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when developing the mixtures, such as freeze-thaw cycles, the use of deicing materials and

concrete placement under a varied range of temperatures.

1.3 Scope of Work

The concrete mixtures developed in this research project have a primary goal of achieving
high-early strength while maintaining constructability. The concrete mixtures were designed to
achieve a compressive strength of 4000 psi in 12 hours. This strength development was defined in
consultation with the project technical committee and the PCI-NE Bridge Technical Committee.
The constructability of the concrete was evaluated qualitatively by the ability to cast the concrete
into common molds used for various material tests, and by measuring slump or spread tests
depending on mix flowability, and through set time tests. Trial batches were modified through an
iterative process, as described in section 2.1, until desired strength and constructability goals are

met.

The secondary goal of the concrete developed in this research project was for it to be
durable. Measures were taken during the development of the concrete mixture design to generate
a mixture that also had durable properties. Once concrete mixtures achieved the primary strength
and constructability goals, two mixtures were selected for further testing. The two selected
mixtures were tested for air content, shrinkage, bond strength of reinforcement with concrete, and
alkali-silica reactivity. The test results were analyzed and reported in Chapter 0. Freeze-thaw and
chloride permeability tests are recommended to be performed to further analyze the durability of
the selected concrete mixtures. Because of the long-term nature of these tests and/or the need for

specialized equipment, they will not be performed as part of this project.

The research project activities initiated with a literature review that summarizes technical
articles and reports related to this research area. A survey was conducted to document the current

experience of personnel in DOTSs and other transportation agencies within the New England



region on the use of high-early strength concrete in previous transportation projects. The state of
practice and key performance features required of ABC closure pour concrete was identified

through this survey as well.

Based on all test results, the literature review and the survey responses, a mixture design
specification was developed that provides the characteristics of the mix required to meet the
desired performance of the concrete. This specification will directly provide requirements to
develop future concrete mixtures (including testing) to ensure adequate strength development,

constructability and durability required of ABC closure pour concretes.



CHAPTER 2

BACKGROUND

2.1 Literature Review

A literature review was performed on each of the constituents that will be considered in the

development of the high-early strength concrete mixture designs.

2.1.1 Hydraulic Cements

Several studies have investigated the effect of cement type on of high-early strength
development in concrete. Many cements that are used to produce a high-early strength concrete
mixture are proprietary, such as Ultimax Cement and CTS Cement. The compressive strength of
concrete containing Ultimax Cement was determined to be 20 to 40% higher than concrete
containing ASTM Type I/I1 Cement, without chemical or mineral admixtures being added to any
mix (Al-manaseer et al. 2000). Other proprietary cement types have shown similar effects on
strength gain of concrete (Balaguru and Bhatt 2001). The objective of this research is to develop a
mix using non-proprietary materials; therefore, the use of these proprietary cements was not

considered an option.

Non-proprietary cement considered for this project were ASTM Type I, I/11, I and 1I1.
While ASTM Type I/1l cement is the most widely used and available, ASTM Type Ill cement is
high early strength so it seemed the most appropriate for the requirements of high early strength
development in this project. ASTM Type Ill cement has shown to have the most significant
strength gain increase at 1 day and earlier, compared to other non-proprietary cements (Freyne et
al. 2004). During this study Freyne et al. also found that ASTM Type 11l cement reached the
highest splitting tensile strength of the non-proprietary cements tested in their research. The early

strength development of ASTM Type |11 cement has been attributed to a greater fineness of



particles, which often exceeds 500 m2surface area per kg of cement (500 m2/kg). The increased
fineness of cement means results in a higher surface area of cement particles that interact with
mixing water in the concrete mixture compared with normal strength cement (ASTM Type I/11).
The larger surface area has a direct effect on the rate at which cement hydrates, predominantly
during the early period of hydration, and therefore, the rate at which strength is gained (ACI
Committe E-701 2013). Accordingly, ASTM Type Il was the hydraulic cement type selected for

this research project.
2.1.2 Aggregates

Aggregate properties significantly affect the workability of fresh concrete, as well as the
strength, durability, density and thermal properties of hardened concrete. The following sections

discuss these effects.
2.1.2.1 Aggregate Texture and Aggregate Shape

The texture of aggregates is a property that alters the workability of and strength of
concrete mixtures. Surface texture of aggregates refers to the degree of irregularity or roughness
of the aggregate particle surface. Terms such as rough or granular are used to define aggregate
particles that have a large amount of irregularity in their surface. Alternatively, smooth or glassy
are used to describe aggregate particles with very little surface irregularity. Studies have shown
that there are benefits of both types of surface textures, depending of the desired properties of a
concrete mixture. Smooth particles require less mixing water, and therefore require less
cementitious material at a fixed w/cm ratio and workability of concrete. One of the functions of
water in a fluid concrete mixture is to lubricate aggregate surfaces so aggregates with smooth
surfaces require less lubrication to result in a workable mixture compared with aggregates having
surface irregularities. The ability to use less cementitious material is an economical advantage;

thus, the use of smooth aggregates is often a cost-efficient option. Using aggregates with rough



surfaces have a strength benefit over using aggregates with smooth surfaces. This is due to the
larger bonding area rough aggregate surfaces have with cement paste in comparison with smooth

aggregate surfaces (ACI Committee E-701 1999).

