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Abstract

Soil cement is a mixture of soil, portland cement, and whggrnis compacted and cured to
form a strong, durable pavement bagariancesamong construction practices and core strength
data have led to questions concerning proper quality control practices and strength testing protocol
for soil cemenbase The major objective of this research is to develop means to reliably assess
the stregth of soil cement base.

In order to develop a method to reliably assess soil cemé&tipeatory testing program
and a field testing programeredeveloped to evaluate the suitability of using the dynamic cone
penetrometer based upon ASTM D6951 (2018) and the plastic mold ntethcepare cylinders
for compressive strength testinig the laboratorymolded cylinder strength and the dynamic cone
penetrometer resultgere well correlatedetween 100 t830 psi Theeffectiveness of theynamic
cone penetrometewvas evaluated during an ongoing Alabama Department of Transportation
(ALDOQOT) soil cement projeciThe results from this research are aimegraviding guidance to
the ALDOT when specifying strength assessment parameters of soil cement base.

Based on the results of this research, the plastic mold method should lie pezdlice
molded cylinders osite for compressive strength testing foalify assurancef the soil cement
mixture. If the plastic mold compressive strength is less than or greater than the ALDOT
requirement fosoil cement baséhenthe dynamic cone penetrometer should be used to determine

the inplace strength of soil cemielnase.
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Chapter 1

Introduction

1.1Background
Soil cement is a mixture of native soils with a measured amount of pocisnent and
water that hardens after compaction and curingptm a strong, durable, fregtsistant paving
materal (Halsted et al. 2006). Saikment can be mixed in place using on site materials or mixed
in a central plant using selected materials ¢k¢al et al. 2006)t is used throughout the industry
as a pavement base for highways, roads, streets, parking areas, airports, industrial facilities, and
materials handling and storage areas (Halsedal. 2006). The Alabama Department of
Transportation(ALDOT) uses soil cement as a base where crushed stone is unavailable or
transportation to site is too costly
Advantages of using sedement bases include (Halsted et al 2006):
A Provides a stronger, stiffer base that r
onset of surfaces distress such as fatigue cracking and extended pavement life,
A Thickness of the base are | esgthesamen t hos
traffic load because the loads are distributed over a large area,
A A wi de ssitusdilsecanybe wséd, dliminating the need to haul in expensive
select granular aggregates,
A  The construction oper atdisrapion pfrthe gravelisgs e s g
public,
A L Rutting is reduced due to the resistance

stabilized base,



A For ms -sesistaot ibase that lkeeps water out and maintains higher levels of

strength, even when saturatéitlis reducing the potential for pumping of subgrade soils,

A Provi des -lasting baseantal tgpes of cimatgs, designed to resist damaged

caused by cycles of wetting and drying and frezev conditions, and

A Continues witbageggai n strength

While there are many advantages to using soil cement, there are some reasons why it may
not be usedkesearch has shown that a soil cement base requires an upper and lower lioeind on
required strengttso thata quality product can be obtainefitrengths that are too low are
undesirable because the base will not provide adequate support for traffic, resulting in rutting and
large deflections (George 2002). Strengths that are too high are undesirable since excessive cement
content may lead to wedshrinkage cracks (George 2002). These wide cracks can cause reflective
cracking in the hot mix asphalt surface (George 2002).

Due to strength restrictions placed on soil cem&bDOT 304 (2014) requires sevelay
compressive strengths of cores toldmween 250 and 600 psi to receive full payment for the
construction of the roadbed. If the compressive strength is less than 250 psi, a price reduction will
be imposed following Equation 1.1 (ALDOT 304 2014). If the compressive strength of the core is
greater than 600 psi, a price reduction will be imposed following Equation 1.2 (ALDOT 304 2014).
For compressive strengths less than 200 psi or greater than 650 psi,-teensoit layer shall be
removed and replaced by the contractor without addition cosafien (ALDOT 304 2014). A

summary of these ALDOT requirements is presented in Table 1.1.

01 "NXDQ6 0o ag b 'QR i Qe umi 0Q (Equation 11)

01 "XINQO QGo&ER ™ P Oli Qovuipi ' (Equation 12)



Where:
Price Reductiorr reduction in pay (%)and
fc = 7-daycompressive strengtf cores(psi).

Table: 1.1: ALDOT (2014) compressive strength specifications

Average *day Strength (k) Action
fc <200 psi Remove and Replace
200 psi< fc <250 psi Price Reduction
250 psi< fc <600 psi No Price Reduction
600 psi <fc < 650 psi Price Reduction
fc > 650 psi Remove and Replace

Certain onstruction practices andigh variability of core strength data have led to
guestions concerning the proper quality control practices and testing prétoo@T 304 (2014)
states the current practice for the state that consisgs@fering coresn the sixth dagndthesting
thenon the seventto determinehe compressive strengtiResults from past ALDOT projects
have shown high variability in core strength values and has led to an increase in concern of the in
place strength and the use ofedas a pay itemFigure 1.1 shows-day core strerths from
ALDOT project STPAA0052 (504) in Houston and Geneva Counties in Alabama. Cores taken
just a few feet apart show strengths that differ by over 200 percent. Strength limits are shown on

the graph showing the pay scale that ALDOT uses.
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Figure 1.1: Compressive strengths of cores from ALDOT project STRAA2 (504)
(McLaughlin 2017)

Due to the high variability of core strengihgpast ALDOT projectsother techniques have
been researched and developed to create a reliable method sthss&sength of soil cement.
The latest methodvaluatedon an Alabama soil cement project was the deeelopedby
Nemiroff (2016) and McLaughlin (2017). Nemiroff (201é¢termined a relationship between
using molded cylinders made in accordance withriSD1632 (2017),Standard Practice for
Making and Curing Soil Cement Compressive and Flexure Test Specimens in the Lapanatory
the dynamic cone penetrometer results of penetration depth over the amount of blows used using
ASTM D6951, Standard Test Metd for Use of the Dynamic Cone Penetrometer in Shallow
Pavement ApplicationdMolded cylinder methodused by Nemiroff (2016yvill be referred to
hereinas the steeinold method McLaughlin (2017) modified the plastioold method introduced

by Sullivan et & (2014)with the dynamic cone penetrometer in the field to determine how well



the relationship Nemiroff (2016) determined worked in the figlten compare to strengths
determined byore testing.

The dynamic cone penetrometer has bewluatedoy McElvaney and Djatnika (1991),
Enayatpour et al. (2006), Patel and Patel (2012), and Nemiroff (2016), to name a few, in order to
determine compressive strength of soil ceméwatwever, few have evaluated it at the high
strengths that ALDOT uses for soil cemefhe dynamic cone penetrometer has also been
correlated to other engineering properties such as soil classification (Huntley 1990) and California
Bearing Ratio. As mentioned before, McLaughlin (204&npled material egite andused the
steetmold and phsticmold cylinder method® prepare molded cylinders that were then tested in
compression andompared to the dynamic cone penetromatef core strengtresultsat seven
days.
1.2Research Obijectives

The main objective of this research wadudher investigate and finalize the method to
assess soil cement base that was developed by McLaughlin (2017). To do this, the following
objectives were set:

1 Evaluate the suitability of usinglasticmold cylindrical samples based &ullivan et al.

(2014) and McLaughlin (2017 assess the strength of soil cement

1 Establish theorrelation between thedayunconfinedcompressive strengdnddynamic
cone penetrometer resultsi@0to 800 psi soil cement
1 Evaluate different gradations of soils to assess if there is a difference behfifesmt

AASHTO classifiedsoils in the strength of soil cement,



1 Continue the ealuaion of McLaughlin (2017) to determinde iitability of using the
plasticmold method in the field abequality assurance test methimdassess the strength
of soil cement
1 Continue the ealuaton of McLaughlin (2017) to determine suitability of using the
dynamic cone penetrometer in the field to assesmtpkace strength of soil cement
1 Recommend a testing protodhhtthe Alabama Department of Transportation (ALDOT)
should implement to assess the strength of soil cetneaplace coring.
1.3Research Approach

At the beginning of tis research project, there was no soil cement bas® constructed
in Alabama Further research in the laboratory was done by collecting diffepédstvith different
AASHTO classificationsand experimenting with different cement contefiise PM Method
developed by Sullivan et a[2014) with modifications used byicLaughlin (2017) was used to
create molded soil cement cylinders. DCP specimens were created using the method from
Nemiroff (2016) and tested using ASTRBE957 (2009).Data collected to depths @5, 50, 75,
100, and 175 millimeterwasanalyzedand the best fit correlatiosstablished between the DCP
results and cylinder compressive strength

Next, field work was started oan ALDOT soil cement base projebiat startecon U.S.
Highway 84 bypasEast ofElba, AlabamaOne methoevaluatedvas the PM Method developed
by Sullivan et al. (2014) witkamemodificationsproposed by McLaughlin (201L7The second
method used wathe DCPas per ASTMD6957 (2009) with the DCP to strength correlatam
establish by thearlier laboratory work. Botthesemethods were conducted in the field on U.S.
Highway 84 andheseresults wereompared to the sevatay core results obtained from ALDOT

for each sectio.



After theseresults were availablehe suitability of the DCP for determining theplace
strength of soil cement base was evaluated. DCP tests were conducted over the whioleheight
deeplayer at certain locations with the number of DCP testdatadion being evaluated as well
as the most effectiviestingdepthevaluated

Based on the findings of this research, an updated strength testing nvathddveloped
for ALDOT using the PM methotb produce molded cylinder esite for compressive strgth
testing for quality assurancé the plastiemold cylinder compressive strength is less than or
greater than the ALDOTequirement foon soil cement baseutlined previously, then the DCP
shallbe used to determine thephacestrength of soil cemeiase.
1.4 Thesis Outline

Chapter 2 of thighesispresents an overview of previous research and literature that
pertains to all aspects of this research project. This begins with the discussion of the materials that
are used to produce soil cement. Next,ithportance of engineering properties such as density,
compressive strength, cracking, and durability are presented and discussed. Then, an overview of
soil cement base constructi@presented with mixing, compaction, curing, and quality control
methodsbeing discussed. The last sectmoversthe different ways to evaluate strength of soil
cement that are used in different states and those that were used during this research such as coring,
molded cylinders, and the dynamic cone penetrometer.

Chapter Jpresents thexperimental plan for both the laboratory and figédting phases
The laboratorytesting phases presented firstvhere it evaluates the laboratory mixtueesd
introduces the soil classification studietailed descriptions of the equipnbesnd testing
procedures are then outlined and discussed. Thetéstohg phasés then presented beginning

with where the location of the field project. The purpose of doing thedieddas then discussed.



A detailed description of the testing prouees that wereised for this phase atleen presented.
The last sectiorf this chapterdescribes how the testing was performed through the different
apparatuses and methods.

The results from the laboratoigsting phasare presented in Chapter 4. Resaftthe soil
classification are discussed. Then a correlation between the dynamic cone penetrometer results
and plastiemold cylinder strength is presented along with how it compares to previous correlations
determined by other researchers.

The results frm the fieldtesting phasare presented in Chapter 5. Resulitamed from
the dynamic cone penetrometer analysis are discussed. Then, results of thermakticethod,
dynamic cone penetrometer, cores, anglate densities are presented. The ladi@epresents
acomparison ofhe results obtained froail the test methodsy evaluating the vaability andthe
results by each testirigcation.

A summary of all the research performed is presented in Chépsdir conclusions and
recommendations detained from this research are presented in Ch&dsrwell.

Chapter6 is followed by Appendices A througb. Appendix A contains Proctor density
curves and gradations for all mixtures used in making soil cement in the labofatpendix B
contains the results from the initial curing method stégbpendixC contains the results from the
soil classificatiorstudy ofthe three different soils. Appendideshrough Hcontain all of the DCP
penetration results from the laboratory esiments with the penetration is plotted aigst the blow
count. Appendix tontainsasummary of all strengths determined at each of the locations tested
in the fieldtesting phaseAppendices] throughN contain all of the DCP petration results
colleded ateach of the locations in the fieldsting phaseFinally, Appendix Osummarizes the

location and subsection layout used over the entirety of thetdiglithg phase



Chapter 2

Literature Review

2.1 Introduction
First in this chapter, &terature review of the materials used to prodsai cement base
is presented. Next, soil cement propertieshsas densitiescompressive strengthand its
durability are discussedAn overview of the process and quality control of soil cement base
construction ardghen explained. Lasyl, the evaluation of strength @bil cement base using
different test methods such as dynamic cone penetrometer, steel molded cylinderanpldstic
method, and coring are discussadng with howdifferentDepartments of Transportatienaluate
soil cement projects
2.2 Materials
2.2.1 Saoll
Soil is defined as the relatively loose agglomerate of minerals, organic materials and
sediments found above thedrock (Holtz and Kovacs 1981). ACI 230 (2088teghat almost
all soil types can be used in the construction of soil cement except for organic soils, highly plastic
clays, and poorly reacting sandy soils. However, granular soils are preferred b#twause
pulverize and mix easier than fine grained soils. According to ACI 230 (2009), the most commonly
used soils are silty sand, processed crushed or uncrushed sand and gravel, and crushed stone.
Poorly reacting sandy soils are not used in soil cememiusecthe cement can react and
have an adverse effect on the final soil cement product. A study conducted by Robbins and Mueller
(1960) found that a sandy soil with an organic content greater than 2 percent or having a pH lower

than 5.3 will probably not ext normally with cement. Robbins and Mueller (1960) also showed



that acidic organic material often had adverse effects of strength development in soil cement
mixtures.
2.2.1.1 Particle Size

AASHTO terminology was used to clarify the boundary betweerseoand finegrained
soils for this research. Coargeained soils are soils with more than 35 percent retained on or
above the No. 200 sieve and figeined soils are soils with 35 percent or more passing the No.
200 sieve KcCarthy2007).

The most predrred choice of grain size for use in soil cement are capeseed soils
because of their ability to pulvegzand mix more easily (PCA 199ACI 230 2009). All types
and sizes of soil can be hardened with portland cement because its stability istfoough the
hydration of the cement and not by the cohesion and internal structure of the material (PCA 1995).
ACI 230 (2009) recommends well graded sandy and gravelly materials with about 10 to 35 percent
of nonplastic fines as they have the most favtgatharacteristics and generally require the least
amount of cement. Silty and clayey soils with high clay contents are harder to pulverize and need
higher cement content to harden it adequately so these soils are not very economic (ACI 230 2009).

Halsted et al. (2006tatesthat an increase in the quantity of coarse material will reduce
the cement requirement because the finer particles requiring cement to bind them together are
replaced by coarser particles. Figure 2.1 shows a band of gradaésrihat would use the least
amount of cemerthat would produce a quality base that meets density and strength requirements
Gradations outside of this range will require more cement due to the material being too fine or too

coarse as the particles wourldt interlock with one another on their own to a sufficient strength.
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Figure 2.1: Aggregate gradation band for minimueneat requirements (Halsted et al. 2006)

2.2.2 Portland Cement

The cement that is typically used for soil cement constructiofiygre | or Type Il portland
cement that meet the requirements of ASTIb0 (2016).Cement contents may range from as
low as 2 percent to as high as 16 percent by dry weight of the soil (ACI 230 2009)2Table
adapted from ACI 230 (2009), shows a varetAASHTO soils and ASTM classified soils with
their typical range of cement requirddis table shows estimated cement contents that would be
required for each of the different soil types. Tableshduldnot be taken as a requirement as the
values could be lower or higher as the required amount of cement gapeadingupon the

desired properties and the soil type (ACI 230 2009).
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Table 2.1: Typical cement requirements for various soil types (ACI 2309)

Typical . Typical Cement for
AASHTO . Cement Typlpal Cemen_t for durability tests
: ASTM Sall N moisturedensity
Soill e o Range, (ASTM D559and
L Classification test ASTM D558),
Classification percent by : D560, percent by
. percent by weight :
weight weight
GW, GP,GM,
A-l-a SW, SP.SM 3to5 5 3-5-7
arh | CWEESMT 5408 6 468
GM, GC, SM, 7

A-2 SC 5t09 7 5-7-9

A-3 SP 7t011 9 7-9-11

A-4 CL, ML 7t012 10 8-10-12

A-5 ML, MH, CH 81013 10 8-10-12

A-6 CL, CH 9to 15 12 10-12-14

A-7 MH, CH 10to 16 13 11-13-15
*Does not include organic or poorly reacting soils. Also, additional cement may be requ
for severe exposure conditions such as slope protection

Other cementitious materials have also been proven to work in soil cappitations.
Slag cement should meet the requiremehtaSTM C989, and the allowed Grades 80, 100, and
120 specified (ACI 230 2009). If slag cement is blended with portland cement then the
combinations should meet the requirements of ASTM C595 or CRIGI7230 2009). Class F fly
ashes have been the predominant fly ash used in soil cement as a filler or as a cementitious
component (ACI 230 2009). Fly ash should conform to ASTM C618 (ACI 230 2009). Lime has
also been used for highly plastic clay soilsaduce plasticity and make the soil more friable and
susceptible to pulverization before mixing with cement (ACI 230 2009)
2.2.3 Water

Water is necessary in soil cement to help obtain maximum compactidordmdiration
of the portland cement (ACI 230 @9). Moisture contents of soil cement are usually in the range

of 5 to 13 percent by weight of owelny soil cement (ACI 230 2009). ACI 230 (2009) states that
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potable water or other relatively clean water that are free from harmful amounts of alkadis, acid
or organic matter may be used. ACI 230 (2009) atmesthat seawater has been used
satisfactorily as the chlorides in the seawater may increase early age stréygitely, water
from the city is acceptable and used in soil cement applications without being tested (ALDOT
2012).Table2.2is a table adapted from ALDOT (2012) Section 807 tbquiresthat water used
shall be fresh, free from oil, and shall contain impuritesxcess of the limits given.

