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Abstract

Soil cement is a mixture of soil, portland cement, and water that forms a strong, durable,
frost-resistant pavement base once compacted and cured. Variation among construction practices
and concerns of current quality assurance testing of soil cement base have led to research for
more reliable strength testing methods. The primary objective of this research is to develop
guidelines for the Alabama Department of Transportation to cost-effectively and reliably assess
the strength of soil cement base. The secondary objective of this research is to develop software
to conduct all calculations necessary to relate the field results from the dynamic cone
penetrometer to a comparable unconfined compressive strength of the soil cement. This effort is
an incentive for using the dynamic cone penetrometer for on-site testing in place of the current
method and is meant to streamline the quality assurance process with a more reliable test
method.

Based on the research, the plastic-mold method should be used to produce molded
cylinders on-site for quality assurance testing of the soil cement mixture. Should the compressive
testing results from the plastic-mold cylinders give indications that the strength is not acceptable
for full payment, then the dynamic cone penetrometer must be used to determine the in-place
compressive strength of the soil cement base. To help with the last step, the Microsoft Excel
program, DCPAL, was developed to assist the Alabama Department of Transportation to

implement the above recommendations.
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Chapter 1

Introduction

1.1 Background

Soil cement, when used as a base for roadways, is a mixture of local soils and/or
manufactured aggregates, portland cement, and water (Halsted, Luhr and Adaska 2006). This
mixture is compacted and allowed to cure to produce an economical, strong, durable, frost
resistant paving material (Halsted, Luhr and Adaska 2006). The functionality of this material has
been proven throughout the industry as a pavement base for highways, roads, streets, parking
areas, airports, industrial facilities, and materials handling and storage areas (Halsted, Luhr and
Adaska 2006).

The first documented use of soil cement base was in 1935 in South Carolina to improve a
state highway roadbed (Halsted, Luhr and Adaska 2006). Prior to the first use of soil cement for
roadway base construction, the use of unbound aggregates was a standard practice to achieve
desired results. The major mechanism for achieving durability when using unbound aggregate
was the ability for aggregate particles to interlock. If the particles could all interlock, then no
movement from traffic loads over time would affect the base’s ability to support the asphalt
surface course. Unfortunately, the interlocking mechanism is highly variable and has led to many

failures over time. An illustration of this concept can be seen in Figure 0.1.



Asphalt

Unstabilized

Cement-stabilized

Figure 0.1: Unstabilized bases versus cement-stabilized bases (Halsted, Luhr and Adaska 2006)

When portland cement is mixed with the native soils, it creates a tightly bound cement-

stabilized base. The formation of this base efficiently disperses loads over large areas of the

subgrade while being minimally affected by moisture (Halsted, Luhr and Adaska 2006). The

typical unbound granular base is not able to disperse such loads without complete interlocking

and tends to distribute the loads directly to the subgrade in a small concentrated area. Higher

loads applied to one location on the subgrade will lead to a higher chance of subgrade failure, as

can be seen from the illustration in Figure 0.2.

Unstabilized granular base
Figure 0.2: Soil in cement-stabilized bases harden into a slab to distribute loads (Halsted, Luhr

and Adaska 2006)

Cement-stabilized base



In certain areas of Alabama, crushed stone is unavailable or has become too costly to
transport to the project site. When soil cement is properly mixed, compacted, and cured, there are
multiple benefits that follow when compared to a granular base. These benefits include, but are
not limited to (Halsted, Luhr and Adaska 2006):

e It provides a stiffer and stronger base, reducing deflections from traffic loads, which
delays the onset of surface distress and extends pavement life.

e The thickness of a soil cement base is less than the required thickness for granular
bases. Due to the shear strength of the soil cement base, traffic loads can be distributed
across sections of the base, reducing the stress applied to the subgrade. This results in
less subgrade failures, potholes, and road roughness.

e Local, in-situ soils of many varieties can be used for this alternative base, negating the
need to transport expensive crushed stone.

e The construction process has less impact on the travelling public due to less hauling
trucks needed for the projects.

e Soil cement does not displace as easily as unbound aggregates would under traffic
loads, which will reduce the potential for rutting.

e Pumping is not as much of an issue for soil cement bases because the cement binds the
base together, decreasing the potential for water intrusion.

e Soil-cement is similar to concrete in the fact that it will continue to gain strength over
time. The slow strength gain over long periods of time slightly improves the pavement
service life.

With any roadway construction, the goal is to maximize the service life of the pavement

as economically as possible, all while staying in budget. A major issue that pavements face over



time are cracks from distress. In previous research, it was found that the strength of the soil
cement base made an impact on the number of cracks observed (George 2002). To increase the
service life of soil cement base pavements, an upper and lower bound has been recommended for
the strength. If the base is too weak, rutting and deflection mitigation is no longer an advantage
in comparison to the unbound granular base (George 2002). If the base is too strong, the
excessive cement content leads to shrinkage cracking, and may cause the asphalt surface to crack
via reflexive cracking (George 2002).

To ensure the soil cement base is properly constructed, the Alabama Department of
Transportation (ALDOT) has specified strength values to meet upper and lower bound
requirements for compressive strength (ALDOT 304 2014). ALDOT has specified the
compressive strength lower and upper limits to be 250 psi and 600 psi, respectively (ALDOT
304 2014). If the compressive strength is found to be more than 600 psi or less than 250 psi,
ALDOT prescribes Equation 1.1 and Equation 1.2, respectively, to determine the pay reduction
for the tested soil cement base section (ALDOT 304 2014). Any section of soil cement base
where compressive strengths equal to or less than 200 psi or equal to or greater than 650 psi are
found must be removed and replaced by the contractor without compensation (ALDOT 304

2014).

Price Reduction = (0.4% per psi) x (250 psi — f;) (Equation 0.1)
Price Reduction = 20% — (0.4% per psi) x (650 psi — f.) (Equation 0.2)
Where,
Price Reduction = reduction in pay (%), and

fc = compressive strength (psi).



The current practice is to use cores tested at seven days to test for compressive strength
compliance, which is similar to the method used for regular concrete. A core is cut from the soil
cement base six days after placement and cured overnight to be tested on the seventh day
(ALDOT 304 2014). The issue with testing soil cement this way is that its matrix is not as strong
as concrete at this age. Therefore, damage to the cores typically occurs during core cutting and
extraction. Additionally, high variability of core strengths has led engineers to question if coring
to test for in place strength for soil cement is a valid and fair test method. Compressive strength
results from cores taken in close proximity at ALDOT projects in Houston County and Geneva
County have proven to be extremely variable (Nemiroff 2016). The contractor was forced to
remove and replace some sections of the soil-cement base and to take a pay reduction in some
other places.

In an effort to mitigate the possibility of highly variable test methods being a main
contributor to variable compressive strengths, another in-place strength test method has been
researched and developed: the dynamic cone penetrometer (DCP) (Nemiroff 2016). ASTM
D6951, Standard Test Method for Use of the Dynamic Cone Penetrometer in Shallow Pavement
Applications, is the procedure followed to test for in-place strength with the DCP (Nemiroff
2016).

Molded cylinder testing is another method that is used to test the strength of conventional
concrete that has been modified to be used for soil cement applications. There are two types of
methods to produce molded cylinders for soil cement base applications: steel-mold (SM) method
and plastic-mold (PM) method. Wilson (2013) created the SM method by modifying ASTM
D1632, Standard Practice for Making and Curing Soil Cement Compressive and Flexure Test

Specimens in the Laboratory (ASTM D1632 2017). This specification was modified for soil



cement cylinders to better mimic how conventional concrete cylinders would be made at the
project site for strength quality assurance. Due to the laborious nature of the SM method, the PM

method was created as an alternative to the SM method (Sullivan, Howard and Anderson 2014).

1.2 Research Objectives

The primary objective of this research was to develop and recommend guidelines for the
Alabama Department of Transportation to cost-effectively and reliably assess the strength of soil
cement base. A secondary objective was to develop a software package that would be used to
automatically analyze the data collected from the DCP. The goal is to use the developed
relationship between the DCP and soil cement compressive strength to generate an output in a

user-friendly format to streamline quality assurance testing for ALDOT.

1.3 Research Approach

All research discussed in this report was conducted in the laboratory. The soils used
varied in classifications set by the American Association of State Highway and Transportation
Officials (AASHTO) and experiments were conducted on soils with ranging levels of cement
content. The SM method modified by Wilson (2013) and the PM method modified by
McLaughlin (2017) and Scales (2020) were used to created molded cylinders from the same
batch of soil cement.

Based on the results from this new research project, the plastic-mold method should be
used to produce molded cylinders on-site for quality assurance testing of the soil cement mixture.
If the compressive testing results from the plastic-mold cylinders give indications that the
strength is not acceptable for full payment, then the dynamic cone penetrometer must be used to

determine the in-place compressive strength of the soil cement base. To help with the last step,



the Microsoft Excel program, DCPAL, was developed to assist the Alabama Department of

Transportation in implementation of the above recommendation.

1.4 Thesis Outline

A review of relevant previous literature and research is summarized in Chapter 2. This
chapter details the materials used, the relevant engineering properties (density, compressive
strength, etc.), and different strength evaluations used during this research (DCP, PM, and SM).
A section in this chapter is specifically devoted to comparing different state departments of
transportation methods for using soil cement as a base for pavement construction. Also, guidance
on the usage of Excel Visual Basic to create an automated program to analyze the DCP output is
discussed in this chapter.

The experimental plan developed for the laboratory phase of this project is discussed in
Chapter 3. This chapter details the laboratory procedures followed, test methods used, and
materials tested to evaluate the compressive strength results from the PM and SM cylinders.

