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Executive Summary

Project Summary

The new AASHTO Mechanistic-Empirical Pavement Design Guide (MEPDG) is a pavement
design program based on predicted performances of a pavement using a set of mechanistic and
empirical models that take site conditions, environmental effects and material characteristics into
consideration. The Wisconsin Department of Transportation (WisDOT) is exploring
implementation of the MEPDG for more efficient and cost effective concrete pavement designs.
Factors influencing the behavior and durability of a pavement include site conditions, climate,
traffic, and material characteristics. These factors are integrated within a set of mechanistic and
empirical models to obtain a prediction of the pavement’s performance over the course of its
design life. The empirical relations contained within the MEPDG provide alternative approaches
to the selection of concrete modulus of rupture and modulus of elasticity for pavement distress
and response calculations. The parameters required by the MEPDG for the prediction of new or
reconstruction design of Jointed Plain Concrete Pavement (JPCP), Continuously Reinforced
Concrete Pavement (CRCP) and Portland Cement Concrete (PCC) overlay include compressive
strength, flexural strength, modulus of elasticity, indirect tensile strength, coefficient of thermal
expansion, Poisson’s ratio, and unit weight. This research was directed toward assessing the
material properties and the sensitivity of MEPDG JPCP designs through the collection of data
representative of concretes used in state paving projects. The objective this research was to
investigate the effects of different concrete component materials on key concrete mechanical and
thermal properties. In addition, the impact of using the current default empirical equations in the
MEPDG versus the actual measured concrete properties was evaluated.

Background

Accurate prediction of key concrete properties is essential to make MEPDG beneficial to
pavement designers. Many factors affect concrete properties because of the material’s variable
nature. These factors include but are not limited to: the constituents, proportions, air content,
mixing procedure, temperature, etc. (Popovics, 1998). A significant variability introduced into
the design program is uncertainty on the properties and resulting impact of constituent materials
that can vary significantly within the state. Concrete made with limestone coarse aggregate was
reported to be 11% to 25% stronger in compressive strength compared to comparable concrete
with igneous coarse aggregate (Lebarca et. al., 2007). However, the exact effect of this effect on
MEPDG designs remains unclear. It is also known that coarse aggregate and cement are more
significant in influencing concrete modulus of elasticity than fly ash (ACI Committee, 2003),
though quantitative effects have not been established for Wisconsin materials. Determining
whether a component material has a significant impact on predicted JPCP performances by
MEPDG helps to establish what level of investigation should be assigned to the component.

The MEPDG software represents a major change in the pavement design process. The designer
first considers site conditions (traffic, climate, and subgrade for new pavement design, and
additionally existing pavement condition for rehabilitation) and construction conditions in
proposing a trial design for a new pavement or rehabilitation. The trial design is then evaluated
for adequacy through the prediction of key distresses and smoothness. If the design does not
meet desired performance criteria, it is revised and the evaluation process repeated as necessary.
This approach makes it possible to optimize the design and insure that specific distress types will
not develop.



JPCP is widely used throughout Wisconsin. As stated earlier, for the concrete strength inputs for
JPCP design using MEPDG, modulus of elasticity and modulus of rupture at 7, 14, 28, and 90
day results are required for pavement response and distress calculations. When the values of
these two parameters at the specified dates are provided directly from laboratory tests, the
procedure is considered the level 1 option. The default level 2 option utilizes empirical relations
to convert the laboratory measured 7-day, 14-day, 28-day, and 90-day compressive strength (f°;)
into the required parameters at corresponding dates. The principle of the level 3 option is that
the default relations first convert the level 3 input (28-day f’c or 28-day MR) into the
corresponding level 2 inputs (7-day, 14-day, 28-day, and 90-day f’. values), then these level 2
results are further converted into the required parameters utilizing the same empirical relations in
level 2 option.

Research Plan

This study was focused on measuring the effects on concrete properties due to different sources
of coarse aggregate, fine aggregate, cement, and supplementary cementitious materials from
common Wisconsin areas and determining how the effects compare with predictions associated
with the MEPDG’s default empirical relations. The research plan involved four main tasks:

Task 1: Evaluate prior research and reports regarding the MEPDG design process and
the effects of the concrete constituents on design properties and relationships.

Task 2: Characterize the concrete component materials used.

Task 3: Collect data from each mixing matrix designed to sufficiently reflect the effects
of different concrete component materials on concrete mechanical and thermal
properties.

Task 4: Evaluate the accuracy of the default empirical relationships in MEPDG for
concrete mixed with Wisconsin materials.

For tasks 3 and 4, a total of 15 sources of coarse aggregates were selected to be mixed with one
source of sand using each of the three different mix proportions, Type | ordinary Portland cement
(OPC) only, OPC with slag cement®, and OPC with fly ash composing 45 different mix designs.
Five selected coarse aggregates were mixed with another source of cement, slag cement, fine
aggregate, and two different sources of fly ash composing 65 additional mixes. These materials
were selected to represent a range of typical pavement design in the state of the Wisconsin.