Table 2.2: Maximum limit for impurities in water used for soil cement applications (adapted

from ALDOT 2012)

Item Limit
Acidity or alkalinity in terms of calcium carbonag] 500 mg/L AASHTO T26
Total organic solids 500mg/L AASHTO T26
Total inorganic solids 500 mg/L AASHTO T26
Chloride ion concentration 250 mg/L AASHTO T26
Sulfate ion concentration 250 mg/L AASHTO T26
pH 6.0 to 8.0 ASTMD1293

2.3 Soil Cement Properties
2.3.1 Densityand Moisture Content

AASHTO T134 (2013) and ASTMD558 (2AL9) outline the Proctor test that is used to
determine the optimum moisture content and the maximum dry density. Eigsrews a typical
moisturedensity curvadeveloped from a Proctor te®tCl 230 (2009)states thathe density of

soil should be defineth terms of dry density.
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Figure 2.2: Maximum dry density and optimum moisture content (Halsted et al. 2006)

Adding cement to a soil usually alters the optimum moisture content and maximum dry
density however, it is difficult to determine whether thgmeperties will increase or decrease
(ACI 230 2009). The flocculating action of cement tends to increase the optimum moisture content
and decreasthe maximum dry density (ACI 230 200%iowever, the high specific gravity of
cement compared to the soiémtl to produce a higher density (ACI 230 2009).

Given a cement content, the higher the density of the specimen, the higher the compressive
strength of the cohesionless soil cement mixture (Shen and Mitchell 1966). West (1959) showed
that letting a soil cement mixture sit for more than 2 hours befor@action would result in a
significant decrease in both density and compressive strength. Felt (1955) alscsifouad
findings to West (1959however, the effect could be minimized if the mixture was mixed several
times over the delay between initiabamg and the compactidahthe moisture content at the time
of compaction was at or slightly above optimum moisture.

Figure2.3 shows the relationship between dry density and moisture content when cement
is added into soil at different percentages. Therégrom Yoon and Abidrarsakh (2008) shows

that the dry density increases with an increase in the cement content while the optimum moisture
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content remains fairly similar to other cemeauntents but the optimum moisture content

decreases slighthwhen the testis performed only on sail
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Figure 2.3: Relationship between dry density and moisture content when cement is added

(adapted fromYoon and AbuFarsakh 2008)

At optimum moisture content, water serves as a lubricaygnt among soil particles to

reduce the friction resistance between them, thus improving the compaction quality to achieve the

maximum dry density (Jin et al. 2017). Jin et al. (2017) determined that water reducers could be

used in cementr¢ated soils. These waterducing admixtureswhile decreasing the optimum

moisture content, would increase the maximum dry density and the unconfined compressive

strength, reduce weight loss in wirly cycles and reduce the permeability (Jin et al. 2017). Figure

24 from Jinet al. (2017) shows how addimgment andvater reducey would affect the moist
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Figure 2.4: Effect of a watereducingadmixtureon moistdensity curve (Jin et al. 2017)

2.3.2 Compressive Strength

The unconfined compressive strength,is the most widely referenced property of soil
cement (ACI 230 2009). The unconfined compressive strength for soil cement mixtures is
measured using ASTND1633 (2007).This strength indicates the degree of reaction of the soil
cememwater mixture and #nrate of hardening (ACI 230 2009). Compressive strengtlalsan
be usedhs a criterion to determine how much cement needs to be added to tine (AL 230
2009).ACI 230 (2009) has examples ofday and 2&lay unconfined compressive strengths for

soaled soil cement specimens of different soil types and are shown inZablée soils listed
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in Table2.3 represent a majority of soils used in the United States for soil cement construction
(ACI 230 2009).

Table 23: Ranges of unconfined compressive syt of soil cementACI 230 2009)

Soaked compressive
5trvz~11|gth.:t psi
Soil type T-day 28-day

Sandy and gravelly soils:
AASHTO Groups A-1. A-2, A-3
Unified Groups GW. GC, GP, GM, SW. 5C,
5P, SM

Silty soils:
AASHTO Groups A-4 and A-5 250 to 500 | 300 to 900
Unified Groups ML and CL

Clayey soils:
AASHTO Groups A-6 and A-7 200 to 400 | 250 to 600
Unified Groups MH and CH

300 to 600|400 to 1000

ltSpua-uc1'.|:|.1E-1.15 moist-cured 7 or 28 days, then seaked in water before strength testing.
Note: 1 psi=0.0069 MPa.

Figure2.5from the Federal Highway Administration (FHWA) (1979) shows that with fine
grained soils, the unconfined compressive strength is lasghiat of coarsgrained soils, which
is also shown iffable 23. Figure 25 also shows the effect that curing times leathe strength of
a soil cerent mixture. A coarsgrained soil shows a greater increase in strength over a longer
curing time but both finggrained and coarsgrained soils follow the trend of having a gain in

strength.
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Figure 25: Effects of curingitne anddifferent soils on unconfined compressive strength
(FHWA 1979)
Generally, strength increases with the increase in dry density (Yoon an&ahksakh
2008). The highest strength does not occur at the highest dry density due to the factor that the
waterto-cement ratio is one of threajorcontrolling factors that affects strength (Yoon and Abu
Farsakh 2008¥-igure 26 shows the relationship between dgnsity and unconfined compressive
strength. Figure Z.showsthe relationship between the watercement ratio by weight and the

unconfined compressive strength.
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2.3.3Shrinkage and Reflective Cracking

Shrinkage cracks may develop in the soil cement base over time and result in reflective
cracking in the upper asphalt surface lageon after construction of a soil cement base, shrinkage
will develop over timgKuhlman1994) The shrinkage and subsequent cracking are dependent
upon the cement content, soil type, water content, degree of compaction, and allowed curing time
(ACI 230 2009) Each soil type used in a soil cement mixture produces a different crack pattern
(ACI 230 2009). Soil cement made with clay tends to have higher total shrinkage, but crack widths
are smaller and individual cracks are more closely spaced, about 2 to 10 feet apart (ACI 230 2009).
ACI 230 (2009) states that soil cement made with more gnasaila produce less shrinkage, but
larger cracks spaced at greater intervals, about 10 to 20 feet apart. Zgysinews shrinkage

cracks in the soil cement along US Highway 84 gxbjn Elba, Alabama

Figure 2.8: Shrinkage cracks in soil cement (McLaughlin 2017)
Kuhlman (1994) stated thatacking in the soil cement base can cause reflective cracks in

the bituminous riding surface that may be about 0.03 to 0.05 inches in Kidittman (1994) also
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stated that théeast cracking will occur in those soil cements having the lowest moisture content
at the time of compaction while compacted to a high density. Therefore, clays and silts have the
highest moisture requirement to achieve maximum density and will havestitesj tendency for
dry shrinkage as compared to more granular soils. George (2002) found that soil cement cracking
is highly correlated to the following:

1. Volume change resulting from drying, temperature change, or both,

2. Tensile strength of the stabilizeahterial,

3. Stiffness and creep of stabilized materials, and

4. Subgrade restraint.

These soil cement base cracks sometimes become reflective cracks in the asphalt
pavements. Alligator cracking in the wheel paths would be an indication of inadequate design and
structural failure rather than just a fewpansive oshrinkage crackspread throughouw typical
two-lane roadway (Kuhlman 1994). Kuhlman (1994) and George (2002) indicate that good
construction and quality control procedures such as proper moistémsgtyd mixing, and curing,
are essential to minimize cracking. Desirable cracking occurs when cracks are closely spaced and
narrow so that load transfer continues across the crack and that little water can seep into the
opening (ACI 230 2009). ACI 230 (20) states that large cracks will cause raveling, loss of
subgrade material, pavement faulting, surface detgion, and poor ride quality

Expansive forces can also cause cracking-tetind freez¢haw cycles cause expansion
and shrinking throughouhe soil cement base. As the soil cement base freezes or gains water, the
soil cement base will expand. When the thawing or drying of the soil cement base happens, the
soil cement will then begin to shrink and lead to shrinkage cracks. These cracksdcém lea

reflective cracking in the asphalt pavements above the soil cement base.
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Methods of controlling cracking to achieve the desirable cracking include proportioning to
minimize shrinkagefollowing quality construction procedures, and controlling the cracking
through the bituminous surface (ACI 230 2009). Allowing the soil cement to dry too quickly will
ensure that shrinkage occurs early where tensile stresses will lead to more cracking (Kuhlman
199). ACI 230 (2009) has more specific techniques that would help to prevent the shrinkage such
as compacting at a slightly less than optimum moisture content, limiting the fines content, using
interlayers, using a thicker base slab with reduced cemenntoatel quick placement of asphalt
pavement on the soil cement base. Another technique would be to delay surfacing and prolong the
curing for 14 to 28 days to allow initial cracks to form which will allow for the asphalt to bridge
the cracks and reduce theeflectivity and size (ACI 230 2009).

Scullion (2002) recommends a microcracking process where a vibratory roller passes over
the soil cement base 24 to 72 hours after being laid in order to create microcracks in the base. This
substantially reduced tleamount of surface cracking in the asphalt layer as well as thevidaise
also maintaining very high stiffness (Scullion 2002).

2.3.4 Durability

For a hardened soil cement mixture to hawatsfactoryservice life, adequate strength
and durability ee essentialASTM D559(2015) Standard Test Methods for Wetting and Drying
Compacted SoilCement Mixturesand ASTM D56(0(2016) Standard Test Methods for Freezing
and Thawing Compacted S@lkement Mixturesare standard test methathait are conducteat
determine the amount of cement needed to hold the mass together permanently and to maintain
stability under the shrinkage and expansive forcesdinaglopafter placement (ACI 230 2009).

The Portland Cement Association (PGAY71)criteria for wetdry and freezeéhaw durability are

shown in Table.4. Cement contents sufficient to prevent weight losses greater than the values

22



indicated after 12 cycles of wetting, dryinpawing, and freezingare considered adequate to
produce a durable soil cement.

Table 24: PCA criteria for wetdry and freeze¢hawsoil cementurability tests (PCA 1971)

: - : Maximum Allowable
AASHTO Soil Group Unified Soil Group Weight Loss, %

A-l-a GW, GP, GM, SW, SP, SM 14
A-1-b GM, GP, SM, SP 14
A-2 GM, GC, SM, SC 14*
A-3 SP 14
A-4 CL, ML 10
A-5 ML, MH, CH 10
A-6 CL, CH 7

A-7 OH, MH, CH 7

*Ten percent is maximum allowable weight loss fe& and A2-7 soils.

Additional criteria:

1. Maximum volume changes durirdurability test should be less than 2% of initial volume.

2. Maximum water content during test should be less than quantity required to saturate sample
of molding.

3. Compressive strength should increase with age of specimen.

4. Cement content determinedadequate for pavement, using the aforementioned PCA criteria,
be adequate for soil cement slope protection that is 5 ft (1.5 m) or more below the minimum
elevation. For soil cement that is higher than that elevation, cement content shouleasecid
two percentage points.

Some agencies use the results of the standard test methods, ASTM D559 (2015) and ASTM
D560 (2016), to determine a compressive strength to determine the minimum cement content.
Figure2.9 shows the relationship between the compressive strength at 7 dajgalitity of soil
cement based on PCA durability criteria. The curves show that a compressive strength of 800 psi
would be adequate for all soils, but this strervgtuld be too conservative and too costly for most
soil cement designs (ACI 230 2009). Wireespecific gradation or soil type is used, some agencies
have determined a compressive strength requirement for that particular type of material and is

generally based off of the wdty and freez¢haw testing methods.
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2.4 Overview of Soil Cement Base Construction
2.4.1 Soil Cement Base Construction
The objective when constructing soil cement is to obtain a thoroughly mixed, adequately

compacted, and cured matemath sufficient strengti{ACI 230 2009). ACI 230 (2009) states that
soil cement should not be mixed or placed when the soil or subgrdaezes or when the
temperature is below 45 degrees Fahren@tnmonpractice is to construct soil cement when
the air temperature is at least 40 degrees Fahreanekiising (ACI 230 2009). Soil cement shall
be protected from freezing for at least ¥sl# freezing temperatures aggpected to be reached
(ACI 230 2009). If there is heavy rainfall during construction, it can be detrimental, especially if

the optimum moisture had already been added to thieiraior if the cement is still being spread
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(ACI 230 2009). Rain will not normally harm the soil cement mixture if it has been compacted
(ACI 230 2009). The methods of neidin-place, central mixing plant, compaction, and curing
will be discussedh the remainder ahis section.
2.4.1.1 MixedIn-Place Method

Almost all types of soil, from granular to firggained, can be pulverized and mixed to
produce soil cement in the field (ACI 230 2009). These soilscoasist ofmaterial already in
place orobtainedfrom a borrow pit. Mixing operationsan beperformed with transverse single
shafttype mixers (ACI 230 2009). Figugel0shows a transverse singgbaft mixer that was used

on a soil cement project on US Highway 84 near New Brockton, AL.

Figure 2.10: Transverse singishaft mixer

During construction, ame soils may require multiple passes a# thixer to achieve
adequate pulverization and uniformity (ACI 230 2008%. the gradation of the material may
change, raterial taken from a borrow pit shoulé monitored for purposes of quality control for
cement requirements, optimum moisture content, and density (ACI 230 2009).

The Mixed-In-Place method begins with preparation of the soil. All soft or wet subgrade
areas are located and correct@ll deletefous materials such as stumps, roots, organic soils, and

aggregates greater than 3 inckasuldbe removed (ACI 230 2009). The sw@lthen shaped to
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approximate final lines and grades before mixing usismgleshaft mixer (ACI 230 2009). For
coarsegrained soils, mixing at less than optimum moisture content minimizes the chances for
cement balls to forpwhile for fine-grained soils, keeping the moisture content near optimum may
be necessary for effective for pulverization (ACI 230 2009).

After the soil is prepared, the cement is generally distributed over the soil in bulk using a
mechanical spreader in a slurry formby using adistributor truck equipped with an agitation
system(Halsted203). The use of a mechanical spreatiespreadcement on a project on US
Highway 84 near New Brockton, AL is showrRigure 211. If there is a concern of major dusting
of the cement into the air, cement can be applied as a slurry (ACI 230 2009). Dusting of the cement

can be seen in Figu&12 wherea slurry was not used.

Figure 2.11: Cement being spread by mechanical spreader
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Figure 2.12: Cement dusting into the air

The primary objective of the cemespireading operation is to achieve uniform distribution
of the cement in the proper proportiatoss the width of the roadway (ACI 230 2009). To obtain
a uniform spread, the mechanical spreader should be operated at a uniform speed with a constant
level of cement in the hopper (ACI 230 2009). Cement is moved pneumatically from the truck
through anair-separator cyclonevhich removeghe air pressurdeforethe cemenfallsinto the
hopper of the spreader (ACI 230 2009). For slurry applications, a 50/50 by weight of water and
cement is mixed in a slurry pump thorougtiat is then pumped into a liquid tanker truck (ACI
230 2009). This truck is equipped with internal agitatidevices or recirculation pumps to keep
the cement in suspension (ACI 230 2009). The amount of cement required is specified as a
percentage by weight of owelry soil or in pounds of cement per cubic foot of compacted soll
(ACI 230 2009).

Once all the ament has beeavenlyplacedon the soil, a singlshaft mixer like the one
shown in Figur@.10is used to mix the cement in with the soil. Agriculttsgde equipment is not

recommended due to the relatively poor mixing uniformity (ACI 230 2009). Sdlidwgher fines
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content and plasticity tend to create more difficulties when pulverizing and m@imge the

cement has been mixed into the soil, a water tisicisedto apply the specified amount of water

onto the surface of the mixture to obtain theikl moisture content. A water truck spraying water

onto the surface can be seerFigure 213. The single shaft mixer then passes over all of the
material again to mix the water into the soil ceménplace mixing efficiencyas measured by

the strenth of the soil cement, is usually less than that found in the laboratory and can be
compensated by adding one or two percentage points to the cement content that was determined

in the laboratory testing (ACI 230 2009).