All results obtained from the comparison of the PM versus SM methods are discussed in
Chapter 4. The properties used to compare the SM and PM methods are density, moisture, and
compressive strength.

Chapter 5 discusses the development of DCPAL. The DCPAL development plan includes
screenshots from the software for each step in the process. Additionally, decisions made, and the
consequences of each choice, while using the software are explained throughout. Next, a few
examples of the software in use are given. The examples reflect the three potential outcomes in

accordance with ALDOT 304 acceptance and payment criteria.



Chapter 6 details the implementation recommendation for soil cement base quality
assurance testing for ALDOT. The recommendation includes the use of the PM method and the
DCP with DCPAL.

A brief summary of the research performed and conclusions drawn are presented in
Chapter 7. In addition, recommendations for future research in this field of study are noted at the
end.

Appendices A through G follow the references. Appendix A contains the main code used
in development of DCPAL. Appendices B and C contain supplemental code used by the main
code of DCPAL. Appendix D lists the strength, density, and moisture content results, organized
based on soil type and cement content used. Appendices E, F, and G display the input file data
and output results of the three potential outcomes of DCPAL based on the acceptance and

payment criteria set by ALDOT 304 (2014).



Chapter 2

Literature Review

15 Introduction

In this chapter, a literature review of previous research related to the topic of soil cement
base and Excel visual basic calculation automation is presented. The review first includes a
summary of the materials required to produce soil cement and the specifications that limit the
permitted materials. Next, the various methods of soil cement base production and the current
quality control measures are presented. The literature review then covers key engineering
properties determined during assembly and testing. The soil cement portion of the literature
review concludes with a discussion of the numerous test methods used to evaluate the strength of
soil cement base. The methods to determine strength vary among state departments of
transportation (DOT), and thus, each variance found will be discussed. Relevant literature on the

automation of Excel using Visual Basic for calculations is also discussed.

1.6 Soil Cement

16.1 Materials
16.1.1 Soil

Soil is defined as the relatively loose agglomerate of minerals, organic minerals, and
sediments found above the bedrock (Holtz and Kovacs 1981). Many types of soil are permitted
for use in soil cement production. The only soils prohibited are organic soils, highly plastic clays,
and poorly reacting sandy soils (ACI 230 2009). Research has shown that sandy soils with more
than two percent of organic matter or a pH lower than 5.3 can have an adverse effect on the

performance of soil cement base due to an “abnormal reaction” (Robbins and Mueller 1960).



Additionally, it was discovered that any acidic organic material would often inhibit the strength
development of the final soil cement product.

In general, even though all soil types can be used, granular soils are ideal because they
pulverize and mix more easily than fine-grained soils (ACI 230 2009). The most common soils
used in the production of soil cement are silty sand, processed crushed or uncrushed sand and

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

For this research, AASHTO terminology was used to specify the boundary between
coarse-grained and fine-grained soils. The boundary is indicated by the percentage retained or
passing the No. 200 sieve (McCarthy 2007). If more than 35 percent of the soil is retained on or
above the No. 200 sieve, the soil is considered a coarse-grained soil. Otherwise, if more than 35
percent of the soil sample passes through the No. 200 sieve, the soil is considered fine-grained
soil (Halstad, Adaska and McConnell 2008).

Portland cement stability is gained from the hydration of the cement particles; therefore,
it does not rely on the cohesion or internal structure of the soil to bond (PCA 1995). More
specifically, well graded coarse-grained soils having between 10 and 35 percent of non-plastic
fines are believed to produce the most economical soil-cement base in terms of cement content
and favorable characteristics (ACI 230 2009). Gap-graded soil mixtures that are dominated by
two or three aggregate sizes are not desirable for soil-cement applications (Halsted, Luhr and
Adaska 2006). Fine-grained soils require more cement for adequate strength and are harder to
pulverize, making them less economical than their coarse-grained counterparts (ACI 230 2009).

Coarse-grained soils have larger particles than fine-grained soils, and therefore, will have

a lower total particle surface area. The amount of binder needed to cover all particles is similar in
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theory to that which is used for concrete design. Therefore, to minimize the cement content, an
ideal range of particle sizes must be used that still meets strength requirements for the soil
cement base (Halsted, Luhr and Adaska 2006).

Figure 0.1 shows the aggregate gradation band recommended by PCA to optimize cement
economy with the strength and density requirements (Halsted, Luhr and Adaska 2006).
Gradations that fall outside the recommended band are susceptible to lower strengths due to
improper structural interlocking for strength or interference with compaction, requiring more

cement to compensate (Halsted, Luhr and Adaska 2006).

ASTM standard sieve size
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Figure 0.1: Aggregate gradation band for minimum cement requirements (Halsted, Luhr and

Adaska 2006)
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1.6.1.2

Portland Cement

Type | or Type Il portland cement conforming to the requirements prescribed in ASTM

C150 are the typical cement types used for soil-cement applications (ASTM C150 2016). The

required cement content ranges from 2 to 16 percent by dry weight of soil depending on the

desired properties and soil type used (ACI 230 2009). A table to assist in estimates for mixture

proportioning is provided by ACI 230 (2009) and is shown in Table 0.1. It is critical to

understand that this table is simply intended to provide an estimate and that the actual cement

content is dependent upon the desired properties and soil type of a specific application (ACI 230

2009).
Table 0.1: Typical cement requirements for various soil types (ACI 230 2009)
Typical Typical Cement for | Typical Cement for
AASSOI}'ITO ASS(;I;:VI Cement Range, | moisture-density | durability tests (ASTM

Classification

Classification

* percent by

test (ASTM D558),

D559 & D560), percent

weight percent by weight by weight
GW, GP, GM,
A-1-a SW. SP. SM 3to5 5 3-5-7
Aty | CMERSM 5108 6 4-6-8
A-2 oM. &% SM. 5109 7 5-7-9
A-3 SP 71011 9 7-9-11
A-4 CL, ML 7t012 10 8-10-12
A-5 ML, MH, CH 81013 10 8-10-12
A-6 CL,CH 9to 15 12 10-12-14
A-7 MH, CH 10to0 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.

Similar to conventional concrete applications, supplementary cementitious materials such

as fly ash, slag cement, and additives such as hydrated lime have been successfully used in soil-

cement base operations. Slag cement should meet the requirements of ASTM C989 and when

blended with portland cement should meet the requirements of ASTM C595 or C 1157 (ACI 230
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2009). Class F fly ash that complies with ASTM C618 is the most predominant class of fly ash
used for soil cement applications when employed as a filler or as cementitious material
components (ACI 230 2009). Hydrated lime has been successful in reducing the plasticity of
highly plastic clay soils as well as easing the pulverization of the material before mixing with
cement (ACI 230 2009).

1.6.1.3 Water

In the production of soil cement, water is an essential component in achieving maximum
compaction as well as activating the portland cement through hydration (PCA 1995).
Considerations have been made as to what type of water can be used for soil cement base
applications without adverse effects on its strength or durability. ACI 230 (2009) noted that the
water used must be either potable water from the city or water that is free from harmful amounts
of alkalis, acids, or organic matter. ASTM D1632 (2017) suggested the water should be free of
acids, alkalis, and oils and should be suitable for drinking. ALDOT (2012) offers a table
prescribing the type of water that can be used, limiting oil and impurities as shown in Table 0.2.

Table 0.2: Maximum limit for impurities in water used for soil cement applications (Alabama
Department of Transportation 2012)

Item Limit
Acidity or alkalinity 500 mg/L AASHTO T26
Total organic solids 500 mg/L AASHTO T26
Total inorganic solids 500 mg/L AASHTO T26
Chloride ion concentration 250 mg/L AASHTO T26
Sulfate ion concentration 250 mg/L AASHTO T26
pH 6.0 to 8.0 ASTM D1293

16.2 Engineering Properties

The structural properties of soil cement base depend on the soil material, quantity of

cement, curing conditions, and age (Halsted, Luhr and Adaska 2006). From conception to service
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of soil cement base, specific properties are used to determine if the mixture meets the
requirements put in place by industry professionals and researchers. Among some of the
important characteristics to test for in soil cement construction are its moisture-density
relationship, unconfined compressive strength, and durability, each of which will be discussed in

the following sections.
1.6.2.1 Density and Moisture Content

Density of soil is typically measured in terms of dry density (ACI 230 2009). The amount
of water in the mixture is known as moisture content and is represented as a percentage by
weight of oven-dry soil cement (cement and soil particles. The typical range of moisture contents
in soil cement base applications can range from as low as five percent to as high as 15 percent
(ACI1 230 2009). The Proctor Compaction Test is a laboratory test used to determine the
optimum moisture content and the maximum dry density of a soil. A typical moisture density

curve, as shown in Figure 0.2, is used to determine the optimum moisture content and maximum

dry density.
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Figure 0.2: Maximum dry density and optimum moisture content (ASTM D558 2019)
Although the Proctor Curve is fairly predictable for soils, the compactive effort required

increases once cement is added to the mixture. It is known that cement alters the moisture
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content and the maximum dry density to some extent (ACI 230 2009). The alteration is due to
the method by which the cement reacts with the soil and moisture in the mixture. A desirable
trait of the interaction is a higher density because it leads to higher compressive strengths of the
cohesionless soil cement mixture (Yoon and Abu-Farsakh 2008). An increase in optimum
moisture content can occur due to the flocculating action of cement, which decreases the
maximum dry density (ACI 230 2009). An increase in dry density can occur due to the relatively
high specific gravity of portland cement (ACI 230 2009).

