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EXECUTIVE SUMMARY

In light of the proposed provisional limits on the paste volume in concrete
pavement mixtures as a means of mitigating shrinkage cracking in AASHTO PP 84-17, this
project aims to validate Utah Department of Transportation (UDOT) mixtures in order to
determine the actual effect on volume stability and cracking potential of the mixtures. The
UDOT-approved mixtures for this study, selected in consultation with UDOT, have paste volume
over 27%, while the AASHTO PP-84-17 provisional specification limit for maximum paste
volume is 25%. This project studies the fresh and hardened properties of selected UDOT

approved mixtures as well as modified mixtures with reduced paste volume.

The objectives of this research project are twofold; primarily, determine if the proposed
limits affect volume stability and shrinkage cracking in UDOT concrete pavement mixtures, and
secondarily, evaluate the effects of paste volume limits on the fresh properties, mechanical
properties, and durability properties of UDOT concrete pavement mixtures. This research
project evaluates two UDOT-approved pavement mixtures from Geneva Rock Products by
consulting with UDOT representatives. Field samples of the mixtures are collected from the
batch plant for quality control purposes. Following standard procedure of concrete mixtures,
specimens for laboratory investigation are prepared in a controlled environment at the concrete
laboratory of Utah State University. The following material properties/behaviors are studied:
workability, fresh air content, unit weight, compressive strength, static modulus of elasticity,
autonomous shrinkage, and ring shrinkage. Each UDOT concrete pavement mixture is modified

to reduce the paste volume in concrete and compared with the control mixtures.

The findings of the study show that the workability of the pavement mixtures is greatly
influenced by the amount of paste volume in the freshly mixed concrete. With decreasing
amount of paste volume, the concrete starts to lose workability. At a minimum value of 25% of
the paste volume, the laboratory mix is sufficiently workable. However, at 23.5% paste volume,
the modified pavement mixture loses plasticity. As the workability is reduced, the percentage of
surface voids increases. Based on the box test results for workability, the volume of paste can be
reduced to a minimum value of 25%. Admixtures dosage can be adjusted to account for any

reduced workability of the mixtures.



The fresh air content is affected by the volume of the paste present in the mixtures. When
there is less amount of paste available in the mix, the voids between the aggregates are filled up
by air voids. Therefore, the air content of the concrete increases with reduced volume of the
paste. At a minimum value of 25% of the paste volume, the air content is comparable with the
control mixtures. The effect of the paste volume is much higher for mixtures with paste volume
less than 25%.

The unit weight of the concrete mixtures increases with decreasing volume of the paste.
As less cement paste is available in the mixtures, the spaces are occupied by heavier aggregates,

resulting in higher unit weight.

At a minimum value of 25% volume of the paste, the compressive strength, and the static
modulus of elasticity of the mixtures are not significantly affected. The compressive strength and
the elastic modulus of the mixtures with 25% paste volume is comparable to those of the control
mixtures with higher paste volume. The compressive strength, primarily, depends on the water-
to-cement ratio, provided that sufficient cement paste is present in the mixtures. However, when

the volume of the paste is reduced below 25%, the strength of the mixtures reduces notably.

The surface electrical resistivity test indicates that, irrespective of paste volume, all the
mixtures have low to very low chloride ion penetrability. Surface electrical resistivity is found to

be the least affected property of the pavement mixtures.

In general, the reduction of paste volume positively affects the shrinkage properties of
concrete. The percentage of length change and the shrinkage strain reduce with decreasing
volume of the paste. The maximum shrinkage strain and the maximum percentage of length
change of the mixtures with 25% paste volume are within the limit recommended by AASHTO
PP-84 and UDOT. Overall, the shrinkage in mixtures with 25% paste volume significantly
reduces compared to the control mixtures with higher volume of the paste.

The finding of this research program concludes that the paste volume of the UDOT-
approved pavement mixtures can be reduced to a minimum value of 25% without negatively

affecting the concrete performance. Therefore, it is recommended that the paste volume content



of the UDOT-approved pavement mixtures should be reduced following the paste volume limit
of AASHTO PP-84.



1.0 INTRODUCTION

1.1 Problem Statement

In light of the proposed provisional limits on the paste volume in concrete pavement
mixtures as a means of mitigating shrinkage cracking in AASHTO PP 84-17, this project aims to
validate Utah Department of Transportation (UDOT) mixtures in order to determine the actual
effect on volume stability and cracking potential of the mixtures. The UDOT-approved mixtures
for this study, selected in consultation with UDOT, have paste volume over 27%, while the
AASHTO PP-84-17 provisional specification limit for maximum paste volume is 25%. This
project studies the fresh and hardened properties of selected UDOT approved mixtures as well as

modified mixtures with reduced paste volume.

1.2 Objectives

The objectives of this research project are twofold; primarily, determine if the proposed
limits affect volume stability and shrinkage cracking in UDOT concrete pavement mixtures, and
secondarily, evaluate the effects of paste volume limits on the fresh properties, mechanical
properties, and durability properties of UDOT concrete pavement mixtures.

1.3 Scope

This research project evaluates two UDOT-approved pavement mixtures from Geneva
Rock Products by consulting with UDOT representatives. Field samples of the mixtures are
collected from the batch plant for quality control purposes. Following standard procedure of
concrete mixtures, specimens for laboratory investigation are prepared in a controlled
environment at the concrete laboratory of Utah State University. Each UDOT concrete pavement
mixture is modified to reduce the paste volume in concrete and compared with the control

mixtures.



1.4 Outline of Report

This report consists of six chapters:

e Introduction

e Literature Review

e Research Methods

e Results and Data Analysis

e Conclusions

e Recommendations and Implementation

The first chapter describes the objectives and scope of the project as well as the outline of
the report. The second chapter presents a review of the literature on the effect of paste volume on
various properties of concrete. The third chapter describes the mixing and testing methods, and
relevant standards. Field and laboratory test results are presented and analyzed in the fourth
chapter. The last two chapters summarize the findings of this research project and

recommendations, respectively.



2.0 LITERATURE REVIEW

2.1 Overview

Reduction of paste volume in concrete can be beneficial due to ascending price of
concrete, high demand and decreasing production of fly ash (Black), and for reduction of the
carbon footprint of concrete (Kwan and Ling; Ling and Kwan). In addition to these advantages,
by reducing cementitious contents of concrete, the shrinkage cracking potential can be reduced.
High paste volume leads to higher cracking potential. Concrete shrinks by losing moisture as it
hardens and, as a result, tensile stresses start to develop due to restraint from connected structural
components and adjoined materials. Once the developed tensile stress exceeds the tensile
strength of the material, shrinkage cracks begin to develop. Cracking deteriorates structures’
service life, reduces load-carrying capacity, and allows water and various chemical agents to
come into contact with reinforcing steel, leading to corrosion. In addition to affecting the
properties of hardened concrete, paste volume significantly influences fresh concrete properties.
This chapter provides a brief overview of existing literature on the effect of paste volume on
fresh and hardened concrete properties as well as a summary of the paste volume requirements in

different state DOT specifications.

2.2 Paste Volume and Fresh Concrete Properties

Paste content has a significant effect on the properties of both fresh and hardened
concrete. The following sub-sections discuss recent studies on the effect of paste content on
workability and air content of fresh concrete.