Figure 2.13: Water truck applying water to soil cement

2.4.1.2 CentraiPlant-Mix ed Method

Central mixing plants tend to be used for projects that need borrow materials. Granular
borrow materials are generally used because of their ease in handling and mixing ayleye cl
soils should be avoided because they are difficult to pulverize (ACI 230 20@9wo basic type
of central plant mixers are the rotadtyum mixers and the pug mill mixerSypically, pug mill
mixers consist oftwo types: continuous flow and batchhe most common one used is the
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continuousflow pug mill mixerwith production rates varying between 200 and 800 tons per hour
(ACI 230 2009).

Just like any soil cement mixing operation, the objective of the central plant mixers is to
produce a thorougand intimate mixture of the soil, cement, and water in the correct proportions
(ACI 230 2009). A typical continuotifow pug mill plant can be seen in Figu2el4. This plant
typically consists of at least one soil bin, a cement silo with surge hopperneyor belt to deliver
the soil and cement to the mixing chamber, a mixing chamber, a-statage tank for adding
water during mixing, and a holding or gob hopper to temporarily store the mixed soil cement before
loading (ACI 230 2009Most plants will also screen the soil with 1 t4/2 inch mesh to remove
larger materials or organics that may not have been removed from the borrow materidhprior.
mixing chambeconsists of two parallel shafts equipped with paddles along eaclitsitattate
in opposite directions (ACI 230 2009horough mixing is very important and is specified to about

15 to 30 seconds depending on the efficiency of the mixer (ACI 230 2009).

Cement storage silo

Retaining _
wall —
Water meter
ﬁ Soil stockpile
'y Vane feeder (feeds cement |
Pug mill mixer continuous Copy p-{.l, = nt":" so1l conveyor belt) )
flow-twin screw I beyy P _-Soil feed
4

g

-—=Storage hopper

i

Figure 2.14: A typical continuouslow pug mill plant @dapted fromACI 230 2009)
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Once the soil cement has finished mixing and is being held in the storage hopper, it must
be transported to the site and start being compacted within 60 minutes (ACI 230 2009). To reduce
evaporationlosses during hot, windy conditions andptmtect from sudden showers, rear and
bottom dump trucks are equipped with protective covers (ACI 230 2009). Haul time in these trucks
is usually limited to 30 minutes as that would leave 30 minutes to place and spread the soil cement
before starting comgéon (ACI 230 2009).

Before placing the mixed soil cement, all adjacent surfaces and the subgrade should be
moistened (ACI 230 2009). The most common way to spifeadoil cement is by using a motor
grader or spreader box attached to a dozer or by asptiaktype pavers (ACI 230 200%¥igure
2.15 shows a motor grader spreading soil cemAsphalttype pavers sometimes place one or
more tamping bars on the back to initiate the compaction process (ACI 230 206l0@gment is
typically placed in a layer about 10 to 30 perdbitkerthan the desirefinal compacted thickness
(ACI 230 2009) This percentage is determined by taaderror methods or byontractor
experience. Compaction, finishing, and curing follow the same procedures of that of the mixed in

place method.

Figure 2.15: Motor grader spreading soil cement
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2.4.1.3 Compactiorof Soil Cement

West (1959)and ACI 230 (2009) statinat compaction should begin as soon as possible
and should be completed within 2 hours of initial mixing. Tifiecé of having delayedompadcion
on density and strength were coveredsections 2.3.1 and 2.3.2. Sections should not be left
unworked for longer than 30 minutes during compac(id@l 230 2009) In order to obtain
maximum density, the soil cement mixture should be at or near optimuistiure content as
determined by ASTMD558. Standard practice requires that the soil cement base be compacted to
aminimumof95 t o 98 percent cguipements.iNorth Caraina,tGecggiast at e
and Al ab a ma 0fsrperoerg ecompaaimare novesed isection 2.5.

As soon as all of the soil cement has been placed or mixed along the section, the compaction
process should begin. The main types of rollers used for soil cement compaction are sheepsfoot
roller, multiplewheel rubbettired roller, vibratory steevheeled roller, and heavy rubktmed
roller. Initial compaction may be combined with the placement of the soil cement with a tamping
bar as mentioned in section 2.4.1f2the tamping bar is not used, a sheepsfoot roller, seen in
Figure2.16, is then used to initiate compaction. A vibratory steleéeled roller, seen in Figure

2.17, follows the initial compaction
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Figure 2.16: Sheepsfoot roller

Figure 2.17: Vibratory steelwheeled roller

When finishing the soil cemebtse layer, a multiplesheel rubbettired roller is used for
fine-grained soils. A vibratory steglheeled roller, without vibration, or a heavy rubtiezd
roller is used formore granular soils (ACI 230 2009). To obtain adequate compaction, it is
sometmes necessary to operate the rollers with ballast to produce greater contact pressure (ACI

230 2009).The general rule is to use the greatest contact pressure that will not exceed the bearing
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capacity of the soil cement mixture (ACI 230 2009). A finishethpacted layer tersdo range
from 6 to 9 inche# depth(ACI 230 2009).
2.4.1.4 Curing

Curing begins as soon as the compaction and finishing process has been completed.
Strength gain of soil cement is dependent upon time, temperature, and the pregsetee(ACI
230 2009). Proper curing is very important in orderdontinuedhydration of the cement and
strong bonds are able to form between the cement and soil particles. The process generally takes
3 to 7 daysduring which heavier equipment is ndtoaved on the soil cement section (ACI 230
2009). Lighter traffic is allowed on the completed soil cement immediately after construction
provided that thenethod ofcuring is noimpacted/ACI 230 2009).

The two most popular methods of curing s@iment are watesprinkling and bituminous
coating (ACI 230 2009). Sprinkling the surface with water until a bituminous cure coat or the 3
to 7-day curing period is complete has proven successful (ACI 230).2@a8 cement is
commonly sealed with emulgfl asphalt in bituminous coating where the rate of application is
dependent upon the particular emulsion (ACI 230 2009). The rate typically varies from 0.15 to
0.30 gallons per square yard (ACI 230 2009). Before this bituminous coat can be applietl, the so
cement should be moist and free of dry, loose material (ACI 230 2B2fie 2.18 shows a

bituminous coat applied to the compacted soil cement for curing.
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Figure 2.18: Emulsified asphalt coating the compacted soil cement
Concrete curing compounds can be used to cure soil cement as well but should be applied
at a rate of 41/2 times its normal application rate for concrete (ACI 230 2009). Soil cement curing
can also bea@omplished by covering it with wet burlap, plastic tarps, or moist earth (ACI 230
2009). If temperature were to drop below freezing during the curing period, insulation blanket,
straw, or soil cover would commonly be used to protect the soil cement G8GAD9).
2.4.2 Quality Control and Assurance Testing
Quiality control is testing of the soil cement base as it is being produced in order to make
sure the base is meeting the proper requirements and specificQiiatity assurances testingof
a final product that the contractor has construtdegstablish if iis adequate for its intended use
and in accordance with the plans and specifications. Field inspeettbtestingof soil cement
construction involves controlling thelfawing factors:
T Cement content,
1 Mixing uniformity,

1 Moisture content,
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1 Compaction,
1 Compressive strengtand
1 Lift thickness and surface tolerance.

The quality assurance of soil cement base as it pertains to compressive strength is covered
in section 2.5. Ezh of the other field testing and inspection method are discussed over the rest of
this section.
2.4.2.1 Cement Content

For mixing soil cement iplace where cement is spread by bulk cement spreaders, a check
on the accuracy of the cement spread is necessary to ensure that the proper quantity is being applied
(ACI 230 2009). This check is made in two ways: spot check aadhlbwheck. A spot check is
done by placing a sheet of canvas or tarp thanessquare yard in area ahead of the cement
spreader. Once the spreader has passed, this sheet is carefully picked up and sezghied
Figure2.19. If necessary, the spreads adjustedand the procedure is repeated until the correct
coverageper squaread is obtained (ACI 230 2009or slurry applications, the sheet is replaced
with a metal pan thatvould capture the liquid and then be weighesithe cement content che
determined by knowing theaterto-cement ratiof the slurry (ACI 230 2009). The overall check
takes the known weight of cement in the truckload and compares it to the area in which the
truckload placed the cement over and then compares that area tioebretical area that the
truckload should have covered (ACI 230 2008)s important to keep a continuous check on
cemenispreading operations as continuous adjustments may need to be made throughout

construction (ACI 230 2009).
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Figure 2.19: Cement content being checked (ACI 230 2009)

For a central mixing plant operation, proper proportions of cement and soil need to be
checked before they enter the mixing chamber (ACI 230 200i9)ng soil cement in a bateh
type pug mill or rotarsdrum mixng plant, proper quantities of soil, cement, and water for each
batch are weighed on scales prior to being transferred to the mixer (ACI 230 2009). These plants
are calibrated simply by checking the accuracy of the scales (ACI 230 2009). For a coatinuous
flow mixing plant, there are two methods of calibration that can be used. The first is while the
plant is operating, sagdassinghrough the plant during a specific time period is collected in a truck
and the same is done for the cement directly froncéhneent feeder. Both the soil and the cement
are then weighed. The cement feeder is adjusted as necessary until the correct amount of cement
is discharged (ACI 230 2009)he second is when the plant is operated with only soil feeding onto
the main conveyobelt. Soil is collected along a selected length of the conveyor belt and its dry
weight is determined. The same procedure is thpaatedvith cement only being feed onto the

main conveyor belt until the correct amount of cement is discharged ontolth@laets are
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typically calibrated daily at the projectaos
changes have occurred in the operation (ACI 230 2009).

Determining the cement content of freshly mixed soil cement can be done using ASTM
D5982 (2015). This test can be conducted in the field and can provide accurate results in about 15
minutes to within 1 percent of the actual cement (ACI 230 2009). Some limitafiosing ASTM
D5982 (2015) include: must contain 3 to 15% cement contentiymiax particle size of the soill
cement can only be 3 inches, and at least 50 percent of the material must pass through the No. 4
sieve size.

The cement content of a hardened soil cement mixture can also be determined using ASTM
D806 (2019).ASTM D806 (2019 is based on the determination by chemical analysis of the
calcium oxide content of the sample. So, a limitabbasing this test method is it should not be
used on soil cement material that contain soil or aggregate that yield significant amounts of
dissolved calcium oxide as it would affect the results of this test (AB806 2019).
2.4.2.2Moisture Content

As mentioned in previous sections, moisture is necessary to reach adequate compaction
and for hydration of theortlandcement. The optimum moisture content is determined through
the moisturedensity test, ASTMD558 (2019) Additional moisture may be addéd account for
evaporation that normally occurs during construction (ACI 230 2009).

For quality control, an estimate of the moisture content of a soil cement mixture can be
made by feel or by observation (ACI 230 2009). A mixture near or at optimumuneocsintent
is just moist enough to dampen the hands when it is squeezed in baligi®CIl 230 2009).
Mixtures that are above optimum moisture content will leave excess water on the hands, while

mixtures below optimum will tend to crumble easy (ACI Z8D9). Checks of actual moisture
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content can be made daily by taking a sample, placing it in angafertin, and placing it in a
conventional oven until dry.

If the surface of the soil cement mixture becomes dry during the compaction and finishing
proaess,a very light spray of water canring the moisture content back to optim{ACI] 230
2009) Proper moisture content of the compacted soil cement is evidenced by a smooth, moist,
tightly knit, compacted surface that is free of cracks and surface d(@a@@30 2009).
2.4.2.3Mixing Uniformity

A thorough mixture of pulverized soil, cement, and water is necessary to malaquhigh
soil cement (ACI 230 2009). For quality control purposes, mixing uniformity can be determined
by the look of the soil egaent after mixing habeencompleted fothe mixed inplace method. A
series of holes at regular intervals for the full depttheftreatment calpe dugto inspect the color
(ACI 230 2009). If the mixture has uniform color from top to bottom, the mixtusatisfactory
but if there are streaks, then more mixing needs to be done (ACI 230 2009).

For central mixing plant operations, the uniformity is normally checked visually at the
mixing plant(ACI 230 2009). Once the soil cement toise has been transped and placed en
site, the same method as the mixegblexce method can be used to check the uniformity. The
mixing time necessary to achieaaniform mixture will depend on the soil gradation and the plant
used (ACI 230 2009)Vith this method, theverage mixing time varies between 20 to 30 seconds
(ACI 230 2009).
2.4.2.4 Compaction

The density requirememne¢quired by various owneranges from 95 to 100 percent of the
maximum density as determined by the moistigasity test, ASTMD558 (2019). Tadetermine

the inplace density, the most common methimd$udethe nucleargaugemethod (ASTMD6938
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2017), the SandCone method (ASTMD1556 2@5), andthe balloon method (ASTMD2167

2015). The densities are determined daily at frequencies that vatheer st at es d Depart
Transportatiorand on the application of the soil cement (ACI 230 2009). Density tests are taken
immediately after rolling to determine if adjustments need to be made for the rest of the soil cement
compaction process to ensure ctiance with job specifications (ACI 230 200%igure 2.20

shows the ancleargaugemethod being done immediately after the rolling of a small portion of the

soil cement sectio®LDOT (2012) specifies that measurements gbliace density be taken using

the rucleargaugemethod.Most states prefer to use thaaeargaugemethod because of how

quickly results can be obtained-site even though the equipment may be relativelgespe.

Figure 2.20: Nucleargaugemethod right after rolling

2.4.25 Lift Thickness and Surface Tolerance
The lift thickness of soil cement is checked when performing field density tests if using the
sandcone or balloon method (ACI 230 2009). If usthg nucleagaugenethod, small holes must
be dug in the fresh soil cement to determine the thickness prior to density thsta@mpacted
soil cement. A twgercent solution of phenolphthalein can be squirted down the side of a freshly

cut face of compacted soil cement. The soil cement will turn a pin&dshwhile the subgrade will
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remain its natural color, unless it is calciith soil (ACI 230 2009). Lif thickness can also be
checked by coring the hardened soil cement. ALDOT (2012) requires coring to check for the
strength of soil cement, so the lift thickness is normally checked during the coring process. Lift
thickness is more critical for pavementartfor embankment applications (ACI 230 2009).

Surface tolerances are usually specified for soil cement pavement applications (ACI 230
2009). Smoothness is usually measured with-fo@0or 12foot straightedge, or with surveying
equipment. Th U.S. ArmyCorps of EngineerdJSACE) and most statetypically require that
deviations from theplane of a soil cement base nahexceed 3/8 inch over 12 feet (ACI 230
2009).

2.5 Strength Evaluation
2.5.1 Overview ofAlabama Department of Transportation Practice

The Alabama Department of Transportation (ALDQpgcifications for the construction
of soil cement follow Section 304 of the ALDOT Standard Specificatians Highway
Construction (2014 ALDOT 304 (2014)rovides the specifications to construct seiilnent for
a base, subbase, shoulderother structure ALDOT specifies that soil cement shall be produced
using one of two methods, Mixdd-Place or CentraPlantMixed method ALDOT 304 2014).

The time allowed from the initial mixing of the soil cemy@ntil compaction is completed tiwo

hours ALDOT 304 2014)Soil cement construction shall not take placthé air temperature is

below 40°Fin the shade, wherhé¢ soil temperature is below 50°6r during rain or if rain is

imminent ALDOT 304 2014)Once compaction is completed and the surface is finished, a prime
coatof i Bi t umi nous Treatment, Type A, MC 30 or MC

cement structureALDOT 304 2014).
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The type of soil that must be used in the constructi@oibtement according to ALDOT
must meet a certain gradation. The gradation of the soil must meet the following requirements:
100 percent passing the 1.5 inch sieve, at least 80 percent passing the No. 4 sieve, between 15 and
65 percent passing the No. Sigéve, and zero to 25 percent passing the No. 200 sieve (ALDOT
304 2014). The gradation must also contain 4 to 25 percent clay (ALDOT 304 2014). Chemical
properties of the soil must also meet the following requirements: zero to 25 percent liquid limit,
zero to 10 percent plasticity index, dry density must be 95 pounds per cubar foatre the pH
of the soil must bé or more and the sulfate content must be no more th@dparts per million
(ALDOT 304 2014).

During compaction, thenoisture content mugdie 100 percent of the optimum moisture
content andhot exceed 120 perceat the optimum moisture conte(ALDOT 304 2014). The
required density shall be at least 98 percent of the theoretical dry deXispT 304 2014).
ALDOT checks these values using a nuclear gauge over each $leatioan be no more th&28
feet ALDOT 304 2014).Figure 2.21 shows a nuclear gaugeed on an ALDOT soil cement

project

Figure 2.21: Nucleargauge
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ALDOT 304 (2014) states that the soil cement compressive strength needs to meet the
requirements stated in TabR5. At least two cores shall be taken to evaluate thplace
compressive strength of the soil cement per eachits@&ction ALDOT 304 2014). For a soil
cement base greater than or equal to 7 inches in dapttgre must be 6 inches in diameter and
for a soil cement base less than 7 inches in déplepre must be 4 inches in diamefEable2.5
alsodefines the actions to takemding on the-day core strength result

Table 25: ALDOT Compressive Strength Requirements

7-Day Compressive Strength (X)| Specification Action
X <200 psi Remove and Replace
200 psi < X < 250 psi Price Reduction
250 psi < X <600 psi No PriceReduction
600 psi < X < 650 psi Price Reduction
X > 650 psi Remove and Replace

The thicknesss checked where the cores are tak&hYOT 304 2014). The compacted
layer shall not be more than one half of an inch less or one inch more thragquhied thickness
(ALDOT 304 2014). When all of the qualigssurancehecks of density, strength, and thickness
have passed inspection, the contractor may then get paid.

