l).



CHAPTER VII
CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions
The purpose of this study was to investigate the

stabilization of shale with Portland cement, lime, fly
ash and the use of all three conjunctively, in a field
test §ection in Ponca City, Kay County, Oklahoma. Based
on the data obtained from various tests on samples
obtained during the construction (construction samples)
and those obtained after the construction (field
samples), and comparing them to those obtained from
laboratory prepared sampies (laboratory samples) the
following conclusions are drawn:

1. Some inconsistent patterns in the engineering
behavior of construction and field samples was
observed. These inconsistencies are primarily due
to many construction variables such as lack of
thorough distribution of stabilizing agent through
the shale, difficulties in having an intimate mix,
and the lack of a uniform water distribution through

the mix. The other possible source of inconsisten-

162
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cies may be related to the human error during the
preparation of stabilized samples for testing.
Compaction of all test sections was in excess of 100
percent of Pfoctor density, but the moisture
contents were lower than optimum.

Cement, lime, fly ash and conjunctive stabilization
were effective in ameliorating the texture and
plasticity of the shale by reducing the amount of
clay size particles and the plasticity index. 1In
terms of the degree of aggregation, both construc-
tion and field samples showed AI values which were
in close agreement with each other.

Cement and conjunctive stabilization rendered the
shale non-plastic. Lime stabilized construction and
field samples showed PI values of 6 and 15 percent,
respectively. Fly ash stabilization reduced the PI
to 4 and 17 percent for construction and field
samples, respectively.

The unconfined compressive strength of all con-
struction, and cement and conjunctively stabilized
field samples increased substantially as a result of
stabilization. The ratio of the strength of field
to laboratory cement stabilized sample was 0.46 and
that of conjunctively stabilized samples was 0.82.

Undisturbed samples could not be obtained from lime

and fly ash stabilized sections. However, their
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undisturbed field strengths were predicted from
their sensitivity and remolded strength which were
in the range of values obtained from their
construction counterparts.

Immersion in water for 24 hours reduced the uncon-
fined compressive strength of all samples. The av-
erage loss in strength upon immersion in water was
8, 18, 26, and 58 percent, respectively, for cement,
lime, fly ash and conjunctively stabilized construc-
tion samples. The strengths of cement and conjunc-
tively stabilized field samples were reduced by 21
and 30 percent, respectively.

In general, cohesion and angle of internal friction
of construction and field samples were increased as
a result of stabilization.

Wetting and drying cycles increased the cohesion and
angle of internal friction of construction samples.
Stabilization increased the modulus of. rupture of
stabilized shale. The modulus of rupture of sta-

bilized shale was found to be related to the uncon-

fined compressive strength by the linear regression

equation:

MR = 4.97 + 0.23 UC
Electron micrographs of stabilized construction and
field samples revealed substantial decrease in the

void areas, indicating a dense packing of particles.
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Energy dispersive spectroscopy indicated the
presence of calcium hydroxide crystals, in the
micrographs of cement and conjunctively stabilized
samples. .It also indicated. the presence of a
calcium-silicate-hydrate as a reaction product of
conjunctively stabilized samples.

Quélitative X-ray diffraction studies of construc-
tion and field samples indicated a substantial de-
crease in the integrated intensities of clay
minerals as a result of stabilization. An interest-
ing observation made during oriented sample prepara-
tion for XRD was the resistance of the specimens to
dispersive force. The cement and fly ash stabilized
samples were found to be very difficult to disperse
and orient indicating strong stabilizing effect of
those admixtures in a micro scale. Non-basal re-
flections, (hkl), were gquite strong in some of the
cement and fly ash stabilized samples and sometimes
as strong as the oriented, (001), reflectionmns.
Reflections other than (00l1) were also present in
the 1lime stabilized and conjunctively stabilized
samples but the (00l1) lines were very much stronger
than the other reflections indicating that the
latter were easier to break apart during the dis-
persion process.

No hydration products in the form of crystal growth
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were detected by the -diffractograms of cement and
lime stabilized samples. However, diffractograms of
fly ash stabilized samples revealed the possible
formation of stratlingite, a calcium-aluminum
silicate hydrate, and the conjunctively stabilized
samples showed the possible presence of a compound
similar to tetracalcium aluminate-19-hydrate.

Laboratory samples showed more beneficiation
(amelioration) followed by construction and field
samples in that order. In other words, as the
controlled conditions become less strict from the
laboratory, to the construction to the field sam-
ples, the effectiveness of stabilization is slightly
reduced. However, construction and field samples
were at an acceptable performance level strongly in-
dicating that field stabilization is an effective

solution to the use of expansive shale.

Recommendations

While the field stabilization of expansive shale met

with some degree of success, there are still some unan-

swered questions that need further research. The follow-

ing are some of the areas for which further research is

recommended:

1.

The long term effectiveness of field stabilization

during the life of the pavement needs to be studied.
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This could be accomplished by supplementing periodic
visual observations with some field coring after 4,
8, and 10 years. The cores should be tested for
plasticity, strength, XRD;.and SEM.