2.2.1 Workability

American Concrete Institute’s CT-18: ACI Concrete Terminology defines workability as
the property of fresh concrete or mortar that determines the ease with which it can be mixed,
placed, consolidated, and finished to a homogenous condition (ACI). The desired workability of
a concrete mixture corresponds to the construction type, placement method, compaction, and
finishing methods (Mehta and Monteiro). Factors affecting workability are method and duration

of transportation, quantity and characteristics of cementitious materials, slump, gradation, shape



and texture of aggregates, entrained air, water content, concrete and ambient air temperature, and
admixtures (Kosmatka and Wilson). ASTM C143-15 Standard Test Method for Slump of
Hydraulic-Cement Concrete describes a method for assessing the workability of hydraulic
cement concrete using a frustum of a cone with 8 in. (200 mm) diameter base, 4 in. (100 mm)
diameter top, and 12 in. (300 mm) height (ASTM C143/143M). For various types of
construction, different slumps, usually ranging from 2 in. to 4 in. (50 mm to 100 mm), are
specified. For example, typically 1 in. to 3 in. (25 mm to 75 mm) slump is specified for
pavements placed by mechanical paver (Kosmatka and Wilson). AASHTO PP 84-14 Standard
practice for Developing Engineered Concrete Pavement Mixtures specifies a box test to evaluate
the workability of concrete paving mixtures. In this method, a cubic wooden box of 1 ft2 volume
with sides or length of 12 in. (300 mm) is used. In addition to measuring the slump, this test
method requires reporting of surface voids by comparing to a rubric provided in the specification
(AASHTO PP 84). Detailed methodology for the box test is further discussed in Chapter 3.

For a given water content, workability decreases with decreasing cement content.
Required workability can be maintained by using higher dosages of admixture such as

superplasticizer. Some of the recent findings on concrete workability are summarized as follows:

e For self-compacting concrete, an increase in slump flow is reported with increase in paste
volume for a given combination of aggregate with a packing density of 0.68

(Nanthagopalan and Santhanam).

e Yurdakul et al. demonstrated that for plain mixtures without any supplementary
cementitious materials (SCM), a minimum of 1.5 times more paste than voids between
aggregates is required to achieve a workable mix; below which even a high dosage of
high-range water-reducer (HRWR) is not very effective. For mixtures with SCMs, the
minimum paste volume is reported to be approximately 1.25 times the volume of voids
between aggregates. The spherical morphology of fly ash reduces inter-particle friction
and thus reduces minimum paste volume required to maintain workability (Yurdakul,

Peter C Taylor, et al.).

e Decreased cementitious paste volume (CPV) results in thinner mortar film thickness

around aggregate particles, which reduces workability. Research indicates that CPV can



be reduced without compromising workability of concrete if CPV is replaced by fillers

and recycled materials to increase mortar film thickness (Chu).

e Chung et al. reported that concrete with low CPV requires high dosage of HRWR to
maintain required workability. They demonstrated that for Ordinary Portland Cement
(OPC) and Portland Limestone Cement (LPC), the amount of cementitious material can
be reduced by 2.4% by volume and maintain plastic properties. By applying blended
aggregate techniques, the amount of cementitious material can be reduced by 3.6% by

volume (Chung et al.).

Workability is also affected by other constituents of concrete. Water content is the most
important factor that affects workability. Increasing water-to-cement ratio increases workability.
Within limits, workability or consistency of concrete is independent of aggregate grading and
cement content and is only a function of water content (Mehta and Monteiro). Aggregate shape
and surface texture, gradation, void content of fine aggregates, and absorption also influence the
workability of fresh concrete. In general, recycled aggregate concrete requires more water to
achieve the same workability of concrete with conventional aggregates due to their high
absorption capacity (Kosmatka and Wilson). Poor workability of concrete is reported when more
than 20% of coarse aggregates are retained on a single sieve (Cook et al.; Sokhansefat et al.).
Supplemental Cementitious Materials (SCM) like fly ash, slag cement, and calcined clay and
shales generally increase workability, while silica fume and metakaolin have an opposite effect
(Kosmatka and Wilson). Water-reducing admixtures increase concrete workability for a given
water-to-cement ratio (Mehta and Monteiro; Kosmatka and Wilson).

2.2.2 Air Content

Air content is “the volume of air voids in cement paste, mortar, or concrete, exclusive of
pore space in aggregate particles, usually expressed as a percentage of total volume of the paste,
mortar, or concrete” (ACI). Air entrainment is beneficial for various fresh and hardened concrete
properties. Air voids improve the workability of fresh concrete. A small amount of entrained air
can also reduce bleeding of fresh concrete. Improved freeze-thaw durability can be achieved for
hardened concrete through the use of air-entraining admixtures. A summary of recent literature

of air content in concrete follows:



e For a given water-to-cement ratio, air permeability increases with increasing paste

content (Mehta and Monteiro; Yurdakul, Peter C. Taylor, et al.).

e Increased sand-to-total aggregate ratio has a positive effect on air content. Increase in
maximum size of aggregate can decrease the air content requirement (Kosmatka and
Wilson).

e SCM, which increase the fineness of cementitious material content in concrete, generally
require higher amount of air entraining admixtures. Fly ash and silica fume reduce air

content in cement. (Kosmatka and Wilson).

e A 50% to 100% increase in efficiency of air-entraining admixture can be achieved with
the help of water-reducing and set-retarding admixtures, requiring less air-entrainment
admixtures. Superplasticizer or HRWR, based on their chemical composition, can either

increase or decrease air content (Kosmatka and Wilson).

e Increasing air content decreases the compressive strength of concrete. Kosmatka and
Wilson state that a 5% to 6% reduction in compressive strength occurs for each

percentage of increase in air content (Kosmatka and Wilson; Mehta and Monteiro).

2.3 Paste Volume and Mechanical Properties of Hardened Concrete

Paste in concrete consists of cement, SCM, water, and admixtures. Normally, the paste
constitutes approximately 25% to 40% of the total volume of concrete which coats the
aggregates and fills the void space between aggregates. The mechanical properties of concrete
are highly dependent on the quality and amount of the paste present in the mix. Therefore, any
reduction of paste content in concrete will affect the mechanical properties and shrinkage
behavior of the hardened final product. The following sections present some recent findings on

the mechanical properties of hardened concrete relevant to this study.

2.3.1 Compressive Strength

A review of existing literature reveals that compressive strength of concrete is not

affected by reduction of cement content if the mixture is workable.



A restricted effect of paste volume on self-compacting concrete strength is reported by
Roziére et al. They attribute the slight decrease in compressive strength with increasing
paste volume found from their experiment to the opposite effects of the aggregate on the
internal structure of concrete and on the interface transition zones in the matrix (Roziére
etal.).

Kolias and Georgiou report decreased compressive strength with increased paste volume.

For higher water-to-cement ratio, this effect is more pronounced (Kolias and Georgiou).

Wassermann et al. report that the strength of concrete compressive strength is
independent of cement content for a given water-to-cement ratio. They investigate
mixtures with water-to-cement ratios ranging from 0.45 to 0.7 with cement content
ranging from 22.6% to 34.7% by volume of concrete. The 28-days compressive strength
decreases with increasing water-to-cement ratio, consistent with Abrams’ Law (Abrams),
but it is not affected by paste content as long as the workability can be maintained by

using admixtures (Wassermann et al.).

Chung et al. report achieving sufficient compressive strength with a minimum paste
volume of 23.7% for concrete with both OPC and PLC by using minimized paste volume
method. For PLC with blended aggregate technique to enhance aggregate gradation, they
report a minimum paste volume of 22.6% while still maintaining adequate strength.
(Chung et al.).

Mapa et al. achieves high strength using low paste mixtures and concludes that the
difference in strength among mixes with different paste content is not statistically

significant (Mapa et al.).

It has been reported that by using limestone powder, significant reduction of paste
content can be achieved while the concrete performs similar or better in terms of

compressive strength (Bentz et al.).

Yardakul et al. notes improved strength with increasing cementitious content up to a

certain limit, beyond which strength is independent of it. That critical limit of minimum
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paste volume is reported to be about twice the voids content of the aggregate system
(Yurdakul, Peter C Taylor, et al.).

e Compressive strength of concrete of all ages is reported to increase when CPV is lowered
from 32% to 26% (Chu).

e Piasta and Zarzycki found a significant relation between compressive strength and paste
volume for High Performance Concrete (HPC). Compressive strength is observed to
increase when cement paste volume decreases for mixtures with water-to-cement ratios
from 0.25 to 0.35 for HPC. The authors explain that the interfacial transition zone (ITZ)
becomes narrow when the actual water-to-cement ratio is lowered due to the adsorption
of water on the aggregate surface, which subsequently dries the paste. This, the authors
speculate, may increase the paste-around aggregate and bulk paste strength. As a result,
the cement paste-aggregate bond strength and concrete strength are improved. (Piasta and

Zarzycki).