2.5.2 Overview ofGeorgia Department of Transportation Practice

The Georgia Departemt of Transportation (GDOT) specifications for the construction of
soil cement follow Section 301 of the GD@EneraSpecificationsdr Base and Subbase Courses
(2019. GDOT uses Section 3¢2013) to construct soil cement as a base, subbase, and shoulders.
Section 301 (203) specifies that soil cement must be constructedgusia MixedIn-Place or
CentratPlantMix methods. Soil cement should not be constructéukeifair temperature is below
40°Fand if he soil temperature is below 50Fconstruction of the soil cement is interrupted for
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more than two hours after cement has been added, or if rain increases the moisture content outside
of the limits, the section must be removed and replacedGBD1 203B).

GDOT specifieghat the soil used in soil cement construction shall all pass through the 1.5
inch sieve and at least 80 percent of the soil pass through the No. dGw& 301 20B). This
applies for both methods ebil cementonstructon. All organics and rocks that exceed 3 inches
must also be removed (GDOT 301 2RIThe maximum thickness allowed to compact is 8 inches
(GDOT 301 201). Compaction of the soil cement mixture must begin within 45 minutes of water
being added to the mtixre and must be done in 2 hours (GDOT 301301

GDOT 301 (203) requirements for qualitgontrol and assurandaclude compaction,
finishing, thickness, and strengior compactionadensityof atleast 98 percent of the maximum
dry densitymust be achieved-or finishing, the variation of slope and grade from the plans must
not exceed a quarter of an incrhickness shall not exceed more than half an migbolute
difference fromthe specified pla thickness. And for strength, GDOT uses cores to test the
unconfined compressive strength. If the compressive strength falls below 300 psi and the density
is less than 98 percent, then more cores are taken and retested from the area. If the compressive
strength still falls below 300 psi then 135 pounds per square yard of asphaltic concrete needs to be
added to the area. If the compressive strength is less than 200 psi then the area needs to be
reconstructedGDOT 301 (2013) does not specify what to ddnéd tompressive strengths are too
strong.

GDOT 301 (2013) and ALDOT 304 (2014) have similar requirementh&osoil cement
Both states allow for either mixing method to be u3dxwk time allowed to mix is the same. The

quality control and assurance teare the same except for the compressive strength requirement.
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GDOT 301 (2013) does not specdn upper boundtrengththat is unacceptablehile ALDOT
304 (2014) doeat 650 psi
2.5.3 Overview ofNorth Carolina Department of Transportation Practice

North Carolina Department of Transportation (NCDOT) follows N@DOT Standard
Specifications for Roads and Structures (Standard Specificatidres) constructing soil cement
as a subgrade or badeor quality assurance testing of soil cement, NCDOT use€hkmical
Stabilization Subgrade/Base QA Field Man(2015). The field manual (2015) states that NCDOT
can use two types of chemical stabilization, cement or lime. Lime is generally used when the soill
contains a high clagontentand cement typically regs well with sandy or silty soils (NCDOT
Field Manual 2015).

The soil requirements are the same for both the lime and cement stabilization operations.
Before beginning to mix, each soil must be pulverized and mixed until all the material will pass a
onehalf inch sieve and at least 80 percent passes the No. 4 sieve (NCDOT Field Manual 2015).
For the addition of cement, the moisture content of théurexnust stay in the range of plus or
minus two percent of the optimum moisture cont@my soil that has been treated with cement
has a maximum amount of time to be compacted and finished of 30 minutes (NCDOT Field
Manual 2015). For both lime and cement gpens, the density that must be achieved is at least
97 percent along with maintaining their specific moisture content ranges (NCDOT Field Manual
2015).

The quality assurance procedures for NCDOT are to accept the density and the strength
performance. Bnsity is measured using a nuclear gauge and shall be compared immediately to
the laboratory tested optimum moisture content and maximum dry density (NCDOT Field Manual

2015). The NCDOT Field Manual (2015) states that if this test is failed, the contnaayor
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continue to compact until the allotted 30 minutes has run out to try and reach the 97 percent. If the
density is not achieved, more lime or cement shallduked,and density shall be tested again 24
hours later (NCDOT Field Manual 2015). Failure agaiay lead to the removal and replacement

of the material after the engineer inspects the section (NCDOT Field Manual 2015).

For strength, the NCDOT Field Manual (2015) states that one soil sample shall be collected
every 440 feet anhd Pompaotrtedloid anieg.Bher dance
cylinder must then cure for a sevaay period in a humidity room without being directly in contact
with water (NCDOT Field Manual 2015). An unconfined compression test following ASTM
D1633 procedures ithen performed to make sure lime treated soils reach an average strength of
60 psi and cement treated soils reach an average strength of 200 psi (NCDOT Field Manual 2015).
The NCDOT Field Manual (2015) also states that cermeatedspecimens may not exed 600
psi assoils this strongan create problems for flexible pavement structures.

If the contractor prefers not to do the compression tests, the NCDOT Field Manual (2015)
requires DCP tests to be conducted. NCDOT Field Manual (2015) suggests that the DCP is
normally only used for liméreated subgrades, although it can also be used ibrcesnent
subgrades as well only if little curing time reapsedThe NCDOT Field Manual (2015) requires
the DCP depth penetraténl be readn centimeters and plugged into the CBR equation shown as

Equation 2.1It canthen be converted to pounds peuac inch using Equatidh?2.

#" 2 pmd © 8 (Equation 2.1)

Where
CBR= California Bearing Ratio, and

X = penetration in centimeters.
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L #H" :
BDOE —%ﬁ[ ZpP X p (Equation 22)

Where

psi= compressive strength in pounds per square inch, and

CBR = California Bearing Ratio.

The NCDOT Field Manual (2015) randomizes the test locations but the number of
locations depends on the length of the soil cement section divided by 440 feet. Thegresult
number is rounded up to give a total number of DCP test locations (NCDOT Field Manual 2015).
Each test location requires five DCP tests to be performed in the pattern shown in2E2ure
(NCDOT Field Manual 2015). The five tests are averaged together to gain a single CBR value to
plug into Equations 2.1 and 2.2 to determine the strength of the chemically treated subgrade
(NCDOT Field Manual 2015). The NCDOT Field Manual (2015) statesfthia strength is not

reached, it needs to be reevaluated in order to determine if removal and replacement is needed.

Centered on stati d pull width 5
entered on station and pull wi . 3 foet

o o
—

Figure 2.2: NCDOT DCP test pattern (NCDOT Field Manual 2015)

2.5.4 Core Testing
Coring is a destructive test method done in ordebtain a sample of materifar strength

tests to determine the-m| ace strength of the material. Co
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assurancenethod of determining the-place strength of soil cement as mentioned in section.2.5.1

Figure2.23 shows a core being removed an ALDOT project

Figure 2.23: Core removal process

There areseveraimethods used to cut corgem the soil cement and condition them until
the time of testing. For the state of AlabarAaDOT 304 (2014) states that theeations of cores
takenare to be randomly selected ttye Engineer. ALDOT 419 (2008) specifies the requirements
for the coring operatiomand states that the coring equipment shall follow the specifications in
AASTHO T24. ALDOT 304 (2014) states that coshall be 6 inches in diameter for soil cement
layers greater than 7 inches in thickness. If the core is not greater than 6 inches in height, then the
core must be taken agaifigure 2.2 shows a core that was taken that was too small because it
fell apat while being pulled outCoring should be done dry but can be performed with a minimum

amount of water at a low flow as showrHigure 2.3.
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Figure 2.24: A sampled core that is too small

All cores taken from the #place soil cement base shall be placed in a plastic bag to
minimize moisture losen site andluring transportation to the lab (ALDOT 419 2008). If water
was used during the operation, the core shall be let to air dry in the &ha30 minutes before
placing them in the plastic bag (ALDOT 419 2008). Once in the bags, the coredaaoed
horizontally with at least half of their diameter embedded in adprepened bed of sand in a
covered wooden box or cooler provided hg tontractor and transported to the testing location
as soon as all cores have been remawedOT 419 2008).The sample is removed from the
plastic bagand drysawndown to remove any irregularities to the surfaces upon arrival at the
testing location. ADOT 419 (2008) states that both ends of the cores should be cppped
AASHTO T231 specifications using sulfur mortar only. Cores should only be tested when the
sulfur mortarhashardened (ALDOT 419 2008). Teggirequipment shall meet AASTHO2Z
guidelines and the person performing the test shalim@CI certified Concrete Strength Testing
Technician (ALDOT 419 2008). Since the lengbhdiameter ratio is less than 2, a correwcti

factor specified in AASHTO 22 shall be applied to the unconfined compxesstrength results
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(ALDOT 419 2008).0Once the cores have been extracted, the contractor shall fill the holes with

either the same mixture of soil cement or by other repair methods approved by the State Materials

and Tests Engineer (ALDOT 419 2008). pagred with the soil cement mixture, it shall be placed

in increments of 3nch thick layers at a time and consolidated by tamping (ALDOT 419 2008).
Core strength results from past ALDOT projduéve been found to be highly variable. A

sample of these unconfined compressive strength results taken from ALDOT project-BUB2A

(504) over the length of the roadway are shown in Figu2e. These results indicate that core

strengths are highly vaiie.
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Figure 2.25: Compressive strength from ALDOT project STPAB52 (504)
(McLaughlin 2017)
2.5.5 Dynamic Cone Penetrometer
The dynamic cone penetrometer (DCP) is asifin testing device used in field exploration
andfor quality controland quality assuranad compacted soils during construction. It is easy to
operate while being relatively inexpensive. The DCP was originally developed in South Africa for
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in-situ evaluation of pavement layer strength (Scala 1956). Ahsan (2014) statide tBCP has

been used in South Africa, the United Kingdom, Australia, New Zealand, and in few states in the
United States such as California, Florida, Minnesota, Mississippi, Texas, and North Caraina.
DCP has been correlated to engineering praggersuch as the California Bearing Ratio
(Mohammadi et al. 2008), soil classification (Huntley 1990), and unconfined compressive strength
(McElavaney and Djatnika 1991; Patel and Patel 2012; Nemiroff 2016).

By changing the weight and or the drop heightyaamic cone penetrometean be
configured for its intended us&STM D6951 (2018) is for DCP usdein shallow pavement
applications and tk DCP configurationconsiss of a 17.6 pound (8 kg) or a 10.1 pound (4.6 kg)
hammer with a drop height of 22.6 incl{85 mm).A schematic of this ASTMtandard DCP is

shown in Figure.26.
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Figure 2.26: ASTM-StandardCP schematic (ASTND6951 2018)
The ASTM-Standard DCRonsists of a 5/8 inch (16 mm) diameter steel drive rod with a
replaceable point or disposable cone tip, a coupler, a handle, and a vertical scale[}8SIM
2018). Schematic drawings of a replaceable point tip and a disposable cone tip are showin Figu

2.27 and Figure 2.8, respectively The tip has an included angle of 60 degrees and a diameter at
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the base of 20 mm (ASTND6951 2018) Figure2.29 shows the use of a DCP with a magnetic

ruler for testing.

— 20 mm [0.79 in)

Figure 2.27: Replaceable point tip (ASTNA69512018)
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Figure 2.28: Disposable cone tip (ASTNA6951 2018)
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Figure 2.29:DCP equipped with a magnetic rulesed for testing

To use the DCP, the device is to be held plumb and the hammer raised to the maximum
height and then dropped. Thenetration distance is read on the scale and recorded. There are two
methods to recording the distance after it has been dropped, using a magneticwataraily on
a millimeter scale. A magnetic ruler will read it automatically after every drop, wh#éading is
typically manuallytaken after every five dropsn a millimeter scale. The readings obtained are
then used to calculatearious parameters, one of whichtlie dynamic cone penetration index
(DCPI) usingequation 23 from Enayatpour et a(2006).

0060 G— — (Equation 2.3)
Where:
PR = the penetration reading (mm),

BC = the blow count,
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PR 1 PR. = the difference between two consecutive readings at different depths (mm),
and

BC: i BC: = the difference between two consecutive blow counts

The DCPI can be calculated after evéwe drops or can be calculated based on the total
penetration depth artllow count.The unconventionalse of millimeters as units for penetration
was chosen asis more accurate and easier to record penetration data in millimeters than in inches.
This unit convention hasalso been used previously by Ahsan (2014), Nemir@®16), and
McLaughlin (2017) during their investigations into using DEP to determine strength of
stabilized soils.

Extensive research has been performed on soils that have not been stabiigdrs that
can affect the measuremen®lasticity, density, moisture content, and gradation affect the
measurements of the DCP (Kleyn and Savage 1382ysan (1996) concluded that moisture
content, AASHTO soil classification, confining pressures and dry density effaired soils
affect themeasurements. George and Uddin (2000) concluded that the maximum aggregate size
and the coefficient of uniformity could affect the DCP results.

Also, researchers have found that the DCP penetration slope, in penetration depth per blow,
is inversely relad to the strength of the specimen being tested (McElvaney and Djatnika 1991;
Patel and Patel 2012; Nemiroff 2016). Therefore, a specimen that has a high strength will take
many more blows to reach a certain depth compared to a low strength specimey ribecbame
depth.
2.5.5.1 Configuration of DCP Strength Evaluationn Laboratory

Research pertaining to how to evaluate DCP strength results have been done in the

laboratory and in the field. Nemiroff (20168yaluated the use of the DCP to estimate cylinder
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strengthgn the laboratory. NCDOT2013) has a field manual, mentioned in section 2.5.3, that
shows howthe DCPwas used and evaluated. McLaughlin (2043@¢d the DCP to assess the in
place strength of soil cement base

Nemiroff (2016)designed a concrete block that caes a cylindrical, plagt five-gallon
bucket with a 1anch diameter and a difich height. The buckets were chosen based on research
performed by Enayatpour et al. (2006) as the bucket allowed fofirecGall specimen to be
produced and a large enough diameter for the DEBlkectrepresentativeata (Nemiroff 2016).
A schematic of the confinemehlock is shown irFigure 230. Figure 2.3 shows the reinforced
concrete confinement block with and without a DCP specimen inside. The confinement block was
necessary to replicatbe confinement present field conditions when testing an-gitu base

(Nemiroff 2016).

No. 3 Spiral

! :

[Shrinkage and Temperature Steel

— 14 in. Steel
/ Plate

21_6"

Figure 2.30: Designed reinforced concrete confinement block schematic (Nemiroff 2016)
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Figure 2.31: Reinforced concrete confinement block with and without a DCP Specimen
(Nemiroff 2016)

Nemiroff (2016) compacted the soil cement in the mold using a Kango 900B % in. Hex
Demolition Hammer based on recommendations from ASITM35 (2014). A circular steel
tamping plate welded to a steel shaft was attached to the compaction htmrsmeulate the
vibrating roller used to compact soil cement in field constru@sseen ifrigure 2.2 (Nemiroff
2016). The production of the specimens started immediately #fteisoil cement mixingvas
completed Nemiroff 2016). An empty fivagallon bucket was placed inside the concrete block
with marks at 4.5 inches, 7.5 inches, and 11.5 inches from the biottamhere the soil cement
would be compacted into three equal liftsensure the entire specimen would be compacted
equally, similar to the compaction method used in ASTI557 (2012)(Nemiroff 2016).The
DCP compaction pattern followed ASTBIL557 (2012) for each compaction layes shown in
Figure 2.3. For positions 1 through 4, the vibrating hammer was run for 3 seconds each. The
hammer then moved in a circular pattern making one revolution every 14 seconds. Three complete
revolutions were made before stopping the vibratory compactor and the nextaayfdred. This

was done until three DCP specimens were made using the same soil cement mixture.

56



Figure 2.32: Vibrating compaction hammer with circular steel plate

)

Figure 2.33: DCP specimen compaction pattern (ASTNI5572012
Curing of these labotary DCP specimens began as soon as the compaction process was
completed. The buckets were covered with a lid and moved to a-cooesstoom.Once in the

moistcuring room, e lids were removed for a few minutes to allow moist air to entdyutieet
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and the lid was then placed back on the bucket (Nemiroff 204t@y. 12 to 48 hours, the lid was
removed and replaced with a plastic sheet and attached using plastic clips to prevent water from
entering the specimen (Nemiroff 2016). After the specifiedwarhof time was spent in the cure
room,DCP tests were performed at three and seven @agsDCP specimens were moved back
to the concrete confinement block where the DCP was seated in the center of the specimen and
run to a depth of 8 incheshe threeDCP specimens tested were then combined for a QR
penetration slopeesult (Nemiroff 2016).
2.5.5.2 Configuration of DCP Strength Evaluation in Field Construction

McLaughlin (2017) followed a similar configuration pattern as NCDOT field manual
(2013) discussed in section 2.5.3. A schematic of the testing locations in the field are shown in
Figure2.34. The DCP was tested at each sampling location for the molded cylinders and at the

core testing locations in the pattern shown in Figuss.