Research Process

The methodologies of tasks 2 and 3 in the research plan were carried out according to accepted
test procedures. Task 2 involved the characterization of the coarse aggregates, fine aggregates,
Type | Portland cement, slag cement, and fly ash materials. Testing included chemical
composition (ASTM C114), scanning electron microscope (SEM) analysis, particle size
distribution (PSD), and X-ray diffraction (XRD) of all the cementitious materials, and Blaine
fineness (ASTM C204) of the two Type | Portland cements. For the coarse and fine aggregates,
testing included gradation (AASHTO T27), absorption (AASHTO T85/84), and materials finer
than the No. 200 sieve (AASHTO T11). The microfines of the coarse aggregates were also
analyzed with PSD, XRD, reactivity, and leaching tests. Task 3 testing included compressive
strength (AASHTO T22), flexural strength (AASHTO T97), modulus of elasticity (ASTM

! Slag cement is often referred to as “ground granulated blast-furnace slag” (GGBFS). As requested in 2001 by slag
cement manufacturers and the Slag Cement Association, the American Concrete Institute officially reviewed and
changed the terminology from GGBFS to slag cement (ACI Committee 233, 2003). The term slag cement will be
used throughout this paper when referring to finely-ground granulated blast-furnace slag.



C496), Poisson’s ratio (ASTM C496), splitting tensile strength (AASHTO T198), dynamic
modulus (ASTM C215), and coefficient of thermal expansion (AASHTO T336).

A water-to-cementitious material ratio (w/cm) of 0.40 was used for initial mix design, and was
modified as necessary to achieve a target slump of 2 in. £ 1 in., and target plastic air content of
6.0% + 1.0%. The mix proportions for all concrete were based on Wisconsin Department of
Transportation Grade A, Grade A-S, and Grade A-F mix designs. Fresh concrete testing
included slump (AASHTO T119), unit weight (AASHTO T121), and fresh air content
(AASHTO T152). All concrete specimens followed the same curing procedure outlined in
AASHTO R39.

Primary data for this project was collected in task 3 of the research plan. Compressive strength,
flexural strength, modulus of elasticity, Poisson’s ratio, split tensile strength, and dynamic
modulus were measured at 7, 14, 28 and 90 day ages. Coefficient of thermal expansion was
measured at 28 days. Compressive strength and split-cylinder tensile strength test results for
each concrete mix were based on the average of four replicate specimen test results. Flexural
strength, modulus of elasticity, Poisson’s ratio, dynamic modulus, and coefficient of thermal
expansion test results for each mix were based on the average values of three replicate
specimens. The main variables analyzed in mix matrix 1 were fifteen different coarse aggregate
sources and three cementitious material compositions. The main variable analyzed in mix matrix
2 with comparisons to matrix 1 was Portland cement source. The main variable analyzed in
matrix 3 with comparisons to matrix 1 was supplementary cementitious material source,
including two slag cement sources and three fly ash sources. The main variable analyzed in mix
matrix 4 was fine aggregate source. Mix matrix 2 and mix matrix 4 were also used to
supplement the analysis on the effects of the five supplementary cementitious material sources.

Findings and Conclusions

The type of coarse aggregate had the greatest effect on all concrete properties. Coarse
aggregate type affected concrete modulus of elasticity with much larger magnitude compared to
other concrete properties. Modulus of rupture and splitting tensile strength were also affected by
changes in concrete components. The effect of cementitious material composition on concrete
tensile strength caused observable differences that could impact pavement design.

Using the MEPDG program a thickness analysis was conducted to evaluate the effects of
changing concrete component materials from test results in task 3. Pavement thickness was
found to vary with coarse aggregate source and the use of supplementary materials, especially
slag, which improved pavement performance by decreasing the critical thickness required. For
most cases, using different sources of Portland cement, slag cement, and fine aggregate did not
have a large effect on the pavement thickness. The pavement’s critical thickness varied with the
source of fly ash. However, this effect was not as large as that associated with cementitious
material type or coarse aggregate type.

The effects of modifying default level 2 and level 3 strength input options of the MEPDG were
evaluated in the context of critical thickness. The empirical relations within the default level 2
option were shown to be conservative for typical Wisconsin pavement projects by % to 1 in. of
pavement thickness compared to direct input of the full battery of material properties via input
level 1. However, the critical thicknesses obtained from the level 2 strength input option were
approximately the same as the ones obtained from level 3 strength input option, meaning the
level 3 equation to convert the strength properties to different ages did not introduce new



inaccuracies. Two alternative options were proposed to replace the default level 2 empirical
relationships to be more useful for concrete made with Wisconsin materials. One option was the
least-squares fit line of all the strength test results from Wisconsin materials. A second option
was to split the concrete mixes into two groups, one which covers all granite coarse aggregates
and the other one which covers dolomite, basalt, and gabbro aggregates. These attempts to
provide simple alternatives to the existing level 2 default equations were only partially
successful. The default level 2 equations remained comparable or slightly conservative to the
proposed alternatives based on Wisconsin material test results.

