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Abstract

Soil cement is a mixture of soil, portland cement and water that, once compacted and
cured, forms a strong and durable pavement base. Construction practicesiance among
core strength data have led to questions concerning proper quality control practices and testing
protocol regarding soil cement. One of the main difficulties ir@mhent base construction is
the strength assessment of the fully clgeittcement base roadbed, which leads to the following
guestions: is it possible to approach strength testing of soil cement like conventional concrete,
and is it plausible to use fieltolded samples as control samples to evaluate the strength-of soil
cement base?
In order to answer these questions, a field and laboratory testing program was developed
to evaluate the effects of curing, capping, and letgfiameter ratio on compressive strength
of soikcement cylinders. A draft test procedure wasetiped to prepare and test cylinders
molded in the field or laboratory. The results from this research are aimed at providing guidance
to transportation agencies when specifying strength assessment parameterséoneailbase.
Based upon the findings this research study, it is recommended thatsmihent
cylinders made in a manner compliant to the proposed draft specification be considered for

guality assurance for the strength assessment of soil cement as delivered to the construction site.
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Chapter 1

Introduction

1.1 Background

Soil cements amixture of native soils and/or manufactured aggregates with measured
amounts oportlandcement and water that hardens after compactiorcarag to form a strong,
durable, frostesistant paving material (Halstdduihr, andAdaska2006). Soil cement is often
usedas basevhere soil stabilization is required for paving purpod®g mixing portland cement
with weak soils, the cemebbund,granular materials become more suitable forlsakes and

provide an increased capacity for loadbearing applicaiershown in Figure 1.1

b

T

Unstabilized base Cement-stabilized base

Figure 1.1 Unstabilized Granular Basessis Soil Cement Base (Halsted et 2006

A common use of seitenent base is as a foundation layer underlying bitunsrand
concrete pavements. So#ément is routinely used in circumstances where the native soils are

weak and incapable of carrying traffic loads. Most soils carsbd tor soHcement production;



however,organicsoils, highly plastic clays, soils with medium to high levels of sulfatied
sandy soils that react poorly with cement should not be USethular soilsare he most
common type of soilised for soil cemermgroduction Silty sands, prossed or manufactured
sands andravels, along with crushed stone areetypf soil typically used in soil cement
stabilization (ACI 230 2009).

Soil-cement base can be mixedplace usingn-site materials or mixed in a central plant
using local or boow material. Mixed-in-placesoil cement basetilizes rubblization techniques
that recycle existing roadway materials and blends themtkatproper amount afementhat
has been applied over the existing, rubblized roadbed. The cement, soil mateibiat<d
roadbed), and the required amount of water are mixed thoroughlpuldyexizing,mixing
machine. The mixture is then compacted to required density specifications to obtain maximum
performance.

Central mixing plantareused where borrow matatiisavailable. The mixing plant may
consist of a continuous flow or battype plant. Pug-mill mixers areoften used asentral
mixing plantsand an example of this type of plant is shown in FigureTh2 soicement
mixture is deliveredo the jobgie andplacedon theexistingsubgrade.The mixture is then
compacted toherequired density to obtain maximum performan€@mpaction and curing

procedures are the same for cenpiahnt and mixedn-place procedures.



Figure 1.2 Typical central mixng plant for soil ement(Halsted et al2006

The final step of soitement baseonstructon is curing. The curing of sedement base
requires the placement of a waterproof coating such as bituminous prime (cutback)-or latex
based curing compoundsttee surface of the newly compacted roadbed. This provides a
membrane that wikeal the surface of the roadbed aetp toprevent moisture loss through
evaporationallowing better strength development through the hydration of the cement

A hot-mix, bituminous wearing stace is usually placed over sagément bastor
flexible pavement applications. When used under concrete paveswhtement baswiill
improve support between the concrete pavement and subgrade layers, improve load transfer at
joints, and prevent pumping of fhggained subgrades during wet conditions and heavy truck
traffic (ACI 230 2009).

Other advantages sbil-cement basmclude(Halsted et al. 2006)



1 providing a stiffer and stronger base than an unbound granular basegléla@yonset
of surface distresses such as fatigue cragking

1 soil-cement baseequires less thickness than a granular base due to the strong uniform
support provided by the sldike characteristics and beam strength that are unmatched
by granular basefat can fail when aggregate interlock is Jost

1 The wide variety of irsitu soils and manufactured aggregates that can be usesbilith
cement baseeliminating the need for hauling select materials

1 Reduction of rutting due to the resistance of consatidatnd movement of theil-
cement baskyer,

1 Increased moisture resistance keeps water out and maintains strength when wet, reducing
potential for pumping of subgrade soils

1 Resistance tdamage from freeze/thaw cyclesd

1 Continua strengthgainas itages

Although the advantages sbil cementire many, construction practices aragiance
among core strength data have led to questions concerning proper quality control practices and
testing protocol One of the main difficulties isoil cement basconstruction is thetsength
assessment of the fulburedsoil cementoadbed.Concerns related to the atylto assess the
strength of &oil-cement baseadbed have led many to question the quality control methods
and coring techniques usedsail-cement baseonstruction.

In most cases, thaoil cementoadbeds allowed to cure for at least sewaays before
placement of the top layer of roadwagores aravet cuton day sixand delivered to the testing

laboratory for final curing and sevenday compressive strength assessmdihie severday



strengthvalueof the cores determines the pdyanypenalties are applied, or if the section
should be removed and replacédurrently, the Alabama Department of Transportation requires
soil cemenstrengths of 250 psi to 600 psi for sewday compressive strength values.
Compressive strengths that fall outside this strength window will warrant price reductions or
removal(ALDOT 2012) Low strengths do not provide adequate support for trafid hidn
strengths could lead teflective cracking in hemix applications from shrinkage cracking as a
result of higher cement contentSore strength variability has led to concerns regarding
moisturelevels of thecores at the time désting. ALDOT419 (D08)stateghati aring shall
be done dry. If the extraction of the core samples cannot be performed dry, a minimum amount
of water at a low flow shall be allow@dCores are thereskdin plastic bags to minimize
moisture loss. If water was used durthg coring operation, the cores samgslesll beallowed
to air dry in the shade for 3@inutes before placemeinta plastic bagUpon arrival to the
testing laboratory, the cosample is removed from the plastic bag and the bottom surface of the
sampeis dry sawn, if possible, to remove any irregularities from the surfaceaaldocreat a
square surface for testinggoth ends of the core samg@eecapped using sulfur mortar attten
the core isallowed to reach a constant mass before strengtinges performed The correction
factor fromAASHTO T 22(2010)is applied to the compressive strength restiltsel specimen
lengthto-diameter ratio is less thdn75

Results from an ALDOT project on U.S. 84 ham®wn high variability in core singth
values, and an increased concern of the use of this testing protocol as a gay titesriow
strength materiallnitially, design strengths for proposed mix designs were based on achieving a
sevenday compressive strength of 325 psi. Variabilityhe field lead to difficulty in meeting

all the parameters of the soil cement specification anéftrethe specification was modified to



increasehe target seveday compressive strength requirement to 450 $svenday
compressive strengths adres taken from a test strip were considered lowpantentially

suspect. Aditional cores were cutext to the existing core locations day eight and tested the
following day. Theseompressive strength resutiseshown in Table 1.1Typical core hées in
soil-cement base can be seen in Figure It.8hould be noted that the seveay cores were
tested with no sulfur capping compound yseldereas the ninday cores were tested with sulfur

capping compound.

Table 1.1: Compressive strengths of esrfrom US84 project

Compressive Strengths of Cores from U84 Project
Testing Age Compressive Strength, psi
7 day 180, 210, 200, 210
9 day 990, 740

Figure 1.3 Core holes in soitement base
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These variances in core strength assessment hateetlelfollowing questions
concerning proper quality control practices and testing protocol:
1 How should cores be conditioned after removal until testing?
1 Should the cores be surface dry at the time of testing?
91 Should the cores be capped prior to tegiin
1 Does the length to diameter ratio (L/D) correction factor need to be applied-to soil
cement base cores?

1 Is the use of cores to assess the strength of the low strength material appropriate?

In the attempt to answer these questions, the approachitatkes research is to emulate
portland cement concrete field practices for strength assessment. ASTM D 1633 (2007)
Standard Test Methods for Compressive Strength of Molde€&aient Cylinders
recommends the option of using a length to diameter d¢mnefactor taken from ASTM C 42,
Standard Test Method for Obtaining and Testing Drilled Cores and Sawed Beams of Concrete
This method is based upon concrete research, but is considered applicable for usemesdil
testing. Itis therefore reason@lbo discuss some of the important aspects of portland cement
concrete with regards to the strength assessment afesoént.

Conventional concrete practices require making test cylinders at the jobsite with the
delivered material and use these cylinsteength values as a check for the strength of the
product before placement. It should be noted that payment and acceptance for conventional
concrete are based on molded cylinders made from the concrete delivered to the jobsite. If the

strength of theylindersis within specifedtolerancesthe material is considered satisfy



specification requirements. -fflace strength is only assessed when there are low strength values
obtainedrom the cylinders. By applyinthis approacho soil-cement base,dld-molded
samples ould be used as control samples to evaluate the strength of the material brought to the
jobsite location.

ASTM D 1632 (207), Standard Practice for Making and Curing S@é&ment
Compression and Flexure Test Specimens in the Labgratas chosen as a basis for making
soil-cement cylinders for compressive strength testing in the field. This specification can be
used in accordance witMlethod Bof ASTM D 1633 (2007,)which requires test specimen 2.8

in. in diameter and 5.6 im heght and gives a lengtto-diameter ratiomf 2.00.

1.2 Research Objectives
This project was undertaken to address concavost the methodofy of strength
assessment of soil cement hageit possible to approach strength testingaf cement bse
like conventional concrete? Payment and acceptan@®nventional concrets based on
molded cylinders made from the concrete delivered to the jobsHglade strength ienly
assessed when cylinder strengths are low. This approach checkernigeéhsdf the concrete
delivered to the jobsite and not timeplace strength of the placed soil cemdstit plausible to
use fieldmolded sampleas control sampleas evaluate the strength sbil cement baseThe
primary objectives of this researalere to
1 Establishatest procedure to prepare and tst cementylinders molded in the field by
using techniques similar to ASTM 13632(2007),
1 Evaluate the preonditioning impact of curing othe sevendaycompressive strength of

molded cylinders



1 Select a suitable curing method the strength assessmennuoblded cylinders

1 Evaluate the effects ofygsum capping compound ¢time compressive strengtif
molded cylinders

1 Determine the effect ofaryingL/D ratios onthe compressive strength miolded
cylinders and

1 Recommend the testing protocol that the Alabama Department of Transportation

(ALDOT) should implement tassess the strength of soil cement.

1.3 ResearchApproach

ASTM D 1632 (2007as used as a basis for preparing-seihent cylindes in the field
and laboratory Unresolved issues regarding figttblded cylinders include initial curing of the
specimen in the mold along with sealing the molds during initial curing to prevent unvaadted
randommoisture loss through the ends of thelaso Plugs were milled from 3 indiameter
ultra-high-molecular weight (BBMW) polyethylenaods and used for plugging the top and
bottom portions of the cylinder mold. An initial aug time in which the specimemgould be
allowed to cure undisturbed the sealed mold was chosen to be not less thtwor2 from
completion of specimepreparation.Specimensvere placed in the moisturing room upon
removal from the molds untiime of testing.

Once the initial curing time in the molds and the metlooskl the molds during initial
curing was determined,saudy ofcuring pre-conditioning impact on molded cylindessas
performed. This study included thré&boratory mixturesvith 2 batches eaalsing one soil
type andhreecementcontents. The effés of moist curing, bag curing, fan curing and air

curing were determined by sevday compressive strength testing.