Section = 528 i
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> ©
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* % %

Loc. 1 Loc.3 Loc.2

Where:
© Sample location of cylinder material
A Location where 3 dynamic cone penetrometer tests will be performed

e Coring location performed by Newell and tested by ALDOT

Figure 2.34: Field testing locations (McLaughlin 2017)
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- 14 .
Figure 2.3: DCP testing pattern (McLaughlin 2017)

The number of DCP tests were reduced to three in a triangular pattern from the NCDOT
field manual (2013) to reduce the number of DCP blows and thus technician effort (McLaughlin
2017). Each of the tests were conducted two feet apart from each othertke thats would not
be impacted by the previous ones, yet the tests are close enough to each other so that an average
would characterize the-place strength at the location. The average DCP result would be inserted
into the Nemiroff (2016equationthatis coveredn section 2.5.5.3The tests were run to a depth
of 8 inches.

2.5.53 Correlation between DCP and Unconfined Compressive Strength

Research has been compleded/arioussoil types to determine a relationship between the
dynamic cone penetration index and the unconfined compressive str@imgthfirst were
laboratory studies performed by McElvaney and Djatnika (1991) on silty clay, clay, and sandy
clay with and without tb addition of limeMcElvaney and Djatnika (1991) perfomed D@&Rs
usingan ASTMstandard DCP hammer of 17.6 pounds on specimens that were 5.98 inches (152
mm) in diameter and 4.57 inches (152 mm). tHifle test specimens were penetrated a total of 50

millimeters. The unconfined compressive strength tests were conducted using E$988D4n
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specimens with a L/D ratio of 2.0 (McElvaney and Djatnika 1991). McElvaney and Djatnika
(1991) concluded that the DCP can be used to provide an estimate of thBn@attoompressive
strength of limestabilized soil mixtures. It was also concluded that since the inclusion of data for
material with zero lime content had negligible effects, the correlation is a function of strength and
not the way the strength is obtad (McElvaney and Djaika 1991). McElvaney and Djatnika
(1991) developed three correlations shawEquations 2.4 to 8.but cautioned thesmight only
apply to lower strength values.

50 percent probability of underestimation:

1 T8y o8 ¢ T mixl Q0 (Equation 24)

95 percent confident that probability of underestimation will not exceed 15 percent:

1 1T7€6"Y o8 w @ miwl QU (Equation )

99 percent confident that probability of underestimation will not exceed 15 percent:

1 TE6Y o8 p @ mlwl QO (Equation 2.6)
Where:

UCS= the unconfined compressive strength (kPa)
DN = the DCP reading (mm/blow)
McElvaney and Djatnika (1991) plotted the resaliswn in Figure 2.36 dfoth stabilized

andnon-stabilizedmaterial versus the results of the DCP.
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Figure 2.36: Correlation between unconfined compressive strength and DCP results
(adapted fronMcElvaney and Djatnika 1991)

Next, Patel and Patel (2012) conducted tests esitin conditions simulated in the
laboratory onASTM classifiedsoils of CH, CI, CL, CL-ML, MI, SC, and SMSC. These soils
were also tested while being stabilized with cement, lime, and fly ash. The DSRvas
performed using an ASTMtandard, 174€ound hammer on soaked andsoaked specimens
using an automated DCP device (Patel and Patel 2012). The penetration was recorded up to 300
millimeters. Unconfined compressive strength was tested in accondédhdedian Standard 2720
(1980), using a L/D ratio of 2.0. Patel and Patel (2012) obtained the following equation for

stabilized and nostabilized soils:

5#30pCcFPO60D (Equation 27)
Where:

UCS= the unconfined compressive strength (NAyrand
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DCPI = the dynamic cone penetration index (mm/blow).

Patel and Patel (2012) concluded that the correlation between the unconfined compressive
strength and DCPI were independent of soil type and thefusement, lime, or fly ash. Figure
2.37 showsthe correlation Patel and Patel (2012) found between the unconfined compressive
strength and the dynamic cone penetrometer index for a wide variety of soils that were stabilized

using cement, lime, and fly agind nonrstabilized soils.
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Figure 2.37: Correlation between unconfined compressive strength and DCP results
(Patel and Patel 2012)

Enayatpour et al. (2006) performed a series of laboratory tests on cement and lime
stabilized soils to correlate the unéioed compressive strength with the D@&hayatpour et al.
(2006) related percent content of cement and lime witib@Rindex to estimate the unconfined
compressive strength. The coefficient of determination for both equations below, cement and lime,
are 0.97 and 0.91 respectivelFigure 2.8 showsthe results of the predicted strengths of the
specimens using the equations versus the measured strength of the spdtimensations for
cement and lime are shownEquations 2.8 and 2(&nayatpour et al. 2006).

For soils treated with cement:
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B T X8t pr@zd 6 ¢mgzo T mMEe 00 'O (Equation 28)
For soils treated with lime:

R o1& @206 ¢ @20 oco%z00 'O  (Equation )
Where:

gc = unconfined compressive strength (kPa),
CC = cement content (%),

LC = lime content (%),

t = curing time (days), and

DPI = dynamicconepenetrometer index (mm/blow).
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Figure 2.33: Comparison between predicted and experimental results
(Emayatpour et al. 2006)

Nemiroff (2016) conducted tests on-situ conditions simulated in the laboratory on
ASTM classified soils of SC, SP, and-SE stabilized with cement. The tests were performed
with an ASTMstandard DCP hammer of 17.6 poamah 3 and 7#day cured soil cement
specimeB. The specimens made in a figallon bucket were made to simulate thaéh lift

thickness of constructed soil cement. The first inch (25 mm) of penetrationsgasded as per

63



ASTM D6951 (2018}0 allow the DCP to be seated and the next 7 inches (160 mm) were recorded.
Nemiroff (2016) determined that @5-millimeter (3inch) penetration depth wathe ideal
penetration depth because it produced the best restittsh&i least amount of technician effort.
This depthof penetration was also recommended by McLaughlin (2017). McLaughlin (2017)
concluded that the 75 millimeter depth produces the most efficient results in the field which
matches the laboratory results Nemiroff (2016). Unconfined compressive strengths were
determined following the modified ASTM1632 (2017) method that Wilson (2013) created using

a L/D of 2.0 (Nemiroff 2016). Nemiroff (2016) recommended Equation 2.10 for soil cement
applicationsNemirdf (2016) useda total of 185 cylinders and 57 DCP specimens to determine
the relationship. The equation is valid for a strength range between 100 and, 8dtighstauses
ALDOTO6s range. for soil cement

06YwcyQ 8 (Equation 2.10)
Where:

MCS= molded cylinder strength (psi), and

DCP = dynamic cone penetrometer slope (mm/blow)

Nemiroff (2016) determined the best way to show the correlation between the unconfined
compressive strength and tBE€P slope for typical soils used foris@ement applications was a
logarithmic relationshipFigure 2.3 shows the relationshigcommended biemiroff (2016). It
was concluded that the correlation between unconfined compressive strength and the DCP was

independent of soil type and the amoohtement that was used to stabilize the material.
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Figure 2.39: Correlation between molded cylinder strength and DCReskxults
(Nemiroff 2016)
2.5.6 Molded Cylinder Strength
2.5.6.1 Strength Correction Factors for Lengthto-Diameter Ratios
ASTM C39 (2@0) stateghatif a cylindricals p e ¢ i me nté@daméter rate (LID) is
1.75 or less, the compressive strength needs to be multiplied by the appropriate strength correction
factor. ASTMD1633 (2017) suggests the use of the same streogthction factors be used for
soil cement specimens. Wilson (2013) performed a study on L/D strength correction factors for
correcting unconfined compressive strength of soil cement cylinders. Wilson (2013) showed that
the ASTMC39 (2(20) L/D strength comction factors were not applicable to soil cement cylinders
when made using ASTND1632 (2017).The unbiased estimate of the standard deviation for the

error of using ASTMC39 (2020) correction factor was six times greater than that of using no
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correction &ctors (Wilson 2013)Wilson (2013) recommended that no L/D strength correction
factor be applied for L/D ratiosf soil cement that ranged between 1.0 and 2.0.
2.5.6.2 Proctor Molded Specimens

Soil cement compressive strength was first coratliesing aspecimen size of 4.0 inches
in diameter and 4.58 inches in height with a L/D ratio of 1.15 (ASI%89 2015. Figure 2.40
shows the geometry of the Proctor mold. ASD¥633 (2017) states that using a specimen of this
size gives a fir sréngth ratveethamargaous deterraifiation of eompressive
str engt $tsoil teshng labom@tories hatles equipment on hand,ig oftenusedbecause

of its availability.

As an option to the full length stud,

a2 12" = 3/8" stud may be used. Then

as an alternative construction, the collar

may be held down with a slotted bracket

attached to the colla
o

r and a pin in the mold. {:j dgj
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Figure 2.40: Proctor mold specificatiordiagram(ASTM D698 2012)

ASTM D1633 (2017) states that to use this method, at least 70 percent of the nmatstial
be able to pass the 19.0 millimeter (3 inch) si@weproduce a soil cement specimen, ASTM
D698 (2012) outlines a specific technique and procedure. The methadaua Proctor mold and
a 5.5pound hammeas shown irFigure 241. A soil cement mixture is placed in the mold in three

equal lifts and the hammer is droppedt@gesper lift around the specimen. Once three lifts are
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completed, the top portion of the mold is removed, and the surface is trimmed to the top edge of

the bottonmold.

Figure 241: Proctor mold and 5-pound hammer

ASTM D1632 (2017) specifies how the specimen should be handled once the specimen
has been made. The molded specimen shall remain in the Proctor mold in a moist room for 12
hours or longer, and once it is removed, the specimen shall be extruded from the mold (ASTM
D1632 2017). The soil cement specimen should then be placed back into the continucus moist
curing room (ASTMD1632 2017). Before the unconfined compression strength testing, the
specimen shall be immersed in water for four hours and then tested imnyediatel
2.5.6.3 PlastieMold (PM) Method

Sullivan et al. (2014) developed a method using plastic nm&ilddar to concreteo
produce and cure soil cement specimens in the laboratory and in theTheldnethod usea
standard 3dnch by 6inch plastic moldwhich mees thesingle use concrete mold requirements
based on ASTMC470 (2015).Both Alabama and Mississippi have been doing research into using
the plastic mold methods quality assurana®il cement base. Sullivan et al. (2014) developed

the device forMississippi and later, McLaughlin (2017) used it for research on Alabama soil
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cement projects. The methods have the same principle in determining the unconfined compressive
strength of a soil cement mixture in the laboratory and field settings. Sullivan(2014) and
McLaughlin (2017) found that using the plastiold method was much easier and took less time

to create specimens than using the steald method.

Most of he plasticmold methodequipmentto create the specimen are still the same
betwea the two statesA steel mold was designed to allow angh diameter by 5.9nch tall
specimen to be compactadhile preventing the mold from distorting he moldis mounted to a
11.4 by 9.5 by 0.5inch steel plate. Figure 24hows the PMspecimen preparation apparatus.

The splitmold inner diameter is the same as the outer diameter of the plastic mold because it helps
facilitate alignment and prevents the plastic mold foistortingduring compactionThe opening

of the split mold isheld together with a vésgrip. The collar help to temporarilycontain soil

during the compaction procesSompaction isdlone by a modified Proctor hammer (10 pounds

dropped 18 inches) and is also showFigure 242.

Figure 2.42: PlasticMold preparation apparatus
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2.5.6.3.1 MDOT PM Configuration

The Mississippi Department of Transportation (MDOT) uses soil cement extensively as
guality base aggregates are in short supply (Sullivan and Howard &Zllijan et al. (2014)
developedhe PM methodisa way to produce a feasible device that would produce reasonable
soil cement specimens that were not as variable as core té4BQI uses the same method that
was developed by Sullivan et al. (2014).Shethodusesa standard-&hch by 6inch mold with
the bottom plastic ridgeanded awato provide a flush surface. A drfiress wass usedo create
al4inchdi ameter hole through t he dergatecdtoallavffort he m
the specimen to be extruded without any damage. An aluminum plaie hatches in diameter
and 0.06 inches thidk inserted into the bottom of the mold to cover the hole and provide a rigid
surface for extrusion. The plastic auits from the drilling ppcessareplaced back over the bottom
of the mold andheld in place withtape to provide a solid compaction surface. The modification

process is shown iRigure 2.48.

Alumunum Plate

Figure 2.43: Plastic mold modification (Sullivan et al. 2014)
Sullivan et al. (2014) produce the soil cement specimens using thraesiglteed lifts.
Each liftis compacted using fivdlows with the modified Proctor hammer and eachdstarified
before adding theest of the materialAfter the last lift, the collars removed, and the material

trimmed flush with the top of the mold with a straightedge. The msadpped an&ullivan et al.
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(2014) found that this method produced between 92 to 100 percerd trgfet maximum dry
density.Equation 2.11 shows how the weight of eachdittetermined (Sullivan et al. 2014).

, pmtm0 0 O .
z z Equation 2.11
w oqz | g (Eq )
Where:

Wsc = Weight of soil cement material per lift (grams),

14 = Maximum dry density of soil cement mixture (IB)ftand

OMC = Optimum moisture content of soil cement mixture (%).

The specimens were demolded using a vertical extruder after 24 hours. Measurements for
diameter and heigldre collected before placingside of the moisture room. Curing of the
specimens followed the procedures of ASD¥633 (2017) untiktrengthtesting was done on the
seventh day. The specimem®not soaked prior to compressive testing (Sullivan et al. 2014).
2.5.6.3.2 ALDOT PM Modification

ALDOT and McLaughlin (2017) collaborated to develafjustments to th8ullivan et al.

(2014) methodALDOT andMcLaughlin (2017) modified the method because of the specimens

were coming out damaged during the extrusion process as seen inZ-#gure

Figure 2.44. Plastiecmold specimen damaged by the extrusion process (McLaughlin 2017)
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Instead of drilling a holen the bottom, McLaughlin (2017) cut down the side of the plastic
mold with a box bladeThe moldwassealed together withluminumtape to remain closed during

the compaction process. The modification process of the plastic mold can be Sigemar?. 4.

Figure 245: Plastic mold modification process (McLaughlin 2017)

Compaction of the soil cement specimens consisted of three equal lifts, wetighed.
As the PM method is not dependent upon the water content, the specimens were able to be made
immediately after mixingMcLaughlin (2017) determined that using seven blows creates enough
energy for this size of a cylinder to compact the soil cement tope@®nt density better than
using five blows that was set forth by Sullivan et al. (2024fer the last lift, the collar was
removed, and the material was trimmed down flush with the top of the mold with a straightedge.
A piece ofaluminumtape was ap#d to the split of the mold to help avoid moisture loss after the
specimen was covered with a plastic cap.

The plastiemold specimens were transported back to the lab and demolde2/alfieurs.
To demold, theapealong the sidavas removedind the mial was pulled apart. The cylinder
would then just slide out. The specimens were then weighed, and the height and diameter
measurements were taken. Curing followed the method Nemiroff (2016) used for thadtkel
cylinders where the specimens were plaicegealed plastic bags and put in the cure room until
the time of testing. Testing followed ASTRL633 (2017) on the seventh day of cunwith a few
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changes created by Wilson (2013) and McLaughlin (2017). Hiestspecimens were not soaked
four hours pior to compression testin@he loading rate was changed to 10 + 5 psi/second. The
specimens were also not capped.

2.5.6.4 SteeMold (SM) Method

The SteeMold (SM) method pertains to the procedures of ASDM32 (20T). Wilson
(2013) studied the SM methdal determine hoviest to produce and cure soil cement specimens.
ASTM D1632 (2017) procedures produce a soil cement cylinder that has a diafrie&inches
and a height of 5.6 inches that results in a L/D of Bdvever, it is a laboratory procedufiéhe
specimen size gives a better measure of the compressive strength since it reduces the complex
stress that may occur during the shearingpefsimaller L/D ratio specimens (ASTD633 2017).

The cylindrical steel molds used had an inside diameter of 2.8 £ 0.01 inches and a height
of 9 inches. A machined steel top and bottom pistons having a diameter of 0.005 inches less than
the mold, a @nchlong mold extension, a spacer clip, two aluminum separating disks 1/16 inches
thick by 2.78 inches in diameter, and two uliigh molecular weight polyethylene (UHMW)
plugs with a diameter 0.005 inches less than the mold are also necessary with dhnieaysiteel
molds(ASTM D1632 2017) Thedimensions of the equipment as well as tgégmentareshown

in Figures 2.46 and 247.