2.3.2 Modulus of Elasticity

Along with strength, creep, shrinkage, durability, and the elastic modulus of concrete is a
parameter of particular importance for design purposes; especially in strain calculation (Pasko).
As volume change of concrete at different stages causes strain in the hardened matrix,
researchers are particularly interested in the factors that affect elastic modulus; which represents
the concrete’s rigidity. Depending on the compressive strength and aggregate type, the elastic
modulus of normal-density concrete varies from 2,000,000 psi to 6,000,000 psi (14,000 MPa to
41,000 MPa) (Kosmatka and Wilson). For concrete, a heterogeneous composite material,
modulus of elasticity depends on the volume fraction, density and elastic modulus of constituents
and the 1ZT. The porosity of both aggregate and cement paste matrix influence the elastic
modulus as it determines the stiffness of these components and, in turn, controls the ability of
concrete to resist deformation. High elastic modulus can be achieved through the use of higher
amounts of coarse aggregate. The stress-strain relationship is also influenced by the capillary
voids, micro-cracks, and the orientation of calcium hydroxide crystals in the interfacial zones of
the concrete matrix (Mehta and Monteiro). As the elastic modulus of hydrated cement paste is

lower than that of normal-weight aggregate, higher aggregate content results in a higher elastic
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modulus of concrete for a given compressive strength (Haranki; Tia et al.; Neville and Brooks).
Crouch et al. reported a statistically significant decrease in static elastic moduli of pervious
Portland Cement Concrete (PCC) with increased aggregate amount as the higher aggregate
content decreases the paste amount of pervious PCC (Crouch et al.). Modulus of elasticity is also
reported to increase with increasing concentration of fly ash (Gorninski et al.). In addition to the
composition of concrete, the development and final value of modulus of elasticity is also
influenced by moisture content as well as the curing and casting temperature (Liu et al.; Shoukry
et al.; Safiuddin et al.; Kim et al.).

2.4 Electrical Resistivity of Concrete

Corrosion of steel reinforcing bars (often referred to as rebars), an electrochemical
process, embedded in pavement concrete is a major durability issue in certain environments. The
presence of deicers can penetrate the corrosion-protective oxide film on steel formed in high pH
environments inside concrete. Once the chloride corrosion threshold is reached, the formation of
electric cells along steel or between steel bars results in and triggers corrosion by rusting.
Rusting reduces the effective cross-sectional area of rebar. In addition to this, induced internal
stresses due to the expansive nature of rusting causes spalling of concrete over the reinforcing
bars (Kosmatka and Wilson). As a result, the lifespan of concrete structures is significantly
reduced. Among other factors, the rate of corrosion is influenced by the electrical resistivity of
concrete and, therefore, is a topic of significant research interest. Moisture content as well as
chloride and sulfide contamination can affect the electrical resistivity of concrete. Saleem et al.
reported that the change in electrical resistivity of concrete with increasing moisture content is
insignificant after a certain moisture content. They also found that in near dry concrete, high
chloride concentration can significantly increase the rate of reinforcement corrosion, indicating
very little influence of moisture content at high salt concentration (Saleem et al.). The type of
cement is reported to have a significant effect on resistivity. Medeiros-Junior and Lima
concluded that the presence of blast furnace slag and pozzolans results in higher electrical
resistivity. For the same type of cement, electrical conductivity is not influenced by the water-to-
binder ratio (Saleem et al.). Higher aggregate content and rougher surface texture of aggregate

increases concrete resistivity (Azarsa and Gupta). A recent study reported about 28% reduced
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chloride penetration and 6% increased electrical resistance in air-entrained concrete when
bacteria and nutrients are added to the water mixture of concrete. The movement of free ions are
obstructed as the pores of the matrix are filled with bacteria-precipitated calcium carbonate;
resulting in the aforementioned reduced chloride penetration and increased electrical resistance

(Parastegari et al.).

2.5 Paste Volume and Concrete Shrinkage

Concrete undergoes a small change in volume caused by expansion or contraction due to
chemical reaction (hydration), temperature gradient, or moisture change. If the deformation of
concrete members due to such volume changes is not restrained by connecting members (e.g.,
foundations, reinforcements, etc.), the change would have little consequence. But as the member
is usually restrained, significant tensile stresses develop. Therefore, concrete, being weak in
tension, is susceptible to the development of cracks when such tensile stresses exceed the tensile
strength of concrete. During the fresh and hardened phase, concrete undergoes several types of
shrinkage: chemical shrinkage (early age), plastic shrinkage (early age), autogenous shrinkage
(early age), carbonation shrinkage (hardened concrete), and drying shrinkage (hardened
concrete) (Kosmatka and Wilson). The following subsections summarize the recent literature that
looks into the effects of paste content on drying and autogenous shrinkage. The last subsection

also discusses the recent finding of concrete shrinkage in restrained conditions.

2.5.1 Drying Shrinkage

Drying shrinkage occurs when tensile stresses are developed in hardened concrete due to
moisture losses. Drying shrinkage, also referred to as free shrinkage, is the actual shrinkage of
concrete without any restraint. Some recent findings on the effect of cementitious content and

paste volume follow:

e Bissonnette et al. demonstrates a directly proportional relationship between shrinkage and
paste volume content while the water-to-cement ratio has a very small effect on drying

shrinkage (Bissonnette et al.).
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e Increased volume of paste is reported to slightly increase shrinkage of binary and ternary
blended concrete (Yurdakul, Peter C. Taylor, et al.).

e For self-compacting concrete (SCC), an almost linear positive relationship between free

shrinkage and paste volume is reported by Roziere et al. (Roziére et al.)

e Chung et al. tests specimens from three groups of concrete (OPC with minimum CPV
method, PLC with minimum CPV method, and PLC with minimized CPV and blended
aggregate method) at up to 182 days for drying shrinkage. Across all groups, they
conclude that drying shrinkage decreases with reduced paste volume ranging from 22.4%
to 35.0%. They also notice that the third group demonstrates relatively higher drying
shrinkage (Chung et al.).

e Wassermann et al. demonstrate that water-reducing admixtures, often used to maintain
the workability of mixtures with reduced paste content, can increase shrinkage. Their
experimental data suggests that the presence of water reducing admixtures effectively
negates the expected free shrinkage reduction from the reduction of cement content for a
given water-to-cement ratio. Their research finds little impact on shrinkage by cement
content and no trend could be established between the small difference in shrinkage
curves for various cement content, when water-to-cement ratio is held constant. They
recommend a reevaluation of the requirement for minimum cement content in standards

(Wassermann et al.).

e Hu and others conversely report that drying shrinkage is significantly decreased by the

addition of superplasticizers in ternary blended concretes with fly ash and slag (Hu et al.).

e Reinforced concrete undergoes less drying shrinkage compared to plain concrete as steel
reinforcement restricts drying shrinkage. Mortar is more affected than concrete by paste

content. (Kosmatka and Wilson).

Other factors also affect drying shrinkage. High water content, use of accelerators,
admixtures, SCM, air entrainment, fibers, evaporation of water, hydration rate, relative humidity,

specimen geometry, temperature, curing method, aggregate type and content, and cement type
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can all influence the drying shrinkage of concrete (Bissonnette et al.; Hansen and Boegh; Kayali
et al.; Bisschop and Van Mier; Fathifazl et al.; Carlson; Kosmatka and Wilson; Yalginkaya and

Yazicy).