The relationship between dry density and moisture content with cement added was
investigated by Yoon and Abu-Farsakh (2008) to determine the correlation of the amount of
decrease or increase of each property in relation to another. Figure 0.3 illustrates compaction
curves obtained for nonstabilized sand and cement-sands prepared at varying cement contents.
The compaction curves prove that when the cement content increases, it leads to an increase in

dry density with similar optimum moisture content (Yoon and Abu-Farsakh 2008).

15



1950

A—A 0% cement
& - —O B% cement
1925 4 [3 - — — {1 10% cement - 120
@ & 12% cement /. \\\
1900 - / N ]
L ,-/ - EI\\-._ 118
- N
— 1875 ,ﬁo PR - S
Lyl ///. - "\».
E I e NoR 116
D 1850 ® A
— L { i G".
-'a'—h 1825 | P < A - 114 f
@ =g \ -4
1800 |
. - 112
z T
1775 AT & > .
a el AN o - 110
1750 | 'y A
L \
1725 - 108
1700 - T T T
3 5 7 9 11 13 15 17
MC (%)

Figure 0.3: Relationship between dry density and moisture content with added cement (Yoon and
Abu-Farsakh 2008)

Further research into the relationship of moisture-density with added cement was
conducted while adding a water-reducing admixture (WR). During hydration, water typically
acts as a lubricant between the soil particles to aid in compaction and achieve maximum dry
density when at optimum moisture content (Jin, Song and Huang 2018). Without the addition of
a WR, water can get trapped between sand or cement particles that flocculated during the
hydration process, therefore wasting some of the water that was intended for hydration of the
cement.

All water-reducing admixtures are surfactants that lower the surface tension at the
cement-water interface to mitigate the chances for cement grains to flocculate around the water
particles (Mehta and Monteiro 2014). Jin, Song, and Huang (2018) studied the effects of water
reducers in cement treated soils. They found that WR decrease the optimum moisture content,

increase the maximum dry density, reduce weight loss in wet-dry cycles, and reduce
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permeability (Jin, Song and Huang 2018). The research was conducted on different soils types,
discovering that the composition of the soil plays a major role in the effectiveness of the WR. An

example of the effects of the WR on silty gravel with and without cement can be seen in Figure

0.4.
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Figure 0.4: Effect of WR on compaction curves of silty gravel soil (Jin, Song and Huang 2018)

The hydration process between water and cement happens quickly, and thus requires
swift placement to achieve the best results possible for compaction and strength. Soil cement that
has sat idle for over two hours before being compacted could result in significant decrease in
density (West 1959). A decrease in density has been directly correlated to a decrease in
compressive strength (Shen and Mitchell 1966). If the mixture remains idle due to unforeseen
circumstances, Felt (1955) determined that the adverse effects of noncompaction in the early
stages of the mixture could be mitigated by remixing the soil cement several times in an hour.
This delay technique is only a viable option if the moisture content is maintained at or slightly

above optimum moisture content once the material is eventually compacted. (Felt 1955)
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1.6.2.2 Unconfined Compressive Strength

The unconfined compressive strength (fc) is the most widely referenced property of soil
cement (ACI 230 2009). The unconfined compressive strength serves as an indication of how
much the cement reacted with the mixture (ACI 230 2009). Compressive strength is typically
measured by following ASTM D1633 (2017) for soil cement mixtures. ACI 230 (2009)
summarizes 28-day unconfined compressive strengths for soaked soil cement specimens, ranging
from as low as 250 psi for clayey soils to as high as 1000 psi for sandy and gravelly soils.

Strength is directly related to density and, as such, is similarly affected by the degree of
compaction and water content (ACI 230 2009). As discussed in Section 1.6.2.1, an increase in
cement content will lead to an increase in dry density. This is true to a point, but considerations
must be given to the water-to-cement ratio to achieve proper hydration of the mixture (Yoon and
Abu-Farsakh 2008). The research showed a relationship between the dry density and unconfined

compressive strength as shown in Figure 0.5.
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Figure 0.5: Relationship between dry density and unconfined compressive strength (YYoon and
Abu-Farsakh 2008)

Another factor that significantly affects the compressive strength of soil cement is the

time allowed for proper curing (FHWA 1979). Research was conducted on different soil types to

determine the effect that curing time had on soil cement strength. It was found that the

unconfined compressive strength of fine-grained soil mixtures was lower than that of coarse-

grained soil mixture at the same curing time (FHWA 1979). Additionally, it was concluded that

both soil types gained strength over the curing period as shown in Figure 0.6.

19



2000 S COARSE - GRAINED SOILS WITH 10% CEMENT
® FINE - GRAINED SOILS WITH 10% CEMENT _

[
£ 2000~
9
&
=
L]
W 1500~
wy
&
3
3 1000
(=] o
z
: ST

m—.

.
: RN
A ' __'_F_.;-f-—!"'—-r
1 10 100 1000
CURING TIME (days)
Figure 0.6: Effects of curing time and different soils on unconfined compressive strength
(FHWA 1979)

1.6.2.3 Durability

Durability of soil cement structures is an important characteristic to consider for a longer
service life. Similar to concrete, soil cement may undergo cracking due to shrinkage via moisture
loss, wet-dry cycles, or freeze-thaw cycles (ACI 230 2009). Cracks in the soil cement base layer
of a pavement tend to propagate upward via stress concentration points to form cracks in the
upper asphalt layer called reflexive cracks (Kuhlman 1994). Cracks like these are an issue
because they allow for foreign particles and moisture to intrude into the layers of the pavement,
decreasing the performance of the structure over time. The other major durability consideration
for soil cement applications is weight loss (ACI 230 2009). Loss of the soil cement mass depends
on the cement content and can occur during natural cycles of freeze-thaw and wet-dry periods

(ACI 230 2009).
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1.6.2.3.1 Shrinkage Cracking

The orientation, size, and spacing of cracks can determine the outcome of pavement
durability. For example, alligator cracking in the wheel paths of the pavement could indicate an
inadequate design and structural failure (Kuhlman 1994). ACI 230 (2009) notes that large cracks
will cause raveling, loss of subgrade material, pavement faulting, surface deterioration, and poor
ride quality. Alternatively, cracks that are closely spaced and narrow are more desirable because
load transfer is still possible and minimal water can intrude into the opening (ACI 230 2009). It
is essential to maintain sound construction and quality control procedures to minimize overall
cracking (George 2002). An example of transverse and longitudinal cracking can be seen on U.S.

Highway 84 as shown in Figure 0.7.

Figure 0.7: Transvers and longitudinal cracking on U.. Highway 84 (McLaughlin 2017)
Aside from good construction practices, there are other factors that play a role in the
magnitude and scale of cracks that form. George (2002) correlated soil cement cracking to
characteristics such as volume change due to drying and/or temperature differentials, tensile

strength, stiffness and creep, and subgrade restraint. Soon after construction of the soil cement
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base, volume shrinkage of the structure will commence, generating tensile stresses (Kuhlman
1994). Similarly to conventional concrete, soil cement is not nearly as strong under tensile stress
as it is for compressive stress (ACI 230 2009). Once the tensile strength limit is reached, cracks
form to relieve pressure (ACI 230 2009). The number of cracks is dependent upon the amount of
shrinkage that the structure undergoes, which is primarily dependent upon cement content, soil
type, water content, degree of compaction, and curing conditions (ACI 230 2009).

In conventional concrete, cement content is a major contributor to drying shrinkage due
to the complex microstructure of hydrated cement paste (Mehta and Monteiro 2014). Therefore,
research conducted on supplementing a portion of the portland cement with fly ash has shown
some benefit to reduce drying shrinkage (George 2002). Alternatively, the use of expansive
cements or a thicker base layer with less cement content has been recommended as a potential
mitigation measure for drying shrinkage (ACI 230 2009).

Research was conducted in Australia at five different test locations with differing soil
types, each producing a different crack pattern (ACI 230 2009). It was noted that soils
containing clay experienced more total shrinkage but maintained smaller crack widths at closer
intervals of spacing than other types of soils (ACI 230 2009). On the contrary, granular soils
experienced less shrinkage but produced larger cracks spaced further apart. A method to mitigate
crack widths in soil cement would be to limit the number of fines allowed in the mixture (ACI
230 2009).

Kuhlman (1994) studied the effects of moisture on soil cement cracking. It was
determined that the least cracking will occur in soil cement mixtures having the lowest moisture
content at the time of compaction (Kuhlman 1994). Soils containing clays and silts will therefore

have the greatest tendency for drying shrinkage in comparison to granular soils that require lower
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moisture contents. Additionally, ACI 230 (2009) suggests that compacting at a slightly less than
optimum moisture content may be effective in mitigating cracking based on the idea that more
moisture means more shrinkage on drying.

Curing is an important part of strength development but can also play a major role in
mitigation of undesirable cracks in the soil cement base layer. By prolonging the curing period to
14 to 28 days, the initial cracks can form freely (ACI 230 2009). The prolongation of curing can
be achieved via water application or placement of a bituminous curing compound (ACI 230
2009). The asphalt layer tends to bridge the gaps made by the initial cracks, reducing the
reflectivity and size of the cracks (ACI 230 2009).