The shape of aggregates is another property that contributes to the workability of fresh
concrete as well as the strength of hardened concrete. Rounded aggregates, such as a natural river
stone, are best in terms of the workability of concrete. The higher the sphericity of a particle, the
lower the surface area and, therefore, the lower the demand for mixing water in concrete to yield
the same workability. Aggregates with angular shape, such as crushed stone, are best to develop
higher strength concrete compared with spherical aggregates. (ACI Committee E-701 1999;

Taylor et al. 2015)

2.1.2.2 Aggregate Size

The maximum aggregate size has a strong impact on the strength of concrete. The main
reason for this is attributed to the change in bond strength between coarse aggregates and cement
paste with different aggregate sizes (Xie et al. 2012). There is contradictory information that can
be found regarding the optimal maximum coarse aggregate size. There have been studies showing
that concrete containing larger coarse aggregate sizes are stronger, and that coarse aggregates
should be graded up to the maximum size that is practical based on constructability
considerations (Transportation Research Board 2013; Xie et al. 2012). Other resources indicate
that smaller maximum coarse aggregate sizes increase the strength of concrete (ACI Committee
211 2008; ACI Committee E-701 1999; Koehler and Fowler 2007). Although there is discrepancy
about the optimal maximum aggregate size, there is agreement on the strong correlation between

maximum aggregate size and bond strength between coarse aggregates and cement paste.

The bond strength between paste and aggregates, which develops at the interfacial

transition zones, is not as high as the cement paste or aggregates alone. The interfacial transition



zone is the portion of the cement paste that surrounds each aggregate within concrete. Generally,
the interfacial transition zone is less dense than the bulk hydrated zone (non-interfacial transition
zone) of the cement paste. The size difference between the cement particles and aggregates is
significant in the transition zone forming a “wall effect”, which has been identified as the main
source for the transition zone weakness. The “wall effect” causes there to be a surplus of water
and a deficiency of cement particles near the aggregate surface, relative to the bulk hydrated
cement paste. Due to this deficiency in the interfacial transition zone of concrete, a weak point
forms in the concrete and provides a preferable pathway for the ingress of potentially harmful
chloride ions, as shown in Figure 2-1 (Byard and Ries 2011). The two arguments that can be
made regarding the optimal maximum coarse aggregate size are the following: (1) by having
larger coarse aggregates, the number of interfacial transition zones decrease, so larger coarse

aggregates result in higher strength concrete (Xie et al. 2012); and (2) stresses generated at the
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Figure 2-1: Schematic of Weak Interfacial Transition Zone Forming Pathway
(Shane et al. 2000)
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interfacial transition zone are greater with larger coarse aggregate because of the greater size
difference between the cement particles and aggregates, so using smaller coarse aggregates
results in higher concrete strength (ACI Committee E-701 1999). Because of the discrepancy in
these arguments, trial batches were performed with different maximum coarse aggregate sizes to
determine the optimal size that resulted in maximum strength of the concrete mixtures for this

project.

The use of larger coarse aggregates decreases demand for cement paste within a concrete
mixture. The decrease of cement paste will decrease shrinkage and provide a stronger interlock in
pavement joints. Thus, maximum coarse aggregate size should be considered when the desire is

to control plastic shrinkage (Transportation Research Board 2013).

The maximum aggregate size is also limited by the application of the concrete. The
coarse aggregates need to be small enough that bridging does not occur during consolidation and
they need to be able to fit around reinforcement, wire mesh, ducts, etc. when concrete is being
placed. Guidelines for choosing maximum coarse aggregate size for high-strength concrete can be

found in ACI 211.4R (ACI Committee 211 2008; Transportation Research Board 2013).

2.1.2.3 Aggregate Gradation

Although the particle size distribution or gradation of aggregates within concrete have
been proven to affect the workability and strength of concrete, a universally optimal gradation has
not yet been established. There are several types of aggregate gradations. In general, continuously
graded aggregate and gradations with high packing densities are favorable to develop high
strength concrete (Koehler and Fowler 2006; Young et al. 1998). Gap gradations often result in a
concrete with a more fluid consistency, which means less high-range water reducing (HRWR)
admixture is required for a desired workability. Gap gradation can also be beneficial to concrete

strength because it can help reach high packing density (Koehler 2014). However, extreme gap
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gradation should be avoided, especially with large maximum coarse aggregate sizes, because it
can lead to segregation between the cement paste and coarse aggregates. Schematic and gradation

curves for continuous, uniform and gap-graded aggregates can be seen Figure 2-2.