2.5.2 Concrete Shrinkage Under Restrained Conditions

As previously mentioned, if concrete members are not restrained by connections,
shrinkage, by itself, would be less concerning. As these members are not allowed to shrink
freely, cracks develop, which in turn compromise the strength, serviceability, and durability of
the structure. Researchers have attempted to quantify the cracking tendency of concrete and other
cement-based materials due to shrinkage under restrained conditions. The most widely used
method of drying shrinkage test under restrained conditions is the restrained ring shrinkage test.
Weiss assumed that a ring shrinkage specimen can be considered to be an approximate of an
infinitely long pavement (Weiss). A Utah Department of Transportation (UDOT) funded project
favors ASTM C157 free shrinkage method over AASHTO T334-08 ring shrinkage test due to
lack of definitive cracking age or high variability in cracking age (Allahham et al.). They report
difficulty in implementation of the restrained ring shrinkage test because of the over-sensitivity
of strain gauges. They also point out the time-consuming nature of the test and lack of conclusive
results when the specimen does not crack. Their research points to the sensitivity of the test to
the surrounding environment, such as ambient temperature and humidity. Therefore, a tightly
controlled environment and rings made with a low coefficient of thermal expansion are
suggested for such testing. The research group confirm that increased paste content increases
shrinkage cracking under restrained conditions. They report no crack for mixes with cement
content less than 21% while the specimens with cement content higher than 24% did present
cracks (Allahham et al.).

A gap in literature on the effect of paste volume on shrinkage cracking of conventional
concrete under restrained conditions should be noted. In light of that and the new requirement for
paste volume in the AASTHO PP 84 specification warrant extensive investigation of the

restrained shrinkage behavior of UDOT mixes.
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2.6 Review of State DOT Requirements on Paste Volume

AASHTO PP 84-18 Standard Practice for Developing Performance Engineered Concrete
Pavement Mixtures recognizes that recent innovations in concrete technology have allowed the
industry to move toward specifying performance criteria of concrete mixtures to achieve specific
requirements. The standard sets the maximum paste volume of concrete to 25% as one of the

requirements of proportioning hydraulic cement concrete (AASHTO PP 84).

At present, the Utah Department of Transportation’s (UDOT) Standard Specifications for
Road and Bridge Construction (2017) do not have any specification regarding paste volume limit
(UDQT). This research project is funded by UDOT to validate the AASHTO PP-84 paste

volume limit for shrinkage mitigation in UDOT concrete mixes.
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3.0 RESEARCH METHODS

3.1 Overview

This section provides an overview of the material properties and UDOT mixture designs
that are selected for this study. This section also describes the test methods of mechanical and
durability properties of the aforementioned mixtures and the modified mixtures with reduced

paste volume, as well as deviations from the corresponding standards, if any.

3.2 Mixture Design and Material Properties

After consulting with UDOT, two mixture designs from Geneva Rock Products are
selected as control mixtures for laboratory and field investigations. The mix code for these
mixtures are A6583A (M1-C) and A6505AR (M2-C). The mixture designs of the control mixes
are provided in Table 3.1.

Table 3.1 Mixture Design of Selected Mixtures (per cubic yard)

. . Specific Quantity (Ibs.)
Material Description Gravity MLC M2-C
Cement Type 11-V 3.15 489 489
Fly Ash Type F 2.3 122 122
Coarse Aggregate-1-1/2"x3/4" Washed 2.63 634 -
Coarse Aggregate -3/4"x#4 Washed 2.58 934 1706
Coarse Aggregate - No. 8 Pea Gravel 2.62 232 -

Fine Aggregate-Sand Washed Concrete 2.6 1103 1146
Water 1 258 268.72
Admixture-Daravair 1000 - 18* 5*
Admixture-Zyla 630 - 25* 12*
Admixture ADVA 140 - - 37*

*In liquid ounces

The materials required for mixing are collected from Geneva Rock Products’ Salt Lake
City plant. The cement and fly ash used in these mixtures are Type 11-V and Type F,

respectively. For the A6583A mixture, three types of coarse aggregates are used: rock with
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aggregate size between 1%-inches and % inches, rock with aggregate size between % inches and
0.187 inches, and ASTM C33 No. 8 pea gravel. In A6505AR, rock with aggregate size between
% inches and 0.187 inches is used. For both mixtures, concrete sand is used for fine aggregate.
For the A6583A mixture, an air entraining admixture, Daravair 1000 (conforming to ASTM
C260 and AASHTO M154), and a water-reducing admixture, Zyla 630 (conforming to ASTM
C494, Type A, D, and AASHTO M194 Type A, D), are used. For the A6505AR mixture, a high-
range water reducer, ADVA 140(M) (conforming to ASTM C494, Type A, F, and AASHTO
M194, type A, F), is used. The design strength for both mixes is 4000 psi. The water-to-cement
ratio of M1-C and M2-C are 0.42 and 0.44, respectively. Design properties of the control

mixtures are provided in Table 3.2.

Table 3.2 Design Properties of Selected Mixtures

Property M1-C M2-C
Design Strength (psi) 4000 4000
Air Content (%) 6+1 6+1
Unit Weight (Ibs./ft%) 139.8 138.2
Slump (inch) 2+1 4,51
w/c ratio 0.42 0.44
Volume of Paste (%) 21.7 28.3

The control mixtures were modified so that the volume of the paste is reduced while the
water-to-cement ratios remain constant. Each of the control mixtures are modified into two
mixtures: with 25% paste volume (M1-25 and M2-25) and 23.5% paste volume (M1-23 and M2-

23). The mixture design of the modified mixtures is given in Table 3.3.
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Table 3.3 Mixture Design of Modified Mixtures (per cubic yard)

. L. Quantity (lbs.)
Material Description M125 M123 M2-25 M2-23
Cement Type 1I-V 442.4 415.1 432.97 406.8
Fly Ash Type F 110.3 103.6 108.03 101.5
Coarse Aggregate-1-1/2"x3/4" Washed 660 674.7 - -
Coarse Aggregate -3/4"x#4 Washed 972.2 994 1801.56 1841
Coarse Aggregate - No. 8 Pea Gravel 2415 246.9 - -
Fine Aggregate-Sand Washed Concrete 1148.2 1173.8 1210.19  1236.7
Water 233.4 219 237.6 223.2
Admixture-Daravair 1000 16.3* 15.3* 4.4* 4.2*
Admixture-Zyla 630 22.6* 21.2* 10.6* 10*
Admixture ADVA 140 - - 32.8* 30.8*

*In liquid ounces

3.3 Mixing and Casting Procedure

For the field study phase of the project, cylindrical specimens for compressive strength
and electrical resistivity testing are collected and prepared from UDOT pours from Geneva
Rock’s Salt Lake City batch plant. The air content of the fresh concrete is measured in the field.
For logistical limitations, drying and restrained ring shrinkage specimens are not prepared in the
field.

For the preparation of specimens for the laboratory test program, the coarse and fine
aggregates are air-dried. Mixing is done in a rotating drum mixer of 3 cubic feet capacity. The

mixing sequence is as follows:
1. Rinse the mixer and remove the excess water.
2. Blend the coarse and fine aggregates thoroughly in the mixer.

3. Add one-third of the mixing water to the aggregate blend. Run the mixer until the

aggregates are coated with the added water.

4. Add half of the cement and the fly ash. While the mixer is running, slowly add one-third
of the mixing water to the blend. Run the mixer until the aggregates are coated with

cement and fly ash.
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5. Add the rest of the cement and fly ash to the mixer. Slowly add remaining mixing water.
6. Keep mixing until the desired consistency is achieved.

7. Immediately after the mixing is done, perform the air content, workability, and unit

weight measurement.

8. Cast the cylindrical and shrinkage specimens as per the corresponding testing standards.

3.4 Testing Methods

The following subsections provide a summary of the test methods for fresh hardened

concrete samples and specimens. Any adjustments deemed necessary are also discussed.

3.4.1 Workability

The workability of the fresh concrete mixtures is evaluated by performing a box test as
specified in AASHTO PP 84. This test is performed using a wooden formed box of 1-ft® volume
made of 0.5-inch plywood. The length, width, and height are 12 inches. The box is held using

pipe clamps.