Following thepre-conditioning impacstudy, a suitable curing method for the molded
cylinders was evaluated. Sedboratory mixturesvith 2 batches eaalsingtwo different soil
sources anthreedifferent cement contents were prepared and tésteetermire a suitable
curing method after initial curing and removal from the moldsecBnensvere tested in
compression aeven days. Oday sixof the curing time, half of thgpecimensvere removed
from the moistcuring room and individually placed into plastic bags for further curing. A
comparison of mistcured and bagured samplewas obtained.

Next, a suitable capping method wasakiated. Neoprene and gypsum plaster were
evaluated for use as capping methods along with no cappicgrfgsressioniesting of the
cylinders. Three &ld pojects were evaluated with thrisdoratory mixureswith three batches
eachusingthreecementcontentdo determine the best capping method for the molded cylinders.

The effect ofusinglengthto-diameterstrength correctiofactors was determined byeth
evaluation of twelvéaboratory mixturesisingtwo different soil sources and thrdéferert
cement contents. Lengtb-diameter ratiog¢L/D) of 2.0, 1.75, 1.5, 1.25 aridO were used to
evaluate theffect onsevenday compressive strengths of gecimens

Finally, a test procedure was developegtepare and testolded, soil cement cylders
Based on the findings of this research, a strengtinggsethodwas prepared fahe use of

molded cylinders as a pay itdor soil cementlelivered to the paver at the jobsite.

1.4  Report Outline

An overview of previousesearcland literatue concerning all aspects of this research

project is summarized in Chapter 2 of this repéiitst, materials and mixture proportions siil
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cementare discussedSecondlythe performancand constructionf soil cement basis
evaluated. Finally, testing concerns related to this research are reviewed.

The experimental plan developed for this research project is doteomarChapter 3A
detailed description of thexperimentatesting procedures and apparatigresented. Sample
preparation anduring methods are introduce@he soil cemenmixtures used are described and
their mixture proportions are defined.

The results of thexperimental plaare presented in Chapter Results from the pre
conditioning impact study, the suitable curingdy, the capping stugdgnd the L/D ratio study
are presented and discussed in detail.

The implementation guidelindsr a draft ALDOTprocedureare discussed in Chapter 5.
The objectives of this chapter are to recommedesting protocol that ALDOBhould
implement toasessstrengthvariability in soil cement basandoutline a proposed ALDOT
procedurdor making and curing sedement compression test specimens in the field.

All conclusions and recommendations derived from the research perforiines study
are summarized in Chapter 6

Appendices A through fllow Chapter 6 Appendix A containslesign curves and
gradations for all the mixtures used in the research tesfipgendixB throughE contain
individual compressive strength tessults for the preonditioning impact study, the suitable
curing study, the capping study and the L/D ratio study, respectigetlyaft of a proposed
ALDOT proceduras locatedn AppendixF. Finally, temperature and humidity profiles for the

moistcuring room and environmental chamber are presentéppendixG.
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Chapter 2

Literature Review

2.1 Introduction

In this chapter, technical information relating to the properties and performance of soll
cement basare describeds well as conventi@h portland cement concrete practices with the
potential for assimilation in sedement base strength assessmémthis chapter, the materials
and mixture propaions of soilcement base adiscussed. Soil cement propertepresented.
Testing coicerns related to comparison of soil cement with conventional coreegtscussed.

Finally, construction of soitement base is discussed.

2.2  Materials and Mixture Proportions of Soil-Cement Base
2.2.1 Saoil

Soil is defined as the relatively loosegmmerate of mineral and organic materials and
sediments found above the bedrock (Holtz and Kovacs 198dgvious researdily Robbins
andMueller (1960)shaved thatacidic,organic material usually had an adverse effedhen
performance o$oil cementThe study showed that sandy soils with more than 2 percent organic
content or a pH lower than 5a8ll likely react abnormally with cementGeneally, soil types
used for soHcement base constructiorclude silty sand, processed crushed or uncrusined s

and gravel, and crushed stone (ACI 230 2009).
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2.2.1.1Particle Size

Coarsegrained soils, such as sands and gravels are the recommendedartsnde
cement base construction (PCA 1995). Granular soils are the best candidaterfcouse
cement base due to thaibility to pulverize well and mix more easily than fine grained soils.
Granular soils are also more economical due to the lesser amounts of cement necessary to
provide adequate strength (ACI 230 2009). Fgr&ined soils such agé sands, silts and clays
are considered unacceptable for use since higher clay contents require higher cement contents
(PCA 1995). Fine-grained soils typically require more cement for particle encompassing and
sufficient hardening. Clays are often mdiifficult to pulverize for adequate mixing (ACI 230
2009). Typically, finer soils tend to have higher optimum moisture content values. Addiyion
finer soils also requireigher cementontents. 8ils which hae high moisture demandsso
require nore cement, making themore pronedo drying shrinkage issues (Kuhlman 1994n
increase in the amount of coaig@inedparticles will reduce theamount ofcement requirgdue
to the replacement of the finer partigledich need the additional cemeatlind them together.
However, too much coarse materials wikate voids in the mixture that will not alldie finer
particlesof soil and cemertb bond together and provide structural integrity in the mixture. The
fine particlesof soil are necessgito provide the structural, cemented bond that holds the larger
particles in place (PCA 1995).

Soils that contain between 5 and 35 percent fines passing a No. 200 sieve have been
shown to produce successful soément base. Soils which have higher ante of clay and silt
have a tendency to form clay balls, whighve difficulty inbreakng down during normal

mixing procedure<Clay balls are usually formed when the plasticity index is 8 or greater. The
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presence of clay balls soil-cement basappliations usually does not hinder performance of

the base or the pavemdACl 230 2009) Figure 2.1 shows the specified gradation band
recommended by PCA to minimize cement contents. This aggregate gradation band provides the
desired range of particle sidestribution that will allow for the minimum amount of cement
necessary to provide a substantial base material. Gradations that fall outside this range could
possibly require more cement due to the material being too fine of particle size or the material

may be too coarse to provide the structural interlock necessary to provide strength.

ASTM standard sieve size
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Figure 2.1: Aggregate gradation band for minimum cemeoritent (Halsted et al. 2006)

Gradation requeaments are not as confiningfas portland cement concretéCl 230

(2009)recommends the maximum nominal size aggregate to be limited to 2 in. with at least 55
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percent passing the No. 4 sie\RCA recommends a weljraded material with a nominal

maximum aggregate size of less than 3 inches.

2.2.1.2Density of Soil

Sdl-cement base compacted to a dense state in order to improve its engineering
properties Laboratory compaction tests are used to determine the percent compaction and water
content necessary to obtain the desired engineering properties. td$tesse also used for
quality control measures during construct{&®TM D 698 2007) A series of test specimens
are compacted at selected water contemd the resulting dry unit weights are calculated. Once
the relationship between the dry unit glai and the water contents has been established, the
resulting data are plotted in a curvilinear relationship known as the compaction curve, as defined
by ASTM D 698 (2007).The optimum water content and maximum dry unit weight are

determined from the copaction curve.

2.2.2 Portland Cement

Generally, Type | or Type portlandcementconforming to ASTM C 150 is used feoil-
cement basproduction; however, other cementitious materials such as fly ash, slag cement, and
hydrated lime have been succetsgiusoil-cement base application$he amount of cement
used is dependent upon the type of soil and the desired propertiesoil-tteenent base
Cement contents can range from as low as 4 to a high of 16 percent by dry weight of soil.
Cement contestabove 8 percent may create increased shrinkagmtiadiy resulting in
reflectivecracking (Halsted et al., 2006)\s stated previously, the cement content will increase

with the amount of clay in the soil. Typical cement requirements for varoiuyEes are
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summarized in Table 2.1t should be noted that the cement ranges shown in Pabége not

mix-design recommendations, but initial estimates for-pmoportioning procedures (ACI 230

2009).
Table 2.1: Typical cement requirements for vargsoil types* (ACI 230 2009)
X Typical cement content for Typical cement contents for
AASHTO soil Typical Tange of cement moisture-density test (ASTM | durability tests (ASTM D559 and
classification ASTM soil classification requirement, percent by weight D558), percent by weight D560), percent by weight
A-l-a GW, GP, GM, SW, SP, SM 3to5 5 3-5-7
A-1-b GM, GP, SM, SP 5t08 6 4-6-8
A-2 GM, GC, SM, SC 5t09 7 5-7-9
A-3 SP 7to 11 9 7-9-11
A-4 CL,ML 710 12 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 required for severe exposure conditions such as slope protection.

2.2.3 Water

Water is necessary svoil-cement basi order to achieve maximum compaction through
optimum moisture content and for hydration of ploetland cement. Moisture contentsswiil-
cement basasually fall in therange of 5 to 13 percent by weight of ovdny soil cemen{ACI
230 2009)Halsted et al(2006)r e c o mme nd s t h a tee ffoMWsubseamcess h a | | be
del eterious to the hardening of the T®W&B mater
mixing water shihbe free of acids, alkalies, and oils, and in general suitable for driokixg|
230 (2009) states that potable water free from alkalies, acids, or organic matter, along with
seawater may be used. The presence of chlorides in seawater magras® early strengths
(ACI 230 2009) ALDOT (2012) recommends in Section 807 that water should be free of any
substance detrimental to the work and total organic solids should be less than 2 percent. Water

from city water supplies is generally accepted.
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2.24 Mixture Proportioning

The primary function o$oil-cement bases to provide the necessary strength and
durability requirel to structurally support the HMA or concrete pavemdhioper nixture
proportioning allows the adequat®ength to be obtainaghile also maintaining an economical
product. Mixture proportions are developed in many different methods by various DOTs and
contractors, with compressive strength being a key variable in determining cement content. A
suitable design can be obtaingiih a sieve analysis, a moistuatensity test, and a compressive
strength test for initial mixture proportionitBCA 1992) The followingASTM test standards

arecritical to mixture proportioning

1 ASTM D 558 Test for Moistur®ensity Relations of SeiCemant Mixtures
1 ASTM D 1632 Making and Curing Se@ement Compression and Flexure Test
Specimens in the Laboratognd

1 ASTM D 1633 Test for Compression Strength of Molded-Saiment Cylinders

Typically, mixture proportioning requires test specimens tmbkled at three different
cement contents while maintaining optimum moisture content from an initial medstnsity
test. Compressive strength tests of the three different cement contents are performed at 7 days to
provide a range of strength data tietmine the required cement content to reach the required 7
day design strength. The end result is to ha
cement to provide a strong and durable base, while not reaching strengths high enough to create

distresss in the pavements.
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2.3  Soil Cement Properties
Soil cement properties can be influedd® several factors, including
1 Density,
1 Compressive strength,
1 Shrinkage and Reflective Cracking, and
1 Structural Design
The following information will show howhese anather factos affect soHcement base

properties.

2.3.1 Density
ASTM D 558 (2004)is used to determine maximum dry density and optimum moisture

contentfor soil-cement mixturesA typical moisturedensity curvas shown in Figur@.2.

12 _
S : Maximum dry density
$ 120 4+—= / : \.\
> 115 / ; <
C :
& 110 : .
T / :
£105 — .
100 ' Optimum moisture content

5% 7% 9% 11% 13% 15% 17%
Moisture content

Figure 2.2: Maximum Dry Density and Optimum Moisture Content (Halsted et al. 2006)
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It should be noted that the addition of cement to a soil will generally cause some change
in both the optimum moisture content and maximum dry density for a given compdictive e
The high specific gravity of the cement relative to the soil tends to produce a higher density,
whereas the cementdés demand for water for hyd
content(ACI 230 2009). Previous research by West (1959)wkd the prolonged delays
between the mixing of soil cement and compaction have an influence on both density and
strength. West1959)showed that a significant decrease in both density and compressive
strength occurs when there is a delay of more thavuBstbetween mixing and compaction.
Figure 2.3 indicates the decrease in compressive strength with the regard to elapsed time

from mixing.
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Felt (1955) showed that the effedttime delay was minimized when the mixture was
allowed to be remixed several times an hour, if the moisture content at the time of compaction
was at or slightly above optimum. The most effective moisture content is considered to be the

optimum moisture @ntent or slightly above, as lower moisture contents may produce mixtures of

inferior quality (Felt 1955).
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2.3.2 Compressive Strength

The unconfined compressive strength of-seinent mixtures has been used effectively
to characterize mechanical propes of soil-cement mixtures (Shihata and Baghdadi 2001).
ASTM D 16332007)is used to measure unconfined compressive stréogoil-cement
mixtures. Compressive strength provides a basis for determining minimum cement
requirements for mixturesnd the proportioning of soil cementResearched performed by
Mohammad, Raghavandra and Hu&2@00) provided data that indicate mixtures with higher
cement contents exhibit higher strengths than migtwié lower cement contents.