The brittleness of cores obtained from fly ash sta-
bilized section may have been caused by excessive
amounts of fly ash used. 1In future studies, inves-
tigation of smaller amounts is recommended.

Another solution to combat brittleness may be in the
conjunctive use of lime and fly ash in the field.
The use of-lime helps to mollify or "break" the
shale structure, and thus provides an intimate
mixture of lime-shale-fly ash. Thus, the shale-
lime-fly ash reaction is enhanced.

Perform cost analyses of the mix designs so that the
most cost-effective mode of stabilization be

determined.
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GRAIN SIZE AND PLASTICITY DATA OF STABILIZED SHALE
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Table 2.1. Index Properties of Constructioh Samples Cured at 70°F, and
90-100 Percent Relative NHumidity for the Indicated Curing Periods

1 month 6 months 12 months 22 months

Test Section Station - — -

-2 Clay Silt Sand AI <2y Clay Silt Sand AI <2p Clay Silt Sand AI <2p Clay Silt Sand AI

Control 298405 46. 48 6 1.00 46 48 6 1.00 46 48 6 1.00 46 48 6 1.00
Cement Stab. 269+22 0 10 90 1.85 5 5 90 1.76 0 20 80 1.85 3 41 56 1.80
272437 0 9 91 1.85 4 13 83 1.78 0 28 72 1.85 0 22 78 1.85

Lime Stab. 1275446 7 42 40 1.52 3 29 68 1.8 2 19 79 1.81 0 24 76 1.85
279+64 0 19 81 1.85 0 20 80 1.85 2 35 63 1.81 1 34 65 1.83

Fly Ash Stab. 284460 0 37 59 1.85 6 33 61 1.74 0 36 64 1.85 0 33 67 1.85
285+36 0 32 68 1.85 2 35 63 1.81 2 36 62 1.81 0 42 58 1.85

Conjunctively

Stab. 789+22 0 10 90 1.85 0 7 93 1.85 4 25 71 1,78 0 28 72 1.85
292489 0 14 86 1.85 0 11 89 1.85 2 22 76 1.81 0 27 71 1.81

All values are in percent except AI
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Table A.2.

Index Properties of Construction
90~100 Perccent Relative Humidity

Samples Cured at 90°F, and

for the Indicated Curing Periods

Test Section

Control

Cement Stab.

Lime Stab.

Fly Ash Stab.

Conjunctively
Stab.

All values are in percent except AI

Station

298+05

269+22
272437

275+46
279464

284+60
285+36

289+22
292+89

s

<2y Clay Silt Sand AI

46

1 month

48

10
12

37
22

42
35

90
88

48
78

54
61

100
90

. 1,00

1.85
1.85

46

onN onN

—

48

6
21

24
14

36
44

92
79

L
86

63
55

93
93

.00

.81
.85

.81
.85

.83
.23

.85
.85

<2y Clay Silt Sand

46

12 morths

48

12
7

28
29

21
30

88
93

72

7

74
66

92
80

AI

1.00

1.85
1.85

<2p Clay Silt Sand

oo (=20 |

oo

22 months

48

22

21
33

7
39

20
27

62
61

80
P

AI

1.85
1.85

1.85
1.85

LLT



Table A.3.

Test Section

Station

T ronth

<2y Clay Silt Sand AI

6 months

<2y Clay Silt Sand AI

Index Properties of Field Samples for the Indicated Curing Period

18 months

22 nonths

<2p Clay Silt Sand AI <2p Clay Silt Sand AI

Control
Cement Stab.
Lime Stab.
Fly Ash Stab,

Conjunctively
Stab.

298405

272437

275446 .

285+36

289+22

46
0
0
5

48
30
44
57

6
70
37
36

93

1.00
1.85
1.85
1.72

1.78

5 30
8 46

)
12 58
14 26

65
46
30

60

1.76
1.7
1.63

1.59

0 17
0 47
3 52
0 19

83
53
45

81

1.85
1.85

1.85

33
30
55

67
70

43

1.85
1.85
1.81

. 8LT
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Table A.4. Plasticity gests Results of Construction Samples
Cured at 70 F, and 90-100 Percent Relative Humidity
for the Indicated Curing Periods

Test 1 month 6 months 12 morths 22 months
Section Station I PI 1L PI L PI L PI
Control 298+05 S0 31 S0 31 S0 31 S0 31
Cament Stab. 269+22 - NP - NP - NP - NP
272+37 - NP - NP - NP - NP
Lime Stab. 275+46 38 6 = NP - NP - NP
279+64 - NP = NP - NP = NP
Fly Ash Stab.284+60 26 9 31 10 31 9 34 NP
285+36 28 4 30 3 32 2 34 NP
Conjunctively
Stab. 289+22 - NP - NP = NP - NP
292+89 - NP = NP - NP - NP
’ .