Vi
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1. Problem Statement

The achievement of higher quality in the construction of roads and highways has motivated the
Wisconsin Department of Transportation (WisDOT) to explore implementation of the new
AASHTO Mechanistic-Empirical Pavement Design Guide (MEPDG). This guide is a computer
program used for the design of new and rehabilitation of pavement structures that provides
engineers with a set of mechanistic and empirical models to predict pavement performance. In
particular, major factors that influence the behavior and durability of the pavement including site
conditions, climate, traffic, and material characteristics, are integrated within the considerations
of a set of mechanistic and empirical models to obtain a prediction of the pavement’s
performance and durability. The empirical relations contained within MEPDG provide
alternatives to obtain the values of concrete modulus of elasticity and modulus of rupture,
required for calculating the pavement’s response and distress. Specifically, the parameters
required by the MEPDG for the prediction of new or reconstruction design of Jointed Plain
Concrete Pavement (JPCP), Continuously Reinforced Concrete Pavement (CRCP) and Portland
Cement Concrete (PCC) overlay include modulus of elasticity, flexural strength, indirect tensile
strength, coefficient of thermal expansion, Poisson’s ratio, unit weight, and compressive
strength. The accuracy of the predicted pavement performances by MEPDG is believed to be
significantly improved when more accurate results of these parameters are obtained and the
sources of the variance are understood. With this research, the empirical relations for concrete
mechanical characteristics (modulus of rupture and modulus of elasticity) were calibrated
specifically for Wisconsin concrete pavement projects. In addition, the effects of changing
different concrete component materials on individual concrete mechanical and thermal properties
that serve as important inputs for the MEPDG were evaluated.

2. Objectives and Scope of Study

It is imperative to collect sufficient data on concrete properties to ensure accurate test results and
to understand the sources of variability, facilitating the implementation of MEPDG for higher
quality design of Wisconsin pavements. Many factors influence concrete properties, which in
turn influence the performances of concrete pavements, including the concrete component
materials, mix design, water to cement ratio, air content, workability, and others. This study is
limited to the concrete properties critical to pavement design. The effects of different sources of
coarse aggregate, fine aggregate, cement, and supplementary cementitious materials on concrete
properties were investigated in this research to determine their influences on key concrete
mechanical properties. The research plan also involves investigating concrete properties to
establish more accurate empirical relations to serve as alternatives for the default ones within the
MEPDG software for concrete mixed with Wisconsin materials.

The research plan can be summarized by four main tasks:

Task 1: Evaluate current literature regarding the MEPDG design process and the effects
of the concrete constituents on design properties and relationships. Comparisons
of this study’s results will be made to previous WHRP reports similar to this
study, as well as current empirical equations used in the MEPDG.



Task 2: Characterize the materials used in the study. Aggregate characterization testing
includes gradation, absorption, and microfines? analysis. Supplementary
cementitious material classification testing included chemical composition,
Blaine fineness, and SEM and XRD analysis.

Task 3: Collect data from each mixing matrix designed to reflect the effects
of different concrete materials on the relationships of different mechanical
properties. Testing included compressive strength, modulus of elasticity,
Poisson’s ratio, flexural strength, indirect tensile strength, coefficient of thermal
expansion, and dynamic modulus.

Task 4: Evaluate the accuracy of the default empirical relationships in the MEPDG for
Wisconsin materials and assess the applicability of local or project specific
empirical relationships for JPCP design in Wisconsin using MEPDG. Factors
assessed are coarse aggregate source, fine aggregate source, cement source, and
the type and source of supplementary cementitious materials.

In order to complete Task 3 and Task 4 at lower costs, variables were further designated as
primary and secondary. The primary variable was hypothesized to be the type of coarse
aggregate. A total of 15 sources of coarse aggregates were mixed with one source of fine
aggregate using each of the three different cement mixes — ordinary Portland cement (OPC) only,
OPC with slag cement, and OPC with fly ash, composing of 45 different mixes. Secondary
variables were hypothesized to be cement source, slag type, fly ash source, and fine aggregate
source. Five of the selected coarse aggregates were mixed with one different source of cement,
one different source of slag, two different sources of fly ash, and one different source of sand
composing of 65 additional mixes.

3. Background and Literature Review

3.1. Factors Effecting Properties of Concrete

Concrete is an inherently variable material and even if most of the variables in the material, such
as the constituents, proportions, air content, mixing, temperature, and others, are held constants,
there can still be a high variation in strength outcomes depending on the precision of the test
procedure, size of the specimens, and curing precautions (Popovics, 1998). The concrete
constituents themselves vary significantly throughout the state of Wisconsin. The mineralogy of
the aggregate may be vastly different based on the source, or region, from which it was attained.