One way to ensure that gap gradation is avoided and a relatively uniform gradation is
reached is by setting limits within the percent retained chart, which is defined in ASTM C136:
Sieve Analysis of Fine and Coarse Aggregate. The percent of aggregates retained on any two

consecutive sieves is greater than 10% and less than 35% of the total aggregates (Koehler 2014).

Continuous Uniform

Increasing
cumulative
percentage
/ Uniform passing

Continuous

N
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Figure 2-2: Schematic Representations of Different Aggregate Gradations and
Corresponding Gradation Curves (Young et al. 1998)
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One method to determining maximum density aggregate gradation is by using the Fuller-
Thompson maximum density (minimum void content) gradation curves (Young et al. 1998). This
method provides gradation curves for each maximum aggregate size that will produce the greatest
density, as shown in Figure 2-4. A schematic depicting the concept of dense gradation can be
found in Figure 2-3. To use this method, the proportion of fine aggregate to coarse aggregate is
modified to best fit the appropriate curve for the maximum aggregate size. Aggregates that are
typically obtained commercially from an aggregate source (quarry) may not conform to these
gradation curves; therefore, two or more aggregates with different gradation curves may have to
be blended to obtain these results. There has also been some criticism of this method; stating that
the parabolic gradations simply do not work and there needs to be a certain proportion of fine

aggregate for workability purposes (Mindess and Young 1981).

Another method (a modified version of the Fuller-Thompson curves) used for
determining maximum aggregate compaction is the Power .45 Curve. This method was developed
by The Bureau of Public Roads (now the Federal Highway Administration) and published in a

report titled Aggregate Gradation for Highways. The power .45 curve is formed on a plot of

Figure 2-3: Schematic Description of Concepts of
Dense Gradation (Young et al., 1998)
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Figure 2-4: Fuller-Thompson Maximum Density (Minimum Void Content) Gradation Curves
(Young et al. 1998)

percent passing versus size where the aggregate sizes are raised to the 0.45 power. A straight line
is drawn between the No. 200 sieve (the smallest sieve size) and the maximum aggregate size
sieve. This straight line is the maximum density gradation for this method. To reach maximum
packing of aggregates, the gradation curve should be at the .45 power curve or finer (Koehler
2014). A plot showing power .45 curves for various maximum aggregates sizes can be seen in

Figure 2-5.

As mentioned, maximum aggregate compaction or maximum density of aggregates is

recognized as a favorable gradation, but these methods do not necessarily provide the optimal
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Power .45 Curve for Various Maximum Aggregate Sizes
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Figure 2-5: Power .45 Curves Used for Maximum Aggregate Density

aggregate gradation. Trial batches are needed to determine the optimal gradation for a specific

concrete mixture and application.

2.1.3 Additional Cementitious Materials

2.1.3.1 Fly Ash

Fly-ash is a byproduct of burning coal that has been crushed and ground. There are two
groups of fly ash: Class F and Class C. These two groups are defined by the way they are
produced. Class F fly ash is normally produced from coals with higher heat energy, such as
bituminous and anthracite and Class C fly ash is typically produced from burning lignite or
subbituminous coal, as defined in ASTM C618: Standard Specification for Coal Fly Ash and Raw
or Calcined Natural Pozzolan for Use in Concrete. The largest difference between the two groups
of fly ash in terms of chemical composition is that Class C fly ash has a significantly higher

percentage of calcium oxide than Class F. Due to the different means of production, and
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therefore, different chemical composition, Class F and Class C fly ash have different performance

characteristics.

As previously discussed, Class F and Class C fly ash are defined by the way they are
produced. Therefore, the geographic availability of each group of fly ash is dependent on the type
of coal that is burned in a specific area. It is not always economically achievable to have both
groups of fly ash available to an area. This becomes important because a concrete mixture

containing fly ash must comply with the availability of the product in a region.

In general concrete mixtures that contain fly ash as a partial replacement of Portland
cement will have higher ultimate strengths but lower early strengths in comparison to concrete
containing Portland cement as the sole cementious material in the mixture (ACI Committe E-701
2013) (Akkaya et al. 2007). Class C fly ash typically shows a higher rate of reaction at early ages
resulting in concrete with higher early strength than concrete containing Class F fly ash, but
strengths are still lower than concrete containing only Portland cement. Elevated temperature
curing has a greater effect on the strength gain of concrete containing fly ash than concrete

without fly ash (ACI Committe 232 2003).

Fly ash also affects set time of concrete. Generally, fly ash has been found to retard the
set time of concrete, with greater retardation occurring at higher replacement levels (Brooks et al.