Table A.5. plasticity Tests Results of Construction Samples
Cured at 90°F, and 90-100 Percent Relative
Humidity for the Indicated Curing Periods

Test 1 manth & months 12 manths 22 momths
Section Station 1L PI LL PI IL PI LL PI
Cantzrol 298+05 S0 31 S0 31 S0 31 S0 31
Cement Stab. 269+22- = NP = NP - NP - NP
272+37 - NP = NP = NP = NP
Lime Stab. 275+46 41 4 - NP - NP - NP
279+64 - NP - NP - b - NP
Fly Ash Stab.284+60 27 9 29 4 33 9 - NP
285+36 26 3 30 2 30 2 - -
Conjunctively
Stab. 289+22 - NP = NP = NP - NP
292+89 - NP - NP - b - NP
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Table A.6. Plasticity Tests Results Field Samples
for the Indicated Curing Periods

Test 1 month 6 months 18 months 22 months
Section Station L PI L PI IL PI L P1
Cantrol 298+05 S0 31

Cament Stab. 272+37 - NP - NP - NP - NP
Lime Stab. 275+46 37 15 41 7 37 6 45 3
Fly Ash Stab.285+36 40 17 37 16 40 17 37 9
Canjunctively

Stab. 289+22 - NP - NP - NP - -




APPENDIX B

TRIAXIAL AND UNCONFINED COMPRESSIVE STRENGTH
TESTS DATA OF CONSTRUCTION SAMPLES
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Table B.l. Shear Parameters of Cement Stabilized
Construction Samples

Curing Time, —__70°F 90°F
Months Dry Imm. Dry Imm.
c ¢ c ¢ c ¢ c ¢

1 33 42 2 50 18 50 7.5 50
6 20 55 19 38 27 49 60 40
12 12 55 20 46 12 51 21 34
22 49 39 21 49 11 64 29 52
c = psi
¢ = degrees

Table B.2. Shear Parameters of Lime Stabilized
Construction Samples

Curing Time, —___J0°F 90°F
Months Dry Imm. Dry Imm.
c ) c ) c ¢ c ¢
1 13 32 8 33 56 23 22 40
6 26 26 16 37 44 36 15 42
12 11 72 6 40 56 36 23 41

22 38 45 52 38 94 34 42 51
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Table B.3. Shear Parameters of Fly Ash Stabilized
Construction Samples

Curing Time, 70°F 90°F
Months Dry I, Dry T,
c ) c ) c ) c ¢
1 30 32 0 38 26 40 37 7
6 14 41 19 28 48 33 9 32
12 24 46 10 34 30 42 12 34
22 45 33 34 51 26 46 27 40

Table B.4. Shear Parameters of Conjunctively Stabilized
Construction Samples

Curing Time, 70°F 90°F
Months Dry Imm. Dry Tmm.
c ) c ) c 3 c )
1 22 42 6 44 92 32 32 44
6 46 48 14 45 27 62 16 58
12 18 51 7 53 14 63 62 44

22 76 49 8 . 60 84 40 88 35
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Table B.5. Shear Parameters* of Undisturbed Field
Samples
Test 1 Month Curing —_6 Month Curing _18 Month Curing
Section Dry Imm. Dry Imm. Dry Imm,
c ¢ c ¢ c ¢ c ¢ c ¢ c ¢
Raw Shale 4 36
Carent 15 51 18 51 40 S1- 78 18 = - - -
Canjuctively
Stabilized 139 2 40 S6 85 41 57 54 - - 98 48
* 3
c -psi
¢ - degzees
Table B.6. Unconfined Compressive Strength (psi) of
Cement Stabilized Field Samples
Curing
Period Specimen Dry Average Imm. Average
(months) No.
1 1 187 107
2 136 169
3 199 174 - 138
6 1 158 180
2 131 144 86 133
%*
18 - - - - -
* %
22 - - - - -
*
The quality of samples were not good enough to with-

* %

stand trimming.

Hand auger was used for sampling, therefore no
sample could be obtained.. ;
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Table B.7. Unconfined Compressive Strength (psi) of
Conjunctively Stabilized Field Samples

Curing
Period Specimen Dry Average Imm. Average
(months) No.
1 1 560 430
2 449 309
3 535 515 332 357
6 1 263 533
434 340
386 368 231 361
*18 1 333 333 248 248
* %
22 - - - -

The amount of sample obtained from the field was not

enough to test more than one sample.

* %
: Hand auger was used for sampling, therefore no
sample could be obtained.
Table B.8. Unconfined Compressive Strength (psi) of
Construction Samples for the Indicated
Curing Periods
Test *1 month *§ months *12 months **22 months
Section Station
Dry Imm. Dry Imm. Dry Imm. Dry Imm.
Control 298+22 16 -
Cement 269+22 264 131 239 209 ° 464 353 434 428
Stab. 272+37 108 95 226 213 266 226 330 276
Lime 275+46 90 82 139 135 168 137 231 239
Stab. 279+64 - 103 85 197 179 254 184 446 350
Fly aAsh 284+§0 104 88 148 93 101 80 220 275
Stab. 285+36 109 66 191 99 113 aladd 227 170
Conj. 289+22 92 94 LA L Ea X 700 691
Stab. 292+89 140 63 304 123 408 159 659 533

* -

«+ Te€st run on one Proctor-size sample.