The factor considered to be the most important in controlling concrete strength is the bond of the
cement paste to the coarse aggregate. Both aggregate and cement paste can be strong
individually, the discontinuous interface between them forms a weakness in the composite nature
of the material (Swamy, 1980; Hsu, 1963). Failure occurs when higher stresses at the interface

2 Microfines will be defined as the material finer than 75 um (passing No. 200 sieve).



cause cracks which propagate inside the material (Swamy, 1971). The bond can be affected by
microfines adhered to the surfaces and the mineralogy of the aggregate. Mineralogy and
microfines differ by aggregate source and will affect the bonding through localized chemical
changes or interrupted attachment. Although most microfines are removed through washing
procedures, certain microfines like clays are extremely difficult to remove, prohibiting the paste
from properly attaching to the aggregate surface. The corresponding weakened area can
particularly affect flexural and tensile strengths (Mufioz et al., 2010). In addition, the size,
gradation, angularity, and many other characteristics of coarse aggregates could control the
strength of such bond, and furthermore the strength of the concrete.

Determining empirical relationships for different concrete mechanical properties can be difficult
as the relationships tend to vary with the coarse aggregates being used. In a study performed by
Ezeldin and Aitcin, the effect of four coarse aggregate sources on the behavior of concrete was
found to be inconclusive based on the ratio of flexural to compressive strength. However, it was
discovered that in high strength concrete made from limestone aggregate there were higher
compressive strengths and different failure planes from the high strength concrete composed of
gravel or granite aggregate (Ezeldin and Aitcin, 1991). Another study by Salami, Spring and
Zhao testing three aggregate sources showed that aggregate type had a significant influence on
the relationships between splitting tensile strength and compressive strength of normal strength
concrete. Furthermore, both the moduli of rupture and splitting tensile strength of concrete
mixed with all types of aggregate were found not to relate well with compressive strength when
taken to the 0.5 power, as suggested by current MEPDG and ACI equations (Oluokun, 1991;
Salami et. al., 1993). Most literature supports that the two main classifications of aggregate are
natural gravels and crushed stones (Choubane, Wu & Tia, 1996; Ozturan & Cecen, 1997;
Popovics, 1998; Hall and James, 2008). Therefore, the mineralogy of the coarse aggregate is
often ignored.

Although aggregate type may be considered one of the most significant variables of the concrete
constituents, other variables need to be addressed. Particularly, the use of supplementary
materials can affect the final concrete product. Slag cement affects tensile strength of concrete
yielding to a higher concrete modulus of rupture (ACI Committee 233, 2003). However, slag
cement concrete was found to have little or no effect on the concrete modulus of elasticity (ACI
Committee 233, 2003). Fly ash concrete has been found to increase the later-age strength of
concrete as compared to OPC concrete (ACI Committee 232, 2003). However, the difference in
modulus of elasticity between fly ash concrete and OPC concrete is not significant, especially
when compared to the differences it causes in compressive strength (ACI Committee 232, 2003).
The characteristics of the aggregate and cement have a much more significant effect on the
modulus of elasticity than fly ash (ACI Committee 232, 2003).

Based on a study performed by the University of Wisconsin-Madison it was found that the use of
slag cement at a normal replacement level of 30% concrete performed similarly to that using
ordinary Portland cement (OPC), differing only slightly in early and late strengths (Labarca et.
al., 2007). However, when comparing properties of concrete mixed with grades 100 and 120
slag cement, the grade 120 slag cement concrete performed significantly better (Labarca et. al.,
2007). In the same study, noticeable differences in the strengths were found due to slight
differences in the chemistry and fineness of Portland cements from different sources (Labarca et.



al., 2007). Difference in compressive strength based on cement brand was found to be up to 10%
(Labarca et. al., 2007). Comparisons between this study and WHRP 07-01, as well as two other
WHRP reports, are shown in section 5.5 of this report.

Concrete coefficient of thermal expansion (CTE) is a property related to the dimensional change
of concrete subject to heating and cooling cycles. Coarse aggregate mineralogy has been shown
to have a significant effect on concrete CTE; specifically, concrete made with natural gravels
were reported to have higher concrete CTE values than the concrete made with dolomitic
limestone (Buch, 2008; Chung, 2009; Hall and James, 2008; Jahangirnejad, 2009; Mallela, et. al.
2005; Sakyi-Bekoe, 2008; Tran et. al., 2008; Wang et. al., 2008; Won, 2005; Yang, 2003).
Concrete CTE was also found to be affected by the cement content, water-to-cement ratio, and
relative humidity (Hall and James, 2008; Mallela et. al., 2005). In addition, slag and fly ash were
reported to have no significant effect on concrete CTE (Tran et. al., 2008).

A comprehensive literature review was conducted on the studies published up to 2011. A
bibliography of the information mentioned above as well as other pertinent research can be found
in Appendix |. The main concepts of the literature review are mentioned above; however more
information is summarized in Appendix II.