2000). This property may be useful in hot weather concreting conditions.

Fly ash in concrete mixtures has been shown to improve the workability of concrete or to
reduce the water to cementitious material ratio (w/cm) to maintain a given workability. This
property has been attributed to the general spherical shape of fly ash particles (Brown 1980). The
use of fly ash generally results in an increase in plasticity and cohesiveness, but the increase in

cohesiveness assumes that the fly ash replaces the cement on a mass by mass basis and no

16



adjustments are made to the proportions based on the change in specific gravity (volume of the

paste) (ACI Committe 232 2003; Lane 1983).

The use of fly ash as a partial replacement of Portland cement, when compared to
concrete mixtures containing only Portland cement, has proven to delay total shrinkage and
cracking of the concrete through the reduction of autogeneous shrinkage (Akkaya et al. 2007;
Riding et al. 2008). Less autogeneous shrinkage occurs when fly ash is used due to the reduction

in heat of hydration, which lowers thermal strain.

Studies have shown that the permeability of concrete incorporating the use of fly ash is
significantly lower than that of concrete without fly ash. This is due to the pore refinement that
occurs as a result of the long term pozzolanic action of fly ash (ACI Committe E-701 2013).
Decreased permeability will have positive effects on the long-term durability of the concrete.
Since the primary use of the concrete mixtures developed in this research are for areas where
deicing salt use is anticipated, high permeability detrimentally affects durability. Consequently,
fly ash will be tested as a partial replacement of Portland cement during this research project to
control shrinkage strains and to provide long-term durability. To increase the early strength of

concrete as desired for this project, the use of chemical admixtures was investigated.

Typical values for fly ash replacement of Portland cement is 15 to 35% by mass of total
cementious material (ACI Committe 232 2003). Class F fly ash is recommended to be added at
smaller replacement percentages than Class C, where Class F fly ash replacement ranges
between 15 to 25% of cement by mass and Class C fly ash typically is used to replace 20 to 35%
of cement content by mass (ACI Committee 211 2008). The most effective method to determine
the performance of a given quantity of fly ash in a concrete mixture and establish the desired
mixture proportions is to conduct trial batches using the aggregates and cement that will be used

for the mixture.

17



2.1.4 Chemical Admixtures

2.1.4.1 Water-reducing Admixtures

There are many different types of water reducing admixtures, including conventional
water reducers, mid-range water reducers and high-range water reducers (HRWR). The purpose
of water reducing admixtures as stated by ACl Committee 212.3R (2010) in their Report on
Chemical Admixtures for Concrete is to: “reduce the water requirement of the mixture for a given
slump, produce concrete of higher strength, obtain specified strength at lower cement content, or
increase the slump of a given mixture without an increase in water content.” Conventional water
reducers will reduce the water added to concrete between approximately 5 and 12% and HRWRs
will reduce the water by more than 30%, with mid-range water reducers falling somewhere in

between (ACI Committee E-701 2003).

There are many potential benefits of using HRWR, also known as superplasticizers,
rather than conventional or mid-range water reducers as defined by ACI Committee E-701.
HRWRs act in a similar manner to conventional water reducers, except that HRWRs have a
greater dispersion effect on cementious materials. One of the primary differences between high
range water reducers and conventional water reducers is that high range water reducers may
minimize set retardation that may occur when using conventional water reducers. The use of
HRWR has also shown to improve strength properties of hardened concrete. The strength of
concrete containing HRWR is normally higher than what is expected of the lower w/cm ratio

alone.

There are also several potential disadvantages of using HRWR instead of conventional or
mid-range water reducers. One disadvantage is the greater cost of the HRWR admixture. The
other drawback of using HRWR in concrete is that their effect on increasing slump is only

maintained for about 30 to 60 minutes, making it difficult to place concrete (ACI Committee E-
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2.2.2 Key Performance Features of ABC Closure Concrete (from survey)

Responses regarding key performance features were collected from the survey sent to
DOTs and pre-casters and complied in Figure 3-1. Where single values are reported, all survey

responses reported the same value.

Table 2-2. Many of the responses had a great range of values. Some of the performance
features did not receive many responses, such as flexural strength, bond strength and shrinkage.
The minimum workability time and compressive strength seemed to be areas of vast importance.
The responses for minimum workability ranged from 30 to 90 minutes. The responses for the
compressive strength values showed that the target strength of 4000 psi in 12 hours set for this
project is acceptable. Some responses indicated that reaching 2500 psi in 12 hours would even be
sufficient. These responses were considered for the mixture design specification as well as the
first round of trial batches, as described in Figure 3-1. Where single values are reported, all

survey responses reported the same value.