72



9.0"

(299 mm)

WhF———————————

Figure 247: SteetMold equipmen{Nemiroff 2016)
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To produce a specimen,feeshly mixed soil cement sample tisstedto determine its
moisture content. Based on the moisture content and the medstuséy curveof the mixture, a
target mass is determined usinguiation2.12to create a soil cement aytier with a density of at
least 98 percenThe coefficient takes the volume of the cylinder and converts the weight from
pounds to grams

aw

0 Bt L Y 05 (Equation 2.2)

Where:

Msc= mass of soil cement (grams), and

14y = dry unit weight corresponding to composite sample moisture contert, Ib/ft

The mold and separating diskielightly coated with a lowviscosity oil and placed on the
bottom piston. Once assembled, the extensqlaced on top of the mold. The predetermined
amount of soil cemems then transferred into the mold where the smooth steesnagsed tdamp
the il cement below the extension sleeve. The extension skerm@oved, and a separating disk
and the top piston placed on top of the mold. The specimmeompated until the top piston
touchesthe mold using a compacting dragight machine as shown ingkre 2.48. Once
compactions completed, the pistorarereplaced with the UHMW plugs tamit moisture loss.
Metal foil tapeis wrapped around the plugs to add an extra layer of moisture loss prevention during

the initial stages of curing. Figure42.showsthe SM cylinders once they have been completed.
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Figure 2.48: SM cylinder compacted with drepeight machine

Figure 2.49: SM cylinders during initial curing period
The steelmoldsarethentransferred out of the sun or to a location in the laboratory where
they had limited exposure to the elements to eliminate chances of rapid evaporation for at least 12
hours. The specimeisethen transported to the laboratory where the speciareestruded from

the mold using a vertical specimen extrudeemiroff (2016) adjusted the curing method by
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immediately placing the SM specimens into sealed plastic bagshanglacedthe bagged
specimensnside a moisture room This method was used as spean® placed without bags in

the moistcure room became soft and did not gain strength from three to seven days (Nemiroff

2016).
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Chapter 3

Experimental Plan

3.1 Introduction
3.1.1 Laboratory Testing Phase

The main objective of thitaboratorytesting phasés to establisha method to reliably
assess the strength of soil cement base. To accomplish this, a labergerynentalesting
programis developed similar to that of Nemif¢2016). This chapter provides an overview of the
laboratory esting program. For the laboratory testing program, an outline of the soil cement
mixtures from each pit location is defined wihtails of all testing procedureBhe preparation
and curing methods for soil cement cylinders and DCP specimens are elsséelisin detail along
with the equipment used.
3.1.2 FieldTesting Phase

At the time of this research project, the U.S. Highway 84 bypass East of Elba, Alabama
was being constructed with soil cement as the base of the roadway. Numerous trips were made to
Elba to assess the strength of the soil cement base being placed by S.A. Graham Company out of
Brundidge, Alabama as the contractor for ALDQOhis chapter provides an overview of the field
testing programkor the field testing program, the soil cement mixture used on site is described
and its mixture proportions defined. The reasonsfeecting the specific sampling and testing
locations for all testypes is discussed. The proceduiica procuring the sbicement specimens
and performing DCP tests in the field are explained. How the compressive strength of the cylinders
arecompared to the DCP results is explained. The preparation and curing methods for soil cement

cylinders are also discussed in detadlng with the equipment used.

77



3.2 Laboratory Testing Program

In order to more accurately assess the strength of soil cement base in the field, more
laboratory work was done following a similar laboratory testingggamas Nemiroff (2016).
Figure 3.1 shows a summary of the laboratory testing program that was devélepedrength
testing methods were useBlasticMold Method AASHTO Method PP 9P with adjusted
modifications from McLaughlin (2017pr soil cementcylinders andASTM D6951 (2@.8) for
DCP testingThe plastiemold cylinders wergestedor their unconfined compressive strengahs

agesof 3 days and 7 days. TIRECP specimens were testaidthe same ages 8fdays and 7 days.

Laboratory Testing Program

Plastic-Mold .
Cylinders DCP Testing
Unconfined DCP
Compressive _
Strength Penetration

Figure 3.1: Summary of Laboratory Testing Ry@am
Different soils were testedt different cement contentnd because of that, different
strength ranges were achieved. Figure 3.2 provides a sunoh#mg materiab and variables
consideredThe soils are first described by their respective AASHTO soil classifications. Next,
showsthe strengthrangethat will try and be reacheahile differing the cement contentsastly,

theage of determininthe unconfined compression strengtreach spemen is shown
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Material Testing]

|

[
Waugh Elba
(A-2-6) (A-2-4)

150- 800 150- 800 150- 800
Stength Range | "

Strenth Testing Ag€ 3-Day | | 7-Day| | 3-Day| | 7-Day| | 3-Day| | 7-Day

Soil Types

Figure 3.2: Summary of materials and/ariables considered

All soils used in the soil cement mixtsrevere collected from borrow pithat have been
used for soil cement base projeatsollected from a soil cement base project site that was ongoing
during this researchrlhis ensures the besepresentation for comparison betwe@P and
cylinder strengtlin the laboratory mixtures to the field mixtur&sch soil was tested to detenm
the USCS and AASHTO soil classificatidbach soil was mixed withr@angeof cementontents
Using a proctor test, the optimum moisture content and maximum dry unit weight that
corresponded t@ specificcement content was foundhe percentage of cemt used was
determined to target three strength ranges: low (100 to 250 psi), moderate (250 to 600 psi), and
high (600 to 800 psi)The moderate range corresponds with the acceptable values specified by
ALDOT 304 (2014).

Like Nemiroff (2016), an evaluimin of whether soil classification had an impact on soil
cement strength or cement contenit be conducted. From Nemiroff (2016), the curing method
usedconsisted oplacing thecylindrical specimens ito a sealed bag and then placing them in a
moistcure r oom. Wit h AL DOTp@asemanstergih beinh 20@ psirGzOpsy e o f
the suitability of the DCRo penetrate strengths frorb0 psi to 800 psi will be evaluated. The

depth of penetration that would be the most feasible and give the most accuratemdosdts
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determined A logarithmic expression based on the findings of Nemiroff (2@b@) new points
found through these experimemtd| then beused ¢ find the besexpressiorthat provide the
best fitcorrelation between the plastiaold cylinder strengths and the DCP tests.

3.2.1 Correlation between Molded Cylinder Strength and DCP

Nemiroff (2016) proposedan expression to correlate the differeDCP results to the
cylinder strengths obtained by the cylinders created by using the mod8iesl D1632 method
(Wilson 2013). Using the PM device to create cylindgasapointswill be added to the data that
Nemiroff (2016) had collected. The study cistssof testing various mixtures of soil cement with
different soil typesand varying amounts of cement that vatoduce a range of strengths. The
unconfined compressive strength of the soil cement cylindiéirthen becompared tdahe depth
penetratedo blow countratio of the DCP tests. The correlationdl then becompared and added
to thelogarithmic expressiothat Nemiroff (2016yecommende.

3.22 Suitability of the Dynamic Cone Pemtrometer (DCP)

Nemiroff (2016) and McLaughlin (201 8valuatedhe suitability of thedCPto determine
the strength of soil cement base. The D@R be tested at unconfined compressive strengths
ranging from 100 psi to aboutQDO psi to evaluatis suitability to test materiawith this high
strength This is necessaryas most other researchers (NCDOT Field Manual 2014; Patel and Patel
2012; McElvaney and Djatnika 1991; Enayatpour et al. 2004) have used the DCP on lower strength
subgrade and subbase mateialring the evalation, testingwill be performed to find the most
efficient DCP penetration deptlhile also considering technician effofthe most efficient depth
will be determined by analyzingenetration depths from 1 inch to a fuépth.

3.23 Laboratory Mixtures Evaluated
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Threedifferent classification®f soils will be sampled from Central and South Alabama.
Figure 3.3abels each soil as they are referred to throughout the res€hectniltypes are further

introduced in the next sectians

Figure 3.3: Soils used during testing

3.23.1 WaughClay and Waugh Sand

Waugh Clay and Waugh Sandl be used as itsthe same soil from the same pit used by
Nemiroff (2016).Samples will be collecteflom a pit owned by Newell Construction in Waugh,
Alabama. The location of this borrow pit is shown in Figure 3.4 and the coordinat®s are

32.36983 W -86.02014 The sandnd clay samples will be mixed to create what will be called

Waughsoill.
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Figure 3.4: Location of theWaughborrow pit (Google Maps)

3.23.2 Waugh Saoll

According toALDOT 304 (2014, a soil cement mixture needs to have a fines content of
5% to 35%. To create this, the Waugh Clay and Waugh Sand were atiae2D% to 80% ratio
respectively (Nemiroff 2016). This mixtimwill be referred to as Waugloil throughout the rest
of the resarch.To create a wideange of strengths, from aboutQLpsi to800 psi, the cement
contents mixed with théry Waughsoil will be 4, 5, 6, 8, and 10 percent cerhbg weight ofdry
soil.
3.23.3 Elba Soil

Elba il wascollected from a soil cement base project thiasongoing during the time

of thisresearclproject The contractor on site was S.A. Grahdime projecwas along Eastbound
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U.S. Highway 84 to the East of ElbEhe locationwheresoil was sampleébr the pojectis shown

in Figure 3.5 and the coordinatesreN 31.400602W -86.006807

Elba Soil
Collection

Figure 3.5: Map of Ppject Site where Elbsoil was ollected(Google Maps)

To create a range of strengths froB0 Jpsi to800 psi like the Waugh soil, the cement
contents were changed to be 5, 6.5, and 8 percent to the dry Elba soil. The 6.5 percent was also
prepared to allow for comparistém the results of the field testing.

3.23.4 CoarseSoill

Coarse sanwiill be collected from a borrow pit located Emerald Mountain, Alabama
owned by Foley Materials. This coarse sand is normally usedias aggregatevhile mixing
concrete so it haa larger fineness modulus than the other soils. In ordenette a soil cenmé
mixture this @arse sanavill be mixed with Waugh clay at a ratio of four to g 80 percent
coarse sand to 20 percent Waugh cl&yis mixture of soils will be known as Coarse soil through

the rest of this reporfhe location of this borrow pit ishown inFigure 3.4 and the coordinates
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were N 32.415318W -86.179164.To create a range of strengths fromQLpsi to800 psi, the

cement contents will be 4, 6, 8, 9, and 10 percent by weight of dry Coarse soil.

).

® maiseie a.170160

';31-‘_1;'““[\
5 -,g 5

¥ A
- :“_'Ih' >

# Coarse Sand
Collection

Figure 3.6: Coarse soil sample locatig@oogle Maps)

3.24 Material Classification

Thegeotechnical propertiexd each soil will baedeterminedo allow theirsoil classification
to be determinedFirst, ASTM D422 (2007)will be used to determiné h e  grain $izé s
distribution The soilswill then be classified using both the American gexiation of State
Highway and Transportation Officials (AASHTO) method and the Unified Soil Classification
System (USCS) method. ASTBI6E98 (2012) was then used to run proctor tests to determine the
optimum moisture content and niaxum dry density of the mture of soil, cement, and water
3.2.5 Soil Classification Impact

The effects of different soil typesill be evaluated to determints impact ornstrength of
the soil cemenand thecorrelationbetween DCP output and molded cylinder strenDBifferent
soils were selected to compdhe results ofaboratory mixtures with low fines contetat those
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made witha high finesontent The soilswill alsobetestedo determine theement content need
to obtain the strengtto meetALDOT specifications.
3.3 Laboratory Testing PhaseProcedures
3.3.1 Laboratory Mixing of Soil Cement

The soils collected fromhe borrow pitswill be stored infive-gallondrumswith a plastic
lining. Theportlandcement used for mixesill be Type I/ll. The water used in the mixesll be
collectedf r om t he City of Auburndéds public water su|
3.3.1.1 MoistureDensity Curve

Before producing soil cement, a proctor testn which amoisturedensity curvecan be
obtained will be performed foeach mixture with different cement contents. The optimum
moisture content and maximum dry densitgrevdetermined using ASTMD698 (2012).This
information is very important when weighing out all the material before produbietihod Ais
used which uses a foumch diameter mold. For this method, the specimsetompacted in three
equal lifts using 25 blows per lift. The weight of the mold and soil cement was weighed once
completely compacted. A sample from the soil censtatken to determine the moisture content.
The results from each sammes then plotted to create the moistdensity curveA curveis
added and the optimum moisture content and maximum dry decsiigd off at the peak of the
curve as shown in FigureZ2.
3.3.1.2 Batching

Before batching, the material thaill be used $ poured out on a plastic sheet and mixed
to make sure the moisture contenequakhroughout the soilThis can beseen inFigure 37. A
moisture content of the soil was then sampled using ASPRIL6 (2010). Based on the optimum

moisture content and maximum dry density obtaiinech the moisturedensity curve, the weight
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of the soil, cement, and waterweighed to achiev&00 percent ensity. The componentsill be
weighed out infive-gallon buckets to the nearest one hundredth of a pound and covered to

minimize moisture loss until the mixirtas started

Figure 3.7: Mixing of soil prior to batching

3.3.1.3 Mixing

A 2.5 cubic foot batchs needed to produce enoughterial to create theve plasticmold
cylinders andhreeDCP specimens. A mortar mixer with a capacity of 12 cubicigepowerful
enough to uniformly mix the fulbatch of material. The mixingvill be performed by a
Multiquip/Whiteman WM120PHD mortar mixer as shown iguiie 3.8. Oncemixing hasbeen

completed, samplesill be collectedto determine the moisture contertthe material
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Figure 3.8 12-cubic foot mortar mixer for soil cememtixing

3.3.1.4 PlastieMold Cylinder Production

The 3inch by 6inch gdasticmold cylinder production closely follows the method of
McLaughlin (2017) who changed the method slightly from the method that Sullivan et al. (2014)
from Mississippi State Univsity created. The mol$ to be cut down the side with a box blade,
same as McLaughlin (2017). After cutting, the mislthped togethewith aluminum foil tapeo
allow the cut to remain sealed during production of the specieaway the mold is tapeis
changed from the McLaughlin (2017) method. McLaughlin (2017) used a single, vertical strip of
aluminum tape to seal the side as seen in Ei@@ The change to this added two strips of tape
from the top that wrap around one third of the circumference of the mold, centeredcan ése
seen in Figure 30. This methodwill greatly reducethe chance of the taped mold splitting while

being compactk
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Figure 3.9: McLaughlin (2017) tape arrangement

Figure 3.10: New PM tape arrangement
The plastiemold cylindersare compacted using 7 blows per lift in accordance to
McLaughlin (2017) in order to obtain the 98 percent density required by ALDOT. Once

compactionis completed, the moMill be removed from the testing apparatus and the soil cement
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will be trimmed level with the top of the plastimold shownin Figure3.11. A plastic capwill then

beplaced on the top to prevent moisture loss.

Figure 3.11: Straightedge used tam the soil cementio the top of the mold

3.3.1.5 DCP Specimen Production

The dynamic cone penetrometer specimeitide created using theethod developed by
Nemiroff (2016)as previously presented Section 25.5.1 Once complete, the buckets will be
removed from the concrete confinement blbgkgrabbingthe top edgeof the bucket as to not
deform the bucket and fracture or disturb the freshly compacted DCP spdéicaheould happen
while removing with the handle
3.3.2 Initial Curing
3.3.2.1 PlastieMold Cylinders

Sullivanet al. (2014) suggested plastimld cylinders be stored on site for one day before
moving to laboratory. Thisiused in the laboratory as well. The specinséiadl be stored exposed
to laborabry air conditionsn the mold for initial curing overnight. This was typically between 12

and 48 hours.
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The next day, theoil cementylinders @ae removed from thelasticmold by removing
the cap and all of the tape. With the split being down the gidemold & slightly pulled apart
until the cylindemwould slideout. Removal of the cylinder from mold can be seérigure 3.2.

At this point, the weight, diameter, anddt@ of the cylindewill be measured in order to calculate
the density of the specimgitescribed in Section 3.3.4.1Thisis done to make sure the specimens

achieved the 98 percent of maximum dry density requirement.

Figure 3.12: Specimen removal &ém gdasticmold
3.3.2.2 DCP Specimens
The DCP specimensill be immediately covered with a piece of plastic and attached with
plastic clips around the edges, as sedrignre 3.B. The specimeswill be kept undisturbed in

the laloratory similar to the plastimold specimens overnight for 12 to 48 hours.

Figure 3.13: Initial curing of DCP specimen
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A study will be done on if the initial curing of the DCP specimens has an effect on the
strength. The second half of the study will switch the initial curing to the same done by Nemiroff
(2016).After compaction, the DCBpecimens will be covered using a plastic lid and moved to
the moistcure room. The plastic lid will be removed to allow the moisture to enter the top of the
specimen for about one minute, and then the lid will be placed back on and kept undisturbed in
themoistcure room for 24 hours.