3.2. MEPDG Design Process

The MEPDG represents a major change in the way a pavement design is performed. The
designer first considers site conditions (traffic, climate, and subgrade for new pavement design,
and additionally existing pavement condition for rehabilitation) and construction conditions in
proposing a trial design for a new pavement or rehabilitation. The trial design is then evaluated
for adequacy through the prediction of key distresses and smoothness. If the design does not
meet desired performance criteria, it is revised and the evaluation process repeated as necessary
(Figure 3.1, MEPDG Analysis Procedure Diagram). This approach makes it possible to optimize
the design and to more fully insure that specific distress types will not develop.

MEPDG uses a calibrated mechanistic design procedure that allows the integration of material
characterization, climate conditions, and traffic loading to be accounted for in the pavement
design. For rigid pavements, a two-dimensional finite element program is used to calculate stress
distribution inside the pavement for each run of a trial design using MEPDG. The Guide
integrates the design methodologies for various types of pavements, providing an equitable basis
of computed performance across different pavements. A hierarchical approach for determining
the design inputs is utilized in the MEPDG. One of the three distinct levels of input is selected
depending on the importance of the project and the availability of data. Level 1 is based on
detailed site-specific measurements, level 2 on regional values or regression equations, and level
3 on default values or engineering estimations. The full spectra of axle loads applied to a
pavement structure are used in MEPDG to characterize traffic load instead of the equivalent
single axle load (ESAL) approach.
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Figure 3.1: MEPDG analysis procedure diagram (Guide for Mechanistic-Empirical Design
of New and Rehabilitated Pavement Structures).

3.2.1. Design Inputs

Four categories of design inputs are discussed in this section, which are general inputs, traffic
inputs, climate inputs, and material characterization.

General Inputs

General inputs include site-specific information and analysis reliability. This section provides a
general description of the pavement project, including the design life of the pavement project,
pavement construction time, traffic opening time, pavement design type, pavement project
location, project identification, and traffic direction. Analysis reliability sets up the threshold for
the allowable distress and the corresponding confidence level.

Traffic Inputs
Two types of traffic data are usually collected for pavement design: weigh-in-motion (WIM)

which provides information about the number and configuration of axles observed within a series
of load groups, and automatic vehicle classification (AVC) which counts the number and types



of vehicles over a period of time. Traffic data allows three hierarchical levels of inputs. Level 1
requires detailed knowledge of the past and future traffic characteristics based on collection and
analysis of historical site-specific traffic volume and load data. Level 2 requires modest
knowledge of traffic characteristics dependent on collection of sufficient truck volume
information to predict truck volumes accurately. Level 3 allows predictions based on AADT
only when traffic characteristics are unknown (Huang, 2004).

Climate Inputs

Climatic information from the selected weather station database and the water table depth at the
construction site are the required inputs for the climate section. The climate factors that affect
pavement design include temperature and moisture. Temperature gradients cause PCC slabs to
curl, and moisture gradients cause PCC slabs to warp. These climate factors affect the contact
conditions between the PCC slab and the base layer. Furthermore, the properties of unbound
materials are significantly affected by freeze / thaw cycles. The 2002 MEPDG incorporates the
Enhanced Integrated Climate Model (EICM), which was improved by the 2002 Guide research
team from FHWA’s previous Integrated Climate Model. EICM is a powerful tool to adjust
material properties and create temperature profiles based on user provided information, which
includes the specific weather station and the water table depth (Huang, 2004).

Material Characterization

Material characterization includes material properties required for computing pavement
responses such as elastic modulus and Poisson’s ratio. Additional material inputs substituted
into the distress/transfer functions include the modulus of rupture and tensile strength.
Additional material inputs are required for the climate model, such as plasticity index, gradation
parameters including porosity, effective grain sizes, and thermal properties such as absorptivity,
heat capacity, coefficient of thermal expansion. Variables grouped by function categories are
shown in Table 3.1. Detailed description of the three input levels and coinciding empirical
equations for concrete strength inputs are shown in Table 3.2

Table 3.1: Material inputs considered by function categories.

Function critical response distress / transfer functions | climatic modeling
category computations
PCC Materials | Modulus of Elasticity (E) | Modulus of Rupture (MR) | surface shortwave
Poisson’s Ratio (v) Compressive Strength (fc’) | absorptivity,
Unit Weight (p) cement type thermal
Coefficient of Thermal cement content conductivity,
Expansion (o) water to cement (w/c) ratio | heat capacity
ultimate shrinkage
reversible shrinkage




Table 3.2: Description of three levels of strength inputs.

Input

Level Description

* Modulus of elasticity (E¢) and modulus of rupture (MR) determined directly by
laboratory testing at various ages of 7, 14, 28 and 90 days.

1 » Estimate the 20-year to 28-day (long term) elastic modulus or modulus of rupture
ratio.

» Develop elastic modulus and modulus of rupture gain curve using the test data and
long-term modulus ratio to predict E or MR at any time over the design life.

* Modulus of elasticity (E;) and modulus of rupture (MR) determined indirectly from
compressive strength (f°;) testing at various ages of 7, 14, 28, 90 days.

» Estimate the 20 year to 28 day compressive strength ratio.