Table 2-2: Key Performance Features of ABC Closure Pour Concrete Collected
Compiled from Surveys

Performance Feature Responses
Workability Time (minutes) 30-90
Air Content (%) 3-7
28-Day Bond Strength (psi) 2200
28-Day Flexural Strength (psi) 1200
Chloride Permeability (coulombs) 1500
Shrinkage Values at 28 Days (%) 0.04
Freeze-thaw Relati(\gz)Dynamic Modulus 80 (300 cycles): 91 (1000) cycles
Freeze-thaw Durability Factor 80
12-Hour Compressive Strength (psi) 2500 - 4000
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Thompson curve, the strength of the linear relationship between the two curves was found using a
linear correlation coefficient. The correlation coefficients for each 1/2” coarse aggregate to fine
aggregate (CA/FA) ratio can be seen in Figure 3-6. As shown in this figure, the optimal 1/2”
CA/FA ratio is 1.2 with a correlation coefficient of 0.984. The optimal gradation curve formed by
a 1/2” CA/FA ratio equal to 1.2 is shown in Figure 3-7. Also in this plot, gradation curves formed
by several other 1/2” CA/FA ratios are shown, demonstrating convergence to the optimal

gradation curve for this size coarse aggregate.

As discussed in Section 3.3.3.6: Determining Selected Concrete Mixtures, studying trial
batches with alternative coarse aggregates sizes was explored. The next coarse aggregate size
used in the trial batch concrete mixtures was 3/8” coarse aggregate. Again, the maximum
aggregate compaction that could be achieved with 3/8” coarse aggregate in combination with fine
aggregate was found by evaluating various CA/FA ratios. The process used to determine the

maximum compaction of 1/2” coarse aggregate in combination with fine aggregate was used.

100%

90% —e— Fuller-Thompson Max Compaction
CA/FA=0.8
80% —e—CA/FA = 1.2 (Optimal)
70% _._CA/FA: 1.6
—e—CA/FA=2.0
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50%
40%
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Total Percent Passing
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Qirve Size

Figure 3-7: 1/2” Coarse Aggregate in Combination with Fine Aggregate Gradation Curves Plotted
Against 1/2” Maximum Compaction Fuller Thompson Curves
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Gradation curves were formed using various 3/8” CA/FA ratios, again ranging from 0.5 to 2.5.
Correlation coefficients were then calculated based on the linear relationship between each
gradation curve and the 3/8” maximum aggregate compaction Fuller-Thompson gradation curve.
The correlation coefficients found for the various 3/8” CA/FA ratios are plotted with the
correlation coefficients found for the various 1/2” CA/FA ratios in Figure 3-6. The optimal 3/8”
CAJ/FA ratio, as shown in Figure 3-6, is 1.0. It should be noted that there are different maximum
aggregate compaction Fuller-Thompson gradation curves for different maximum coarse
aggregate sizes. This is shown in Figure 3-8, where gradation curves formed by various 3/8”
CAJ/FA ratios, including the optimal CA/FA ratio of 1.0, are plotted against the 3/8”” maximum

aggregate compaction Fuller-Thompson gradation curve.
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Figure 3-8: 3/8” Coarse Aggregate in Combination with Fine Aggregate Gradation Curves Plotted
Against 3/8” Maximum Compaction Fuller Thompson Curves
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value, the greater the flowability. As shown in Figure 3-12, the original HRWR dosage of 12.2
oz./cwt yielded a “slump” of zero inches. The HRWR dosage was increased to find the optimal
dosage in terms of workability, more specifically, flowability. As seen in Figure 3-12, the
“slump” value peaked at a dosage of 16 oz./cwt; therefore, this dosage was used in subsequent
trial batch concrete mixtures. Details regarding the “slump” readings taken and the procedure

used to mix the small-scale trial batches can be found in Section 4.4.

3.3.3.5.2 Accelerating Admixture

Accelerating admixtures were not used in most trial batch concrete mixtures. As
discussed in Section 2.1.4.3 of the literature review, accelerating admixtures have shown to cause
increased drying shrinkage in concrete mixtures. So, although the accelerating admixtures will
help to reach the high-early strength goal of this research project, it could negatively impact
durability through increased shrinkage. Therefore, the strength goals were reached mostly

through proportioning of the concrete mixtures and through the use of a HRWR admixture.

For reasons that will be discussed in Section 3.3.3.6, there were two trial batch concrete
mixtures where accelerating admixture was used. For both of these cases, two-thirds of the
maximum dosage recommended by the manufacturer was used as the dosage. The basis for this
dosage was a study performed by Rear and Chin (1990) where early compressive strengths were
evaluated for various types of cement, fly ash and accelerating admixtures. The peak early
compressive strength most commonly occurred with an accelerating admixture dosage equal to

two-thirds the maximum dosage recommended by the manufacturer.