Figure 3.1 Box Test Setup Figure 3.2 Air Content Test Apparatus

The mixture is hand scooped into the box up to a height of 9.5 inches. The mixture is then
consolidated using a vibrator. The vibrator is vertically inserted into the mixture to the bottom of
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the box for 3 seconds and then raised up at a rate of 3 seconds. The clamps and the side wall
forms are then immediately removed. The surface voids are reported using the rubrics provided
in the standard. The slump is reported by placing a straight-edge at a corner and horizontally
using a tape measure to find the length of the highest extruding point (AASHTO PP 84). The
workability of laboratory mixed concrete is measured only. The box test setup for workability is

shown in Figure 3.1.

3.4.2 Fresh Air Content

The air content of a freshly mixed concrete sample is measured using ASTM C231 with a
Type B meter. In this method, a known volume of air at a known pressure in a sealed chamber is
compared with the unknown volume of air in the concrete sample. The pressure gauge dial is
calibrated to show the percentage of air based on the observed pressure when volume of air in
the two chambers is equalized (AASHTO T152; ASTM C231/C231M). The air content of both
the field and lab samples are measured. The air content test setup for freshly mixed concrete is

shown in Figure 3.2.

3.4.3 Unit Weight

The unit of fresh concrete is measured according to the ASTM C138 standard (ASTM
C138/C138M). The measuring bowl of air meter of 0.25 ft® as described in ASTM C231 is used.
The net mass of the fresh concrete is calculated by subtracting the mass of the measuring bowl.

Figure 3.3 Unit Weight Measurement Bucket
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Density is calculated by dividing the net mass of concrete by the volume of the measuring bowl.
Only the unit weight of fresh concrete mixed in the laboratory is measured. The unit weight test
setup is shown in Figure 3.3.

3.4.4 Compressive Strength Test

The compressive strength tests are performed at 28 days according to the ASTM C39
standard specification (ASTM C39/C39M). Three cylindrical specimens are tested for each
mixture. Each specimen is capped with neoprene capping and is tested using a servo-controlled
universal testing machine at a loading rate of 357 psi. For mixtures with nominal maximum
aggregate size (NMAS) of 1% inches and for mixtures with NMAS of % inches, 6 inches and 4
inhes, cylindrical specimens are prepared following the ASTM C31 standard specification
(ASTM C39/C39M). The compressive strength test setup is shown in Figure 3.4.

Figure 3.4 Compressive Strength Test Setup
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3.4.5 Static Modulus of Elasticity Test

The static modulus of elasticity test is performed in accordance with the ASTM C469
specification. Each cylinder is fitted with a compressometer with a digital indicator to record the
deformation of the cylinder at specified loads. The specimens are loaded in uniaxial compression
up to a stress of approximately 40% of the peak strength. Deformation at 10% and 20% peak
stresses are recorded as well. The peak stress is the average strength of the three cylinders tested
for compressive strength. The average static elastic modulus of three cylindrical specimens are
reported (ASTM C469/C469M). The static modulus of elasticity test setup is shown in Figure
3.5.

3.4.6 Surface Electrical Resistivity Test

Surface electrical resistivity test is performed according to the AASHTO T358 test
method. This test method measures the resistivity of concrete cylinders by using a 4-pin Wenner
probe array. The testing apparatus, Surf by Giatec Scientific, applies alternating current potential
difference across the outer pins of the Wenner array. This causes current to flow through the

concrete specimen. The resulting potential difference between the two inner pins is recorded.

Figure 3.5 Static Modulus of Figure 3.6 Surface Electrical
Elasticity Test Setup Resistivity Test Setup
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Similar measurements are recorded by rotating the specimens 90°. The apparatus calculates the
resistivity in four perpendicular directions. The average resistivity measurement is reported.
AASHTO T358 provides a table (shown in Table 3.4) that relates surface resistivity to the
chloride ion penetration (AASHTO T 358). The surface electrical test setup is shown in Figure
3.6.

Table 3.4 Relation Between Chloride lon Penetration and Surface Resistivity of Concrete

Chlorlde_ lon Surface Resistivity Test
Penetration
4x8 inches Cylinder (kQ-cm) 6%12 inches Cylinder (kQ-cm)
a=15 a=15
High <12 <9.5
Moderate 12-21 9.5-16.5
Low 21-37 16.5-29
Very Low 37-254 29-199
Negligible >254 >199

a = Wenner probe tip spacing

3.4.7 Drying Shrinkage Test

The drying shrinkage of concrete specimens are measured in accordance with ASTM
C157. Three prismatic specimens of 3x3x16 inch, with 15-inch gage length, are cast in two lifts.
Each layer is rodded 25 times in accordance with ASTM C192 (ASTM C192/C192M).

The specimens are demolded 24 hours after casting and air-cured at 73°F+3°F and
relative humidity of 50£4%. The specimens are tested at 4, 7, 14, 28, and 56 days. The length
change over the testing period and the shrinkage strain at the 28" day are reported (ASTM
C157/C157M). The drying shrinkage test setup is shown in Figure 3.8.
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(b)
Figure 3.8 (a) Drying Shrinkage Specimens, (b) Drying Shrinkage Specimen Mount on the
Length Comparator

3.4.8 Restrained Ring Shrinkage Test

Restrained ring shrinkage test determines the resistance to cracking due to restrained

shrinkage of concrete specimens. This test is performed following the AASHTO T334 and

(@) (b)
Figure 3.7 (a) Restrained Ring Shrinkage Specimens, (b) Data Acquisition System
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two concrete rings with 12-inch inside and 18-inch outside diameters and of 6 inches in height
are cast around a steel ring. Strain gauges are attached to the inside wall of the steel rings. Using
a Campbell Scientific CR1000 datalogger, strain measurements are taken at 10-minute intervals.
The specimens are monitored for any visual cracking or any drop of strain in the steel ring in
excess of 30 microstrain. In accordance with ASTM C1581, the test is terminated on the 28" day

if no cracking or drop in strain is observed. The setup is shown in Figure 3.7.
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4.0 RESULTS AND DATA ANALYSIS

4.1 Overview

This chapter presents the results of field and laboratory investigations to quantify the
fresh properties, mechanical properties, volume stability, and durability of the selected control
and modified mixtures. The tests include workability, air content, unit weight, compressive
strength, static elastic modulus, surface electrical resistivity, and drying and restrained ring
shrinkage. The results are discussed in detail accompanied by relevant plots and tables. A
summary of the performance of the mixtures, based on the test results, is provided at the end of

the chapter.

4.2 Workability

The box test, specified in the AASHTO PP-84, is performed to evaluate the workability
of the mixtures. In this test, along with the slump of the mixture, the surface voids can be

evaluated by comparing the mixture with a rubric provided in AASHTO PP-84.
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Figure 4.1 Box Slump Test Results
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The slump test results are presented in Figure 4.1. The letters ‘L’ and ‘F’ at the end of the
mixture’s designations indicate laboratory or field samples, respectively. The workability of the
mixtures varies greatly with the amount of paste in the mixtures. For the control mixtures, which
have the highest paste volume, the slump is the highest. The workability of the mixtures slightly
reduces as the volume of the paste is reduced. For M1 and M2 mixtures, the slump is reduced by
10.5% and 13.6%, respectively, as the paste volume is reduced from 27.7% and 28.3% to 25%,
respectively. The workability of the mixtures greatly reduces as the paste volume is reduced to
23.5%. The loss of workability is more noticeable for the M1-23-L mixtures as from visual
inspection the mixtures are found to have sufficient paste to coat the aggregates. M1-23-L and

M2-23-L mixtures have 0 and 0.25-inches slump, respectively.

Figure 4.2 shows the surface voids of the mixtures obtained from the box test. According
to the rubrics provided in AASHTO PP 84, the surface voids of the M1-C-L mixtures are less
than 10 percent. This mixture also has the highest slump. M1-25-L, M2-C-L, M2-25-L, and M2-
23-L mixtures have voids between 10 to 30 percent. The least workable mixture, M1-23-L, has

more than 50 percent overall surface voids.