A separate study investigated the effects of intentionally inducing microcracks in accord
with proper curing before the asphalt was placed. Scullion (2002) discusses an experiment
conducted on three high-traffic streets that used soil cement as the base layer and a delay in the
final hot mix asphalt (HMA) surface was adhered to (Scullion 2002). Once the base was placed,
it was allowed to cure undisturbed for 24 hours (Scullion 2002). Following that cure period, a
vibratory roller was used to create a microcracked structure in the stabilized layer (Scullion
2002). After cracking, the layer was allowed to cure for another 48 hours before the surface layer
was added. By allowing for the additional 48 hours of curing, the asphalt, once placed, could fill
the cracks. Scullion (2002) asserts that the results of the mitigation technique in reducing the
instance of large cracks were astounding for the local areas of Texas that experienced large

cracks over soil cement bases.
1.6.2.3.2 Mass Loss

Soil cement may have many challenges to face with reflective cracking, but mass loss can

be just as fatal for pavement life duration. Mass loss is usually a result of wetting and drying or
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freezing and thawing cycles due to the wear and tear they induce on the permeable soil cement
base. This phenomenon can be closely related to that of conventional concrete. When water
particles that have become trapped in the microstructure of concrete freeze, they expand (Mehta
and Monteiro 2014). Expansion causes stresses on the cavity that holds the water molecule,
which could eventually rupture the cavity and cause deterioration of the microstructure.
Alternatively, drying periods will further the amount of dehydrating beyond what the concrete
had already experienced during hydration. Drying further than the natural ambient humidity at
which a cement-bound structure was cured has proven to be a driving force for major shrinkage
(Mehta and Monteiro 2014). A consecutive wetting period would then wash away the material
that was fractured from the microstructure, causing further mass loss.

In order to secure the mass structure cohesion and maintain stability during natural
weather cycles, the amount of cement needed for each mixture can be determined by ASTM
D559 (2015) or ASTM D560 (2016). The Portland Cement Association (PCA 1971) provides
guidance for wet-dry and freeze-thaw durability. It is noted that cement contents sufficient to
prevent weight loss greater than the values indicated in Table 0.3 after 12 cycles of wetting,
drying, freezing, or thawing are considered adequate to produce durable soil cement bases.

Table 0.3: Criteria for soil cement as indicated by wetting-and-drying and freezing-and-thawing
durability tests (PCA 1971)

. - . Maximum allowable
AASHTO soil group Unified soil group weight l0ss, %

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

A-7 OH, MH, CH 7

* Ten percent is maximum allowable weight loss for A-2-6 and A-2-7 soils.

Additional Criteria:
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1. Maximum volume changes during durability test should be less than 2% of initial
volume.

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

3. Compressive strength should increase with age of specimen.

4. Cement content determined as adequate for pavement, using the aforementioned
PCA criteria, will be adequate for soil cement slope protection that is 5 ft (1.5 m) or
more below the minimum water elevation. For soil cement that is higher than that

elevation, cement content should be increased two percentage points.

Aside from the listed standard testing, it has been common practice to use the
compressive strength to approximate the minimum cement content required to achieve a
satisfactory service life (ACI 230 2009). The relationship between strength and durability for soil
cement suggests that a strength of 800 psi would be adequate for all soils, but may not be the
most economical design for every application (ACI 230 2009). The relationship is illustrated by

a curve that can be seen in Figure 0.8.
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Figure 0.8: Relationship between compressive strength and durability of soil cement based on
PCA durability criteria (ACI 230 2009)
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1.6.3 Soil Cement Base Construction

The objective when constructing soil cement is to obtain a thoroughly mixed, adequately
compacted, and cured material with sufficient strength (ACI 230 2009). Restrictions on weather
events have been imposed in order to achieve this objective. ACI 230 (2009) states that soil
cement shall not be mixed or placed when the soil or subgrade is frozen or when the air
temperature is below 45 degrees Fahrenheit. ALDOT 304 (2014) states that soil cement should
not be mixed or placed when the air temperature is below 40°F in the shade, when the
temperature of the soil is below 50°F, when rain is imminent, or during a rain event. Soil cement
shall be protected from freezing for at least seven days if freezing temperatures are expected
(ACI 230 2009). If there is heavy rainfall during placement, it can be detrimental, especially if
the optimum moisture had already been achieved in the mixture or if the cement is still being
spread (ACI 230 2009). Rain will not normally harm the soil cement mixture if it has been
compacted (ACI 230 2009). It is recommended that soil cement shall not be placed unless mixing,
placement, and compaction can be completed within two hours without interruption (ALDOT 304
2014).

To create a soil cement base, a sequence of events must take place from beginning to end of
construction. First the material is mixed either by way of mix-in-place or using a central mixing
plant. Then the mixture is compacted, finished, and cured before the asphalt is placed. The
construction sequence is discussed in the following sections.

1.6.3.1 Mixed In-Place Method

Mixing operations can be performed with transverse single-shaft-type mixers (ACI 230
2009). An example of a transverse single-shaft mixer can be seen in Figure 0.9. During
construction, some soils may require multiple passes of the mixer to achieve adequate

pulverization and uniformity (ACI 230 2009). Almost all types of soil, from granular to fine-
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grained, can be pulverized and mixed to produce soil cement in the field (ACI 230 2009). These soils

can consist of material already in-place or obtained from a borrow pit.

Figr 0.9: Transverse single-shaft mixer (SCaIe 20 T

This mixing method begins with preparation of the subgrade. All soft or wet subgrade
areas are located and corrected. All deleterious materials such as stumps, roots, organic soils, and
aggregates greater than three inches should be removed (ACI 230 2009). Once all unwanted
materials are removed, the soil is then shaped to approximate final lines and grades before mixing
using a single-shaft mixer (ACI 230 2009).

After the soil is prepared, the cement is distributed in bulk over the soil using a
mechanical spreader or in a slurry form by using a distributor truck equipped with an agitation
system (Halstad, Adaska and McConnell 2008). An example of a mechanical spreader used to

spread cement on a highway is shown in Figure 0.10.
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Figure 0.10: Mechanical spreader (cales 2020)
The primary objective of the cement-spreading operation is to achieve uniform
distribution of the cement in the proper proportions across the width of the roadway (ACI 230

2009). To obtain a uniform spread, the mechanical spreader should be operated at a uniform
speed with a constant level of cement in the hopper (ACI 230 2009). Cement is moved
pneumatically from the truck through an air-separator cyclone, which removes the air pressure,
before the cement falls into the hopper of the spreader (ACI 230 2009). If there is a concern of
major dusting of the cement into the air, cement can be applied as a slurry (ACI 230 2009).

Dusting of the cement can be seen in Figure 0.11 where the slurry method was not used.

Figure 0.11: Cement dusting without use of slurry (Scales 2020)

For slurry applications, a 50/50 by weight of water and cement is mixed in a slurry pump

thoroughly that is then pumped into a liquid tanker truck (ACI 230 2009). This truck is equipped
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with internal agitation devices or recirculation pumps to keep the cement in suspension (ACI 230
2009). The amount of cement required is specified as a percentage by weight of oven-dry soil or
in pounds of cement per cubic foot of compacted soil (ACI 230 2009).

Once all the cement has been evenly applied to the roadbed, a single-shaft mixer is used
to pulverize and mix the cement with the soil. Another example of a single-shaft mixer used to
mix the soil cement is shown in Figure 0.12. The soil and cement must be sufficiently blended
before water contacts the mixture to prevent the formation of cement balls (Halsted, Luhr and
Adaska 2006). Agricultural-type equipment is not recommended due to the relatively poor
mixing uniformity (ACI 230 2009). Soils with higher fines contents are generally more difficult
to pulverize and mix (ACI 230 2009). In-place mixing efficiency, as measured by the strength of
the soil cement, is usually less than that found in the laboratory (ACI 230 2009). This deficiency
can be compensated for by adding one or two percent cement content more than what was

determined in the laboratory testing (ACI 230 2009).

e ¥

Figure 0.12: Single-shaft mixer used in mixed-in-place construction (McLaughIin 2017)
Once the cement has been mixed into the soil, a water truck is then used to apply the
amount of water needed to obtain the desired moisture content onto the surface. The water truck

may be required to make multiple passes to apply all water necessary. For coarse-grained soils,
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mixing at less than optimum moisture content minimizes the chances for cement balls to form,
while for fine-grained soils, keeping the moisture content near optimum may be necessary for
effective pulverization (ACI 230 2009). A water truck spraying water onto the surface can be
seen in Figure 0.13. The single shaft mixer then passes over the material again to ensure a

properly mixed material.

Figure 0.13: Water truck applying water to soil cement (Scales 2020)

1.6.3.2 Central-Mixing Plant Method

Central mixing plants tend to be used for projects that need borrow materials. Most soil
borrow sites are located near the construction site or roadway. Natural soil deposits usually do
not consist of homogenous and uniform materials. If the material in the borrow area varies with
depth, full-face cuts should be made with excavation equipment to ensure that some material
from each layer is obtained (ACI 230 2009). If the material varies laterally across the borrow pit,
loads from different locations in the borrow area should be mixed (ACI 230 2009). Mixing for
gradation uniformity can be done at the plant location with the help of a bulldozer and front-end
loader. Excavated material dumped at the base of the stockpile can be pushed up the stockpile
using a bulldozer and a front-end loader can be used to load the soil feed (ACI 230 2009).

An adequate check for unsuitable materials, such as clay lenses, cobbles, or cemented

conglomerates should be performed routinely to ensure that large particles and clay balls are
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removed. Most plants will have a 1.0- to 1.5-inch mesh to screen the material before mixing.
Granular borrow materials are generally used because of their ease in handling and mixing and
lower cement requirements, while clayey soils should be avoided because they are difficult to
pulverize (ACI 230 2009).

The two types of central plant mixers are rotary-drum mixers and pug mill mixers.
Typically, pug mill mixers consist of two types: continuous flow and batch. The most common
mixer used is the continuous-flow pug mill mixer with production rates varying between 200 and
800 tons per hour (ACI 230 2009).