ACI 230 (D09 recommendsoaking specimens prior to testiag required in ASTM D
1633 (2007%ince mat soilcement structures may becopermanently or intermittently
saturated during their servia&l Lower strengths are possikiedersaturated conditions (ACI
230 D09). Examples of ompressive strengtittainabldfor soaked, soitement specimens are
presented given in Tab®2 The values presented in Table 2.2 correspond to-thegy/ 7
compressive strength values required for ALDOT core strengths.

Table 2.2: Typical conpressive strength values for soément (ACI 230 2009)

Soaked compressive
s[rength,* psi

Soil type 7-day 28-day

Sandy and gravelly soils:
AASHTO Groups A-1, A-2, A-3
Unified Groups GW, GC, GP, GM, SW, SC,
SP, 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

*Specimens moist-cured 7 or 28 days, then soaked in water before strength testing.
Note: 1 psi = 0.0069 MPa.

300 to 600 1400 to 1000
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Guthrieet al.(2005)evaluated thetrength testing of laboratorngixed and fieldmixed
soil-cement baseThe laboratomymade samples were cured at 100% relative humidity, soaked
underwater for hours, capped with gypsum plaster and tested in accordance with ASTM D
1633. The fieldmixed material was compacted on site with a modified proctor hammer, and
then placed in sealed plastic bags for curing. The-freleed samples were not subjected to

underwater soaking. The results of the compressive streggjihg are shown in Figure 2.4
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Figure 2.4: Laboratory strength measurements (Guthrie et al. 2005)

The higher strengths of the fietbmpacted specimens indicate potentially higher cement
contents in the field or reduced strength ofailked specimens as a result of underwater
soaking(Guthrie et al. 2005)

Since strength and density are directly related, strength is aff@oiddrly to density in
regards to compaction effort and maist content (ACI 230 2009Mohammad, Raghavandra
and Huand2000) provided data thatdicate a significant increase in compressive strength can

be obtained by increasing the compaction effort to 100 percent of maximum dry density.
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Mohammacdket al.(2000) provided molded samples that were wrapped in plastic bags and
placed in a 100 percent relative humidity maisting room prior to testingResults from this
study show that an increase in curing time will significantly increase compressive strength.
ASTM D 1632 suggests that fAcompression t
equal to twice the diameter. o The required
in diameter by 142 mm (5.6 in.) in length. Howeve$TM D 1633(2007) M#hod A allows
compressive strength testsbeperformed on soil cement samples with dimensions of 4.0 in. in
diameter by 4 in. in heightthat are made with a Proctor mold. The Proctor neo&dcommon
mold used for other soil and saiement testingThese samples will havelengthto-diameter
ratio (L/D) of 1.15. According to ACI 230 (2009}theL/D of 2.00 reduces complex stress
conditions that may occur during crushing of low#d specimens. Further exploration il

is givenin Section 2.4.

2.3.3 Shrinkage and Reflective Cracking

Shrinkage ackingcan resulin reflective cracking in the upper asphalt surface layer.
Reflective cracking is identified by relativalypiformly spaced transverse crack&ater
infiltration into these cracksan result in thetripping ofasphalt binder from the aggregates
which will allow theweakening othe baseayer, andeventuapumping of the subgrade layer
(Hadi Shiraz 1997)Figure 2.5 shows an asphalt surface layer with reflective cracking adta res

from excessive shrinkage of the base layer.
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Figure 2.5 Reflective Cracking from excessive shrinkage of base layer (Scullion 2002)

Most cracking irsoil-cement bases the result ofestraint ofdrying shrinkage.
Therefore, the less water in thexture the less prone the mixture will be to cracking (Kuhlman
1994). Shrinkage andubsequent cracking are primarily dependent upon the type of soil,
cement contentpoisture content, compaction effort, and curing conditions (ACI 230 2009).
Granularsoils will tend to have lower demand for water and will be less susceptible to drying
shrinkage.Shrinkage can be reduced by limiting the clay content or the percentage of fines in
the soil(Kuhlman 1994. The moisture necessary to gain the strengthflisrd proper cement
hydration, along with the desire to be slightly above the optimum moisture content when mixing
will tend to increase water content andrease the potential fgreater drying shrinkage.

ACI 230 (2009) suggests keeping the ahent surface moist beyond the normal curing
periods and placing the soil cement at slightly below optimum moisture coKiegping
moisture to a minimum is critical to prevent shrinkage cracking, and it is recommendsailthat
cement basbe compactetetween optimum moisture content and 2% below optimum moisture

content to minimize shrinkage cracking (Kuhlman 19%roper curing will allow the retention
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of the necessary moisture for hydration, and should reduce and retard the drying shrinkage
stresse until sufficient strength development has occurred to resist these stresses. This would
minimize total shrinkage and increase tensile strength so that shrinkage cracking will be minimal

(Kuhlman 1994).

2.34 Structural Design

For flexible pavemendesignthe AASHTO Design Methodnvolves a layer coefficient
a, where values are given to each layer of material used in the pavement structure. The layer
coefficient is a measure of the unit thickness of a given material in a pavement to perform as a
structural component of the pavement (Huang 2004). The layer coefficient is used to convert the
actual layer thicknesses into a structural nun@dér This layer coefficient expresses the
empirical relationship betweesNand thicknesD (ACI 230 2009). The following equation for

structural number reflects the relative impact of the layer coefficient and thickness

SN =4D; + a ;D5 + azDs Equation 2.1
where:
ay, &, andag = layer coefficients of surface, base, and subbase, respectively;

D,, D, andD3 = corresponding layer thicknessés.).

The layer coefficients afgasedn the resilient modulus, a fundamental material property
(Huang 2004). @ble 2.3shows typical soil cement layer coefficient valaesl corresponding
compressive séngth requirements for soil cemersied by state departments of transportation

(ACI1 230 2009).
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Table 2.3 Examples of AASHTO soil cement layer coefficients used by various state DOTs

(ACI1 230 2009)

State Layer coefficient a| Compressive strength requirement
0.23 650 psi minimum
Alabama 0.20 400 to 650 psi
0.15 Less than 400 psi
0.28 For cement-treated base with minimum
. ; 800 psi (plant mixed)
Arizona ”
0.23 For cement-treated subgrade with
: 800 psi minimum (mixed in place)
Delaware 0.20 —
) 0.15 300 psi (mixed in place)
Florida : :
0.20 500 psi (plant mixed)
Georgia 0.20 350 psi
0.15 200 psi minimum
Louisiana 0.18 400 psi minimum
0.23 Shell and sand with 650 psi
Montana 0.20 400 psi minimum
0.23 650 psi minimum
New Mexico 0.17 400 to 650 psi
0.12 Less than 400 psi
] 0.20 650 psi minimum (mixed in place)
Pennsylvania R :
0.30 650 psi minimum (plant mixed)
0.23 ‘ 650 psi minimum
Wisconsin 0.20 400 to 650 psi
0.15 Less than 400 psi

Note: 1 psi = 0.0069 MPa.

A cementstabilized base provides a higher stiffnealug than an unstahbiked base.
Figure 2.6 shows that the low stiffness of an granular base will promote higher deflection values
that can eventually result in fatigue cracking. Thdigstiffness of the cemetreated base
will provide a longer pavenm life due to the lower surface strains and deflections (Halstead et

al. 2006).
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Figure 2.6: Unstabilized Granular Base versus Sodment Base (Halsted et al. 2006)

2.4  Testing Concerns

An ALDOT soil-cement baseonstructiorproject on US4 in 2007ed to concerns
regarding construction requirements, design specifications and quality control. ALDOT quality
control and acceptance requirements mandated that cores be taken from completedestil
base roadbeds forqplace compressive strength tegt Figure 2.7 shows a typical saément
core hole.In order to achieve full payp8-cement base cores were required to have seagn
strengths that fell within 250 to 450 psi rangd@ he severday strength value of the cores
determines the paytaif any penalties are applied, or if the section should be removed and
replaced.Cores obtained from a test sectlmadcompressive strength values from 180 psi to
210 psi, which fall below the 250 psi minimum strength requirement. Cores taken from the
roadway the following day had compressive strength values above the required 450 psi upper
limit. Roadway cores taken 4 days later had values similar to but lower than the test section. It
should be noted that the test section cores were sawn in om@drieéve planeness tolerances,
but were not sulfucapped. The roadway cores were sawn and capped with sulfur mortar prior

to testing.
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Figure 2.7: Typical soikcement core hole

2.4.1 Core Strength Variability

There are several different methadgsd to condition a core from the time it has been
removed from the roadbed until the time of testiAg.DOT-419 (2008) recommends sealing
cores in plastic bags to minimize internal moisture, but also requires cores that have been wet
sawn to dry in thehade for 30 minutes before sealing in the bag. Once the core has been
delivered to the testing laboratory, it is removed from the bag and the bottom surface of the core
is dry sawn, if possible, for planeness tolerances. The core is then cappedfwitmetthr and
allowed to reach a constant mass before strength testing is perfoifitedthe core has been
tested in compressiothe correction factor from AASHTO T 22 is applied to the compressive
strength results if the specimen lentphdiameter atio is less than 2 to 1.

Once a soicement base has beerplace for 7 days, GDT 86 (2003) requires cores

taken from the roadbed to air dry at room temperature for a minimum of 15 hours and until
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constant masis obtained before capping the coreswaulfur mortar. GDT 86 (2003¢quiresa
minimum compressive strength of 300 psi.
Many of these methodgppear to have closely followed procedures for coring, curing
and testingonventionaconcrete. ASTM C 42 (2004) recommendsoring cores in a s¢ed bag
for 5 days beforeestingconcretecores in order to minimize the effects of moisture gradients
introduced by wetting during drilling and specimen preparation.
Standarecured cylinders are most applicable for acceptancedéstmventional
concrete(Bloem 1965). Acceptance tests for concrete strength are usually based on cylinders
made at the jobsite and curnedaccordance with ASTM standards. The average strength of
thesecylinders must meet or excetite specified strength of the desigitaria. In general, the
core tests are the final verdict in whether the strength on the concrete is sufficient (Campbell and
Tobin 1967). ACI 318 (2011) recommends that cores be drilled to verifyplage strength of
a structure if cylinder valueslf more than 500 psi below design strenéh, Section 5.6.5.4 of
ACI318(201) states the following: AConcrete in an
considered structurally adequate if the average of three cores is equal to at least 85fdejgen
and if no single core is less than 75 percetit.6fAdditional testing of cores extracted from
locations represented by erratic corerggth results shall be permitied ( AClI 228 200 3)
However,Bloem (1965)mentionghatwhen core tests aresed to check for the adequacy
of strength, the core strength values should be evaluated with judgement, stcglge they
Afcannot be translated to terms of standard cy
In comparisons of concrete cores tomo@te test cylinders, researchers have indicated
that coring or cutting througime coarse aggregate may tend to weaken the outer layer of a core

(Campbell and Tobin 1967).
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2.4.1.1 Core \ersus Cylinder Strength

Research performed by Campbell and Td®67)comparng the compressive strengths
of concrete cores to concrete test cylinggmluced data that indicated that thed2y
compressive strengths of cores are lower than thelag&ompressive strengths of laboratory
made cylinders. Figure 2shows that 4 in. and 6 in. cores have from 14 to 34 percent lower

compressive strengths than ASTM laboratouyed test cylinders.
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Figure 2.8: Comparison of Core and Cylinder Strengths (Campbell and Tobin 1967)

Research by Bloem (1966%ing molded dynders versudg-inch diameter cores from
slabs and columnsidicated that 9tlay core strengths were 10 to 40 percent lower than molded
cylinder strengths. However, 2fy field cured cylinders comparee!l with 91-day, airdried

coreswhich simulatedhe apparent moisture condition ofptace concrete
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A prediction model based on core strength correction faptesented by Bartlett (1997)
recommends that the strength of a concrete core should be converted through a series of
correction factors tequivalent inplace strength. The relationship betweeplace strength and

core strength is shown in Figure 2.9.