M2-23-L
Figure 4.2 Surface Voids of the Control and Modified Mixtures

28



12
10 -
~_ 8'
5 ——————————— - e o o | e e = a4 o -
g
= 6
<
O - — - = = Y| R R =
< 4
2_
0
o B SO .
Q Q &~ & Q Q &
= = -~ - g g oy
= = S S = = s
Mix 1 Mix 2

Figure 4.3 Air Content of the Control and Modified Mixtures. The Red Line
Marks the Design Air Content. The Dashed Line Marks the Tolerance of the
Design Air Content

4.3 Fresh Air Content

A minimum air entrainment is recommended, primarily, to improve the freeze-thaw
durability of concrete exposed to freezing water and deicing salts. Both of the selected control
mixtures use air entraining admixture, conforming to ASTM C260, to entrain a sufficient amount
of air in the fresh concrete. The design air content of both control mixtures is 6 (+1.5/-1.0). The
air content of the field samples for M1 and M2 mixtures is 5.25 and 8.5, respectively. The air
content of the field sample of the M2 mixture is slightly higher than the target design value. The
air content of the control and modified mixtures mixed in the laboratory, M1-C-L, M1-25-L,
M1-23-L, M2-C-L, and M2-25-L is 6.7, 5.7, 10.1, 7.2, and 7.9, respectively. The air content of
the M2-23-L could not be measured as the pressure in the air chamber never stabilized. Although
the air contents of control and modified mixtures with 25% paste volume are close to the design
value, they exceed the design tolerance for the M1-23-L mixture. This result can be explained by

the mechanism of entrapped air in concrete. Whether or not air-entraining agents are used, air in

29



145 2322
144 1 L 2302
143 -
L 2282
142 -
141 A L 2262 ~
e g
< 140 | - 2242 g
£ £
138 A
L 2202
137 -
136 - L 2182
135 2162
S 2 2 I
Q Q Q Q Q e
= ) i | ' '
= 5 5 = $ g
Mix 1 Mix 2

Figure 4.4 Unit Weight of the Control and Modified Mixtures. The Red Line
Marks the Design Unit Weight of the Control Mixture

concrete is entrapped in the intergranular spaces in the cement and aggregate as well as during
the mixing process, a large portion of which remains within the air bubbles (Mielenz et al.). In
the absence of sufficient cement paste to fill the intergranular spaces, these spaces are occupied

by an air void which increases the air content at lower paste volume.

4.4 Unit Weight

Unit weight of concrete can be used to determine the density of concrete. Unit weight
varies with the amount of paste in the concrete mix as the paste volume affects the overall
composition and density of concrete. Figure 4.4 presents the unit weight of the control and
modified mixtures. The unit weight of concrete increases as the paste volume decreases. As the
amount of paste in the mixtures decreases, the volume of less dense water is replaced by the
heavier coarse and fine aggregates. For M1 mixes, the unit weight of modified mixtures with
25% and 23.5% paste volume increases by 1.6% and 2.5%, respectively. For M2 mixes, unit
weight increases by 2.6% and 3.9%, respectively. The nominal maximum aggregate size

(NMAS) of the M1 and M2 mixtures are 1%2-inches and % inches, respectively. As the M2 mixes
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contain smaller aggregates, aggregates fill up the voids more effectively, resulting in a denser

concrete.

4.5 Compressive Strength

According to Abrams’ water/cement ratio law, the strength of workable concrete depends
solely on the water-to-cement ratio (Abrams). As the modified and control mixtures have the
same water-to-cement ratio, the strength of the concrete should be comparable. Any reduction in
compressive strength in modified mixtures can be attributed to the loss of workability and
insufficient amount of paste available to coat the aggregate resulting in poor bond between the

cement paste and aggregates.

The compressive strength test results are provided in Figure 4.5. The compressive
strength of the M1 mixtures prepared at the batch plant (field samples) closely matches the

strength of the laboratory mixtures. On the other hand, the laboratory-mixed M2 control mixture
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Figure 4.5 Compressive Strength of Field and Laboratory Mixtures. The Red

Line Marks the Design Compressive Strength of Control Mixtures
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Figure 4.6 Static Modulus of Elasticity Test Results

has about two times higher compressive strength compared to the field samples. This can be

attributed to more stringent quality control maintained in the laboratory.

The strength of the modified mixtures with 25% paste volume is significantly higher than
the design strength of 4,000 psi. The M1-C-L and M1-25-L mixtures have similar compressive
strength. On the other hand, the compressive strength of the M2-25-L mixture is slightly lower
than the compressive strength of the control mixtures (10,972 psi and 9589.7 psi, respectively).
The M2 batches have smaller NMAS which leads to more aggregate surface to coat by less
amount of paste available in the modified mixture resulting in slightly reduced compressive
strength. Nevertheless, it is concluded that the volume of paste in these pavement mixtures can

be safely reduced without sacrificing compressive strength.

The mixtures with 23.5% paste volume have significantly lower compressive strengths.
As evident from the box test, these mixtures are not sufficiently workable due to the reduced
amount of paste available. The higher standard deviations of M1-23-L and M2-23-L indicate that
although some specimens may show strength higher than the design strength, the mixtures lack

consistency.
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4.6 Static Modulus of Elasticity

The static modulus of elasticity in compression is defined as the ratio of the normal
compressive stress to the corresponding strain below the proportional limit. The static modulus
of elasticity test results is presented in Figure 4.6. This test is performed on the laboratory-mixed
specimens only. No significant decrease or increase in elastic modulus is observed for mixtures
with 25% paste volume. However, at 23.5% paste volume the elastic modulus is significantly
lower compared to the control mixtures. At lower paste volume, less amount of cement paste is
available to coat aggregates resulting in poor bonding between the mortar and the aggregates.

This results in decreased elastic modulus.

4.7 Surface Electrical Resistivity

Surface electrical resistivity of concrete is the measure of the material’s capability to
withstand the transfer of ions subjected to an electrical field and an indicator of concrete’s

chloride ion penetrability. Figure 4.7 shows the surface electrical resistivity test results. All the
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Figure 4.7 Surface Electrical Resistivity Test Result. The Red Lines Mark
Different Levels of Chloride lon Penetrability
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mixtures show low to very low chloride ion penetrability as the surface electrical resistivity for

all mixtures are over 21 kQ-cm.

Lower chloride ion penetrability indicates a dense and compact structure with finer pore
networks. Thus, the movement of the chloride ions is restricted through the concrete reducing the

risk of corrosion of embedded steel reinforcement.

4.8 Drying Shrinkage Test

Drying shrinkage specimens are cast and tested as described in Chapter 3 and presented
in Figure 4.8. Insufficient paste and resulting loss in workability of the M2-23-L mix made it
difficult to properly consolidate the fresh concrete in prismatic molds. As a consequence, the
gauge studs in these specimens came out during demolding and the specimens are discarded. For
the same reason, one specimen from each of M1-23-L and M2-25-L were discarded.
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Figure 4.8 Drying Shrinkage of Control and Modified Mixtures. (a) The Red
Line Marks the Maximum Percent Shrinkage at 28 Days Specified in 2022
Standard Specifications for Road and Bridge Construction by Utah
Department of Transportation
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The specimens are tested and measurements reported until the 56" day. As expected, high
initial shrinkage is observed for all specimens. The 2022 Standard Specifications for Road and
Bridge Construction by UDOT specifies a maximum shrinkage of 0.042% for AA(P) at 28 days.
The shrinkage of the mixes, except M1-C-L, are below this limit and therefore satisfy this
requirement. The reduction of paste volume clearly has a positive effect on the drying shrinkage
potential as with decreasing paste volume, the shrinkage also decreases. One exception is M1-
23-L, which experiences higher shrinkage compared to M1-25-L. Free shrinkage strain of the
mixtures is presented in Figure 4.9. All the mixtures, except M1-CI-L, demonstrate lower
shrinkage strain than the prescribed limit of 420 microstrain (AASHTO PP 84).