3.3.3.6  Determining Selected Concrete Mixtures

In this subsection, the iterative process used to develop and establish the two trial batch

concrete mixtures is discussed. These two mixtures were selected as the concrete mixtures that
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CHAPTER 4

LABORATORY TESTING AND PROCEDURES

4.1 Preparation and Storage of Materials

All materials used for the research project were stored in the UMass, Amherst Gunness
Structural Engineering Laboratory (Gunness Lab) after receiving them. The following section

will describe the care and/or special preparation required for each of the materials used.

The ASTM Type 111 cement used for this project was stored in the Gunness Lab at
laboratory temperature and humidity. The cement bags were stored on top of a wood pallet,
covered in a layer of plastic and kept away from heaters, windows and water to avoid extreme

changes in temperature and humidity.

Both the coarse and fine aggregates were stored in sealed 32-gallon plastic barrels in the
Gunness Lab, also at temperature and humidity conditions in the laboratory. Prior to mixing each
batch of concrete in the laboratory, the coarse and fine aggregates were oven dried and then
brought to a saturated surface-dry (SSD) condition. The aggregates were dried by placing them in
an oven heated to 230°F for 24-hours. The aggregates were then allowed to cool to room
temperature for at least 24-hours. This process was followed to ensure the aggregates to be
completely dry and the aggregate temperature to be ambient. The absorption capacity was
determined for each aggregate size from each aggregate source, as stated in section 4.3 Aggregate
Testing Procedures. The amount of additional water required to bring the aggregates to SSD
condition was found using the absorption capacity of each aggregate type. This additional water

was required to fill aggregate pores and to allow the aggregates to reach saturated surface dry
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conditions without taking from or contributing to water required to hydrate the cementitious

materials.

All fly ash was stored in the Gunness Lab in sealed plastic 5-gallon pails at laboratory
temperature and humidity conditions. The pails were kept on top of a wood pallet and kept away

from heat sources.

Tap water was used as mixing water used for all concrete batches. The water temperature

was measured during mixing of concrete batches and it ranged from 65 to 75°F.

All chemical admixtures were stored in the original shipping containers in the lab. The
containers were all sealed plastic pails, and depending on the manufacturer and time of shipping,

these containers varied in volume from 3.5 gallons to 5 gallons.

4.2  Mixing Procedure

All concrete batches were mixed at the University of Massachusetts, Amherst Gunness
Structural Engineering Lab. Mixing of concrete was performed in accordance with ASTM
Standard C192: Standard Practice for Making and Curing Concrete Test Specimens in the
Laboratory. A STOW Model CM6 concrete mixer, with a capacity of 6 cubic feet (165 liters) was
used to mix all machine mixed concrete batches. The first concrete batches, which are not
reported in the previous chapter, were approximately 0.27 cubic feet in volume. This volume was
too small to be mixed in the concrete mixer, and, therefore, were mixed by hand in a 25.75” x
17.75” x 3.5” round edged aluminum pan. Adequate mixing was not able to be obtained using
this method, due to the high cement content. The concrete became very clumpy and dry to the
point that the concrete could not be cast in molds for testing; therefore, this hand mixing method

was discontinued and larger volumes were mixed. Since the machine mixing procedure proved
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favorable, it was used for all subsequent trial batches, and all trial batches reported from this

research project are only those mixed using the concrete mixer.

Prior to each concrete batch mixed using the concrete mixer, the mixer was dampened to
reduce the amount of water absorbed by residue adhered to the walls of the mixer barrel. The
small concrete residue in the barrel appeared to be absorbing water, and potentially causing
variability in the amount of available mixing water, which particularly affected the small volumes
of concrete being mixed. The procedure used to dampen the machine mixer was first, filling the
barrel completely with water 12-24 hours before it was used to mix concrete. Then, immediately
before the machine mixer was used, the water was emptied and the barrel was flipped upside-

down for approximately 10-15 minutes to allow excess water to drain.

The order that the concrete constituents were added to the machine mixer was based upon
ASTM Standard C192 and individual chemical admixture manufacturer recommendations. The
mixing water required for a pour was separated into two portions, equal to 25% and 75% of the

total mixing water. The 75% portion of mixing water was kept as plain mixing water. High-range

Figure 4-1: Measured Concrete Constituents Before Mixing
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water reducer (HRWR) chemical admixture was added to the 25% portion of mixing water. The
reason for this separation was to add the HRWR chemical admixture as directed by the
manufacturer for optimal performance. It was also found that by mixing the HRWR in the full
amount of water, it was difficult to sufficiently mix it into the water and there was HRWR found
settled in the bottom of the pail after pouring the solution into the mixer. The HRWR chemical
admixture is recommended by the manufacturer to be added at the end of the batch sequence and
to be dispersed within a small portion of the mixing water. The exact 75% and 25% portions were

chosen subjectively, but kept consistent throughout the duration of this research project.