Volume of concrete from which
core is obtained =3 Corg test
specimen

:
d_ — Effects of: -

>

Core size & aspect ratio
. Moisture condition
Drilling damage

N
\ 7
s

Figure 2.9: Relationship between4place strength ancbre strength (Bartlett 1997)

Based on nowniform variances in the core, suab dimensional differences, core
damage from drilling, moisture condition, and possible pieces of reinforcement bar, correction
factors have been derived from weighted linear andlinear regression analyses. It should be
noted that for this researchstandard core size was 100 mm in diameter and 200 mm in length.

The following model is designed to remove any bias fromstandard core sizes (Bartlett 1997)

fe s=FupFaiaFr fo ns Equation 2.2

where,

fcs = compressive strength of standapskcimen,
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FLp = effect of lengthto-diameter ratio on specimen,

Faia = effect diameter on specimen,

F. = effect of presence of reinforcing bar(s) on specimen, and

f'ens = compressive strength of nstandard specimen.

Fornonstandard core strength be converted tetandardtore strength, the lengtb-
diameter factor as well as the reinforcement factor will result in an increase in strength for the
nonstandard core. The diameter factor, depending on whether the diameter is larger or smaller
than the 100 mm diameter of a standard core, would either decrease or increase the strength,
respectively. The magnitude and precision of the strength correction factors-&tandard

cores is presented in Table 2.4.

Table 2.4:Magnitude and precision strength correction factors for nstandard cores

(Bartlett 1997)

Factor Mean value V (%)
F, 4 ratio '
soaked * 1=[0.117—4.3(10"*)f,ns 2= 1 / d) 2.5(2—1/d)?
air dried ¥ 1-[0.114—4.3(10"*)f, s )2 - 1 /d)? 2.52-1/d)
Fy;,: core diameter
2-in (50 mm) 1.06 11.8
6-in (150 mm) 0.98 1.8
F,: reinforcement present
one bar 1.08 28
two bars 1.13 2.8

* To obtain the strength of an equivalent ‘standard’ core, multiply the test strength of a non-standard core by the appropriate
factor(s) in accordance with Eq. (1).

' The constant —4.3(10™*) has units 1/MPa. For f, ns in psi, the constant is —3(107°)1/psi.

* Standard treatment specified in ASTM C 42-90 [1].

In order to correlate the compressive strength from a standard core teptaedan

strength, the following model is presen{@artlett 1997)
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FQ,ip =FmcFdfQ s Equation 2.3
where,
F&,ip = in-place concrete strength, psi,
Fmc = effect of moisture condition on specimen,
Fq = damage from core drilling, and

f .@ = compressive strength of standard specimen.

For standardtore strength to be converteditieplace stregth, the moisture content
factor would either increase the strength, if soaked, or decrease the strengtirjebaiThe
correction factor for any damage from drilling will increase the strength of the corefdiarcm
predictions. The magnitude apckcision of factors for predicting-jplace strengths from

standard core strengths is presented in Table 2.5.

Table 2.5:Magnitude and precision of factors for predictingplace strengths from standard

core strengths (Bartlett 1997)

Factor Mean value V (%)
F,,.: core moisture content
soaked * 1.09 259
air dried ¥ 0.96 25%
F,: damage due to drilling 1.06 25%

* To obtain the equivalent in-place concrete strength, multiply the standard core strength by the appropriate factors in
accordance with Eq. (2).

* Standard treatment specified in ASTM C 42-90 [1].

¥ Estimated.

Based on the resrch by Bartlett (1997), the coefficient of variation feplace strength

prediction can vary from 4 to 12.5 percent with respect to strength correction factors.
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2.4.1.2Wet versus Dry Testing

Previots research by Bloem (1965) statiestconcretecore strengths are highly
dependent upon proper curing and treatment of test specirAddgional research bgampbell
and Tobin (1967) evaluad core samples that were soaked for a minimum of 40 hours before
testing. The wet cores had lower strengths thaeoured cores. A few cores were owened to
a constant mass and then tested in compression. A large gain in strength was observed for all the
ovendried cores with relation to the cores that were sbaléese data indicatkeat soaked
samples doat test as high in strength as osened samples

Previous research by Bloem (1965) shows timnaterwaer soaking of cores for 48 hours
prior to testing did not improve thieelationship with molded cylinder8loem (1965) shows
that soaking cores mater does not increase the likelihood for compliance with molded
cylinders but cores that have been dried for 7 darysr to testingorovided the best similarities
with in-place strength.

Bloem(1968)performed research avell-cured cylinders, wélcured slab cores, pootly
cured cylinders, poorkgured slab cores, and pusit cylinders that were cast-place in the
slabh From this study, the best correlation of data vedeting core streng#ito the strengths of
field-curedcylinders. Since #core strengths were lower than field cured cylinders, it is
recommended that strength data from core tests should be used with discretion while checking
for any plausible inadequacies. Bloem (1968) states that cores used todwmaideylinder
valuesshould be interpreted with caution as some core strengthsotgaér design strength.
Moist-cured cylinders appear to have higher strengths thameasured cas. Figures 2.10 and

2.11 showthatthe relationship o€ore strength from wellcured conate slabss 90 percent of
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well-cured field-made concreteylinder strengths antthe relationship o€ore strength from

poorly-curedconcrete slabis 79 percent of poorkgured field-made concreteylinder

strengths
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Figure 2.10:Relation between ces from welcured slabs and wetlured field cylinders

Although there is no significant difference in wellred and poorkgured field cylinders,

(Bloem 1968)

field curing can be somewhat misleading, as field cylinders are impacted less by curingsmetho

than the irplace structure (Bloem 1968). Field curing has shown inconsistencies for
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cured cylinders tested dry produced less reproducible strengthsahdarsicured field

cylinders (Bloem 1968).
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Figure 2.11:Relation between cores from pocdyred slabs and poorlured field cylinders

(Bloem 1968)

B | o estudysalso indicates that pusht test cylinders provided the most accurate
method to obtaiim-place strengths. The-place strengtljcore strength valuesjyas determined
to be 93percent of the pusbut test cylinder strength valu€igure 2.12 showthat core
strength is 9 percent ofpushout test cylinders Reproducibility was determindd be the most
favorable for fieldcured cylinders, followed by the puslut test cylinders, and lastly the core

specimens (Bloem 1968jt should be noted that the core specimens along with thequidbst
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cylinders showed no discernible differenceeproducibility between specimens tested in a dry

state or after soaking in water.
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Figure 2.12:Relation between cores and ptalt cylinders (Bloem 1968)

2.4.2 Criteria for Concrete Cylinder Strength Testing
The strength testing of molded concreginders is a useful index in determining the
quality of the concrete represen{@loem 1965) However, ASTM C 39 (2009) states that
careful interpretation of compressive strength data should be administsteshgsh is not an
inherent property ofancrete made from given material§lolded cylinders made in the
laboratory environment and standard cured may be used to develop information for the following

purposegASTM C 192 2007)
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1 Mixture proportioning for project concrete,
M Evaluation of differentnixtures and materials,
i Correlation with nondestructive tests, and

1 Providing specimens for research purposes.

Strength testing is not a direct or quantitative measure for {plage strength of the
concrete, but a representation of the material deld/&o the jobsitéBloem 1965)ASTM C 31
(2009)recommends that the strength data obtained fromfirglde cylinders that astandard
cured are able to be used for the follow{A$TM C 31 2009)

1 Acceptance testing for specified strength,
1 Checking adequay of mixture proportions for strength, and

1 Quality control.

Strength test data from fielttlade cylinders that afeeld-cured are able to be used for
the following(ASTM C 31 2009)
1 Determination of whether a structure is capable of being put in service
1 Comparison with test results of standard cured specimens or with test results from
various inplace test methods,
1 Adequacy of curing and protection of concrete in the structure, or

1 Form or shoring removal time requirements

ACI 228 (2003) states that-place testing can be used to predict or estimate concrete

strength during construction. This allows operations with certain strength requirements to be
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performed safely or the satisfactory termination of curing procedures. Typtbadlg replicate
test cylinders are made for each test age and condition, wih,I- , and 28day strengths

being the most widely used criteria (ASTM C 192 2007).

2.4.2.1Compression Testing of Concrete Cylinders
ASTM C 39(2009)is the standard test method fangpressive gength ofcylindrical
concretespecimens This method is used for molded cylinders as well as drilled c&tesngth
test databtainedirom this method mape used for the followinASTM C 39 2009)
1 As a basis for quality control of concret@jportioning,
1 Mixing and placing operations;
1 Determination of compliance with specifications;

1 Control for evaluating effectiveness of admixtures.

ASTM C 31land C 19oth recommend that the diameter of a cylinder to be tested

should be at least thréienes the nominal maximum size of the coarse aggregate in the concrete

per ASTM C 125 Nominal maximum size idefined as the smallest sieve opening through

which the entire amount of the aggregate is permitted to pass (ASTM C 125 2009). However,

specifications on aggregates usually stipulate a sieve opening through which all of the aggregate

may, but need not, pass so that a stated maximum proportion of the aggregate may be retained on

that sieve. A sieve opening so designated isittminal maximum siz&f the aggregate (ASTM
C 125 2009).

Test specimens should be cylindrical, with tolerances of 0.5 percent from

perpendicularity to the longitudinal axis. If necessary, sawing or grinding the ends of the test
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cylinders is necessary in order to meet tlaphess tolerance requirements of 0.00&fithe
whole surface.

Cylinders mayalsobe capped in accordance with either ASTM C 617 or ASTM C 1231
(ASTM C 39 2009).Cylinders are to be tested at a stress rate of-3bpgi/s. Once the
cylinder has lsown a reduction in load capacity, and a fracture pattern has developed, the
maximum load carried by the cylinder is recorded, amdparethe fracture pattern with typical

patterns as found in Figure 2.13 is documented.

—> |<—<1in.[25mm]

Type 1 Type 2 Type 3
Reasonably well-formed Well-formed cone on one Columnar vertical cracking
cones on both ends, less end, vertical cracks running through both ends, no well-

than 1 in. [25 mm] of through caps, no well- formed cones
cracking through caps defined cone on other end

Type 4 Type 5 - Typed
Diagonal fracture with no Side fractures at top or Similar to Type 5 t_Jul end
cracking through ends; botton (occur commaonly of cylinder is pointed

tap with hammer to with unbonded caps)

distinguish from Type 1

Figure 2.13 Schematic from Tymial Fracture Patterns (ASTM C 2909

ASTM C 39 states that if the specimen length to diameter ratio is 1.75 or less, use the

appropriate correction factor shown in freble 2.6to adjust the strength value obtained.
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Table 2.6 Correction factors folengthto-diameter ratio (ASTM C 39 2009)

LD Correction factors for L/D (ASTM C 39 2009)
1.75 1.50 1.25 1.00
Factor 0.98 0.96 0.93 0.87

Interpolation should be used to determine correction factors for L/D values between those
given in the tablelt should be noted thalhesecorrection factors should only be applied to{ow
density concrete weighing between 100 and 120 lb/fto normaldensity concrete. These
factors are applicable to concrete with nominal concrete strengths 80 t® 6000 psi.

Concrete with higher stretits may need largeorrectionfactors than the ones in Table 2.6
(ASTM C 39 2009). ASTM D 1633 (2007) recommends these factors as applicable with regard

to soikcement base compression testing.