As concrete hardens, the loss in moisture causes concrete to shrink. One of the most
important and the most controllable factors affecting the drying shrinkage is the water available
in concrete. During the hydration of cement, about half of the water is used for chemical
reactions. Part of the excess water is expelled in the bleeding phase. The remaining water
contributes to drying shrinkage (Kosmatka and Wilson). Therefore, reduction in paste volume

(i.e., controlling the available water in concrete), decreases free shrinkage potential.
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Figure 4.9 Free Shrinkage Strain of Control and Modified Mixtures. The Red Line Marks
the Maximum Unrestrained Volume Change Specified in AASHTO PP 84-18
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4.9 Restrained Ring Shrinkage

In the restrained ring shrinkage experiment, as the concrete around the steel ring hydrates
and shrinks, the steel ring is strained which is measured with strain gauges which are recorded by
a data-logger. The resulting compressive strain in steel ring due to shrinkage plots is presented in
Figure 4.10 and Figure 4.11. The plots show that the strain in the steel rings increases as the
concrete hardens. The cracking due to shrinkage is identified by visual inspection or when a drop

in excess of 30 microstrain is registered.

Both of the specimens of M1-C-L and M1-23-L, and one of the two specimens of M1-25-
L cracks within the testing period as indicated by the drop shown in Figure 4.10. For the M1-C-L
and M1-25-L specimens, the strain in the steel ring gradually increases with time and then a
sudden drop associated with cracking is observed. However, for the M1-23-L specimens, the
strain gradually increases until approximately three weeks into the experiment. Then the strain
starts to increase rapidly followed by cracking and decrease in strain. At the end of the testing
period, visual cracking is only observed in the second M1-25-L specimen. The average crack
width of this specimen is 0.0059 inch, measured with a crack-width microscope. None of the
specimens, either control or modified, prepared for M2 mixtures cracked during the testing
period. The strain in the steel rings gradually increases over time without any decrease in strain.

The number of days to crack of the restrained ring shrinkage specimens is provided in Table 4.1.

Table 4.1 Number of Days to Crack for Restrained Ring Shrinkage Specimens

Mixtures ID Specimen 1 Specimen 2
M1-C-L 27.75 28.5
M1-25-L No crack 23.75
M1-23-L 26.75 26.75
M2-C-L No crack No crack
M2-25-L No crack No crack
M2-23-L No crack No crack

The maximum strain in the steel ring indicates the extent of the shrinkage in the concrete.
The greater the strain in the ring, the higher the shrinkage in concrete. Figure 4.12 presents the

maximum shrinkage strain in the steel rings induced by the specimen. Note that the plot shows
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the maximum strain in any of the specimens of a particular mixture, not the average maximum
strain of two specimens of the same mixture. The M1-C-L and M1-25-L specimens registered
similar maximum strain—the latter registers slightly lower strain. The M1-23-L specimen
induced the maximum strain of all the specimens, which is an anomaly compared to the rest of
the mixtures. This anomaly can be attributed to (a) the mixtures with 23.5% paste volume were
hard to work with due to lack of workability and difficulty to achieve a consistent mix, and (b) a
sudden increase in strain before cracking as shown in Figure 4.10. For the M2 control and
modified mixtures, the maximum strain reduces as the volume of the paste decreases. Overall,
the decreased amount of the paste volume reduces the compressive strain in the steel ring caused

by the restrained ring shrinkage specimens.
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Figure 4.10 Average Strain in Steel Ring for Control and Modified Mixtures of M1 Mix

38



0 T -w - = -
e (M2-C-L) e M2-C-L(1)
| Yeen —= M2-C-L(2)
—50 4t \_P!:"'\..r:;‘\'\-\_
. " g ¥ VO— f\-—--\.-\‘ A
‘.“ I’ rf-rfﬁ\--—u-mtmr\‘frvwnq\._h
.! h{.\-mn‘
—100 A .
1]
“..
—150 1 mﬂ"houoou.,'.
-‘-'.I'.'-.H..-‘
.lq'-ug
—200 A wle »
L .4.
. l.,.u. .-'._.lq.
e ."..‘.....m L]
—250 A [
T T T T T
0 5 10 15 20 25 30
0 fa e M2-25-
- ?‘ (M2-25-1) e M2-25-L(1)
E _25 ' -.0.-..'-... M2'25'L{2}
= 17'
4] .,
2 —50 1 .
= E)
E 45 Gy
€ —100 - P
E * “m. . N t"
Q ey
2125 1 L I .!\
uw s % oy
E=] i Y ¥l ‘_;"__on,“‘q.‘n -
—_ — s 8 x
_% 150 “""f \. i
= |
7 -175 1 L X
{in-'fﬂl ‘m_-_-
T T T T T
0 5 10 15 20 25 30
20 e 313-
.'l".f (M2-23-1) . M2-23-L(1)
K —e - M2-23-L(2)
0 e e
& ey tﬁ,‘
-2 »y
—20 . g \
...‘.‘.- \“l
—40 '..,‘ ]
.... \'ﬁ-*I
—60 - wow FIR .
' VI
—80 1 .i.qh “‘J\"-ﬂtthm—‘ st ey --l‘\. - \ X ’
Besss 5 o ‘i' _.f % -\.l'\' ke smex * soesesod ‘\ -
L] N‘muioug LA} L] e ' ¥ 'lle -u-q-l"
=100 A Y . ® i vy 60 Y
22 = # . pesgs e R @ ow dled L
bod B see ns meé B § wes s be I v
—120 A s H
T T T T T
0 5 10 15 20 25 30
Day

Figure 4.11 Average Strain in Steel Ring for Control and Modified Mixtures of M2 Mix
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4.10 Summary

In this chapter, the field and laboratory test results are presented and discussed. The
testing program encompasses fresh, mechanical, durability, and volume stability properties of the
control and modified mixtures. Based on the experimental results, it can be concluded that the
paste volume of the UDOT-approved pavement mixtures can be reduced to 25% without

sacrificing workability, mechanical, durability, and shrinkage properties of the concrete.
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5.0 CONCLUSIONS

5.1 Summary

This research program investigates the effect of paste volume reduction in UDOT-
approved pavement mixtures. The following sections of this chapter present the key findings of

this research program, the summary of the results, and the limitations of the findings.

5.2 Findings

Workability: The workability of the pavement mixtures is greatly influenced by the
amount of paste volume in the freshly mixed concrete. With decreasing amount of paste volume,
the concrete starts to lose workability. At up to 25% of the paste volume, the laboratory mix is
sufficiently workable. However, at 23.5% paste volume, the modified pavement mixture loses
plasticity. As the workability is reduced, the percentage of surface voids increases. Based on the
box test results for workability, the volume of paste can be reduced to a minimum value of 25%.

Admixtures dosage can be adjusted to account for any reduced workability of the mixtures.

Fresh Air Content: The fresh air content is affected by the volume of the paste present in
the mixtures. When there is less amount of paste available in the mix, the voids between the
aggregates are filled up by air voids. Therefore, the air content of the concrete increases with
reduced volume of the paste. At up to 25% of the paste volume, the air content is comparable
with the control mixtures. The effect of the paste volume is much higher for mixtures with paste
volume less than 25%.

Unit Weight: The unit weight of the concrete mixtures increases with decreasing volume
of the paste. As less cement paste is available in the mixtures, the spaces are occupied by heavier

aggregates, resulting in higher unit weight.

Compressive Strength and Static Modulus of Elasticity: At a minimum value of 25%
volume of the paste, the compressive strength and the static modulus of elasticity of the mixtures

are not significantly affected. The compressive strength and the elastic modulus of the mixtures
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with 25% paste volume are comparable to those of the control mixtures with higher paste
volume. The compressive strength, primarily, depends on the water-to-cement ratio, provided
that sufficient cement paste is present in the mixtures. However, when the volume of the paste is

reduced below 25%, the strength of the mixtures reduces notably.

Surface Electrical Resistivity: The surface electrical resistivity test indicates that,
irrespective of paste volume, all the mixtures have low to very low chloride ion penetrability.
Surface electrical resistivity is found to be the least affected property of the pavement mixtures.