«x«Te€St run on at least two Harvard Minature-size samples.
Samples were broken before testing.



APPENDIX C

X-RAY DIFFRACTOGRAMS AND DIFFRACTION DATA

186



475.00 200

150. 00

125.00

.00

00 « 4.50

Figure C.1l:

7700 960 12.00 4460 47.00 (h.& =2Do0 =24.50 27.00 2b.50

.00 i
44.136 19.620 42.0i0 8.302 7.369 6.104 5.2 4.540 4.037 3.830 3.300 3.025

TWO - THETA - d SPACING

X-ray diffractogram of cement stabilized field samples
(6 months, oriented)

L8T



75. €0

EZ. 50

e

Y op 450

700 0's0  15.00 14.50 17.00 1b.50 2P.00 o24.650 27.00

44,136 19.620 {2.640 9.302 7.309 B6.104 5.2{{ 4.510  4.037 3.830  3.300

Figure C.2:

THO - THETA -- d SPACING
X-ray diffractogram of lime stabilized field samples
(6 months, oriented)

29.50
3.025

88T



30.00

& | -
& 4
o
u
|_.
= '
=) ' s
(@] 3
o
8 P
% ] 12,00 17.00 2b.00 27.00
i 130 12810 7.908 . 6.211 4,037 3.300
THO - THETA -- d SPACING

Figure C.3: X-ray diffractogram of fly ash stabilized field samples
(6 months, oriented)

68T



200

75.00

453,00

S.00

1zs

*
00.00

4

COUNTS
75.00

00 2E.00 £0.00
= il
_Ef‘

=
3

3

g’ T

900 450 700 950 12.00 14.50 17.00 1b.50 2b.00 =24.50 27.00 29.50
44.136  19.620 12.G10 9.302 7.369 6.i04 5.211 4.540 4.037 3.030 3.300 3.025

IHO - THETA -- d SPACING

Figure C.4: X-ray diffractograms of conjunctively stabjlized field samples.
(a) 6 months, oriented, glycolated; (b) 6 months, oriented;
(c) 1 month, oriented

06T



.

-0

E7.50

75 00

o
in
(U]

g

A

%40
8 00

37.20

COUNTS

2= oc

(o]
u

& S

.
-«

o
o

’ !
M*NM«»MW MWVM“

loo
44136

Figure C.5:

4507700 9°50 }b,oo 50 100 1h50 20.00 o245 /.00 2060
19.620 12.640 0,302 75908 6.104 6.211 4.540 4.037 3.630 3.300 3.026

THO - THETA -- d SPACING
X-ray diffractogram of cement stabilized construction samples
(6 months, 700F, oriented)

T6T



ig00

§7.50

s

o L} " L] bd L] ot L g L]

W
“’V:/M\qu\ﬂwwuwwwr rmM;q
'MWMMWWWM

a

Figure C.6:

200 000 10.00 11.00 hoo 2boo 2boo aboo a3ho0o ab.oo 4h.o0 4boo sb.00
41.136 14.710 0.038 ©.321 A.924 4.037 3.424 2.078 2.635 2.388 2.148  1.970  1.023

THO - TIIETA - d SPACING

X-ray diffractogramsof lime stabilized
construction s
(a) 6 months, 70°F, oriented; (b) 1 month, 70°F, oriez?z;es

Z6T



€00

T =y v T s T v T ’ T v ) - T v ¥

40

‘ | & MﬂMWW:;«wN

q' e 4 T 1 U

%00 4.5 7.00 0.60  1£.00 94.60 17.00 1h 50 g‘e.oo 24.60 27.00 2b.60
A1.130  10.620 12.610 9.302 7.309 8.104 6.214 4.640 4,037 3.630 3.300 3.025
THO - THETA -- d SPACING

Figure C.7: X-ray diffractograms of fly ash stabilized construction samples
(a) 1 month, 70”F, oriented; (b) 1 month 90°F, oriented

€61



& ' 1 T 1 ' 1 T I T
S- -
o
Ll
b 3
(=B -
-
)
’_.
=
-
O
o
]
%_

.00 10.73 ‘1h.45 2h. 18 3b.91 45.54
44.136 8.240 4.569 3.164 2.433 1.968
TWO - THETA -- d SPACING
Figure C.8: X-ray diffractograms of conjunctively stabilized construction

samples

(a) 1 month, 70°F, powder; (b) 6 months, 70°F, powder

peT



100

87.50

¥/

§2.50

i

o]

I MM '.