» Convert f’¢ to E. using the equation,

E =33 p¥% (f()" Equation 3.1
2 where p is the unit weight of the concrete in 1b/ft3 and f°; is the compressive strength
in psi.
» Convert f’¢ to E. using the equation,
MR =95 (f)" Equation 3.2

where f’; is the compressive strength in psi.
» Develop elastic modulus and modulus of rupture gain curve using the test data and
long-term modulus ratio to predict E or MR at any time over the design life.

* Modulus of elasticity (E.) determined indirectly from 28 day estimate of flexural
strength (MR) or f’..

» If 28-day MR is known from testing, then at time t (in years), the MR is determined
by the equation,

3 MR = {1 + log10(t/0.0767) — 0.01566*[l0g10(t/0.0767)]°}*28-day MR Equation 3.3

» Estimate the E. (t) by first determining f’¢(t) from MR(t) back calculating with
Equation 3.2 and then converting f’(t) to E¢(t) using Equation 3.1.

If 28 day f’. is estimated, first convert it to an MR value using Equation 3.2 and then

project MR (t) with Equation 3.3 to get f’; (t) and from that calculate E. (t) over time

using Equation 3.2.

3.2.2. Typical Layered Systems of Jointed Plain Concrete Pavement (JPCP)

The most commonly used rigid pavement in Wisconsin is the dowelled, jointed plain concrete
pavement with a 12-ft lane width. Perpendicular transverse joints are typically spaced at 15-ft.
Concrete pavement thicknesses ranges from 6-in to 13-in (Guide for Mechanistic-Empirical
Design of New and Rehabilitated Pavement Structures.). Dowell bars range in diameter from 1-
in to 1.5-in and are spaced transversely to connect adjacent transverse joints. Tie bars are used to
connect the lanes between adjacent longitudinal joints or to connect the lane and the adjacent
shoulder when necessary. A typical horizontal view of the JPCP composition is shown in

Figure 3.2. Beneath the top layer of the PCC slab, the base layer is either a bound layer, such as
a cement stabilized layer, or an unbound layer, such as a coarse aggregate. Under the base layer,
there is either a sub-base layer or the sub-grade. If there is no rock under the sub-grade, MEPDG
will treat the sub-grade as a semi-infinite layer. A detailed graph showing the vertical layouts of
the JPCP system is shown in Figure 3.3.
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4. Materials and Methods

4.1. General

Task 2 involved characterization of materials for the project. The characterization testing of all
seven cementitious materials, two Portland cement sources, two slag cement types, and three fly
ash sources, are summarized in Table 4.1. In addition, fifteen coarse aggregate sources and two



fine aggregate sources were analyzed using testing procedures also summarized in Table 4.1.
Task 3 includes mixing, preparing, and testing concrete specimens using the standard testing
procedures shown in Table 4.2. All specimens were moist cured until the specified test age,
unless specifically noted otherwise. The water to cementitious ratio (w/cm) employed was 0.40,
unless modified to achieve the target slump of 2 in. + 1 in. and fresh air content of 6.0% + 1.0%>.

Table 4.1: Summary of tests conducted in Task 2.

Material | Test

Cements

Lafarge-Alpena Chemical Composition ASTM C114, Fineness ASTM C204,
St Mary’s-Charlevoix Particle Size Distribution, and SEM/X-ray Imaging

Slag Cement

Lafarge-South Chicago | Chemical Composition ASTM C114, Particle Size Distribution,
Holcim-Skyway and SEM/X-ray Imaging

Fly Ash

Columbia-Portage Chemical Composition ASTM C114, Particle Size Distribution,
Weston-Schofield and SEM/X-ray Imaging

Edgewater-Sheboygan

Coarse Aggregate (# of categories)

Glacial Gravels (6) AASHTO T85, AASHTO T27, AASHTO T11, X-ray analysis of
microfines, Particle size distribution of microfines, leaching of
Crushed Stones (9) ions, and Reactivity test under concrete pore solutions (only for

Dolomite aggregates)

Fines Aggregates

Igneous/metamorphic | AASHTO T84, AASHTO T27, AASHTO T11, X-ray analysis of

microfines, Particle size distribution of microfines, leaching of
Mostly carbonates ions, and Reactivity test under concrete pore solutions (only for
southern source)

® Mixes were thrown out based on a 6.0% * 1.0% dial reading, not accounting for the aggregate correction factors as
prescribed in AAHTO T152.



Table 4.2: Summary of tests conducted in Task 3.