Shrinkage: In general, the reduction of paste volume positively affects the shrinkage
properties of concrete. The percentage of length change and the shrinkage strain reduce with
decreasing volume of the paste. For 25% paste volume, the reduction in shrinkage strain of the
drying shrinkage specimens is 29.7% and 38.4% for M1-25-L and M2-25-L mixtures,
respectively, compared to the control mixtures. Similar observations are made for restrained ring
shrinkage specimens. The maximum strains of M1-25-L and M2-25-L are reduced by 7% and
24.5%, respectively, compared to the control mixtures. The maximum shrinkage strain and the
maximum percentage of length change of the mixtures with 25% paste volume are within the
limit recommended by AASHTO PP-84 and UDOT. Overall, the shrinkage in mixtures with
25% paste volume significantly reduces compared to the control mixtures with higher volume of

the paste.

5.3 Limitations and Challenges

One limitation of this research study is that the majority of the tests are performed on
laboratory-prepared specimens. These specimens are prepared and tested in controlled
environments. The actual circumstances of the batch plant and site are not considered. Another
challenge and limitation is the difficulty of preparing specimens in the field. Only fresh air
content, compressive strength, and surface electrical resistance of the field samples were

measured. Due to logistical limitation, no shrinkage specimens of field samples were tested.
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6.0 RECOMMENDATIONS AND IMPLEMENTATION

6.1 Recommendations

The finding of this research study concludes that the paste volume of the UDOT-
approved pavement mixtures can be reduced to a minimum value of 25%. The reduction of the
paste volume to 25% does not negatively affect the fresh, mechanical, and durability properties
of concrete. It has been observed that the shrinkage strain and percentage of length change of the
mixtures with 25% paste volume are notably lesser than the control mixtures with higher paste
volume. Therefore, it is recommended that the paste volume content of the UDOT-approved

pavement mixtures should be reduced following the paste volume limit of AASHTO PP-84.

6.2 Implementation Plan

UDOT standards for design and construction should be modified to allow a minimum

paste volume value of 25%.
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APPENDIX A: EXPERIMENTAL RESULTS OF FIELD AND LABORATORY
SAMPLES

This section provides experimental data obtained from the testing of field and laboratory
samples. The experiments include workability, fresh air content, unit weight, compressive

strength, static modulus of elasticity, surface electrical resistivity, drying, and restrained ring

shrinkage.
Table A.1 Box Slump Test Result from Laboratory Mixtures

Batch Id Slump (inch) Slump (mm)
M1-C-L 4.75 120.65
M1-25-L 4.25 107.95
M1-23-L 0.00 0.00
M2-C-L 5.50 139.70
M2-25-L 4.75 120.65
M2-23-L 0.25 6.35

Table A.2 Fresh Air Content Test Results of Field and Laboratory Samples

Batch Id Fresh Air Content (%)
M1-C-F 5.25

M1-C-L 6.70

M1-25-L 5.70

M1-23-L 10.10

M2-C-F 8.5

M2-C-L 7.20

M2-25-L 7.90

M2-23-L NA

Table A.3 Unit Weight Test Result from Laboratory Mixtures

Batch Id Unit Weight (Ibs./ft%) Unit Weight (kg./m?)
M1-C-L 139.60 2236.18
M1-25-L 141.88 2272.70
M1-23-L 143.08 2291.93
M2-C-L 138.80 2223.37
M2-25-L 142.40 2281.03
M2-23-L 144.20 2309.87
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Table A.4 Compressive Strength Test Results of Field and Laboratory Specimens

Batch Id Compressive Strength

Average Compressive

Standard Deviation

Strength
(psi) (MPa) (psi) (MPa) (psi) (MPa)
7707 53.1
M1-C-F 7606.5 52.4 7790.4 53.7 236.8 1.6
8057.6 55.6
8060 55.6
M1-C-L 7841 54.1 8071.3 55.6 236.2 1.6
8313 57.3
7855 54.2
M1-25-L 8011 55.2 7973.7 55 105.1 0.7
8055 55.5
2330 16.1
M1-23-L 2290 15.8 2354 16.2 78.8 0.5
2442 16.8
5068.2 34.9
M2-C-F 5096.7 35.1 5128.1 35.4 80.4 0.6
5219.5 36
10770 74.3
M2-C-L 11168 77 10972 75.6 199.1 1.4
10978 75.7
8904 61.4
M2-25-L 10866 74.9 9589.7 66.1 1106.4 7.6
8999 62
3970 27.4
M2-23-L 8731 60.2 5868.3 40.5 2522.7 17.4
4904 33.8
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Table A.5 Static Elastic Modulus of Elasticity Test Results of Laboratory Specimens

Batch Id Compressive Strength ~ Average Compressive Standard Deviation
Strength
(ksi) (GPa) (ksi) (GPa) (ksi) (GPa)

5283.7 36.4

M1-C-L 5523.9 38.1 5452.3 37.6 146.5 1.0
5549.2 38.3
5911.9 40.8

M1-25-L 5908.7 40.7 6002 41.4 158.8 1.1
6185.4 42.6
3782.5 26.1

M1-23-L 3519.9 24.3 3597.7 24.8 160.8 1.1
3490.6 24.1
6569.3 45.3

M2-C-L 2019.5 48.4 6794.4 46.8 318.3 2.2
5961.9 41.1

M2-25-L 5727.3 39.5 6005.1 41.4 301.6 2.1
6325.9 43.6
3847.4 26.5

M2-23-L 54129 373 4629.8 31.9 1106.5 7.6
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Table A.5 Surface Electrical Resistivity Test Results of Field and Laboratory Specimens

Batch ID  Specimen p Average Standard
No (kQ-cm) p Deviation
(kQ-cm) (kQ-cm)

1 331 332 338 335

M1-C-F 2 349 352 352 347 3528 1.74
3 376 371 375 375
1 358  35.3 351 343

M1-C-L 2 362  36.9 372 362 3648 1.33
3 375 365 393 375
1 435 443 391 405

M1-25-L 2 468 471 479 4736 4491 2.71
3 455  45.6 455 457
1 416 429 415 429

M1-23-L 2 39.7 393 401 405  40.63 1.28
3 39.4 40 398 399
1 271 271 2717 276

M2-C-F 2 287 286 286 283  27.99 0.73
3 271 274 29 28.7
1 563  59.6 565  56.3

M2-C-L 2 555  56.2 543 569  57.08 1.90
3 564  56.5 606  59.8
1 65 62.9 641 685

M2-25-L 2 64 83.2 58.3 58 65.62 6.47
3 68 66.6 666  62.2
1 477 39.6 311 366

M2-23-L 2 326 272 262 259 3197 6.54
3 266  27.6 318 307
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Table A.6 Average Length Change Due to Drying Shrinkage of Laboratory Specimens

Time Average Length Change of Specimen, ALy (%)
(Days) “MicllL M125L  ML23-L  M2.C-L  M2-25L  M223L
1 0.00000 0.00000 0.00000 0.00000 0.00000 NA
4 0.01778 0.01111 0.02633 0.01511 0.00267 NA
7 0.02556 0.02089 0.02733 0.01822 0.01367 NA
14 0.03467 0.03200 0.03467 0.02933 0.03100 NA
28 0.04711 0.03311 0.04200 0.03644 0.03433 NA
56 0.05022 0.03822 0.04733 0.03956 0.03633 NA
Table A.7 Free Shrinkage Strain of Laboratory Specimens
Batch ID Average Shrinkage Strain Standard Deviation (microstrain)
(microstrain)
M1-C-L 471.11 130.36
M1-25-L 331.11 112.41
M1-23-L 420.00 188.56
M2-C-L 364.44 85.98
M2-25-L 224.44 61.28
M2-23-L NA NA

Table A.8 Maximum Strain in Steel Ring for Restrained Ring Shrinkage Laboratory

Specimens

Batch ID Maximum Strain in Steel Ring (microstrain)
M1-C-L 471.11

M1-25-L 331.11

M1-23-L 420.00

M2-C-L 364.44

M2-25-L 224.44

M2-23-L NA
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