Just like any soil cement mixing operation, the objective of the central plant mixers is to
produce a thorough and intimate mixture of the soil, cement, and water with the correct
proportions (ACI 230 2009). Central plant mixers typically consist of at least one soil bin or
stockpile, a cement silo with surge hopper, a conveyor belt to deliver the soil and cement to the
mixing chamber, a mixing chamber, a water-storage tank for adding water during mixing, and a
holding or gob hopper to temporarily store the mixed soil cement prior to loading (ACI 230

2009). An schematic of a continuous-flow pug mill plant can be seen in Figure 0.14.
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Figure 0.14: Continuous-flow pug mill plant (ACI 230 2009)

31



The mixing chamber consists of two parallel shafts equipped with paddles along each
shaft that rotate in opposite directions (ACI 230 2009). The soil cement is moved through the
mixer by the pitch of the paddles (ACI 230 2009) as shown in Figure 0.15. Thorough mixing is
very important and is specified to last about 15 to 30 seconds depending on the efficiency of the

mixer (ACI 230 2009).

4

Figure 0.15: Twin-shaft pug mill mixing chamber (Halsted, Luhr and Adaska 2006)

Once the soil cement has finished mixing and is being held in the storage hopper, it must
be transported to the site and start being compacted within 60 minutes (ACI 230 2009). To
reduce evaporation losses during hot, windy conditions and to protect from sudden showers, rear
and bottom dump trucks are equipped with protective covers (ACI 230 2009). Haul time in these
trucks is usually limited to 30 minutes as that would leave 30 minutes to place and spread the soil
cement before starting compaction (ACI 230 2009). ALDOT (2012) states that cement treated
bases shall be delivered and spread within 45 minutes after mixing, and if a mixture has not been
compacted within two hours of placement is to be rejected and removed at the contractor’s
expense.

Before placing the mixed soil cement, all adjacent surfaces and the subgrade should be

moistened (ACI 230 2009). The most common way to spread the soil cement is by using a motor
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grader or spreader box attached to a dozer or by using asphalt-type pavers (ACI 230 2009). An
example of motor grader spreading soil cement in preparation for compaction can be seen in
Figure 0.16. Asphalt-type pavers sometimes place one or more tamping bars on the back to
initiate the compaction process (ACI 230 2009). Soil cement is typically placed in a layer about
10 to 30 percent thicker than the desired final compacted thickness (ACI 230 2009). This

percentage is determined by trial-and-error methods or by contractor experience.

Figure 0.16: Motor grader spreading soil cement (Scales 2020)

1.6.3.3 Compaction of the Soil Cement Base

West (1959) and ACI 230 (2009) state that compaction should begin as soon as possible
and should be completed within two hours of initial mixing. Sections should not be left
unworked for longer than 30 minutes during compaction (ACI 230 2009). In order to obtain
maximum density, the soil cement mixture should be at or near optimum moisture content
(ASTM D558 2019). Standard practice requires that the soil cement base be compacted to a
minimum of 95 to 98 percent depending on the state’s requirements. North Carolina, Georgia,
and Alabama’s requirements for percent compaction are covered in Section 1.6.5.

Once all soil cement has been placed or mixed along the section, the compaction process
should begin. The main types of rollers used for soil cement compaction are sheepsfoot rollers,

pad foot rollers, multiple-wheel rubber-tired rollers, vibratory steel-wheeled rollers, and heavy
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rubber-tired rollers (ACI 230 2009). An example of a pad foot roller and a steel-wheeled roller
can be seen in Figure 0.17 and Figure 0.18, respectively. Initial compaction may be combined
with the placement of the soil cement using a tamping bar as previously mentioned. If the
tamping bar is not used, a pad foot roller is then used to initiate compaction. A vibratory steel-

wheeled roller then follows the initial compaction.

Figure 0.17: Pad foot roller compacting soil cement (Scales 2020)

Figure 0.18: Vibratory steel-wheeled roller compacting soil cement (Scales 2020)
1.6.34 Finishing of the Soil Cement Base

When finishing the soil cement base layer, a multiple-wheel, rubber-tired roller is used
for fine-grained soils (ACI 230 2009). An example of a multiple-wheel rubber-tired roller is
shown in Figure 0.19. A vibratory steel-wheeled roller, without vibration, or a heavy rubber-tired
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roller is used for more granular soils (ACI 230 2009). To obtain adequate compaction, it is
sometimes necessary to operate the rollers with ballast to produce greater contact pressure (ACI
230 2009). The general rule is to use the greatest contact pressure that will not exceed the
bearing capacity of the soil cement mixture (ACI 230 2009). A finished compacted layer tends to

range from six to nine inches in depth (ACI 230 2009).

Figure 0.19: Multiple-wheel rubber-tire roller used to finish soil cement base (McLaughlin 2017)
1.6.35 Curing of the Soil Cement Base

Once the required density is achieved, grade requirements and cross sections are
finalized. Curing commences once compaction and finishing have concluded. Proper curing of
soil cement is critical because strength gain is dependent upon time, temperature, and the
presence of water (ACI 230 2009). Therefore, strength gain due to the hydration of the cement
requires a moist environment. During hydration, strong bonds form between the cement and soil
particles. The curing process generally takes three to seven days, during which heavy equipment
is not allowed on the soil cement section (ACI 230 2009). Lighter traffic is allowed on the
completed soil cement after construction provided that the method of curing is not negatively

impacted (ACI 230 2009).
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The two most popular methods of curing soil cement are water-sprinkling and sealing
with a bituminous coating (ACI 230 2009). Sprinkling the surface with water until a bituminous
cure coat is applied, or the 3- to 7-day curing period is complete has proven successful (ACI 230
2009). Soil cement is commonly sealed with emulsified asphalt coating where the rate of
application is dependent upon the emulsion (ACI 230 2009). The rate typically varies from 0.15
to 0.30 gallons per square yard (ACI 230 2009). If traffic is allowed on the soil cement during the
curing period, it is desirable to apply sand over the bituminous coating to minimize the tracking of
the bituminous material (ACI 230 2009). Before this bituminous coating can be applied, the soil
cement should be moist and free of dry, loose material (ACI 230 2009). An example of a

bituminous coating applied to the compacted soil cement for curing can be seen in Figure 0.20.

Figure 0.20: Asphalt emulsion placed on the soil cement base (cLaughIin 2017)

Concrete curing compounds can be used to cure soil cement as well but should be applied
at a rate of 1.5 times its normal application rate for concrete (ACI 230 2009). Soil cement curing
can also be accomplished by covering it with wet burlap, plastic tarps, or moist earth (ACI 230
2009). If the temperature drops below freezing during the curing period, insulation blankets,

straw, or soil cover should be used to protect the soil cement from the elements (ACI 230 2009).
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1.6.4 Quality Control and Assurance Testing

Quality control is conducted by testing the soil cement base as it is being produced to
make sure the base is meeting the proper requirements and specifications. Quality assurance is
conducted by testing a final product that the contractor has constructed to establish if it is
adequate for its intended use and in accordance with the plans and specifications. Field
inspection and testing of soil cement construction involves controlling the cement content,
mixing uniformity, moisture content, compaction, compressive strength, and lift thickness and
surface tolerance. The quality assurance of soil cement base as it pertains to compressive strength is
covered in Section 1.6.5. Each of the other field testing and inspection methods are discussed in the
rest of this section.

164.1 Cement Content

For mixing soil cement in-place where cement is spread by bulk cement spreaders, a
check on the accuracy of the cement spread is necessary to ensure that the proper quantity is
being applied (ACI 230 2009). This check is made in two ways: spot check and overall check. A
spot check is done by placing a sheet of canvas or tarp that is one square yard in area ahead of
the cement spreader. An example of the sheet of canvas being utilized for cement content checks
can be seen in Figure 0.21. Once the spreader has passed, this sheet is carefully picked up and
weighed. The cement application rate is then calculated. If necessary, the spreader is adjusted,
and the procedure is repeated until the correct coverage per square yard is obtained (ACI 230
2009). For slurry applications, the sheet is replaced with a metal pan that would capture the
liquid and then be weighed, as the cement content can be determined by knowing the water-to-
cement ratio of the slurry (ACI 230 2009). The overall check takes the known weight of cement

in the truckload and compares it to the area in which the truckload placed the cement and then
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compares that area to the theoretical area that the truckload should have covered (ACI 230 2009).
It is important to keep a continuous check on cement-spreading operations as continuous

adjustments may need to be made throughout construction (ACI 230 2009).

Figure 0.21: Cement content eing checked via canvas sheet (ACI 230 2009)

For a central mixing plant operation, proper proportions of cement and soil need to be
checked before entering the mixing chamber (ACI 230 2009). Proper quantities of soil, cement,
and water for each batch in a batch-type pug mill or rotary-drum mixing plant are weighed on
scales prior to being transferred to the mixer (ACI 230 2009). These plants are calibrated simply
by checking the accuracy of the scales (ACI 230 2009). For a continuous-flow mixing plant,
there are two methods of calibration that can be used. The first method of calibration is
accomplished while the plant is operating. Soil passing through the plant during a specific time
period is collected in a truck and the same is done for the cement directly from the cement
feeder. Both the soil and the cement are then weighed. The cement feeder is adjusted as
necessary until the correct amount of cement is discharged (ACI 230 2009). The second method
of calibration occurs when the plant is operated with only soil feeding onto the main conveyor

belt. Soil is collected along a selected length of the conveyor belt and its dry weight is
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determined. The same procedure is then repeated with only cement being feed onto the main
conveyor belt until the correct amount of cement is discharged onto the belt (ACI 230 2009).
Plants are typically calibrated daily at the project’s beginning and then periodically thereafter to
assure no changes have occurred in the operation (ACI 230 2009).