Before the concrete mixer was started, coarse and fine aggregates were added after being
weighed for the specific volume required. The mixer was then started, and the aggregates were
mixed together until a homogeneous mixture was formed. The remaining constituents were then

added in the following order: cement, fly ash (if used), pure mixing water and mixing water

Figure 4-2: Concrete Batch in Machine Mixer During Rest Period with
the Plastic Cover
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containing HRWR chemical admixture. If any chemical admixtures in addition to HRWR were
used, they were added in the first portion of mixing water. They were added at this time to keep
the chemical admixtures separate, as recommended by the chemical admixture manufacturers.

Each of the constituents were added to the concrete mixer using 5-gallon plastic pails, as shown

in Figure 4-1.

Ater all constituents were added to the mixer, the concrete was mixed for 3 minutes,
followed by a 3-minute rest period, followed by a 2-minute final mixing period, as indicated in
ASTM C192. During the rest period, the mixer barrel opening was covered with a layer of plastic
to prevent any evaporation from occurring, as shown in Figure 4-2. At the end of the entire
mixing cycle, the concrete was poured into a wheelbarrow, as shown in Figure 4-3, and brought
into the laboratory where the fresh concrete tests were performed, measuring air content and
spread or slump. At this time, the concrete mixture was also cast into cylindrical molds to

subsequently conduct standard compression tests of hardened concrete. Any other specimens

Figure 4-3: Removal of Concrete from the Machine Mixer in Preparation for
Testing and Casting
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required from the concrete mixture were also cast at this time, such as ring shrinkage and bar

pullout specimens.

4.3  Aggregate Testing Procedures

Aggregate testing was conducted for coarse and fine aggregate provided by Source 1 and

Source 2 as described in Section 3.2.1: Aggregates.

4.3.1 Gradation Curves

The particle size distribution was found for coarse and fine aggregates in accordance with
ASTM Standard C136: Standard Test Method for Sieve Analysis of Fine and Coarse Aggregates.
The sieve analyses were performed on oven-dried samples, where the aggregates were dried at
230°F for 24-hours prior to testing. The sieve sizes chosen for the analysis can be seen in Table 4-
1. The sample sizes chosen for each aggregate size were in accordance with ASTM C136. The
aggregate samples were shaken using a Humboldt mechanical sieve shaker for 5 minutes. The
aggregates from each sieve were weighed, following the shaking, and gradation curves were
constructed. The average of two sieve analyses were used to create the gradation curves, shown in

APPENDIX A.

4.3.2 Bulk Density and Voids

The bulk density and percent voids of each aggregate size from each aggregate source
was measured and are reported in section 3.2.1 Aggregates. ASTM Standard C29: Standard Test
Method for Bulk Density (“Unit Weight”) and Voids in Aggregate was used to find the bulk
density and percent voids. To fine the percent voids, the absorption was required, which was

determined as described in Section 4.3.3. Both the loose and rodded bulk densities were found.
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comparator and the dial gauge was reset to zero. Then the specimen was placed in the length
comparator using the embedded gauge studs, as shown in Figure 4-24. The length of each
specimen was measured daily, for 12 days, using this procedure. Once this test was completed,
the length readings were used to determine if a deleterious alkali-silica reaction occurred within

each specimen. The results from this test can be seen in Chapter 5.
45.3.4 Bar Pullout Test

The bar pullout test used to compare the bond strength between concrete and reinforcing
bars followed ASTM Standard A994: Standard Test Method for Comparing Bond Strength of
Steel Reinforcing Bars to Concrete Using Beam-End Specimens. For this test, No. 4 and No.6
grade 60, epoxy coated bars were tested. The bonded length used for each bar was equivalent to a
percentage of the development length. The development length for each test bar (No.4 epoxy

coated and No.6 epoxy coated) was found using equation 12-1 in ACI 318-11, Equation 4-1.

Equation 4-1: Simplified ACI 318 Development Length Equation

fﬁ. _ (i ﬁ ¥ 7 A )a,r : [ﬂ)zlgs

More specifically, the simplified version, specified in ACI 318-11, with clear spacing and cover
are as specified was used. All factors were taken to be one, other than e, which was taken to 1.5
due to the epoxy coated of the test bars. The test bars were grade 60, so nominal f, was set equal
to 60,000 psi. The value used for f’c was equal to 4,000 psi, which was about the strength
expected at the time of testing. Using these factors and the steel and concrete strength, the
development length was calculated for each size. The development length was found to be 19.0

inches for the No.4 test bar and 28.5 inches for the No. 6 bar. Since the full development length
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of the No. 6 would not fit within the dimensions of the concrete specimen which were defined by
the standard specification, a percentage of the total development length had to be used for the
bonded length. Furthermore, since the bar pullout test is a comparative test, the same percentage
of the development length had to be used for the No. 4 test bar. This was done so that results from
each bar size test could be compared directly. The portion of each development length used as the
bonded length was 63%; this made the bonded length of the No. 6 bar 18 inches and the bonded
length of the No. 4 bar 12 inches for use in the bar pullout tests conducted in this research, as

shown in Figure 4-25 and Figure 4-26.