2.4.2.2Acceptance Testig Used for Traditional Concrete

Traditionally, slump, air content, and compressive strength are the primary indicators for
acceptability of concrete delivered to the jobsite. Once the concrete has been designated as
acceptable, proper quality controlthre areas of placement, consolidation and curing will ensure
the concreteds ability to perform according t
2003). ASTM C 31 (2009) recommends cylinders shall be 6 by 12 in. or 4 by 8 in. for
compressive sgngth acceptance testing.

AClI 318 (2002) states as foll ows: AnStrengt
be considered satisfactory if both of the following requirements are met:

1 Every arithmetic average of any three consecutive strengshetgisal or exceeld.p

41



1 No individual strength test (average of two cylinders) falls bdlpésy more than 500 psi

whenf .@s 5000 psi or less; or by Ofl@wvhenf .6 s mor e t han 5000 psi

These measures can be adaptesbtbcement base without macgncers. ASTM D
1632 and 1633 allow for a two to olemgthto-diameter ratio. Strength measures that follow

ACI 318 (2002) could easily be scaled $wmil-cement basstrength values.

2.4.3 Curing Issues

The primary reason for curing concrete imaist state at early ages is the prevention of
cracking. The moisture content and moisture distribution in the specimen are also important
factors in the promotion of concreteds engine

Bloem's (1965) data indicates tlaathange in moisture content between drilling and
testing will affect the strength of cores more so than the total moisture content at the time of
testing. The reduction in compressive strength is more a result from the moisture gradient effect
which occus between the surface of the core and the inner portion of the specimen (Baditlett
MacGregor 1994). Concrete strength is reduced if the moisture content is increased uniformly
throughout the specimen volume (Bloem 1965). Soaking a concrete spedlhasovecreate a
moisture gradient that will reduce the strength of the speciBetlett and MacGregar994).

Popovics (1986) states that a dry or suddigeconcrete specimen will have a higher
compressive stretig than the same specimen isadura¢d-surfacedry or fully-saturated state.

As stated in Section 2.1, Bloem indicates that the bestication for inplace strength
are cores that are dried for 7 days to eliminateveattgrabsorbed from the drilling operations.

However,Bartlett andMlacGregor (1994) have concluded thatdaf drying period could be

42



Aexcessively | oRPreious esearthlme lsarrapdiamdBost/isonnof$991)
shows that variations in strength are due to the effects of drying. The strength of thespecim
dependent upon the extent of the moisture gradient, whichusnpaffected by the length of the
drying periods.

After drilling, surfacedry cores are placed sealedplastic bags to prevent moisture loss
until end preparations such as cappang completedASTM C 42 2004).ASTM C 42 (2004)
recommends a-8ay waiting periodn sealed plastic bags befdsssting cores in order to
promote a moisture condition that minimizes the effects of moisture gradients introduced by

wetting during drilling ad specimen preparation.

2.4.3.1Strength Change due to Moisture

Bartlett and MacGregor (1994) indicate that the loss in strength from soaking concrete
test specimens has been attributed to the absorption of water by the gel pores of the concrete.
This phenomenon is also considered responsible for the gain in strength when concrete
specimens are allowed to dry in air. Theisture gradient from soaking that is created between
the surface and interior of the specimen results in swelling at the soffdmeeconcrete. The
interior portion of the specimen maintains constant moisture levels and does not absorb any of
the moisture from the soaking of the concrete. This produces residual stresses, which can result
in a reduction of compressive strengirying the specimen, however, will promote an increase
in compressive strength due to the drying shrinkage on the surface of the specimen (Bartlett and
MacGregor 1994).

Popovics (1986) continues to further investigate by stating that drying the surface of

concrete decreases the volume of the hardened cement paste. Surface tension increases in the
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waterfilled pores during the drying process, and reduces the distance between surfaces in the
cement gel. As long as the drying process does not result mkatei cracking, additional

strength is provided based upon secondary bonds between the surfaces of the specimen. Adding
moisture would result in an increase in volume, and an increase in distance between the surfaces
of the cement gel, and a reductiorstrength would transpire.

Additionally, an increase in internal pore pressure from compression testing may also
lead to low strengths when fully saturated. The moisture is being driven out of the pores during
compression testing, but the small capyllpore sizes prevent free migration of the water,
resulting in an increase in tmeasured external load. The pore pressure escalates the crack
propagation, which in turn reduces the external load capacity of the specimen (Popovics 1986).
This is only véid for fully saturated specimens, as a slight amount of air in the pores will lessen
the changes in pore pressure while loading. If the specimen is partially saturated, it may become
fully saturated during loading, and lower strengths may result (Papd9R65).

Studies by Bloen(1965)and Meiningeet al.(1977show al0to 20 percent increase in
core strengths for cores that have beenlaed as opposed to cores that have been soaked in
water.

Bartlett and MacGregor (1994) show that compressiengths for dry specimens are up

to 14 percent greater than soaked specimens using the model

febiy= 1. d 4 f O Equation 2.4
where,
f@, ary = dry specimen concrete strength, and

f&, wet = Wet specimen concrete strength.
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Bartlett and MacGregor (1994) show that compressive strengths {fdrléed specimens

are up to 9 percent greater thaalsed specimens using the model

where,
fQ,ary = dry specimen concrete strength, and

f&, wet = Wet specimen concrete strength

These data can be further expressedguré 2.14 which shows considerable scatter of
the observed average values about the predicted values of 1.144 and 1.090, respectively. Bartlett
and MacGregor (1994) show that average, aidried cores are probably 5 to 9 percent stronger

than asdrilled cores.

Air dried cores: As-drilled cores:
mean observed ® mean observed ©
:0 predicted ——  predicted -—--
512+ o
g : o ©® ¢
& Y ° ° -
£ -] o [—-Avemge 1.144
B > P %
(L S SR O oo
s e © »
é’ o
o e ° 5
1.0 |
é ' L L 1
0 3000 6000 9000 12000
Soaked core strength (psi)

Figure 2.14 Strength of akdried and aslrilled cores relative to soakedres (Bartlett and

MacGregor 1994)
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Bartlett and MacGregor (1994) showhigure 215thatthe effect of 7 days of atrying

cangenerate a moisture gradient thait | | nar t i fthe strength df he specimen bya s e
about 5 percent above the true Iin situ streng
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Figure 2.15 Residual versus predicted coteesgtls (Bartlett & MacGregor 1994)

Popovics (1986) shows in Figurel@the impact of moisture on curing. Humidity is

necessary in order to further cement hydration. Strength development is more substantial when

concrete is allowed to cure in a moist environment ratfeer #hdry environment.
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Figure 2.168 Compressive strength of air driedncreteafter previous moisturing (Popovics

From the data provided by Popovics (19&86yure 2.17 shows that moistired strengths

arevery similar to aidried strendts at 3 days. However, the increase in strength from moist

1986).

curing at 7 days is substantial for both sets of data.

Figure 2.17/hows that changes in the total moisture content of concrete specimens

produced appreciable changes in the compressive stee®gipovics (1986) indicates tlaat

moisture gradient will impact the compressive strength positively when the surface of the

specimen has less moisture than the interior. Strengths will be reduced when the inner portion of

the specimen is drier than therface (Popovics 1986).
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Figure 2.17 Effect of curing method on the compressive strengths of con¢rapsvics

1986).

ASTM D 1633 (2007yecommends to cure saement samples in the molds in
the moist room for 12 hours or longer until sampleweston from the molds. The samples are to
be returned to the moist room and protected from dripping water for the duration of the moist
curing period. Typically, the specimens are tested in the moist condition shortly after removal

from the moist room.

2.4.4 Capping Concerns

The purpose of cappingpncrete cylinders, drilled concrete cores or other specimens is to
provide plane surfaces on the ends of the specimens in order to meet planeness and
perpendicularity requirements of applicable speatfons and standards. ASTM C 617 (2009)
requires gypsum plaster or sulfur mortar to be used for capping conventional concrete cylinders.

The strengths of the capping materials are shown in Table 2.7.
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Table 2.7. Compressive strength and maximum thess of capping materials (ASTM C 617

2009)
Compressive strength and maximum thickness of capping
Cylinder materials (ASTM C 617 2009)
Compressive - : Maximum
ppIng P Part of Cap
5000 psi or cylinder
500 to 7000 psi | strength whichever is 1u4 i n| 5016 i
greater
Compressive strengt
greater tsri\an 7000 not less than cylinde 1u8 i n| 3ul6 i
P strength

ASTM C 1231 (2010) allows for unbonded neoprene caps for usaripression testing.
The neoprene pads deform under initial loading and contour to the ends of the test cylinder. The
metal pad retainers prevent excessive lateral spreading by restraining the padsuriforar
load distribution is obtained with thegper use of the neoprene pads. This system is not to be
used for acceptance testing of cylinders with compressive strengths below 1,500 psi or above
12,000 psi (ASTM C 1231 2010).

Sauter and Croucf2000)evaluated the use of different capping methad€ontrolled
Low Strength Material (CLSM), which @efined as a mixture of soil, cementitious materials,
water, and sometimes admixtures, that hardens into a material with a higher strength than the soil
but less than,200 psi(ASTM D 4832 2002).The American Concrete Institute Committee 229
(1994) limits CLSM to 1200 psi compressive strength at 28 dalise results on CLSM may be
applicable to soil cement as their strength levels are more similar than convesitiength
concrete. The capping metls available for testing CLSM were gypsum cement, sulfur,

neoprene pads, and no capping method. These capping methods were developed for
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conventional concrete testing, and most were inappropriate and difficult to use for the low
strength material. Thefiae, neoprene made from wetsuit material was used as an additional
capping mediungSauter and Crouch 2000)

Data from Sauter and Crouch (20@dpw thatoth the norair-entrained and air
entrained mixtures indicate comparible strengths and standaatidesifor the neoprene caps
and necapping medium. Gypsum ptas strengths were roughly 25 percent higher than the
neoprene and the rzapping method. However, te&ength increases from the-amtrained
mixtures show greater variability with the gypn plaster and neoprene pad mixtures than the

no-cap mixtures.

2.4.4.1Sulfur Mortar and Gypsum Plaster Capping

Sauter and Crouch (2008fate that sulfur mortar along with gypsum capping methods
resulted in many cylinders being damaged during capgego the low strength and fragile
nature of CLSM cylinderslhe National Ready Mixed Concrete Association (NRMCA) has
stated that the use of sulfur mortar was promoting early breaks and lower indications of strength
values on CLSM cylinders. NRMC@A98) also indicates that neoprene caps did not seat well

on the cylinders and recommended hagrength gypsum plaster for CLSM.

2.4.4.2Neoprene Pads
Sauter and Crouch (200idicate that unbonded capping methods, such as neoprene
pads and no capping thed, are up to 75 times faster than using gypsum plaster for a capping

medium. Obviously, using no cappingediumis the most time efficient.
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Sauter and Crouch (2008fate that the standard 5040 durometer neoprene pads are
not flexible enough at thlow stress levels produced by CLSM testinhe neoprene pads act
more like a rigid plate mechanism than a material suitable for capping CLSM cylisdeite(
andCrouch2000.

Technicians workin@n the construction ahe Denver International Aport observed
that the use of unbonded neopreags did not provide reliable results the lowstrength

CLSM test cylinders (Clem et al. 1994).

2.4.4.3Fragility

Sauter an@rouch (2000) indicated thaylinders of low compressive strengths are
fragile and can be difficult to work with while demolding, cutingd testing. ASTMD 4832
(2002) recommends careful handling of CLSM cylinders during mold removal and capping.
Also, sulfur mortars should not be used for capping CLSM cylinatstte cap stragth of sulfur
caps issignificantly greater than the CLSM cylindghich can lead to erroneous strength values

(ASTM D 4832 2002).