) Concrete
Test Number of Tests Applicable Standard Age (days)
Slump One per batch AASHTO T119 0 (fresh)
Plastic Air Content One per batch AASHTO T121 0 (fresh)
Unit Weight One per batch AASHTO T152 0 (fresh)
. . AASHTO T2311,
Compressive Strength | Four per mix at four ages AASHTO T22 7,14, 28, 90
Modulus of Elasticity . AASHTO T2311,
and Poisson’s Ratio Three per mix at four ages ASTM C496 7,14, 28, 90
Sp“g;&%ﬁ?me Four per mix at four ages AASHTO T198 7,14, 28, 90
Flexural Strength Three per mix at four ages AASHTO T97 7,14, 28, 90
Dynamic Modulus Three per mix at four ages ASTM C215 7,14, 28, 90
Coefficient of Thermal | 1 oo her mix at four ages | AASHTO T336 28
Expansion
4.2. Materials

4.2.1. Cementitious Materials

All cementitious materials were used as provided by the manufacturer and are listed in Table 4.3.
In order to characterize the cement material, standard chemical composition testing was
conducted by LaFarge according to ASTM C114, as well as fineness testing according ASTM
C204 for the two Portland cements. The particle size distribution was done at the Turner-
Fairbank Highway Research Laboratory. The scanning electron microscope (SEM) analysis was

conducted on the cementitious materials to identify general composition and physical features.

X-ray diffraction (XRD) patterns of the cementitious materials were utilized to identify the
prevalent crystalline structures found in the various sources.

Table 4.3: Sources of cementitious

material.
Type Material ID
Type | Portland Cement | Cement 1
Type | Portland Cement | Cement 2
100 Grade Slag Cement Slag 1
120 Grade Slag Cement Slag 2
Class C Fly Ash Fly Ash 1
Class C Fly Ash Fly Ash 2
Class C Fly Ash Fly Ash 3

The following procedure was used to prepare the SEM specimens. A standard aluminum peg was
covered with conducting carbon tape. The particles were sprinkled on the tape to allow analysis
of individual particles. Each specimen was then coated with a thin layer of gold for 70 seconds at
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20mV using a Denton VVacuum Desk 11 sputter coater/etch unit. Each of the samples was
examined using a LEO 1530 Scanning Electron Microscope (SEM) in the back scattering
electron (BSE) mode using an acceleration voltage of 15 kV.

XRD analysis was conducted by the use of powder samples adhered to a glass slide by the use of
silicon vacuum grease. The first step in this experiment consisted of obtaining standard powder
diffraction files (PDF) of the possible types of minerals that are typically found within the
sample. Every mineral will show several characteristic peaks at unique angles representing their
individual crystalline structure. Using the PDF data, a comparison can be made between the
tested microfines and known peaks. The major peaks observed are used to identify the likely and
dominate minerals present in the sample. In this study, if three or more significant peaks are
found and correlated to a known mineral, then the target mineral was deemed present within the
sample. At least five peaks are identified in each sample to be confident that the major
components are detected. To collect the powder diffraction pattern of the microfines in the
study, a STOE X-ray Diffractometer was used and data was collected for 260 values between 5
and 80 degrees at a speed of 0.48 degrees/min.

4.2.2. Coarse and Fine Aggregates

Aggregates were selected based on their predominance of use in concrete pavements in the state
of the Wisconsin. The fifteen WisDOT No. 1 coarse aggregate sources were divided into two
major types, glacial gravels (GG) and crushed stone (CS), and are listed in Table 4.4. Two
sources of natural fine aggregate were selected to complement the coarse aggregate types. One
source was from Eau Claire, WI, which is primarily igneous/metamorphic material, and one from
Janesville, WI, in which the carbonate content is higher. The fine aggregate sources are listed in
Table 4.5.

Table 4.4: Sources of WisDOT No.1 coarse aggregate.

Aggregate ID Aggregate Type County
GG1 Chippewa River Gravel Eau Claire
GG2 South End of Green Bay Lobe Rock
GG3 Central Green Bay Lobe Portage
GG4 Wisconsin Valley (& Langlade Lobe) Lincoln
GG5 Lake Michigan Lobe Racine
GG6 Lake Michigan/Green Bay Transition | Manitowoc
CS1 Niagara Dolomite Milwaukee
CS2 Granite Wood
CS3 Galena Dolomite Grant
CS4 Prairie Du Chien Dolomite Waupaca
CS5 Prairie Du Chien Dolomite Crawford
CS6 Baraboo Quarzite Columbia
CS7 Basalt Polk
CS8 Galena/Platteville Outagamie
CS9 Diabase Marathon
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Table 4.5: Natural fine aggregate sources from WI.

Aggregate 1D Aggregate Type County
Sand A Igneous/metamorphic | Eau Claire
Sand B Mostly carbonates Rock

Aggregate characteristics were used to facilitate conclusions on why concrete mixes performed
differently. For this study, gradation, absorption, and materials finer than the No. 200 sieve tests
were performed on each source of coarse and fine aggregate according to AASHTO T27,
AASHTO T85/84, and AASHTO T11, respectively. Aggregate absorption values were used to
adjust the amount of water needed to achieve a w/cm ratio of 0.40 in the mix design. In order to
correctly adjust the amount of water needed, aggregates were oven-dried for a minimum of 12
hours and allowed to cool to the ambient temperature before use.