The dimensions of the bar pullout concrete specimens were as specified in ASTM A944,
For the No. 6 test bar, the dimensions of the concrete specimen were as follows: 14 inches wide,
14 inches high and 24 inches long, as shown in Figure 4-26. For the No.4 test bar, the concrete
specimens were also 14 inches high and 24 inches long, but were 12 inches wide, Figure 4-25.
The reinforcement schematics are also provided in Figure 4-25 and Figure 4-26. As shown in the
schematics, two longitudinal bars, other than the test bar were used in each concrete test
specimen. The longitudinal bar size was determined using ASTM A944. For a No. 6 test bar, No.
5 longitudinal reinforcement was used. For a No. 4 test bar, No. 3 longitudinal reinforcement was
used. Each concrete test specimen also had four stirrups made with No.3 reinforcement. Each
stirrup hoop was 6 inches wide and 9.5 inches tall. The stirrups and longitudinal bars were used to
reinforce the specimen and ensure no concrete cracking would occur while transporting the
specimen and during handling to set the specimen in the test rig. There were also reinforcing bars
used to connect the tops of the stirrups, which helped keep them in place during casting. Since
these reinforcing bars did not serve a structural purpose, the diameter was not important and No.
5 bars were selected for these bars. For lifting purposes, 6-inch straight coil loop inserts were cast

into each specimen and were used with coil bolts to lift and move the specimens once they were
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removed from the formwork. The reinforcement for a No. 4 test bar tied within formwork can be

seen in Figure 4-27.

The bonded lengths of the test bars were controlled by using polyvinyl chloride (PVC)
pipes as bond breakers between the bar and the concrete cast around the bar. As seen in Figure 4-
25 and in Figure 4-26, there is a small bond breaker used at the end of specimen where the test
bar is being pulled out. This is used to prevent a cone-type pullout failure. At the other end of the
specimen, the longer PVC bond breaker extends out of the specimen, as shown in Figure 4-25 and
Figure 4-26. This is to allow access to the free end of the test bar for slip measurement during the
test. Between the two bond breakers, a distance equal to 18 inches for the No. 6 test bar and 12
inches for the No. 4 bar is left exposed, equaling the bond length determined as described
previously. The PVC bond breakers for a No. 4 test bar can also be seen in Figure 4-27. The
apparatus used to measure slip can be seen in Figure 4-28. Hidden within the specimen, a 1/2-
inch nut was attached to the free end of the test bar. It was attached by bonding it with an 8-
minute epoxy. A piece of 1/2-inch threaded rod was screwed into the bonded nut. As seen in
Figure 4-28, a washer and electric tape was used to keep the rod steady and centered within the
PVC during the test. Angle braces were attached to the rod to allow attachment to a Celesco
cable-extension position transducer, Model MTA, with a 3-in. length capacity. The base of the
position transducer was attached to the concrete specimen though a bonded angle brace. This was
also bonded using an 8-minute epoxy and served as reference to measure relative movement
between the bonded bar and the concrete specimen. The wire of the linear potentiometer was fully
extended at the start of each test, and as slip occurred, the wire would contract, providing a bar

slip reading.
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Each specimen for the No. 4 and No. 6 bars was cast in two equal layers. Each layer was
consolidated using an internal vibrator. The top of each specimen was finished using a trowel.
Once the concrete in a specimen reached initial set, the specimens were covered with a layer of
wet burlap and plastic. The specimens were left to cure for 12 hours at in situ conditions within
the laboratory, where the temperature was approximately 75°F and the relative humidity was
approximately 30%. Results from each of these tests can be found in Section 5.3.1, including the

failure type, failure load and any bar slip that occurred during the test.
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Figure 5-10: Air Content of Trial Batch and Selected Concrete Mixtures

results presented in Figure 5-10. In Table 5-6, it can be seen that by adding a greater dosage of
HRWR to MIX 6, the entrapped air, on average, dropped by 1.3%, and by adding a greater

dosage of HRWR to MIX 15, the average entrapped air did not change significantly.

In general, the air contents found for the concrete mixtures in this project are low. As

shown in Table 2-2, the desired air content reported by pre-casters and DOT representatives is 3.0
to 7.0% for adequate freeze-thaw resistance. Additionally, ACI 211.1 states that for concrete with
extreme exposure, such as concrete used for accelerated bridge construction closure pours, the air
content should be as follows: 7.0% for concrete containing 1/2” coarse aggregate and 7.5% for
concrete containing 3/8” aggregate. All of the measured air contents in this project were well

below these values, including the two selected concrete mixtures. However, a study performed by
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