e00 [{"00 boo  thoo hoo 2boo eboo aboo 3400 3b.oo 42,00 4b.00 0.0
41,196 fA.716 6.030 @.921 4.624 4.037 3.424 2.978 2.635 2.366 2.449 1.871  1.623

THO - THETA ~-= d SPACING

X-ray diffractogram- of cement stabilized construction samples
(6 months, Proctor, oriented)

Figure C.9:

S6T



129

4

(a)

%00 4't50 700 9.60 12.00 14.50 17.00 1h.50 22,00 24.50 - 27.00 29.50
91.136 10.820 12.010 0.302 7.359 6.104 6.241 4.648 4.097 3.630 3.300 3,026

TWO - THETA -— d SPACING

Figure C.10: X-ray diffractograms of lime stabilized construction samples
(a) 6 months, 90°F, oriented; (b) 6 months, Proctor, oriented

96T



70 g0

g0

COUNTS
30

0

B , : :
oo a0 .7'00 950  19.00 41.60 17.00 1h.50 2P.00 2450 27.00 28,50
43130 19.020 '12.800 9302 7.309 0.i04 6.241 4.640 4.037 3.830 3.300 3.026

THO - THETA -- d SPACING

Figure C.1l1: X-ray diffractograms of fly ash stabilized construction samples
(a) 6 months, Proctor, oriented; (b) 6 months, Proctor, oriented,
glycolated; (c) 6 months, 90°F, oriented

L6T



200 o

T b I x 1 . I v I

8

S .

e |
o
*o |

,8.." (a) )
wn
[ ‘ -
z o
o
(&)

8

o

=4

(b)
8
‘:} 0 7750 13.00 18.50 24.00 2b.50
4938 11.777 8.604 4.792 3.705 3.026
TWO - THETA- == d SPACING

Figure C.12: X-ray diffractogram of cement stabilized field samples
(a) 22 months, glycolated; (b) 22 months, oriented



150. 00

- -
<9
*x8 r
~] (a)
wn |
= r
5 ,
(@]
(&)
a (b)
E..
o
=
% 00 7.50 15.00 1h.50 24.00 29.50
44.138 11.777 8.804 4.792 3.705 3.025
TWO - THETA ~-- d SPACING

Figure C.13: X-ray diffractograms of lime stabilized field samples
(a) 22 months, oriented, glycolated; (b) 22 months, oriented

66T



€0. oc

00

120.

%10

B80. 00

COWNTS

40, 00

8

%1%

Figure C.14:

]'.50 13.00 18.50 24.00 28.50
£.777 8.604 4.782 ~3.705 3.025

TWO - THETA -- d SPACING

X-ray diffractogram of fly ash stabilized field samples

(22 months, oriented)

ooz



250. 00

2
B il
|
|
If
o
*o
Q~ E ol
wn
.—-
=
3,
o o
(&)
R
g "
8
%' 00 8.00 14,00 2b.00 28.00 “ab.00
44.138 11.042 a.321 1.438 3.424 2.795
TWO - THETA -- d SPACING

Figure C.15:

X-ray diffractograms of conjunctively stabilized field samples
(a) 22 months, oriented, glycolated; (b) 22 months, oriented

T0¢



160. 00

v T : T v T v T v
8
o‘ e
ﬁ“
O
<
*8
S o
w
'—
4
d ]
(&)
8
o i
-
8
.00 8.00 14.00 20.00 28.00 32.00
44.138 11.042 8.421 4.438 3.424 2.785
TWO -~ THETA -- d SPACING

Figure C.16: X-ray diffractograms of cement stabilized construction samples
(a) 22 months, oriented, glycolate; (b) 22 months, oriented

zoe



250.00

187.50
|

0

~—0

-l
wn
’_.
=z
=
o 1
(&)
(a)
o
n
_ -
o
o
%00 8.00 14.00 20.00 2B.00 32.00
44,138 11.042 8.321 4.438 3.424 2.795

TWO - THETA -- d SPACING

Figure C.17: X-ray diffractogram of lime stabilized construction samples
(a) 22 months, oriented, glycolated; (b) 22 months, oriented

g€oc



50. 00

H i K H R H

2

o 4

ot ]

o

-«

*8

E-

w

=

s }

(@)

(&)

o

n

>3 ]
3

8

% 0p 760 13,00 1h.50 24.00 24.50

$4.138 L7 8.604 4.792 3.706 3.025

TWO - THETA -- d SPACING

Figure C.18: X-ray diffractogram of conjunctively stabilized construction
samples (22 months, oriented)

voc



205

Table C.1l. Crystalline Data of Raw Shale

26 d-Spacing ¥ Integrated
Degrees Angstroms intensity
8.5973 10.2762 49575.7
12.4206 7.1202 3143.0
17.8042 4.9775 8459.2
24.9799 3.5616 5597.4
26.8169 3.3216 27118.7
35.9095 2.4987 653.9
45,4287 1.9948 4885.5