Determining the cement content of freshly mixed soil cement can be done in the field
using ASTM D5982 (2015) and can provide accurate results in about 15 minutes to within one
percent of the actual cement. Some limitations of using this method are that the mixture must
contain 3 to 15 percent cement content, the maximum particle size of the mixture can only be
three inches, and at least 50 percent of the soil material must pass through the No. 4 sieve size
(ASTM D5982 2015). The cement content of a hardened soil cement mixture can also be
determined using ASTM D806 (2019) based on the determination by chemical analysis of the
calcium oxide content of the sample. A limitation of using this test method is that it should not
be used on soil cement material that contain soil or aggregate that yield significant amounts of
dissolved calcium oxide as it would affect the results of this test (ASTM D806 2019).
1.6.4.2 Mixing Uniformity

A thorough mixture of pulverized soil, cement, and water is necessary to make high-
quality soil cement (ACI 230 2009). For quality control purposes, mixing uniformity can be
determined by observation of the soil cement after mixing has been completed for the mixed in-
place method. A series of holes at regular intervals for the full depth of the treatment can be dug
to inspect the uniformity of the color and texture (ACI 230 2009). If the mixture has uniform
color from top to bottom, the mixture is satisfactory but if there are streaks, then more mixing

needs to be done (ACI 230 2009).

39



For central mixing plant operations, the uniformity is normally checked visually at the
mixing plant (ACI 230 2009). Once the soil cement mixture has been transported and placed on-
site, the same method as the mixed in-place method can be used to check the uniformity,
although corrections may not be easily made at this point. The mixing time necessary to achieve
a uniform mixture will depend on the soil gradation and the plant used (ACI 230 2009). With this
method, the average mixing time varies between 20 to 30 seconds (ACI 230 2009).
1.6.4.3 Moisture Content

Optimum moisture is necessary to reach adequate compaction and for proper hydration of
the portland cement to occur. The optimum moisture content is determined through the moisture-
density test (ASTM D558 2019). Additional moisture may be added to account for evaporation
that normally occurs during construction (ACI 230 2009). For quality control, an estimate of the
moisture content of a soil cement mixture can be made by feel or by observation (ACI 230
2009). A mixture near or at optimum moisture content is just moist enough to dampen the hands
when it is squeezed in a tight ball (ACI 230 2009). Mixtures that are above optimum moisture
content will leave excess water on the hands, while mixtures below optimum will tend to easily
crumble (ACI 230 2009). If the surface of the soil cement mixture becomes dry during the
compaction and finishing process, a very light spray of water can bring the moisture content back
to optimum (ACI 230 2009). Proper moisture content of the compacted soil cement is evidenced
by a smooth, moist, tightly knit, compacted surface that is free of cracks and surface dusting

(ACI 230 2009).
1.6.4.4 Compaction

The density requirement ranges from 95 to 100 percent of the maximum density as

determined by the moisture-density test (ASTM D558 2019). To determine the in-place density,
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the most common methods include the nuclear gauge method (ASTM D6938 2005), the Sand-
Cone method (ASTM D1556 2015), and the balloon method (ASTM D2167 2015). The densities
are determined daily at frequencies that vary per each state’s Department of Transportation
regulations and on the application of the soil cement (ACI 230 2009). Density tests are taken
immediately after rolling to determine if adjustments need to be made when compared to the
results from the moisture-density test to ensure compliance with job specifications (ACI 230
2009). ALDOT (2012) specifies that measurements of in-place density be taken using the nuclear
gauge method. Most states prefer to use the nuclear gauge method because of how quickly
results can be obtained on-site, even though the equipment may be relatively expensive. An
example of a nuclear gauge measuring the in-place density on a small portion of soil is shown in

Figure 0.22.

Figure 0.22: Nuclear density gauge for field density measurements (McLaughlin 2017)

1.6.45 Lift Thickness and Surface Tolerance

Lift thickness is more critical for pavements than for embankment applications (ACI 230
2009). The lift thickness of soil cement is checked when performing field density tests if using

the sand-cone or balloon method (ACI 230 2009). If using the nuclear gauge method, small holes
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must be dug in the fresh soil cement to determine the thickness prior to density testing on the
compacted soil cement. To visually determine the base layer, a two percent solution of
phenolphthalein can be squirted down the side of a freshly cut face of compacted soil cement.
The soil cement will turn a pinkish-red, while the subgrade will remain its natural color, unless it
is calcium-rich soil (ACI 230 2009). ALDOT (2012) requires coring to check for the strength of soil
cement, so the lift thickness is normally checked during the coring process. Regardless of the
method, the compacted lift thickness of the layer shall not be more than half an inch less than or one
inch more than the specified thickness (ALDOT 304 2014).

Surface tolerances are usually specified for soil cement pavement applications and
measured in smoothness (ACI 230 2009). Smoothness is usually measured with a 10-foot or 12-
foot straightedge, or with surveying equipment. The U.S. Army Corps of Engineers (USACE)
and most states typically require that deviations from the plane of a soil cement base cannot
exceed 3/8 inch over 12 feet, although deviations from design grade of up to 5/8 inch are usually
allowed (ACI 230 2009). ALDOT (2012) requires that the finished surface shall not vary more
than half of an inch in any 25-foot section.

1.6.5 Strength Evaluation

The compressive strength is often considered the most valued property by designers and
engineers for assessing conventional concrete (Mehta and Monteiro 2014). This statement can be
similarly applied to soil cement for any state DOT that considers strength as a pay factor.
Strength can be assessed in the lab by creating soil cement cylinders or in-place by coring or
using the dynamic cone penetrometer (DCP). Each state DOT considers different factors and
uses different methods for determining if the soil cement base is of acceptable quality once

constructed. The following sections will discuss the strength test methods most commonly used
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as well as give insight into the variations among state DOTSs that use cement stabilized bases in a
similar fashion to ALDOT’s soil cement base construction as prescribed by ALDOT 304 (2014).
1651 Overview of ALDOT Practice from ALDOT Section 304

The Alabama Department of Transportation (ALDOT) specifications for the construction
of soil cement follow Section 304 of the ALDOT Standard Specifications for Highway
Construction (2012). ALDOT 304 (2014) provides the specifications to construct soil cement for
a base, subbase, shoulder, or other structures. ALDOT specifies that soil cement shall be
produced using either the Mixed-In-Place method or the Central-Plant-Mixed method. The time
allowed from the initial mixing of the soil cement until compaction is completed is two hours.
Soil cement construction shall not take place if the air temperature is below 40°F in the shade,
when the soil temperature is below 50°F, during rain, or if rain is imminent. Once compaction is
completed and the surface is finished, a prime coat of “Bituminous Treatment, Type A, MC 30
or MC 70 shall be applied to the completed soil cement structure.

The type of soil that must be used in the construction of soil cement according to ALDOT
must meet a certain gradation. The gradation and chemical properties of the soil must meet all of
the following requirements as prescribed by ALDOT 304:

e 100% passing the 1.5-inch sieve

e At least 80% passing the No. 4 sieve

e Between 15% and 65% passing the No. 50 sieve
e 0% to 25% passing the No. 200 sieve

e Must contain 4% to 25% clay

e 0% to 25% liquid limit

e 0% to 10% plasticity index
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e Dry density must be 95 pounds per cubic foot or more
e pH of the soil must be 4 or more
e Sulfate content must be no more than 4,000 parts per million

During compaction, the moisture content must be 100 percent of the optimum moisture
content and not exceed 120 percent of the optimum moisture content. The required density shall
be at least 98 percent of the theoretical maximum dry density. ALDOT checks these values using
a nuclear gauge over each section that can be no more than 528 feet.

ALDOT 304 (2014) states that the soil cement compressive strength needs to meet the
specifications for full pay or potentially be subject to a pay reduction. At least two cores shall be
taken to evaluate the in-place compressive strength of the soil cement per each 528 ft section.
For a soil cement base at least seven inches in depth, the core must be six inches in diameter. For
a soil cement base less than seven inches in depth, the core must be four inches in diameter.
Dependent upon the core strengths determined, ALDOT (2014) gives guidance on how to take
appropriate action for contractor pay, as shown in Table 0.4.

Table 0.4: ALDOT Compressive Strength Pay Requirements

7_Dsatyr ;c;rtr;]p(r}acs)s e Specification Action
fe <200 psi Remove and Replace
200 psi < f. < 250 psi Price Reduction
250 psi < f. <600 psi No Price Reduction
600 psi < f. <650 psi Price Reduction
f¢>650 psi Remove and Replace

The thickness is checked where the cores are taken. The compacted layer shall not be

more than one half of an inch less or one inch more than the required thickness. When all quality
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assurance checks of density, strength, and thickness meet ALDOT requirements, the contractor

may then by paid for the work completed, as necessary.
1.6.5.2 Molded Cylinder Strength Test Methods
1.6.5.2.1 Strength Correction Factor for Length-to-Diameter Ratios

For concrete cylinders, ASTM C39 (2020) states that if a specimen’s length-to-diameter
ratio (L/D) is 1.75 or less, the compressive strength must be multiplied by the appropriate
strength correction factor. ASTM D1632 (2017) suggests that the use of the same strength
correction factors be used for soil cement specimens. However, Wilson (2013) performed a study
on L/D strength correction factors for correcting unconfined compressive strength of soil cement
cylinders and found evidence suggesting that this was not a wise practice. It was shown that the
ASTM C39 L/D strength correction factors were not applicable to soil cement cylinders when
made using ASTM D1632 (2017). The unbiased estimate of the standard deviation for the error
when using ASTM C39 correction factors was six times greater than that of using no correction
factors (Wilson 2013). It was recommended that no L/D strength correction factor be applied for
L/D ratios of soil cement that ranged between 1.0 and 2.0 (Wilson 2013).
1.6.5.2.2 Proctor Molded Specimens

In accordance with ASTM D559 (2015), soil cement compressive strength testing is
conducted using a specimen size of 4.0 inches in diameter and 4.58 inches in height with a L/D
ratio of 1.15. ASTM D1633 (2017) states that using a specimen of this size gives a “relative
measure of the strength rather than a rigorous determination of compressive strength”. As most
soil testing laboratories have this equipment on hand, it is often used because of its availability.