2.4.5 Length-to-Diameter Ratio
As mentioned previously, ACI 230 (2009) states that the us&odf 2.00 provides a
more accurate measure of compressive strength, because it reduces complex stress conditions
that may occur during crushing of lowlelD specimens. Chun@979) andBartlett and
MacGregor (1994a) and Meininger, Wagnand Hall (1977) indicate that a coséth anL/D

less than twavill fail in compression at a higher load than a similar core with/Bnof two.

51



This is a result from the axiabmpressivéoad from the steel platens of the testing
machine promoting lateral expansion of the test specirfgationis created between the
platens and the ends of the specimen and creates confining stresses that in turn constrain the
lateral expansion of the cylinder or core. This creates a state of triaxial stresses in the concrete
which increase the compmge strength of the specimen asitfi®é decreases (Chung 1979).
The maximum lateral strain will be found at midpoint of the specimen and decrease to zero at
each end of the specimen (Chung 1979).

This effect can be seen in Figure 2.18 as the coremnspedeforms to a barrel shape
under loading due tthe constrained ends and maximum lateral strain at midpoint. The dashed

lines represent unrestrained lateral expansion of the core specimen at endpoints.

STEEL PLATEN

T

o

STEEL PLATEN

Figure 2.18:Deformation of concrete core rélge to steel platens (Chung 1979)
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Since this effect is seen mostly at the specimen ends and beueghggle as the
distance from thends reaclapproximately &3/2)d the confiningstresses at mitbngthare zero
for anL/D = 2. The compressive stigth of the specimen is controlled by the unconfined
stresses at mitength, which in turn indicates that end restraint should not affect compressive
strength values for specimens withlad® of two (Chung 1979).The effect of end restraint is

assumed tbe negligible fol/D = 2 (Bartlettand Macgregoit994a)

2.4.5.1 Diameter of Specimens

TheL/D is much more significant as the diameter of the specimen decrassesller
diameters require greater correction factors (Aebal.2007 Kesler 199; Bartlett and
MacGregor 1994)This could be a result from the reduction in volume of the smaller sample
Another consideration is the desire for core diameters & least 3itnes the maximum
aggregate siz@Arioz et al.2007). However, stdies by Kesler (199) indicate that specimens of
different diameters showed no consistent differeegardingcorrection factors. Correction
factors appeared similar for 3 in. or 6 in. diameter specimens (K€838). Arioz et al. (2007)
states that correctidactors are generally less than 1 for larger than standard diameters and

greater than 1 for smaller than standard diameters

2.4.5.2 Strength of Specimens
Kesler (1959) indicates thabrrection factors are strengiependent. Both Kesler
(1959) and Rrtlett and MacGregor (1994a) agree that lower strength concretes needlgieater

strength correction factors than higtiength concretes. This effect can be seen in Figure 2.19.
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The lower thd /D the higher the apparent strengths become, resultiaganrection factor that

furthers itself from 1.

J = NSGA-NRMCA JRL Dried Cores e,
N = N. C. DOT Soaked Cores = em— o
9000
Wall
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J3 J3
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Figure 2.19 Effect of L/D on core strengtfMeininger, Wagnerand Hall 1977)
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25  Construction of Soil-Cement Base
25.1 Construction

ACI 230 (2009) states that in the construction of soil cemleatolbjective is to obtain a
thoroughly mixed, adequately compacted, and cured ma#naemperatures above 46 and
subgrades that ar®t frozen are primarily the two major factors regarding climate for soll
cement constructionALDOT (2012) requirs that solcement basehall not be placed when the
ambientground temperature e shade is below 40 °RA light rainfall should not delay
construction, and after the mixture has been compacted, rain is usually not detrfiA@h280

2009).

25.1.1 General Requirements

Soil cement is either mixeit-place or mixed in a centratixing plant. A transverse
singleshaft mxer is commonly used for mixeid-place construction, whese a centramixing
plant will normally use a rotargdrum mixer ora corninuous or batctlype pug mill. Researched
performed by Mohammaet al.(2000) using 2.8 in. by 5.6 in. molded samples shows no

significant difference irstrengths obtained froplantmixed and mixedn-placesoil cement

25.1.2Mixed-In-Place Method

Transverse singishaft mixers are wekquipped to thoroughly pulverize and mix most
types of soil, from granular to fingrained. Figure 2.20 shows a typical singgbaft traveling
mixer used in mixedn-place construction. These mixers are desigoedoadway applications,
whereasgriculturattype equipment is generally not recommendadricultural equipment has

been shown to provide poor mixing quality in séiment applications (ACI 230 2009%.0ils
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with higher fine contents are generally mdriicult to pulverize and mix.In some cases, the
mixed-in-place method has been shown to have lower strength values than those obtained in the
laboratory, therefore in these circumstances, an increase in 1 or 2 percent cement content may

compensate fahe in efficiency of the mixing method (ACI 230 2009).

Figure 2.20: Sngle-shaft traveling mixer used in mixed-place constructio(Halsted et al.

2006

In order to support the compaction equipmaiitsoft or wet subgrade areas should be
located and stabilizedHalsted et al. 2006 It is alsocritical that stumps, roots, organic soils,
and aggregates larger than 3 in. be removed from the roadbed before mixing is started.
Bulk distribution of cement is obtained by using a mechanical spre@ie main intent
of the cemenspreading operation is to provide a uniform distribution of the cement to the
roadbed. The mechanical spreader must be operated at a uniform speed with a consistent amount
of cementdispensed to the roadhe@enerally, te amount of cement required is specified as a

percentage by weight of ovaly soil, or in pounds of cement per cubic foot of compacted soil
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cement (ACI 230 2009)Cement is being applied to the roadbed by a spreader truck in Figure

2.21.

Figure 2.21: Application of cement to roadbed by mechanical spre@digsted et al2006

2.5.1.3Central-Mixing Plant Method

The two basic types of central plant mixers are-miljand rotarydrum mixers.Figure
2.22 details the pumill mixing operation, a moreommon type of central plant setup.
Generally, aentratmixing plant will include a soil stockpile, conveyor tsghat deliver the soil
and cement to the pugill mixer, a cemenstoragesilo with surg hopper, @ugmill mixer, a

metered water sour@ad astoragehopper to temporarily store the mixed soil cement

57



Cement storage silo——|

Retaining
woll ==
Water meter
Soil stockpile
& C Vane feeder (feeds cement
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Figure 2.22:Diagram of pugmill mixing operations (ACI 230 2009)

The mixing chamber of the ptmill includes twin parallel shafts with paddisslectively
placed along each shafEad shaft rotates in opposite directions of one another, and the
materials are moved through the mixer and mikedoughlyby the paddlesFigure 223 shows
a typical twinshaft parallel mixer. ACI 230 (2009) states that standard production rates vary

between 200 and 800 tons per hour with this type of mixer.

Figure 2.23: Twin-shaft pugmill mixing chamber(Halsted et al2006
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Centratmixing plants are generally used for projects which involve the use of borrow
materials. Granular borrow materialse preferred due to their low cement requirements and ease
in mixing. Most soil borrow sites are located near the construction site or roadway. In general,
natural soil deposits usually do not consist of homogenous and uniform materials. Therefore,
mixing for gradation uniformity is usually in demand for most borrow materials. This can be
done at the plant location with the help of bulldozers and-odtloaders. Successful blending
of borrow materials at the stockpile can be easily obtaid@dadequate check for unsuitable
materials should be performed routinely to ensure that large particles and clay balls are removed.
Most plants wli/l20 hmevseh at adl 0s droeeln t he materi al

Adjustments such as material feed, belt spard,paddle pitch are monitored to optimize
the mixing in the pugnill. The controlling factor in central plant mixing is the length of time the
material is blended in the pugill. Minimum blending times of 30 sendsare often specified
however satisfatory blending has been achieved in shorter periods, depending on the efficiency
of the mixer (ACI 230 2009)ALDOT requires mixing plants use a minimum 30 second net
mixing time (ALDOT 2012). Blending time is an important factor, since it is standaotiqe
thatno more tha®0 minutes should elapse between the addition of water to the cement and the
start of compaction. ALDOT recommends teail-cement basehall be delivered and spread
within 45 minutes after mixing, and if a mixture has not beenpaxted within three hours of
placement it is to be rejected and removed attoent r act or 6 s e )Mestlmd ( AL DC
times are usually limited to 30 minutes (ACI 230 2009).

Once the material has reached the jobsite, the soil cement shoulddzkgiae pre
moistened, firm subgrade in sufficient quantity that will meet requirements for design uniform

thickness and densityOnce the material has been placed on the roadbed, a motor grader or
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dozer with a spreader box attached will spread the rahtéfigure 2.24 shows a motor grader
spreading the plamhixed soilcement base before compaction efforts take place. In some states
spreading may be done with aspktgfie pavers as well (ACI 230 2009). Placement is usually

25 to 50 percent thickerahn design thickness, depending upon soil type, degree of compaction,

and contractor experience.

Figure 2.24:Spreading operatior(slalsted et al2006

25.1.4Compaction

Compaction starts as soon as possible and is desired to be completed witlnis & ho
the addition of water to cement at initial mixinjhe detrimental effects of delayed compaction
on density and strength have already been described in Sectionl@.8rdler to obtain
maximum density, it is standard practice to compact theceailent mixture at or near optimum

moisture content as determined by ASTM D 5S&ndard practice requires sodment base to
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becompacted t@ minimum of between 95 and 98 percent of maximum dengrgnsportation
agencies in Alabama and Georggguire soil-cement basto be compacted to within two
percentage points of optimum as determined by thanesdjlaboratory test (ALDOT 2@ GDT
3012003.

The primarytypes of rollers used for saiement are sheepsfoot rollers, multiplieee]
rubbertire rollers, and steelvheeled vibratory rollers. Standard practice for-gnained
mixtures requirethe sheepsfoot roller for initial compaction, followed by the rubber tire roller

for finishing. Examples of these rollers are found in Figures 2.25 and 2&gectively.

W
¥
-2

Figure 2.25:Sheepsfootoller used to compasbil-cement bas@FHWA 2011)
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Figure 2.26: Multiple-wheel, rubbetire roller used to compasbil-cement baséDynapac

2012)

Coarsegrained or granular soils require the vibratalar for compactionFinishing
usually requires a steelheeled roller without vibrationMost designs require a layer thickness
ranging from 6 to 9 inches. Compactive effort continues until the required densdyieved

(ACI 230 2009) A vibratorysteetwheel roller is shown in Figure 2.27.

Figure 2.27:Steetwheel vibratory roller used to compattil-cement bas@Halsted et al2006
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2.5.1.5Finishing and Curing

Once the density requirement is obtained and compaction is nearing completien, gra
requirements and cross sections are finalized and curing is stahteaturing of soicement is
of great importance since the strength gain of the mixture is dependent upon time, temperature,
and the presence of watés previously stated, dryindignkage can occur if curing conditions
are inadequate. Strength gain due to the hydration of the cement requires a moist environment.
ALDOT requires so#cement bast be kept moist enough for proper curi@giring has to start
once compaction and firli;ng have been completedypically, the soHcement base is allowed
to cure for 3 to 7 days before construction is allowed to continue. During this time, light traffic
is generally allowed on the saiement base as long as the curing seal is not conmed.

Standard practices for most soil cement curing applicationsatexsprinklingor
bituminous coatings. By keeping the surface sprinkled with water, along with light rolling to seal
the surface, theoil-cement basean maintain moisture levelgdequate to promote appreciable
strength gain. A bituminous prime coat usually consists of asphalt emulsion or cutback asphalt.
Typically, the application rates vary from 0.15 to 0.30 gallon per square yard (ACI 230 2009). If
the soil-cement basis openedo traffic after a bituminous coating has been applied, a light
sanding of the surface will prevent tracking of the prime coat. Other curing methods that are
successful are covering teeil-cement baswith wet burlap and plastic tarpsmethod used in
concrete curing practiceSlimate requirements demand tlsail-cement basbe protected from

freezing during the curing period (ACI 230 2009).