Integrated intensity is an indicator of the size
of the area under the peak of the diffractogram.
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Table C.2. Crystalline Data of Cement Stabilized
Field Sample Cured for One Month :

26 d-Spacing Integrated

Degrees Angstroms intensity
5.943 16.0739 360.
6.277 14.0684 868.
8.754 10.0927 1319.
12.329 7.1730 555.
12.858 6.87é8 109.
19.878 4.4649 540.
20.857 4,2553 492.
24.911 3.5713 314.
26.641 3.3432 2367.
34.958 2.5645 341.
36.573 - 2.4549 213,

39.497 2.2796 166.
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Table C.3. Crystalline Data of Cement Stabilized
Field Samples Cured for Six Months

26 d-Spacing Integrated
Degrees Angstroms intensity
12.310 . 7.1840 481.
17.768 4.9875 329.
19.813 4.4771 827.
20.819 4.2631 707.
24.906 3.5719 296.
26.617 3.3461 3695.
27.865 3.1991 411.
29.353 3.0401 550.
34.875 2.5704 5583.
36.525 2.4850 541

39.426 2.2835 229.
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Table C.4. Crystalline Data of Lime Stabilized
. Field Samples Cured for One Month

26 d-Spacing Integrated
Degrees Angstroms intensity
6.063 14.5659 245,
8.732 10.1177 1695.
10.682 8.2745 97.
12.359 7.1553 469.
14.146 6.2555 103.
17.811 4.9756 483.
20.857 4.2554 408.
24.930 3.5686 462.
26.648 3.3423 2633.
29.462 3.0291 611.
36.547 2.4565 ‘ 184.
39.504 2.2792 273.

45.448 . 1.9940 292.




Table C.5. Crystalline Data of Fly Ash Stabilized
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Field Samples Cured for Six Months

20 — .~ d-Spacing . Integrated
Degrees .~ Angstrons ‘dntensity

8.634 10.2321 175.
12.254 7.2165 359.
17.807 4.9768 206.
19.821 4.4754 576.
20.800 4.2669 278.
24.865 3.5778 149.
26.579 3.3508 133S.
29.213 3.0544 308.
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Table C.6. Crystalline Data of Conjunctively Stabilized
Field Samples Cured for One Month

26 d-Spacing Integrated
Degrees Angstroms intensity
8.817 10.0207 2179.
12.368 7.1501 417.
17.783 4.9835 716.
19.820 4.4757 836.
20.863 ) 4.2542 577.
24.949 3.5659 23S
25.249 3.5242 91.
26.644 3.3428 3492,
27.884 3.1969 360.
29.411 3.0343 750.
34.651 2.5865 : 355,
34.902 2.5685 415.
36.555 2.4560 _ 207.
39.507 2.2790 280.
42.425 \ 2.1288 310.

45.393 1.9962 335.




211

Table C.7. Crystalline Data of Conjunctively Stabilized
’ Field Samples Cured for Six Months

26 d-Spacing Integrated
Degrees Angstroms Intensity
6.2583 14.1109 -456.6
8.7602 10.0854 15385.5
12,3330 7.1706 1344.5
14.1611 6.2488 392.6
17.8050 4.9773 3069.7
21,3225 4.1635 700.3
24.9259 3.5692 1328.5
26.6975 3.3362 5456.1
29 3525 3.0402 340.6
33.2522 2.6920 234.0

35.9422 2.4965 231.3
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Table C.8. Crystalline Data of Cement Stabilized
Construction Samples (Proctor Specimen)

Y d-Spacing Integrated
Degrees Angstroms intensity
6.0096 14.6939 479.0
8.5781 10.2991 3349.0
12,2518 7.2180 1107.9
17.7091 5.0040 435.3
20.7800 4.27i0 ) 172.6
24.8450 3.5806 520.6
26.5913 3.3493 1368.5
27.6922 3.2186 134.3
29.3300 3.0425 305.3
40.1598 2.2435 104.0

45.3107 1.9997 273.3
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Table C.9. Crystalline Data of Lime Stabilized
Construction Samples (Proctor Specimen)

26 d-Spacing Integrated
Degrees Angstroms intensity

8.346 10.5846 627.

8.663 10.1981 4583.

12.267 7.2091 877.

1 7oy PN 5.0086 853.

24.933 3.5681 283.

26.657 3.3411 2092.
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Table C.10. Crystalline Data of Fly Ash gtabilized
Construction Samples (Proctor Specimen)

T 26 d-Spacing ~ Integrated
Degrees Angstroms intensity
4.001 22.0630 225,
8.647 10.2173 1267.
12.261 7.2123 723.
17.715 5.0024 652.
18.640 4.7563 179..
19.730 4.4958 449.
21.075 4.2118 113.
24.858 3.5788 736.
261, 5199 3.3483 1662.
34.560 2.5931 194.
36.456 2.4625 147.