ASTM D1633 (2017) states that in order to use this method, at least 70 percent of the

material must be able to pass the 19.0 millimeter (3 inch) sieve. To produce a soil cement
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specimen, ASTM D698 (2012) outlines a specific technique and procedure. The method utilizes
a Proctor mold and a 5.5-pound hammer. A soil cement mixture is placed in the mold in three

equal lifts and the hammer is dropped 25 times per lift around the specimen. Once three lifts are
completed, the top portion of the mold is removed, and the surface is trimmed to the top edge of the

bottom mold. An example of the equipment used can be seen in Figure 0.23.

R n¥. ‘ SR '. > V. £
Figure 0.23: Standard Proctor mold and hammer used to make soil-cement specimens
(McLaughlin 2017)

ASTM D1632 (2017) specifies how the specimen should be cured. The molded specimen
shall remain in the Proctor mold in a moist room for 12 hours or longer, and once it is removed,
the specimen shall be extruded from the mold (ASTM D1632 2017). The soil cement specimen
should then be placed back into the continuous moist-curing room (ASTM D1632 2017). Before
the unconfined compression strength testing, the specimen shall be immersed in water for four
hours and then immediately tested (ASTM D1632 2017).

1.65.2.3 Steel-Mold Method

The Steel-Mold (SM) method pertains to the procedures of ASTM D1632 (2017). Wilson
(2013) studied the previous version of the specification to determine how best to produce and

cure soil cement specimens. ASTM D1632 (2017) procedures produce a soil cement cylinder
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that has a diameter of 2.8 inches and a height of 5.6 inches that results in a L/D of 2.0. The

specimen size gives a better measure of the compressive strength than the Proctor specimen since

it reduces the complex stresses that may occur during the shearing of the smaller L/D ratio

specimens (ASTM D1633 2017). The cylindrical steel molds used have an inside diameter of 2.8

+ 0.01 inches and a height of nine inches. All equipment used in the SM method is shown in

Figure 0.24, with detailing shown in Figure 0.25, which includes (ASTM D1632 2017):

Machined steel top and bottom pistons with diameter 2.795 inches, only 0.005 inches less
than the mold inside diameter

6-inch long mold extension

Spacer clips

Two aluminum separating disks 1/16 inches thick by 2.78 inches in diameter

Two ultra-high molecular weight (UHMW) polyethylene plugs with diameter 2.795
inches, only 0.005 inches less than the mold inside diameter

Smooth steel tamping rod

T

UHMW Plugs

Figure 0.24: Soil cement SM method equipment (McLaughlin 2017)
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Figure 0.25: Soil cement SM method equipment details (ASTM D1632 2017)
To produce a specimen, a freshly mixed soil cement sample is tested to determine its
moisture content. Based on the moisture content and the moisture-density curve of the mixture, a

target mass is determined to create a specimen with a density of at least 98 percent, as shown in
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Equation 2.1. The coefficient of 9.056 incorporates the volume of the cylinder and converts the
weight from pounds to grams for lab scale usage (Wilson 2013).

Mgc = 9.056 x y4ry (Equation 0.1)

Where,

Mg = Target mass of soil cement required (grams), and
Yary = Dry unit weight corresponding to sample optimum moisture content (fl_;)

After the mass required is determined, the mold is then assembled on the scale. First the
bottom piston is placed, head down, and the spacer clips are situated around the shaft. Then, the
mold and separating disks are lightly coated with a low-viscosity oil and placed on the spacer
clips. Once assembled, the extension is placed on top of the mold and the scale is tared to read
zero grams. With the assembly complete, soil cement can now be added to the apparatus.

Soil cement is transferred into the mold until approximately half of the required mass has
been added, then the tamping rod is used to tamp the soil cement lightly. The rest of the soil
cement is added, and the tamping rod is then used again. This time, tamping is done to ensure
that all material is below the bottom of the extension. This requires the ability to see into the top
of the extension where the seam between the mold and the extension is. Once all soil cement is
below the mold-extension seam, the weight is confirmed to have been unchanged and the
extension sleeve is removed. A separating disk and the top piston are then placed on top of the
mold. The spacer clips are removed, and the specimen is then ready for compaction.

The specimen is compacted until the top and bottom pistons touch the mold, causing
refusal of further compaction due to intended equipment limits. Compaction is conducted using a
compacting drop-weight machine. Depending on the cement content and moisture of the mixture,

compaction could take anywhere from 10 to 50 hammer drops. Once refusal is reached, the
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pistons are replaced with the UHMW plugs and wrapped with aluminum tape to limit moisture
loss during the initial stages of in-lab curing. An example of a specimen in the compaction
apparatus can be seen in Figure 0.26. An example of these lab specimens once initial curing has

begun can be seen in Figure 0.27.

Figure 0.27: SM cylinders during the initial curing period in the lab. (Scales 2020)
The steel-molds are then transferred out of the sun or to a location in the laboratory where

they have limited exposure to the elements to eliminate chances of rapid evaporation. After 12
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hours, the specimens are then transported to the laboratory where the specimens are extruded
from the mold using a vertical specimen extruder. Nemiroff (2016) adjusted the curing method
by immediately placing the SM specimens into sealed plastic bags and then placing the bagged
specimens inside a moist-curing room. It was found that specimens placed without bags in the
moist-curing room became soft and did not gain strength from three to seven days (Nemiroff

2016). An example of the sealed specimen in the bag can be seen in Figure 0.28.
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Figure 0.28: Soil cement specimen wrapped in a plastic bag to moist-cure

1.6.5.24 Plastic-Mold Method

Both Alabama and Mississippi have been conducting research into using the plastic mold
method as a way to ensure quality assurance of the soil cement base. Sullivan, Howard, and
Anderson (2014) developed a method using a plastic mold (PM) similar to that used to make
concrete cylinders to produce and cure soil cement specimens in the laboratory and in the field.
The details of this method can be seen in Section 1.6.6.1. McLaughlin (2017) used the newly
developed PM method for research on Alabama soil cement projects. The methods have the
same principle in determining the unconfined compressive strength of a soil cement mixture in
the laboratory and field settings. Both studies found that using the PM method was much easier
and took less time and effort to create specimens than using the SM method.

Most of the PM method equipment used to create a test specimen is the same as that used

with steel molds. A steel mold was designed to allow a 3-inch diameter by 5.9-inch tall specimen
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to be compacted while preventing the mold from distorting. The mold is mounted to an 11.4- by
9.5- by 0.5-inch steel plate via compression from a split mold. The split-mold inner diameter is
the same as the outer diameter of the plastic mold to better facilitate alignment and to prevent the
plastic mold from distorting from pressure during compaction. The opening of the split mold is
held together with locking pliers. The collar helps to temporarily contain soil during the
compaction process. Compaction is accomplished using a modified Proctor hammer; the hammer
is 10 pounds in weight and is dropped from a height of 18 inches. The equipment used by

McLaughlin (2017) and Scales (2020) is shown in Figure 0.29.

-

Figure 0.29: Plastic-mold method equipment (Scalé 2020)

ALDOT and McLaughlin (2017) collaborated to alter the method developed by Sullivan,
Howard, and Anderson (2014) due to the fact that specimens were damaged during extrusion.
The damage only occurred in some samples and consisted of horizontal cracks developed around

the specimen as shown in Figure 0.30.
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Figure 0.30: Plastic-mold specimeﬁ damaged by extrusion process (McLaughlin 2017)

The collaboration gave way to the idea of avoiding the extrusion shearing stresses by
instead making a vertical cut down the side of the plastic mold with a box blade (McLaughlin
2017). This way, the specimen would be able to slide out of the mold with minimal surface shear
stress because the mold would deform to a larger diameter. During the compaction process, even
though the mold would be held together by the Proctor mold and locking pliers, the mold was
sealed together with aluminum tape to imitate an uncut mold. The modification process used to
cut the plastic mold and the final product developed by McLaughlin (2017) can be seen in Figure

0.31.

Figure 0.31: PM Method modification process and result (McLaughlin 2017)
Scales (2020) conducted research following the modification of the PM method made by

McLaughlin (2017). It was found that the tape on some of the PM molds was splitting along the
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direction of the mold cut. This issue was corrected by simply adding two strips of tape at the top
that wrap around one third of the circumference of the mold, centered on the cut (Scales 2020). It
was reported that the chance of the tape splitting while being compacted was greatly reduced

(Scales 2020). An example of this modification can be seen in Figure 0.32.

BN

Figure 0.32: Modification to PM mfo‘
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When preparing the specimen using the PM method, compaction consists of three equal
lifts. The PM method is not dependent upon water content and thus does not require pre-
weighing of the material once mixing is complete. With research conducted by McLaughlin
(2017) and confirmed by Scales (2020), seven blows with the hammer is adequate for creating
enough energy for this size of cylinder to compact the soil cement to at least 98 percent density.
Following the final lift, the collar is removed, and the material trimmed flush with the top of the
mold using a straightedge. An example of a straight edge used can be observed in Figure 0.29.
Finally, a plastic cap is used to cover the exposed top of the specimen and a piece of tape is
applied to help prevent further moisture loss during initial curing.