63



2.5.2 Quality Control Testing and Inspection
Quiality control is necessary to ensure thatstiiecementasewill meet the

requirements of the design of the roadbed. It is also-plage check system to ensure that the
contractor hagerformed work within the requirements of the design plans and specifications.
Field inspection o$oil-cement baseonstuction involves controlling the followingroperties
(ACI 230 2009)

1 Cement content

1 Moisture content

1 Mixing uniformity,

1 Compaction

1 Lift thickness and surface toleran@ad

1 Curing

2.52.1Cement Content

Typically, in mixedin-place constructiorgenment is placed using bulk cement spreaders.
A check on the accuracy of the cement spread is made in bgtsgaking or by area
calculations after a truckload of cement has been distributed-cBgciing involves placing a
sheet of canvas with known dingons ahead off the spreader. The spreader applies cement to
the surface of the canvas, which is then weighed and cement rates are calculated and adjusted if
necessary.

In a centraimixing plant operation, cement is weighed before being transferred to th

mixer. Usually, weighing scales are located on the conveyor belt. By checking the accuracy of
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the scale on the belts, feed rates can be adjusted to maintain proper cement flow rates (ACI 230

2009).

2.5.2.2Moisture Content
Optimum moisture content abohed from ASTM D 558 is typically used for field control
of moisture content during constructioBtandard practice allows for roughly 2 percent
additional moisture to be added to the material to account for cement hydration and evaporation.
Moisture ©ntent estimation is fairly empirical. Estimations of moisture content by look
and feel are quite common in quality control practiceséircement baseonstruction.
Standard practice states that a-seiinent mixture that is near or at optimum maesitontent
will leave your hands slightly damp when the material is squeezed in daighMaterial that is
above optimum moisture content will appear wet and leave excess water on the hards. Soil
cement mixtures that are below optimum will appearaiy easily crumble. It is possible to
determine actual moisture content by odeping material using conventional or microwave
ovens. Visually, the compacted soil cement will appear to have a smooth, moist, tightly knit
surface free of cracks and sudadusting if the moisture content is within optimum moisture
content tolerances (ACI 230 2009LDOT (2012)requires moisture content at the time of in
place density tests to be within £ 2% of the laboratory moisture content obtained from ASTM D

558 Q004).

2.5.2.3Mixing Uniformity
In mixedin-place construction, mixing uniformity is typically checked by digging a

series of holes and inspecting the color of the exposed material. A streaked appearance of the
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exposed material indicates insufficient migi Depth checks are made routinely to ensure
proper thickness achieved

For centralplantmixed soil cement, mixing uniformity is often visually inspected on the
conveyor belts at the mixing plant. Obviously, mixing uniformity can also be checitesl at

roadbed (ACI 230 2009).

2.5.2.4Compaction

Standard practice requires the smiment mixture to be compacted at or near optimum
moisture content to a specified minimum percent of maximum derSigyd density
requirements range from 95 to 100q®nt of the maximum density obtained in the laboratory by
ASTM D 558. The most common methofls determining iAplace density are the nuclear
density gaugeASTM D 6938, the sanetone method (ASW D 1555), and the balloon method
(ASTM D 2167). In-placedensities are measured at various locations depending upon agency
requirements. The measurementstaken immediately following initial rollingand continue
until specification tolerances are matjustmentsn compactive effortare made based upon
field density results and their comparison to laboratory v@/a€s230 2009).
ALDOT requires inplace density measurements to be taken with a nuclage gaith the sand
cone method as an alternatepiace densityneasurement (ALDOT 2@). Figure 2.28hows a

typical nucleargauge density measurement.
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Figure 2.28:Nuclear Density Measurement (FHWA 2011)

25.2.5Lift Thickness and Surface Tolerance

Compacted lift thickness is measured similar to checking for mixing uniformity. Another
method for deermining lift thickness is to core the fulburedsoil-cement base

Surface toleransor smoothness is typically measured withGeor12 ft straightedge or
surveying equipmentMany state transportation departments have limited the maximum
departue from a 14t or 10ft straightedge to about 3/8 in. Also, departures from design grade of
up to 5/8 in. are usually allowed (ACI 230 2009). ALDOT requires that the finished surface of

soil-cement basshould not vary more than 1i#2 in any 25foot distance (ALDOT 2012).
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Chapter 3
Experimental Plan
3.1 Introduction

It is the objective of this research project to determine if conventional concrete testing
practices can be used to effectively provide consistent data when testingdieied soil
cement samples in compression. In order to accomplish this objective, a field and laboratory
testing program was developed to evaluate the compressive strengthoehseiit mixtures. At
the time this research was initiated, several@aihent projectaere available for research
advancement. However, shortly after field work began, many projects were reconsidered and
other methods than saiement bases were used. The lack of field projects using central plant
soil-cement construction led to movingethesearch into the laboratory.

This chapter provides an overview of the experimental testing program. Teerseiht
mixtures used are described and their mixture proportions are defined. The development of the
procedure for making sedement corpression test specimens in the field is discussed. A
detailed description of testing procedures and apparatus are presented. Finally, details of sample

preparation and curing methods are covered.

3.2  Experimental Testing Program
In the attempt to detmine if it is possible to approach strength testing ofcaient
base like conventional concrete, the experimental testing program is defiokdement

mixtures that were evaluated are defined, along with the field and laboratory testing. -The pre
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conditioning impact study, suitable curing study, capping study, and L/D study are all defined in

this section.

3.2.1 Soil-Cement Mixtures Evaluated
3.2.1.1Field Mixtures

The field mixtures evaluated for this research are shown in Table 3.1. Thesedat
obtained from design studies provided by the Georgia Department of Transportation. This
information was presented at the time of field molding specimens at the jobsite and was used in
the development of mixtures made for each specific field projedtlitional information

including design curves and gradation analyses can be iodmpendix A

Table 3.1:Mixture properties of field mixtures

Mixture properties of field mixtures

Pit Location Optimum Moisture Maximum Dry
0
Cement Content, % Content, % Density, Ib/ft>
Blakely 7 9.2 117.8
Jesup 5 14.1 115.3

3.2.1.2Laboratory Mixtures

The laboratory mixtures include Blakely and Dothan materials at 5, 6, and 7 percent
cement contents. The cement contents, optimum moisture contents, and magimsitrasdare
shown in Table 3.2. These data were obtained from design studies provided by the Georgia
Department of Transportation and the Alabama Department of Transportation. This information

was used in the development of mixtures made in the labgraide field mixture for the
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Blakely design was also used for laboratory efforts. Additional information including design

curves and gradation analyses can be foudgppendixA.

Table 3.2:Mixture properties of laboratory mixtures

Mix ture properties of laboratory mixtures
Blakely 5 9.5 115.8
Blakely 6 9.7 116.7
Blakely 7 9.2 117.8
Dothan 5 11.0 123.8
Dothan 6 11.0 123.1
Dothan 7 11.8 122.0

3.2.2 Field Testing

The objective of theiéld testingprogramwas initiated to determine the effects of no
capping method (NC), gypsum plaster (GP), and neoprene pads (NP) on the compressive
strength of soil cement cylinder§wo field projects in Georgia were duated for strength
assessment of sesement base. Project locationsr&&)S27 in Blakely, GA, and U84 in
Jesup, GA. This research involved travelling to the jobsite and makidgrfolded cylinders
from plantmixed material. Field samples were raad a mobile laboratory shown in Figure

3.1.
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Figure 3.1: Sample compaction at field location

The cylinders were initially cured at the jobsite and transported the following day to the
laboratory. Samples were-deolded with the smaller vertical hajatk and placed in the moist
room for final curing. Samples were tested in compression at 3, 7, and 28eythird of the
specimens were capped with gypsum, one third of the specimens were tested using neoprene

pads, and the final third of the speeins were tested with no capping medium.
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3.2.3 Laboratory Testing
After obtaining several 5®allon drums of stockpile and borrow pit material, s@inent
production initiated in the laboratory with the following criteria
1 Blakely and Dothan were theo soil materials used for the testing,
1 Cement contents of 5, 6, and 7 percent were used to include typical design cement
contents,
1 Each mixture had two replicates, and
1 After removal from the molds, all specimens were moist cured until the appropriate tim

of testing or specific preest conditioning.

3.2.3.1Pre-Conditioning Impact

The preconditioning impact of curing on molded cylinders was evaluatel@tiermine
the effects of moist curing, bag curing, fan curing, andwing on the ®tlay compresive
strength of soitement cylinders. This study was performed to determine if there were any
characteristic differences in curing specimens in a moist environment, a sealed, plastic bag, in
front of a fan, or sitting on theounter in the laboratoryThreelaboratory mixturesvith two
batches eactising material from Dothan at cement contents of 5, &,7gpercent were
evaluated. A largeertical hand jack was used to-awld the specimens, and the samples were
moistcured until day six of the curinigne and then subjected to the required curing variable. A
set of 6 cylinders were used for each curing variable for a total of 24 cylinders per mixture. The
methods used to obtain different curing conditions are as fallows

1 Moist-Cured: Specimens wecentinually moistcured until time of testing.
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1 BagCured: Specimens were continually maigted until day 6 and then removed from
the moist room and placed into sealed plastic bags in a controlled temperature and
humidity room until time of testing.

1 Air-Cured: Specimens were continually maisted until day 6 and then removed from
the moist room and placed in a controlled temperature and humidity room until time of
testing.

1 FanCured: Specimens were continually maiated until day 6 and then removiedm

the moist room and placed in front of a fan set at low speed until time of testing.

3.2.3.2Suitable Curing

Following the preconditioning impact study, a suitable curing method for the molded
cylinders was evaluated. A further continuation offileeconditioning impact study using
moistcuring and baguring was performed to determine if there was any major differences in
curing specimens in a moist environment compared to curing specimens in a sealedhggastic
This study consisted of slaboratory mixturesvith 2 batches eachThis study involved using
material from Blakely and Dothan with cement contents of 5, 6, and 7 percent for each source.
A largevertical hand jack was used to-omld the specimens, and the samples were rarstd
until the appropriate time of testing or conditioning. Samples were tested in compression at 3, 7,
and 28 days. The day before testing, half of the samples to be tested were removed from the
moistcuring room and individually placed into plastic bagsfother curing. A set of 5
cylinders were used for each curing variable for a total of 30 cylinders per mixture. The methods

used for eacburing condition is as follows:
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1 Moist-Cured: Specimens were continually maigted until time of testing.
1 BagCured: Specimens were continually meistred until the day before testing and
then removed from the moist room and placed into sealed plastic bags in a controlled

temperature and humidity room until time of testing.

3.2.3.3Capping
Next, a suitable cajpg method was evaluated. Neoprene and gypsum plaster were

evaluated for use as capping methods along with no capping substrate used for the compression
testing of the cylinders. This study was performed to determine if there were any characteristic
differences in testing specimens with various capping methods. This study consisted of nine
laboratory mixtures using material from the Blakely Pit with cement contents of 5, 6, and 7
percent. The hydraulic jack was used tentt@dd the specimens, and the sd@s$ were moist
cured until the appropriate time of testing or capping. Samples were tested in compression at 3,
7, and 28 days. A set of 5 cylinders were used for each capping method for a total of 30
cylinders per mixture. The following different capg methods were evaluated

1 Neoprene pads,

1 Gypsum plaster, and

1 No capping medium.

3.2.3.4Length-to-Diameter Ratio
The effect of lengtho-diameter reduction factorsas evaluated by the making of six
laboratory mixturesvith two batches eachThis stug involved using material from Blakely and

Dothan with cement contents of 5, 6, and 7 percent for each source. This phassgof tes
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incorporated the use oflargevertical hand jack. Samples were maiated until the time of

testing. LengtHo-diameer ratios (L/D) of 2.0, 1.75, 1.5, 1.25 and 1.0 were used to evaluate the
7-day compressive strengths of the cylinders. Aluminum spacer disks were manufactured and
placed into each mold for use in obtaining the desired specimen L/D. These can be seen in

Figure 3.2.

Figure 3.2: Aluminum spacer disks for the L/D study

Since the diameter of thpecimen remained constant at lx8hes, volumetric mixture
calculatons were adjusted for each LADd specimens were made based upon desired heights.