45.318 1.9994 ' 267.
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Table C.11. Crystalline Data of Cement Stabilized
Field Samples Cured for Twenty-Two Months

20 d-Spacing ~Integrated

Degrees Angstroms Intensity

6.246 14.1396 373

8.886 9.9435 4180.
-10.080 8.7678 _ 155.
12.414, 7.1243 1140.
13.776 6.4226 34%.
17.889 4,9542 1185.
19.889 4.4604 1449.
202923 4,2423 4820.
22.122 4.0150 208.
23.123 3.8434 415.
23.653 3.7584 308.
24,327 3.6558 322.
25.000 3.5589 1072.
25.359 3.5092 707.
26.707 323361 - 19871.
27.528 3521375 564.
27.988 3. 5148/5:3 904.
29.463 3510291 3620.
30.486 2.9298 228.
S 2003 2.8563 689.
33.231 2.6937 434,
355032 225593 1980.
36.068 2.4882 510.
36.634 2.4510 : 1543.

37.689 2.3848 397,
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Table C.12. Crystalline Data of Lime Stabilized
Field Samples Cured for Twenty-Two Months

26 d-Spacing Integrated
Degrees Angstroms Intensity
8.861 9.9704 17919.
12.4098 7.0763 2296.
17.847 4.9656 2540.
19.883 4.4616 2551.
20.916 4.2434 4943,
22.088 4.0208 376.
23.104 3.8463 575.
23.625 3.7627 267.
24.276 3.6632 387.
25.004 3.5582 967.
25.341 3.5116 ~1411.
26.705 3.3353 23196.

27.951 3.1894 2111.
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C.13. Crystalline Data of Fly Ash Stabilized
Field Samples Cured for Twenty-Two Months

26 d-Spacing Integrated
Degrees Angstroms Intensity
6.117 14.4358 634.
8.842 9.9926 10162.
12.372 7.1481 1701.
13.788 6.4175 333.
17.814 4.9751 1641.
19.843 4.4705 1331.
20.868 4,2533 6118.
23.638 3.7608 323.
24.938 3.5675 424,
25.366 . 3.5084 351.
26.676 3.3390 27938.
27:471 3.2441 874.

27.958 3.1887 2251.
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Table C.14. Crystalline Data of Conjunctively
Stabilized Field Samples Cured for
Twenty-Two Months

26 d-Spacing Integrated
Degrees Angstroms Intensity
6.112 14.4489 375.
7.364  11.9944 243.
8.784 10.0590 7698.
12.357 7.1570 2098.
17.757 4.9909 . 1091.
18.591 4.7688 248,
19.780 4.4848 1382.
;0.851 4.2568 1204.
21.295 4.1690 262
23.053 3.8548 724,
24,912 3.5713 1445,
25.207 3.5302 832.
26.629 3.3447 8309.
27.416 3.2505 117.

27.856 3.2001 799.
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Table C.15. Crystalline Data of Cement Stabilized
Construction Samples Curred for
Twenty-Two Months

26 d-Spacing Integrated

Degrees Angstroms Intensity
8.852 9.9815 1167.
12.389 7.1384 673.
17.841 4.9676 ) 9,595,
1i9r87:1 4.4644 2100.
20.873 4.2523 1819.
23.008 3.8623 355.
24,951 3.5658 304.
25.595 3.4775 396.
26.678 3.3387 8956.

27.943 3.1904 569.
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Table C.16. Crystalline Data of Lime Stabilized
Construction Samples Cured for
Twenty-Two Months

20 d-Spacing Integrated
Degrees Angstroms Intensity
3.570 24,7272 2196.
6.292 14.0357 ' 983.
8.793 10.0478 32203.
12.384 7.1411 3678.
16.425 5.3922 .338.
16.577 ' 5.3433 3123/,
17.799 4.9789 4460.
18.528 ‘ 4.7847 1511.
19.826 . 4.4742 1987.
20.870 4,2527 2131.
21.317 4.1646 1327.
24,945 3.5665 2943.
25.218 3.5285 2129.
26.669 3.3897 19265.
27.450 3.2464 7742.

28.742 3.1034 588.
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Table C.17. Crystalline Data of Fly Ash Stabilized
Construction Samples Cured for Twenty-Two Months

206 d-Spacing Integrated
Degrees Angstroms Intensity
6.184 14.2804 776.
8.858 9.9747 1150.
12.425 7.1180 1064.
14.256 6.2076 1877.
17.840 . - 4.9679 801.
19.895 4.4589 1086.
20.876 4.2517 914 .
215396 4.1495 359.
24.165 3.6799 420.
25.099 3.5451 955.
26.668 3. 381819 4545.
27.945 3= 19101 475.

29.394 3.0361 367.
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Table C.18. Crystalline Data of Conjunctively Stabilized
Construction Samples Cured for Twenty-Two Months

26 d-Spacing Integrated
Degrees Angstroms Intensity
8.098 10.9089 257.
8.868 9.9629 8170,
12.408 7.1273 1199.
17.814 4.9747 1601.
19.859 4.4669 1782.
20.904 4.2459 1167.
21.361 4.1561 438,
23.095 3.8478 486.
24.957 3.5648 : 937.
25.384 3.5057 1060.
26.682 3.3381 10351.