The PM cylinders are them transported back to the lab and demolded after 24 hours. To
demold, the tape along the side is removed and the mold is pulled slightly open at the split. The
cylinder would then simply slide out once the mold is pulled open enough. The specimens are
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then weighed, and the height and diameter measurements are taken. Curing for the PM cylinders
followed the method Nemiroff (2016) used for the SM cylinders where the specimens are placed
in sealed plastic bags and put in the cure room until the time of testing.
Testing followed ASTM D1633 (2017) on the seventh day of curing with a few changes

recommended by Wilson (2013). The modifications are as follows:

e The specimens were not soaked for four hours prior to compression testing

e The loading rate was changed to 10 £ 5 psi/second.

e The specimens were also not capped.
1.6.5.3 In-Place Strength Test Methods

1.6.5.3.1 Core Testing

Coring is a destructive test method used to extract a sample of material for strength tests
to determine the in-place strength of the base. Coring is currently ALDOT’s quality assurance
method of determining the in-place strength of soil cement as mentioned in section 2.2.5.1.

Figure 0.33 shows an example of a core being removed from an ALDOT project.

Figure 0.33: Core removal (Scales 2020)
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There are several methods used to cut cores from the soil cement and to condition them
until the time of testing. For the state of Alabama, ALDOT 304 (2014) states that the locations of
cores taken are to be randomly selected by the project engineer. ALDOT 419 (2008) specifies the
requirements for the coring operation and states that the coring equipment shall follow the
specifications in AASTHO T24. ALDOT 304 (2014) states that cores shall be six inches in
diameter for soil cement layers greater than seven inches in thickness. If the core is not greater
than six inches in height, then the cut core must be discarded, and another core must be retrieved
that meets the length requirements. Coring should be done dry but can be performed with a
minimum amount of water at a low flow. Figure 0.34 shows a discarded core that deteriorated

during extraction and was too short to meet minimum length requirements.

Figure 0.34: Soil cement corethat faled to meet minimum length requirements (Scales 2020)
All cores taken from the in-place soil cement base shall be placed in a plastic bag to
minimize moisture loss on site and during transportation to the lab (ALDOT 419 2008). If water
was used during the operation, the core shall be allowed to air dry in the shade for 30 minutes
before being placed in the plastic bag (ALDOT 419 2008). Once bagged, the cores are to be
placed horizontally with at least half of their diameter embedded in a pre-dampened bed of sand
in a covered wooden box or cooler that is provided by the contractor, then transported to the
testing location as soon as all cores have been removed (ALDOT 419 2008). The sample is
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removed from the plastic bag and dry-sawn down to remove any irregularities to the surfaces
upon arrival at the testing location. ALDOT 419 (2008) states that both ends of the cores should
be capped per AASHTO T231 specifications using sulfur mortar only. Cores should only be
tested when the sulfur mortar has hardened (ALDOT 419 2008). Testing equipment shall meet
AASTHO T22 guidelines and the person performing the test shall be an ACI certified Concrete
Strength Testing Technician (ALDOT 419 2008). Since the length-to-diameter ratio is less than
2, a correction factor specified in AASHTO T22 shall be applied to the unconfined compressive
strength results (ALDOT 419 2008). Once the cores have been extracted, the contractor shall fill
the holes with either the same mixture of soil cement or by other repair methods approved by the
State Materials and Tests Engineer (ALDOT 419 2008). If repaired with the soil cement mixture,
it shall be placed in increments of 3-inch thick layers at a time and consolidated by tamping
(ALDOT 419 2008).

Core strength results from past ALDOT projects have been found to be highly variable.
The unconfined compressive strength results taken from ALDOT project STPAA-0052 (504)
over the length of the roadway were plotted. These results indicate that core strengths are highly
variable due to a large amount of data points falling outside of the Upper Limit or the Lower
Limit bounds. The plotted compressive strength results from this project are shown in Figure

0.35.
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Figure 0.35: Compressive strengths of cores from ALDOT project STPAA-0052 (504) (Nemiroff
2016)
1.6.5.3.2 Dynamic Cone Penetrometer

The dynamic cone penetrometer (DCP) is an in-situ testing device used in field
exploration, and for quality control and quality assurance of compacted soils during construction.
It is easy to operate while being relatively inexpensive and produces repeatable results (Nemiroff
2016). The DCP was originally developed in South Africa for in-situ evaluation of pavement
layer strength (Scala 1956). Ahsan (2014) states that the DCP has been used in South Africa, the
United Kingdom, Australia, New Zealand, and in a few states in the United States. The DCP has
been correlated to engineering properties such as the California Bearing Ratio (Mohammadi, et
al. 2008), soil classification (Huntley 1990), and unconfined compressive strength (Nemiroff
2016).

By changing the weight and or the drop height, a dynamic cone penetrometer can be
configured for its intended use. ASTM D6951 (2018) is for DCP used in shallow pavement

applications. This DCP configuration consists of a 17.6 pound (8 kg) or a 10.1 pound (4.6 kg)
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hammer with a drop height of 22.6 inches (575 mm) (ASTM D6951 2018). A schematic of this
ASTM-standard DCP is shown in Figure 0.36.
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Figure 0.36: ASTM-Standard DCP schematic (ASTM D6951 2018)

The ASTM-Standard DCP consists of a 5/8-inch (16 mm) diameter steel drive rod with a
replaceable point or disposable cone tip, a coupler, a handle, and a vertical scale (ASTM D6951
2018). The tip has an included angle of 60 degrees and a diameter at the base of 20 mm (ASTM
D6951 2018). Schematic drawings of a replaceable point tip and a disposable cone tip are shown

in Figure 0.37.
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Figure 0.37: Schematic of DCP replaceable point tip (left) and disposable cone tip (right)
(ASTM D6951 2018)

To use the DCP, the device is to be held plumb and the hammer raised to the maximum
height and then dropped. The penetration distance is read on the scale and recorded. There are
two methods to recording the distance after it has been dropped, using a magnetic ruler or
manually on a millimeter scale. A magnetic ruler will read it automatically after every drop,
while in accordance with ASTM D6951 (2018) a reading is manually recorded after every five
drops on a millimeter scale. An example of the DCP outfitted with a magnetic ruler can be seen

in Figure 0.38.
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Figure 0.38: DCP equipped Wh a mgnetic ruler (McLaughlin 2017)

The readings obtained are then used to calculate various parameters depending on the
intended purpose. One important parameter calculated is the dynamic cone penetration index
(DCPI). The DCPI, known formerly as dynamic penetration index (DPI), is defined as “the
amount of cone penetration due to one drop of the hammer and hence the unit for DPI is mm per
one blow or inches per one blow” (Enayatpour, Puppala and Vasudevan 2006). The DCPI is

determined using Equation 2.2.

PR,— PR,
BC,— BC;

DCPI = (Equation 0.2)

Where,

PR = Penetration (mm),

BC = Blow count,

PR. — PR = Difference between two consecutive depth readings, and

BC, — BC1 = Difference between two consecutive blow counts.
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The DCPI can be calculated after every five drops or can be calculated based on the total
penetration depth and blow count. The unconventional use of millimeters as units for penetration
was chosen as it is more accurate and easier to record penetration data in millimeters than in
inches. This unit convention has also been used previously by Ahsan (2014), Nemiroff (2016),
McLaughlin (2017), and Scales (2020) during their investigations into using the DCP to
determine strength of stabilized soils.

Extensive research has been performed on soils for factors that can affect the DCP tests.
Plasticity, density, moisture content, and gradation affect the measurements of the DCP (Kleyn
and Savage 1982). Hassan (1996) concluded that moisture content, AASHTO soil classification,
confining pressures, and dry density of fine-grained soils affect the DCP measurements. George
and Uddin (2000) concluded that the maximum aggregate size and the coefficient of uniformity
could affect the DCP results.

Also, researchers have found that the DCP penetration slope, in penetration depth per
blow, is inversely related to the strength of the specimen being tested (McElvaney and Bunadi
Djatnika 1991; Patel and Patel 2012; Nemiroff 2016; Scales 2020). Therefore, a specimen that
has a high strength will take many more blows to reach a certain penetration depth compared to a

low strength specimen reaching the same depth.
1.6.5.3.2.1 Configuration of DCP Strength Evaluation in Laboratory

Research pertaining to methods for evaluating DCP strength results has been conducted
in the laboratory and in the field. Nemiroff (2016) evaluated the use of the DCP to estimate
cylinder strengths in the laboratory. NCDOT (2015) has a field manual that covers how the DCP

should be used and evaluated on field projects. McLaughlin (2017) used the DCP to assess the
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in-place strength of soil cement base. Scales (2020) continued the work of Nemiroff (2016) and
McLaughlin (2017) by further lab and field evaluation of the DCP.

Nemiroff (2016) designed a concrete block that confines a cylindrical, plastic five-gallon
bucket. The bucket was 12-inches in diameter and 14-inches in height and was chosen based on
research performed by Enayatpour, Puppala, and Vasudevan (2006) as the bucket allowed for a
10-inch tall specimen to be produced and a large enough diameter for the DCP to collect
representative data (Nemiroff 2016). The confinement block was necessary to replicate the
confinement present in field conditions when testing an in-situ base (Nemiroff 2016). A
schematic of the confinement block is shown in Figure 0.39. An example of the reinforced

concrete confinement block with and without a specimen inserted can be seen in Figure 0.40.
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Figure 0.40: Reinfo