3.3.3 Final Curing
3.3.3.1 PlastieMold Cylinders

Final curing began as soon as the specimens were removed from thél heojalastie
mold cylindes were removed from the plastizold and sealed in a plastic bag. All air was
removed prior to sealing it shut and wrapping a rubber band around it. The cylinders were then
placed on their sides in the moist curing room which was kept at a temperature of 73 °F + 3 °F.
The specimens renrad there until it was time for compression testing. Figuié showsthe

final curing.

Figure 3.14: Final curing of the PM cylinders

3.3.3.2 DCP Specimens
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The final curing for the plastimold specimens and DCP specimens occur at the same time.
The DCP specimerase moved from the laboratory to the moist curing rdidto 48 hours after
compactionThe specimensra moved at the same time as the PM specimens described in section
3.3.3.1.These specimerae kept in thanoistcureroom until time for testing.
3.3.4 Testing
3.3.4.1 PlastieMold Cylinder Testing
3.3.4.1.1 Moisture Content and Density

When the soil cement cylindes removed from the plastioold, measurements of the
diameterlength, and weighére taken. A calipersiused to read the values of the diameter and
length of the soil ement cylinder. A measuremesttaken at the top, middle, and bottom of the
cylinder with the caliper to obtain an average diameter of theaswit cylinder. Two readings
are taken of the length of the cylinder to determine its aveFagere 3.5 showshow the diameter

and lengthof the cylinder areneasured with the caliper.

AR

Figure 3.15: Measuremerstof the ®il cementcylinder usirg a @aliper
After the unconfined compressive strength test, described in Section 3.3.4.1.2, has been
completed, a sample of the soil cementaken and put to an oven to determine a moisture

content of the cylinder. This sampervesas the moisture conteased to find the dry density of
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the sample. The weights of the samples and equipmentatseldtermined in accordance with
ASTM D2216 (2010)Figure 3.5 showssamples about to be weighed to the nearest hundredth

after having dried in the oven.

Figure 3.16: Dry s0il cementsamples about to be weighed
The dry densityd determined by using Equation 3The specimeis dry densityis then

compared to the maximudry density to esure the percent compaction lexseeded 98%.

7

m (Equatlon 31)

Where;

Jury = dry density,

Wsample= Weight of sample,

V = volume of sample, and

w = water content.
3.3.4.1.2PM Cylinder Compressive Strength

Conmpression testing of the plasticold cylinders followed the changes that McLaughlin
(2017) made to the Wilson (2013) method that had modified ABIEB3 (2007). A detailed

summary of the changes areSaction 25.6.3.2
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For precise control of the loading rate, a-kij®compression testing machine from Forney
was used and can be séefRigure 3.X. The specimens were removed from the moist curing room
and taken out of the plastic bags one at a firhe.specimens wetested in the machine. As seen
in Figure 3.8, thevertical axis of the specimen was aligned with the center of thrust from the

upper plate to avoid argad eccentricity that may impact the measured strength

Figure 3.17: Forney 106kip compression testing machine
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Figure 3.18: Specimen being tested in the 3Kip compression testing machine

Theload applied to the specimewdl be kept at a constant rate of 10 £ 5 psi/s until failure
occurs Failure load will be reorded to the neareStpounds. The compressive strengili then
be calculated by dividing the total failure load by the crssstional area of the specimdrhe
averge of the 5 specimernis then taken and rounded to the nearest 5Assiconcrete tensile
strengthrelatesto the strength of soil cement, AST®X96 (2017)will be used forprecision.

To determine if any outliers exist, the samehmndtused byMcLaughlin (2017) $ used.
The coefficient of variatiofor compressive strengtbund in Wilson (2013) of 7.1 percent for no
cappingof the specimensi used.Based on the number of test results, theltiplier of the
coefficient of variation from ASTMC670 (2015) shown in TEe 3.1 is used toobtain an
acceptable range of result§he range s determined by taking the difference between the
maximumandminimum strength and dividing by the average strength of tdyéinders (ASTM
C670 2015) Since five cylhders were made for each testing day, the multiplier wilktde 3.9
that yieldsan acceptable range of 27.7 percent. This method of identifying outliers is consistent

with the way Wilson (2013) and McLaughlin (2017) identified outliers
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Table 31: Multiplier of Standard Deviation or Coefficient of Variation (Adapted from

ASTM C670 2015)

Multiplier of Standard Deviation
or Coefficient of Variation

2 2.8
3.3
3.6
3.9
4.0
4.2
4.3
4.4
10 4.5

Number of Test Results

(o} Nooll NN K2 HO2 | I~ N@V)

3.3.4.2 DCP Testing
3.3.4.2.1 Moisture Content and Density

For consistencyeach DCP soil cement specimen dreated in dive-gallon bucket.
Measuring of the volume of the DCP specimens is done prior to ciitiegdiameter around the
bottom and top of the buckate measured, as well as the full height ofttheket. Once the soil
cement habeen compacted tine bucket, five measurements eead with a ruler from top of the
bucket to the top of the soil cement. Thasemeasured to the nearest 1/16 of an inch. Four of the
measurements were taken around the edge of the bucket and one was taken from the center to
average the full height of themil cement specimen and is shown in Figai9. Thisheight was
subtracted from the total height of the bucket. This heghtso used to interpolate the diameter
between the top and bottom of the bucHéte diameter of the top of the soil cementcapen
was averaged with the bottom diameter. Thkimeis then calculated using the volume equation

of a cylinder, height multiplied by gind theradius squared
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Figure 3.19:Heightmeasurement of DC8ecimen

The total weight of the soil cement speenis measured just before DCP testidg an
age of either three or seven dafee DCP tesis run andtie moisture samplies recorded The
weights of the samples and equipment used were determined in accordance wittDR3T®/
(2010). The dry densitys determined using Equation 3.1.
3.3.4.2.2 DCP Strength

Testing the dynamic cone penetrometer specimens ftleprocedure of ASTND6951
(2018). A 17.6pound hammer with a 5f@ch diameter steel rod with a 22i6ch drop height met
the requirements of ASTMD6951 (2@8) and was usedAll tests were ompleted using a
replaceable 6@egree point tip that was replaced at maximum of 100. fHststesting procedure
follows the same as Nemiroff (2016) with the exception of using a Kessler Magnetic Ruler instead
of manually recording readingBigure 3.20shows a picture of the Kessler Magnetic Ruldre
Kessler Magnetic Ruler recorded penetration readings after every blow in millimEtéss.

informationis transferred directly from the magnetic ruler to a computer using a flash drive.
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Figure 3.2Q Kessler Magnetic Ruler
The DCP specimens were taken out of the cure room and transported back to the concrete
block in which they were produced. The tiptbe DCP is seated 1 incBY mn) to ensure the
widest part of the tips flush with the surface dfie soil cement specimeRigure3.21 shows the
arrangemenof the DCP testing in the bucket. In accordance with ASJ8851 (2A.8), if the
penetrationis less than 2 millimeters after 5 blows or the handle defteate than 3 inches from
the vertical position, the teist stopped and assumed to heaachedefusal. The DCFs removed

from the specimen by driving the hammer upwards against the top handle.
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Figure 3.21: DCP testing arrangement in the specimen

Whenthe testsare completed and all the datas beercollected, the penetration depth
versus the blow count plotted. To determine if therme any outliers, McLaughlin (2017)
suggested an acceptable range between the DCP results of 50 gdregrbcedws outlined in
ASTM C670 (2015)is used to determine the percent range of the three slopes. If the maximum
slope minus the minimum slope divided by the average slope of the tests multiplied sy 100
greater than 50 percent, an outlier exisfaty outiers are removed from the datA trend lineis
produced from the three DCP tests in order to determine the slope of all of the tests. Thss slope
thenplotted against the cylinder strengths to produce a relationship between DCP slop and PM
cylinder compresse strength.
3.4 Field Testing Program

In order to evaluate tharious strengthesting methods of soil cement in the field, a testing
programwas developetbr an ongoing ALDOT projecFigure3.22 shows a summary of the field

testing plan. Three different soil cement testing methatide evaluated: a modified version of
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the PlastieMold method (McLaughlin 2017) for molded cylinder strengbynamic Cone
Penetrometer Method (ASTNA6951 2@.8), andcore testing (ALDOT 419 2008All molded
cylinderswill be testedat seven days to determine theirconfined compressive strength. The
coreswill be removed on the sixth day and tested on the seventh day for their unconfined
compressive strength in acdance with ALDOT 419 (2008). The DCP testl be run on the
seventtdayon the constructed soil cement hase

The results from the DCP testdl be converted into strength from thestfit relationship
determinedrom the data collecteldly Nemiroff (2016) and the results of the before mentioned
laboratory stug described in Sections 3.2 and. 38y convertingthe output from the DCP from
thestrength, the DCP resultartthen be compared to the unconfined compvesstrengths found

from testing cores ardM cylinders.

Field Testing
Program
I I
Plastic-Mold : Core
Cylinders | |PCP Testing Testing*

[ [ I
Unconfined DCP Unconfined
Compressive - Compressive

Strength Penetration Strength
I— 7 Day — 7 Day L 7 Day

*Note: All core testing done by ALDOT
Figure 3.22: Summary of Field TestingrBgram
3.4.1 Field Mixture
The field mixture evaluated for this researelshown inTable 32 and was developed by

the Contractor, SA Graham Company, Inc. These data were obtaineddstimgperformed by
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Carmichael Engineering, Inc. This information was available at the time of making field molded

specimens at the jobsite and was used duringotbduction of the specimens. According to

AASHTO Soil Classification, the soil used during the project w&s4A(0).

Table 32: Mixture properties ofiield mixture

Mixture Properties of Field Mixture

L'Z?;ﬁgtn Clgﬁ\sjci,l:li-cl:'ﬁi)on Cement | Optimum Moisture | Maximum Dry
Content, % Content, % Density, Ib/ft3
Elba, AL A-2-4 (0) 6 13.0 116.9

3.4.2 Location of Project Site

The field testingwill take place along 5. Highway 84 bypasbketween Elba and New

Brockton, AL. The ALDOTproject number was RPRHF-0012(507). The projeéts o bisect i v e

to constructwo new westbountines The project location is shown in Figud23with beginning

coordinates 081.401416 N;86.010603 Wand ending coordinates 81.399468 N;85.972982

W.

Shiloh Church ®

New Glorious
Church of God

— T
*EvaigelistTempleryouth f

— #® ‘New Abundant

o S Miilebanon True

uf ®'pea River Timber Co |
ne

2
GospellGaihedral
el o N

g

Project End

Figure 3.23. U.S. Highway 84 bypagzojectlocation (Google Maps)
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3.4.3 Testing Strategy within a Section

Through previous field testing of McLaughlin (2017), testing of a soil cement seéstion
considered. After furtheevaluatingMc Laughl i add tkekeulbatr ritm@as or 6 s
decided to usenore testing locationwithin a sectionThis include four testing locations for the
PM cylinders and seven DCP testing locatidgfigure 324 showsa schematic of the field testing
plan.A section for the U.S. Highway 84 bypass projsconsidered to babout450 feetn length
which is the most the Contractor placed per. ddye contractoplanned to mix and compalealf
of the total section with one cement truck, and thkms tomove on to the second half of the
sectionin one dayEach of two parts within a sectigmlabebdas a subsectio more in depth
description of what each subsection was throughout the length faélthevork phases detailed
in AppendixN. Soil will be sampled at onthird and twethirds the length of each subsection for
a total of four locatios per section in order to make a total of twenty PM cylinders, or five per
sample location. The DCWill be tested at each sampling location for PM cylinders as well as at
each of the three core locations in the section. A DCBM#dte performedwithin three feet of
the coring locations and within six feet of where the molded cylinder saarplésken. The core
locatiors will not be known until the soil cement kdoeen in place for six dayshen the core
locationswill then randomlybe generatedso noPM sampleswill be compared directly to where
the coresvill betaken from.The DCP tests at the core locatiavi8 occuron the same day of the
core being tested for its compressive strengtimastly on the seventday, or eighth dayf the

seventh daydlson a Monday as th&taff doesnot coreon a Sunday
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Section = 450 ft. (Determined by Contractor’'s means and methods)

Loc. A Loc. B Loc. C Loc.
£3 £3 . £3
03 X | X
X X X
I
I

Subsection X Subsection X+1

------------------------------------------------------------------

D
T

o
X
E

X £3 3
Loc. C1 Loc. C2 Loc. C3

-------------------------------------------------------------------

Where:
® Sample location of PM cylinder material
@ Coring location performed by the contractor and tested by ALDOT
m Location where 5 DCP testge performed
Figure 3.24:Field testing plan

At each testing locatiofive DCPtestswill be conducted. This is two more than thetted
by McLaughlin (2017). NCDOT (2013) condusdive tests at each testing location as well. The
numberwill be increased to five in order to @eimine thenumberof testsneeded to test material
with this variabilitywhile alsobeing practical for a technicidga conduct Thefive DCP tests are
arranged in a square pattern with a location at the center as shieigari 325. The pointsat the
corners of the squar@e measured two feet apart from each otlbe center locatiors one foot
down and one foot across fraime corner. The testare conducted close enough that they can
be averagetbgethelto representhe inplace strength at a location, yet not too close to be affected
by anothemdjacentest. The order of the tesise important to keep consistertbyough all tests

and be able tdeterminethe number of DCP tests needed. The orderasa®llows top left of
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square(UL), top right of squar¢UR), center(CE), bottom left of squar€BL), and then bottom
right of squaréBR).
2 ft X

ol

|
@
o

2 ft

* @ ®
Figure 3.25. DCPtestingpattern
3.5 Field Experimental Procedures
3.5.1 In-Place Sampling of Mixed Soil Cement
To make theplasticmold cylinders, material samplesll be taken aftemixing of the soil
cement nixtureis finishedin place. Samplewill be taken twice from each subsection, for a total
of four per section, ashown inFigure 324. Figure3.26 showsmaterial that has been mixed and

is ready to be sampled.
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Figure 3.26: Material ready to be sampled for PM cylinder production

Each locatiorwill have its own five-gallon bucket where the materiad collectedand
covered by did immediately to reduce the loss of moistufe sample bucketwill thenbe
transported to thpbsite housevhere the plastienold cylinderswill be made. The bucketsill
bekept out of direct sunlight and protected from other sources of evaporation, such as wind, and
contaminations during the preparation of the PM cylinders.
3.5.2 PlasticMold Cylinder Production

Figure 3.24 showghat on each day, four locatiomsll be sampled to make soil cement
cylinders, described in Section 3.5.1. The sampié$e taken to the jobsite house locatdubut
five miles east of the project, alotfge US Highway 84 bypas3.he samplewvill be stored on the
porch that was roofed to keep teriorconditionssuch as sun, wind, or rain frorffecting the
moisture content of the sample while the cylindeesbeing nade.

Just as in the laboratoryiBch by 6inch plastiemold soil cementylinderswill be made.

The plastic moldsvere cut and thetaped together just like it is specified in Sect®8.1.4 and
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shownin Figure 3.10Figure 3.27 showthe soil cementylinder being compacted. Five cylinders
will be made per sample bucket so a total of 20 cylinaalis be made in a single dayhe
specimenwwill thenbe capped with plasticapsimmediatelyafter completingthe compaction

process

Figure 3.27:Soil cement glinder beingcompacted at jobsiteduse
3.5.3 Initial Curing
Sullivan et al (2014) suggested that plastiold cylinders be stored on site until the

following day before being transporte@his was also the process that McLaughlin (2017)
followed when creating field specimefi$ie specimentor this field portion will follow the same
guidelines. Specimens will be kegztfein the shaden the porch next to where the cylinders were
madeascan beseen in Figur8.28. The specimenwill be kept on site for about 24 hours and then
transported back to the laboratory at Auburn University. The specianens beplaced in a bin

and wrapped with soft towels to prevent daméaigeng transport.
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Figure 3.28: PM specimes during initial curingon site

3.5.4 PlastieMold Extrusion

Once thePM specimens haveafely beenreturned to the laboratory, tameextrusion
processised forthe laboratory°M cylinders aslescribed in Section 3.3.2.The tape is removed,
then the molds split, and thecylinder is removeas shown in Fige 3.12 Thecylinderswill be
weighed and measurementi#l be taken of the diameter and heightcas beseen inFigure 3.5.
Thesevalueswill be used to calculate the densdf each specimertachspecimerwill thenbe
placed into a plastic bag, sed)wrapped with a rubber bandnd placed in the moistre room
asdescribed in Section 3.3.3.1
3.5.5Final Curing

The final curing of theplastiemold cylinderswill follow the same pradure as the
laboratoryPM specimens. A detailed procedure is given in Section 3.3.3.1.
3.5.6 Testing
3.5.61 PlasticMold Cylinder Testing
3.5.6.1.1 Moisture Content and Density

Volume measuremenisuch as length, diameter, and weigbegre determined before the

soil cement cylinders were sealed iagilc bagsasdescribed in Section 3.3.4.10ensityis then
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determined byusing Equation 3.1Moisture contentsvill be takenusing thesame methodsed
for the laboratory specimemy following ASTM D2216 (2010) The @mmpaction percentageill
thenbe determined by taking the dry density and comparing it to the maximum dry dassity
stated in Table 3.2.
3.5.6.1.2PM Cylinder Compressive Strength

Compressiorstrength testingvill follow the same testing practicdsscribedn Section
3.3.4.12for the laboratoryproducedsoil cementylinders. ASTM C670 (2015) will also be used
to determine if there are any outliers while using the same coefficient of variation for molded
cylinders of 7.1% that Wilson (2013) recommendege cylinders were madat each location,
same as in the laboratothe same multiplier of 3.8om Table 31 will be used
3.5.62 DCP Testing
3.5.6.2.1 Moisture Content and Density

The noisture content and density the inplace soil cemenwill be determined through
theuse of a nuclear gaugghown inFigure 3.®. The nuclear gauge will be run one time on each
subsection, as shown lfigure 3.24Although the DCP tests will not be run directly where the
nuclear gauge test is run, the result of gingular nuclear gauge test per subsection is related to

all of the DCP tests run in that subsection.