27.886 3.1967 639.
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TRAFFIC STATISTICS
The following average daily traffic volumes have been

collected to date for the Ponca City project:

Dates, Daily Volumel Weekday Volume2
November 1984 (7 days) 2,189 2,138
January 1985 (7 days) 3,164 3,368
Feb/Mar 1985 (14 days) 2,647 2,728
April 1985 (7 days) —— e

Average of all days in the study
Average of Monday through Friday only

No volume trends are evident in this data. There may be over-
counting in the January 1985 data set as the detector recorded
implausibly high readings for.certain hours. These were deleted
but the overall counts are still higher than on the other count
days. The April 1985 counting was unsuccessful because of a

counter malfunction (extremely low counts).

The following vehicle classification counts by vehicle type
and lane hawve been collected to date:

MAY 30-31 1985

TRAFFIC COUNTS
Vehicle Type Inside Lane Outside Lane Total

Semi- and full trailer

combinations 11 118 129 ( 3.2%)
All other vehicles 593 3,327 3,920 (96.8%)
Totals 604 3,445 4,049

(14.9%) (85.1%) (100.0%)




JAN 9-10 1985 (24 hrs.)

TRAFFIC COUNTS

Vehicle Type Inside Lane Outside Lane Total
Semi- and full trailer -
combinations 10 S1 61 ( 2.8%)
All other vehicles 274 1,856 2,130 (97.2%)
Totals 284 | 1,907 2,191

(13.0%) (87.0%) (100.0%)

Beavy trucks (semi- and full trailer combinations) comprise about
three percent of the total traffic volume. About 85 percent of
the traffic uses the outside lane. The May 30-31, 1985,
classification count seems to be high relative to the earlier
count and the weekly counts, but the statistics are reasonable

and consistent.
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.%._ . 700" :
' 25"@.
location of readings at 50' intervals—= il |

‘.. -
~ Section 1 Section 2 Section 3 Section 4 - Section 5 -r
*
147 Cement 4,.5% Quicklime 25% Fly Ash BZC + 37QL + 187%ZFA Control
Sta. 269+00 274400 281400 288400 295400 299400

C = Cement
QL = Quicklime
FA = Fly Ash

Figure E.1l: Location of Benkelman beam readings

Lze



228

Table E.1l. Performance Survey of the Test Section.
Date 6-18-85 (provided by ODOT)

Supporting
*Mileage Rut Depg& Beam Deflection Ability
Test Section ft in x 10 (in) (1b)
*%
Control 725.00 0 0.015 a
775.00 1 0.020 16427.
825.00 0 0.021 15504.
875.00 1 0.014 a
925.00 0 0.009 a
975.00 0 0.016 a
1025.00 1 0.021 15504.
Conjunctively 1075.00 1 0.002 a
Stab. 1125.00 1 0.003 a
1175.00 1 0.001 a
1225.00 0 0.001 a
1275.00 0 0.001 a
1325.00 0 0.001 a
1375.00 1 0.001 a
1425.00 0 0.003 a
1475.00 2 0.003 a
1525.00 1 0.001 a
1575.00 1 0.002 a
1625.00 1 0.001 a
1675.00 1 0.001 a
1725.00 0 0.002 a
1775.00 0 0.001 a
Fly Ash 1825.00 0 0.009 a
Stab. 1875.00 1 0.015 a
1925.00 1 0.014 a
1975.00 0 0.010 a
2025.00 0 0.017 19915.
2075.00 0 0.015 a
2125.00 1 0.009 a
2175.00 1 0.008 a
2225.00 1 0.003 a
2275.00 2 0.008 a
2325.00 1 0.010 a
2375.00 1 0.008 a
2425.00 1 0.011 a
2475.00 1 0.009 a

(continued)
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Table E.1. Performance Survey of the Test Section.
Date 6-18-85 (provided by ODOT)

S Supparting
Mileage Rut DeptE Beam Deflection Ability
Test Section ft in x 10 (in) (1b)
Lime Stab. 2525.00 1 0.006 a
2575.00 0 0.004 a
2625.00 0 0.009 a
2675.00 0 0.006 a
2725.00 1 0.008 a
2775.00 1 0.006 a
2825.00 0 0.008 a
2875.00 1 0.009 a
2925.00 2 0.012 a
2975.00 1 0.009 a
3025.00 1 0.012 a
Cement Stab. 3225.00 2 0.005 a
3275.00 2 0.010 a
3325.00 2 0.012 a
3375.00 2 0.009 a
3425.00 2 0.007 a
3475.00 2 0.009 a
3525.00 2 0.008 a
3575.00 2 0.005 a
3625.00 2 0.001 a

Arbitrary Odometer Readings with first readlng 25 ft
from the end of the Control Section.

%* %

a In excess of 20,000 1lb.
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