A sé of 6 cylinders were used for each L/D for a total of 30 cylinders per mixture.

3.3  Development of Procedure for Making SoHCement Compression Test Specimens

in the Field

Based on the findings of this research, a strength testing guideline wasg@repdhe
use of fieldmolded cylinders as a pay item by verifying the quality of thewmitent base
delivered to the paver at the jobsifEhere were severahanges and alterations made to ASTM

D 1632 in order to apply the specimen molding and cysimgedure to field applications.
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Sampling material from the paver, determining if the material is within the moisture
window to achieve 98 percent density or higher and the use chidtnanolecular weight
polyethylene (UHMW) plugs to prevent moistdrem escaping the molds during initial curing
at the project jobsite are the primary issues regarding the making of moldedmeiht
cylinders in the field.

Other modifications and issues regarding special provisions to the procedure are
discussed imletail in Section 3.4.3. Further discussion regarding the procedure and its
implementation are provided in Chapter 5. The common goal of preparingeswaint
specimens for compressive strength testing in accordance with ASTM D 1633 is accomplished

by praducing molded cylinders which are 2.8 in. in diameter and 5.6 in. in length.

3.3.1 Sampling Material from the Paver

The material sampled from the paver was taken in skozelquantities from random
locations in the hopper and placed into a-j&on bucket. Figure 3.3 shows a paver hopper

where samples were obtained to form a composite sample.

Figure 3.3: Paving hopper from sedement construction

76



To prevent moisture loss, the bucket was completely filled and the lid was placed on the
bucket directly after the last portion of the sample was obtained. The bucket was then
transported to the testing location where the test specimens were to be molded. The sample was
protected from the sun, wind, and other sources of evaporation and contamchatiny the
preparation of the specimeng typical composite sample from field testing is shown in Figure

3.4.

Figure 3.4: Composite sample of setement mixture infallon bucket

3.3.2 Determining the Mass of SoHCement Specimens

Initially, themass of soi l cement required for spec
daily moisture content sample. From that moisture content, the mass of material for a specimen
was computed volumetrically. However, fluctuations of moisture contents througkealday
made it necessary to amend this method and perform a moisture content test (ASTM D 4959) on
the obtained composite field sample. This gave a better indication of moisture present in the

field sample. The determination of whether the compositpdara 6 s moi st ur e cont e
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the 98 percent range optimum moisture content (OM®jas performed by usinQMC curves
previously plotted from the design mixture. Figure 3.5 shows the allowable moisture content
range, which is a range of upper andiéo moisture limits that border the 98 percent density

values on the compaction curve.

AN Maximum Dry Density

Compaction Curve

98 % Max.
Density

3

Allowable
Moisture Content
Range

N

S

Dry Density, 1b/ft

Lower / OMC \ Upper Moisture

Moisture Limit
Limit Moisture Content, %

Figure 3.5: Allowable Moisture Content Range

If the moisture content of the composite sample was within the allowable moisture
content range, the mass of scément was determined hysing thedry unit weight
corresponding to composite sample moisture commebtft® and converting it to g/th The
volume of the specimemoldsfor molding test specimens 2.8 in. in diameteby 5.6 in.high.
This provides a saple volume of 34 in.%. This gives the followingquatiors for determining

the mass of seitement material needed for making the test specimens
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& Ibg,a 1ft° 4,4 kg 1 10009 @
M. =8, — & oX 4.5n Equation 3.1
Fioo 138" H 728039 2220460 g kg 871
which reducesat \Y/ :9.056gd,y% Equation 3.2

where,
Msc= mass of soicement (gram), and
94ry = dry unit weight corresponding to composite sample moisture content, Ib/ft

If the moisture content of the composite sample falls outside the allowable moisture
content range, the following stepseataken:

1 Below the Lower Moisture Limitd materid is too dry and composite sample is
discarded. The Project Engineer is notified that the material delivered to the paver is at a
moisture content lower than required to obtain 98% of the maximum dry unit weight.

1 Above the Upper Moisture Limi® material 8 too wet and sample needs to be spread
out on clean, noc@absorbent plastic sheeting to dry to a moisture content which falls

within the moisture window to achieve 98 percent density or higher.

Once the material has been determined to be within tipei@@nt range of OMC, the

material was used to prepare cylindrical compression testing samples.
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3.3.3 UHMW Plugs

The addition of mold plugs, similar in shape to the top and bottom pistons, having a
diameter 0.005 in. less than the mold, machined fraterproof, UHMW polyethylene were
used to prevent moisture from escaping the molds during initial curing periods, as well as fill the
air voids left in the mold by the removal of the top and bottom pistons. UHMW is a very tough
and norcorrosive materiahathas extremely low moisture absorption along with a low
coefficient of friction. Waterproof, metal foil tape was placed around the joints between the plug
and moldto seal mold plugs to the specimen mold and prevent moisture from escaping during

theinitial curing period.Mold plugs are shown in Figures 3.6 and 3.7.

e — 2 795"
(TO9S mm)

e
g
)

%FE
4.'3“ _
‘ {lo2 mm) 1

Figure 3.6: UMHW Mold Plugs (Adapted from ASTM D 1632)
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Figure 3.7: UMHW Mold Plugs

3.4  Experimental Procedures
3.4.1 Production of Soil Cement in the Field

Initially, two field projects were evaluated for assessment of strength efemiént base.
Project locations we US27 in Blakely, GA, and U84 in Jesup, GA. The primary additions
and modifications to ASTM D 1632 for field use include the procedure for sampling material
from the paver, determining the moisture window to achieve 98 percent density or higher, and
the use of ultrdnigh molecular weight polyethylene (UHMW) plugs to prevent moisture from

escaping the molds during initial curing at the project jobsite.

3.4.2 Production of SoitCement Mixtures in the Laboratory

Several 55gallon drums of soil were taken from stockpiles and borrow pits related to the

field projects. The stockpile of material at the Blakely Pit is shown in Figure 3.8.
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Figure 3.8: Sampling stokpile at Blakely Pit

The borrow pit material from the US 2Blakely, GA and AL 52 Dothan, AL projects
were used for several aspects of this research. The portland cement used for this research was a
Type I/l manufactured by LaFarge North Amerid&ater obtained from the laboratory was

used in making the sedement specimens.

3.4.2.1Batching

Prior to mixing soil cement in the laboratory, a sufficient amount of soil material was
removed from the drum and placed into a large, square metalfparmaterial was mixed
thoroughly and a representative moisture content sample was obtained and tested. Once the
moisture content was determined to be within the moisture window to achieve 98 percent density
or higher, the batch weights were determin€&te proper amount of soil, cement, and water

were batched by weight and prepared for mixing.

82



3.4.2.2Mixing
Mixing was achieved in the laboratory by using agb@rt, Hobart mixer. This mixer is
shown in Figure 3.9. The soil material was weighetthéonearest gram and placed into the

mixing bowl.

Figure 3.9: Hobart 6Gquart mixer

The mixer was powered and set on its lowest setting. Water was weighed and added to
the soil in the mixer if necessary. While the soil and water were mixing, ca&rasnteighed

and carefully placed into the mixer in small amounts. Once all the cement had been placed into
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the mixer, the materials were mixed on low speed for an additional two minutes. This was
followed by a oneninute mixing of materials at the mediwspeed setting on the mixer. A
threeminute rest period followed, and the final mixing of two minutes at low speed adequately
mixed soil cement for sample preparation. This mixing method is a similar method to method
outlined in ASTM C 192. The mixinigowl and paddle used in this project can be seen in Figure

3.10.

Figure 3.10:Soil and water being mixed in mixer bowl

After mixing was completed, the material was deposited into a clean, damp, metal pan,

and remixed with a hand scoop, as shown infe¢.11.

84



Figure 3.11:Soil-cement in pan

3.4.3 Common Practices

The remaining practices are considered common to both field and laboratory mixing.

3.4.3.1Sample Preparation

Sample preparation followed ASTM D 1632 rather closely. Molds havingside
diameterof 2.8 £ 0.01 in. and height of 9 in. for molding test specimens 2.8 in. in diameter and
5.6 in.high were used for making specime#sSTM D 1632 suggests that
specimens shall be cylinders with a length equalto ttvibee di amet er . 0 Accord
(2009), the./D of 2.00 reduces complex stress conditions that may occur during crushing of
lower L/D specimens.The molds also included machined steel top and bottom pistons having a
diameter 0.005 in. less than tmeld, a 6in. long mold extension, and a spacer clip. Two
al umi num s e p a-inahick by 8.78dhi irs dkametet wielle &lso used in specimen

preparation. Specimen molds are shown in Figures 3.12 and 3.13.
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Figure 3.12:Soil-cement cylinder moldASTM D 1632 2007)
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Figure 3.13:Soil-cement cylinder mold

A typical droppingweight compacting machine consisting of a 15 Ib. hammer which
meets the requirements of ASTM D 1632 was used for the field and laboratory t@$tisg.

testing machine cdpe seern Figure 3.14.
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Figure 3.14:Droppingweight compacting machine with mold

Specimen molds and separating disks were lightly coated with-gisoesity oil. The
molds were put together in standard fashion with the spacer clips installedrodtedsttom
piston and the mold. A separating disk was placed into the mold and the extension sleeve was
placed on top of the mold. The mold was placed on the scale and the predetermined amount of

soil-cement mixture was placed into the mold, as showfigure 3.15.
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Figure 3.15: Soil-cement mixture being placed into the mold

The soitcement mixture wathen compacted initially from the bottom up by steadily and
firmly forcing (with little impact) asquare nd cut 102 in. diameter, s
through the mixture from the top down to the point of refusal, the roddings being distributed

uniformly over the crossection of the mold. This can be seen in Figure 3.16.
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Figure 3.16:Soil-cement mixture being rodded uniformly over the cross section of the mold

Once the mass is packed out to a height of approximately 6 in., the extensionsleeve
removed and a separating disk was placed on the surface of the soil cement. The spacer clip
supporting the mold on thHmottom piston was removed, and the top piston was placed on top of

the mold.

Figure 3.17 shows a dynamic load being repeatedijjeapby the compacting device
until refusal by evidence of the top and bottom pistons being in contact with the edges of the

specimen mold.

90



Figure 3.17:Soil-cement mixture being compacted until refusal

The pistons and separating disks were remdran the mold assembly, and UHMW

mold plugs were insertadto each end of the mold, as seen in Figure 3.18.
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Figure 3.18:Molded specimens before foil tape addition

Field samples were taped with metal foil tape to ensure no moisture was lost during
initial curing. The metal foil tape was not used for laboratoagdespecimens, as it was deemed

unnecessary since the specimens were in a controlled environment.

3.4.3.2Initial Curing

Field specimens were cured in the maldsler conditions that linexposure tesun,
wind, and other sources Hpid evaporation, and from contaminatfon12 hours or longer if
required. Samples were stored in the shade when possible, and in a location where they would
be safe and secure until transportation batkedaboratory for removal of molds and sample
extrusion. Typical field curing can be seen indF@3.19. After the initial 2hour or longer
curing period, cylinders were transported to the laboratory at Auburn University where final
curing occurred.During transportation, the cylinders were protected with suitable cushioning
material to prevent damage.
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Figure 3.19:Molded specimens stored during initial curing

Laboratory specimens were cured in the laboratory for 12 h, or longer if required, to
permit subsequent removal from the molds using the sample extruder. Typically, samples were
prepared and allowed to remain in the molds for initial curing overnight, and were extruded the

following day.

3.4.3.3Sample Extrusion

After initial curing, tre mold plugs were removed and the samples were extruded from
the specimen molds. A standard vertical specimen extruder was useehfotdileg the
specimens. However, this process wasrly time consuming as the stroke of the piston on the
jack was sméaland the frame had to be-cenfigured during the extruding process in order to

fully extrude the specimen.

In an attempt to reduce variables in the initial testing, it was decided to use a hydraulic
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