Figure 3.2: Use of nicleargauge ortestsection
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3.5.6.2.2DCP Strength

The dynamic cone penetrometer testily follow the procedure of ASTND6951 (2A.8)
as discusseih Section 3.3.4.2The testsvill be completed using a replaceable point tip with a 60
degree angle which is shownRigure 330. This tipis to bereplaced after every 100 testswhen

it is visible that the tip haseen damagedhich mayimpactresults.

Figure 3.30:Replaceable DCP tip
Before the tests are run, the D@ be assembled and inspected for any damaged parts.
Testing wll begin onceall pieces making up thBCP pmssinspection. The testing locations are
explained in Section 3.4.3 aragte shown inFigure 324. Five tests will beconducted at each

location as sped#d by the pattern shown in Figur€3andan example shown iRigure3.31.

109



Figure 3.3L: Testing pattern for each DCP testing location

Beforestarting to record penetration deptading, the DCPwill be held vertically and
seated a depth of 1 in€B5 mm)into the soil cement base sathhe widest part of the tip level
with the surface of the soil cemeAt.Kessler Magnetic Ruler W be usedto record datdor the
DCP testing which allow/ for an easier orgerson operatioriThe Magnetic Ruler and manual
ruler can be seen iRigure 3.32. The operator of the DCRill had it up vertically, raise the
hammer until it mikeslight contact with the top handle, amil then release the hammer toieiée
a blow. The Kessler Magnetic Ruler specificatiomsre coveredn Section 3.3.4.2. When
reading theuler manually, the penetratiosmrecordedusing themillimeter scale aér every fve
blows. This process continuastil 175 mllimeters of total penetratiors ireached, after seating.
If at any point the penetratiom 2 millimeters or less after 5 blows or if the handle defl@aiches
from the vertical position, theed is deemed to reach thefusal limit andwill be stopped in

accordance with ASTMD6951 (2@.8). After testing, he DCP s removed from the soil cement
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base by striking the hammer upwards againsbtiteom of thehandle.When all five tests have
been completed at each location, the penetration depth versus the blow count will be plotted to
determine the average strength of this test location. To determine any outliers from the five tests,

the process used for the laborgtoutlined in Section 3.3.4.2.2 will be used.

i
i
3
:
£

Figure 3.32: Magnetic ruler and amualruler used for DCP testing

3.5.63 Core Testing

ALDOT Section 304 (2016) states that fBentractor mustecover and test least two
coresfrom random locations within each sampling intervsd. mentioned earlier, this project
consiss of 450-foot long sectionsTheContractor decided to have three cores remawed each
sectionwheretwo will then bechosen and averaged togethethe sixh dayis on a Sunday, the
cores vill be extracted oMondayand tested offuesdayThe Contractor only placed soil cement
during the week so no testing occurred on the week@ihdsthree core locations per sectioifi
bepicked at random by the Enginesard thenCarmichael Engineering witecoverthemfor SA

Graham Cores beingecoveredare shown irFigure3.33.

111



Figure 3.33 Core beingecoveredrom the section
After removal,eachcorewill be measured to make sure it @®the criteria. If the core
meets the height requiremerats specified by ALDOT Section 304 (2016)shall beplaced in a
plastic bag to mimhize moisture loss se@mFigure3.34. The corewill thenbeplaced in a cooler
while being transported by ALDOT to their testing facility in Troy, Alabama. If the doesnot
meet the height requirement, another awoite berecovered from a nearby locatiddultiple core
holesfor a single locatiorareshown inFigure3.35. ALDOT6 s 7t h D perform alltha

compressivetrength testing on the cores obtained for this project.
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Figure 3.34: Core being placed in plastic bag

Figure 3.35: Multiple attempts at retrieving\alid core sample
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Chapter 4

Presentation and Analysis of_aboratory Testing PhaseResults

4.1 Introduction

In this chapter, resultsf the laboratory testinghasedescribed in Chapter 3 are presented
and discussedAn in-depth analysis of the dynamic cone penetrometer sesuth respect
compared tdhe plastiemold cylinder strength results presentedThe correlation between the
two are therestablished andiscussed with comparisons to otkanilar correlations. A summary
of all data collected are presented in Appendices A thrélugh
4.2 Material Classification

Section 3.2.4 described the methods to determinAAHTO and USCSlassification
of the differen soils used irthis project Table 4.1summarizes theesults and classifications of
each of the soilgGradation curves of the soils can be found in AppendiXi@liquid limit (LL)
or plasticity index (PI) was tested for the Coarse soil.

Table 4.1 Summary of soiproperties andlassifications

Percent Passin

Soil Name . LL Pl USCS AASHTO
#200 Sieve
Waugh Clay 38.9% 21* 18 SC A-6b
Waugh Sand 1.2% N/A N/A SP A-1b
Waugh 8.3% 14* 12* SRSC A-2-6
Elba 0.9% N/A N/A SM A-2-4
Coarse 8.2% N/A N/A SW-SC A-1b

*Completed by Matt Barr (Nemiroff 2016)

4.3 Mixture Properties
Section 3.2.2 describes the laboratteyt performed to colle¢che mixture properties of

each of the soils. Tables 4.2 through 4.4 show the cement contents, optimum dry densities, and
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maximum dry densities for Waugh soil, Elba soil, and Coarse resipectively The Proctor

moisturedensity curvesor these mixturesan be found in Appendix.A

Table 4.2: Mixture properties of Waughaboratorymixtures

Mixture Properties of Waugh Laboratory Mix tur es

Cement Content, %

Optimum Moisture Content, %

Maximum Dry Density, Ib/ft

4 12.0 119.4
5 10.7 120.0
6 12.0 120.5
8 11.4 123.8
10 11.5 124.0

Table 4.3:Mixture properties of Elba laboratory mixtures

Mixture Properties of Elba Laboratory Mix tures

Cement Content, %

Optimum Moisture Content, %

Maximum Dry Density, Ib/ft

5 12.4 115.0
6.5 13.8 115.1
8 12.2 116.9

Table 4.4: Mixture properties of Coarse laboratory mixtures

Mixture Properties of Coarse Laboratory Mixtur es

Cement Content, %

Optimum Moisture Content, %

Maximum Dry Density, Ib/ft

4 11.7 120.5
6 11.2 123.8
8 10.8 125.2
9 11.0 125.3
10 10.2 126.2
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4.4 DCP Initial Curing Study

Section 3.3.2.2 describes the two different types of initial curing methods used throughout
the laboratory testing phase. A total of three soil cement mixtures were made. A total of four DCP
specimens were compacted. Two DCP specimens using the plastnalipastic lid methods
were produced. Then a DCP test was run that compared the DCP slopes at a depth of 75 millimeter
on the seventh day. The results of this study are shown in Tabldsing. the plastic lid method
tends to have a slightly lower slope value than the plastic sheet and bkgps.ig minimal effect
on strengthwith how similar the slopes awehile using these different initial curing methods for
the DCP specimens; therefp with both curing methods shamg similar results,all DCP
specimens produced using either metlaoecombined in thdinal results.The 75 millimeter
penetration analysis of all initial curing study specimens can be found in Appendix B.

Table 4.5:DCP Initial Curing Study Results

Cement Content | Plastic Lid Method Plastic Sheet and Clip Percent
(%) Slope (mm/blow) Method Slope Difference
(mm/blow)
4 2.6432 2.8156 6.3%
6 2.0018 2.1116 5.3%
8 1.7364 1.9735 12.8%

45 Soil Classification Impact

Nemiroff (2016) found that soils containing less particles that pass through the No. 200
sieve, tend to need more cement content to reach higher molded cylinder compressive strengths.
This is also seen ithe DCP results dilemiroff (2016)that showed thanhore particles passing
through the No. 200 sieve needed more blowseteetrate further into the saowever, both the
cylinder strength and DCP blow count increase, Nemiroff (2016) concluded that tH# best

correlation between OP output and compressive strength is unimpacted by soil type.
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Figure 4.1 showa comparison of the plastimold cylinder strength results versus cement
content for the different soil classificatiofdgure 4.2 Bows a similar comparison, except using
the DCP slope results at 75 mm penetration depth versus the cement content of the soil cement
mixture. The DCP slope was obtained by penetrating the soil cement spetim@enetration
depth of 75 millimetersThe data pertaining to this study can be found in AppendiXh@&se
slopes are further evaluated and discussed in Section 4.5.1. These results are similar to the literature

from ACI 230 (2009) that states fAsoaNos20cont ai

sieve produce the most economical soil cement

1200.0
- —e—Elba Soil (A-2-4)
E 1000.0 Waugh Soil (A-2-6)
o —a—Coarse Soil (A-1b)
o, 800.0
=
=
o 600.0
E 400.0
=
< 2000
l""--._

00
0 2 4 6 g 10 12

Cement Content (%)

Figure 4.1: Effect of soil classification o”M cylinder strength
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Figure 4.2: Effect of soil classification on DCP slope

4.6 Suitability of Dynamic Cone Penetrometer

The suitability of the dynamic cone penetrometer was assessed to make sure that it would
penetrate the soil cement after curingaccordance with ASTM D6951 (2018), if a penetration
of 2 mm was not reached over 5 blows, then the test was stopped as it had reached refusal by the
75 mm depthNemiroff (2016) ran tests of soil cement with a strength range fr@p4iGo 1000
psi ard found thatefusal wageachedat 800 psi. Using different soiland cement contentthe
DCP was assessed again over the strength rang@0qgfsl to1,080 psi. Table 45 providesa

summary of the penetration versus stremggults obtained from thigusly.
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Table 46: Summary of the penetration versus strength investigation

Strength (psi) Refusal (Yes/No)
100 No
205 No
340 No
465 No
545 No
635 No
740 No
860 No
930 No
965 Yes

1080 Yes

The point of refusal wanot obtainedhrough the soil cement specimeris5 mmuntil a
compressivestrengthof 965 psi was reachedAt 965 psi, the DCP was unable to create any
penetration in the soil. THBCP was able tagtill penetrate in strengths well above 650 psi, the
maximum strengthallowed by ALDOT,sono changes ahe standard DCP as definedA8TM
D6951 (2018) were needed.

4.6.1 DCP Penetration Depth Analysis

An analysis was performeahn all of the retrieved DCP datdhe figures presented in
4.5.1.1 through 4.5.1.5 are shown as a demonstration of the process used to analyze each soil
cement mixture. All graphthatare shown are from the same soil cement mixture; however, overall
conclusions are based on all thegahit were performed.

For each mixture design, the three DCP specimens that were created wereTtested
penetration data obtained were plotted on th&iz against the DCP penetration in millimeters on
the yaxis. A lineafregression analysis was usmtleach set of data to determine the slope of the
bestfit line across different depths of analysis. Thatgrcept was restricted to zeas it is a fact

that all results started at zefithe penetration depths that were evaluated were 25, 50, 731100,
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175 millimeters All data recovered from the DCP test was processed to provide a data point at
every 5 millimeters of penetration. With the magnetic ruler pulling depth of penetration readings
after every blow, linear interpolation of the surroundilaggdvas used to achieve a data point at
every 5 millimeters in depth. This was also deemed necessary as some weaker soils would have
too few data points for reliable regression analysisummary of the different penetration depths

is shown in Figurd.3.

A

2W00Mmml

175 mm

Figure 4.3: Penetratiordepthsummary

Nemiroff (2016) concluded that a 75 millimet€3 inche$ was the most ideal penetration
depth as it produced the best results with the least amount of technician effort. McElvaney and
Djatnika (1991 used penetration depths of only 2 inches. These penetration depths were analyzed
and compared to determine wihigenetration depth produced the most accurate results while using
the least amount of effort when performing a DCP t&ssummary of all the data from each
mixture design can be found in Appendi€ethroughH.

Outliers were determined through the samethod used by McLaughlin (2017). Any data
that exhibited a range greater than 50 percent were deemed to contain an outlier test (McLaughlin

2017). The range was evaluated following AST@70 (2015). Once all three slopes of the three
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laboratory tests wemetermined, the percent range was determined by taking the maximum slope
minus the minimum slap divided by the average of all three slopesthe laboratory phase,
outliers were only found for the 25 millimeter depth analysis.
4.6.1.1 Twenty-five Millimeter Penetration Depth Analysis

An analysis was performed on only 25 millimeters (1 inch) of penetration. This depth is
about15 percent of the full penetration deptiot including the seating deptBxample results
based on 25 millimets of penetration are shown in Figure 4lie codficient of determination
is as high as with some of the other analysis depisre were also two outliers found in this
analysis while the other laboratory depths had Z&ssed upon the results from mdeoff (2016),

a oneinch depth was not the bestchtaracterizing the results of teatire depth.
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Figure 4.4: Twenty-five millimeter depth penetratici blow countrelationship
4.6.1.2 Fifty Millimeter Penetration Depth Analysis
Exampleresults from this depth analysis can be found in Figure 4.5 for one of the mixtures.

The slope of this line compared to the 25 millimeter analysis decreased and the coeifficient
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determinatiorincreased leading to better results. This indicates a better linear relationship at this
depth than that of the 25 millimeter deptResearchperformedby Nemiroff (2016) and

McLaughlin (2017) showed that the results from the DCP at 50 millimeters in weptd not be

much different than that of the 75 millimeter depth.
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Figure 4.5: Fifty millimeter penetration deptto blow countelationship
4.6.1.3 Seventyfive Millimeter Penetration Depth Analysis
Next, a penetration depth of 75 millimeters was aredyto determine if this depth would
continue to produce the most accurate results with the least amount of technician effort, as
concluded by Nemiroff (2016) and McLaughlin (201An example of the relationship an
analysis depth of5 millimeters is fown in Figure 4.6In this one example, theenetration slope
decreased from the 50 millimeter deptid thecoefficient ofdeterminationncreasedin this case,

this indicates that the soil cement gets a little stronger with depth while keeping a strong linear

relationship.
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Figure 4.6: Seventyfive millimeter penetration deptio blow countrelationship
4.6.1.4 Onehundred Millimeter Penetration Depth Analysis
A peretration depth of 100 millimeters was tharalyzed to determine if this depth would
show different resultsvhen compared tthe 75 millimeter penetration analysihis depth had
been seen to show very similar results to the 75 millimeter depth accoodemiroff (2016)
analysis. This depth was checked to make suradberacy was still similaAn example of the
relationship atin analysis depth df00 millimeters is shown in Figure.'4 The penetration slope

decreasednly a littlefrom the75 millimeter depth but thecoefficientof determinatiordecreased

in this case
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Figure 4.7: Onehundred millimeter penetration degthblow countrelationship
4.6.1.5 Full-depth Analysis

The full set of data collected over a penetration ranging from 0 to about 175 millimeters
wasanalyzedo determine if the strong linear relationship continued throughout the entirety of the
sample. An example of fullepth penetration data of the dynamic cone penetrometer is presented
in Figure 4.8. Asshown, the strong linear relationship between blownt@nd penetration is
continued from théd.00 to 175millimeter depth analyses. The relationship follows the laboratory
research done by Nemiroff (2016) using uniformly mixed soil cement as well as the research

performedon soil cement and limstabilizedsoilsby Enayatpour et al. (2006).
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Figure 4.8: Full-depth penetration relationship between 0 and 175 millimeidsow count

4.6.2 Conclusions of the Penetration Depth Analysis
The average coefficient of determination for each penetration depth for all data analyzed

for this laboratoryestingphase is shown iRigure 4.9 Range bars were added to the plot to show
the minimum and maximum coefficient of determination obtaineckémh depth analysi$he
penetration depth with the highesteragevalue was/’5 mm penetration deptht is noticeable in
Figure 4.9 that the range of coefficient of determination decreases as the analysis depth is
increased, with a significant improvenmesbserved between the 50 millimeter to 75 millimeter

analysis depths.
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