4.2.3. Aggregate ldentification and Microfine Analysis

In this study, the location of each source of aggregate was known in advance so the aggregate
type could be predicted. Aggregate compositions were verified by conducting a simple visual
identification. However, these aggregates also contained microfines, identified as material
associated with the aggregates and measuring less than 75um in size. This material could have a
slightly different composition than the aggregate itself. This material is important to monitor as
it has a high surface area and therefore higher reactivity in the mix than the aggregate itself.

4.2.3.1. Aggregate Identification

Initial identification was reached by comparing a bedrock geological map of Wisconsin seen in
Figure 4.1 with the source locations seen in Figure 4.2. The pit and quarry locations were
matched with the map and the materials were identified. Several randomly collected samples
were taken from each of the coarse aggregate sources to be used for rock identification. After
washing, the rock mineral composition was determined by visual inspection with the aid of a
geologist. The amount of each rock within the sample was also determined visually using very
general terms (all, most, some, or trace). All visual inspections were conducted using standard
field geology rock identification methods, including the use of a hand lens. Using Perkins
(2001) describing different rock and mineral types, some conclusions were drawn as to the
different rock types that appeared in each aggregate source.
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4.2.3.2. Microfine Analysis

The microfines of each aggregate source were tested in four methods, X-ray Diffraction (XRD),
particle size distribution (PSD), reactivity, and leaching. XRD was conducted in the same way
and for the same reason as the cementitious materials. The analyzed materials were compared
with known mineral structures to identify the prevalent materials. Similar to the cementitious
material characterization, the PSD analysis was conducted at the Turner-Fairbank Highway
Research Laboratory. The reactivity test was conducted on dolomitic sources. These sources
were selected because the dolomite contained within them has the potential to react with the
basic environment of concrete. The calcium within the dolomite (CaMg(COs3),) can react with
the alkalies found in the concrete pore solution form and release brucite, calcium carbonate, and
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alkali carbonate. (Swenson and Gillot, 1967) The reactivity test utilized microfines collected
from dry sieving through a #200 sieve (75 um). These collected microfines were subjected to a
saturated Ca(OH), 0.4M Na(OH) solution. 100 mL of the saturated solution was combined with
2.5 grams of microfines and shaken for 7 days at 74°F. At 7 days, the mixture was filtered
through a 1.6 pm glass microfiber filter and the remaining microfine material was dried at 80C.
This dry material was ground and then XRD was used to characterize the remaining material.
These data were compared to that of the original unaltered microfines to determine if phases had
changed after being subjected to the aggressive environment. Leaching is also important in order
to identify what will be present in the pore solution of the concrete. Leaching tests were
conducted by mixing 2.5 grams of the dry-sieved microfines with 50 mL of ultrapure water and
shaking the solution at 25°F for 14 days. At 14 days, the mixture was separated first by
centrifugation and then filtration through 0.45um pore filters. The leachate was collected and
acidified for measuring in an inductively coupled plasma (ICP) instrument. Levels of calcium
(Ca), magnesium (Mg), sodium (Na), and potassium (K) were measured to determine what the
microfines could potentially add to the concrete pore solution.

4.3. Mix Design and Specimen Preparation

All mix proportions were based on Wisconsin Department of Transportation (WisDOT) Grade
A, Grade A-S, and Grade A-F mix designs and are listed in the Wisconsin Standard
Specifications for Highway and Structure Construction (WisDOT, 2010). The replacement
levels of cement for both slag cement and fly ash were set to 30% of the total cement weight.
All concrete mixes were prepared initially based on a w/cm ratio of 0.40, a required slump of 2
in. £ 1 in., and a plastic-concrete air content of 6.0% % 1.0%. Mix proportions are shown in
Table 4.6. An air entraining agent from one manufacturer and one shipment was used for all
mixing. In order to satisfy the required slump range, the amount of water in some mixes was
reduced accordingly®, and as needed a water reducing agent from one manufacturer and one
shipment was utilized. The concrete mixing was conducted by a minimum of two researchers
using a 6-ft> drum mixer in accordance with the procedure specified in AASHTO R39. Plastic
concrete air content was measured according to AASHTO T152, aggregate correction factors
were applied after all mixes were completed. The aggregate air correction factors for all coarse
and fine aggregate combinations are listed in Table 4.7. For coarse aggregate typically used for
pavement projects in Wisconsin, the aggregate correction factor for air content is usually below
one percent. Tests conducted on coarse aggregates, GG5, CS3, and CS5, each with Sand A
resulted in unusually high aggregate correction factors of 1.2%, 1.4%, and 1.6%, respectively.
CS3 with Sand B also resulted in an unusually high aggregate correction factor of 1.3%. When
the required air content® or slump was not satisfied, the mix was discarded and redone until
requirements were achieved.

* The decreased water cement ratio due to using fly ash may be the reason why those mixes performed better.

® Mixes were initially accepted based on a 6.0% + 1.0% dial reading, not accounting for the aggregate correction
factors as prescribed in AAHTO T152. All aggregate correction factors were applied to the dial readings after all
mixes were already completed causing some mixes to be out the target air content range.
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Table 4.6: Mix proportions (Ib/yd®).

Material Proportion
Grade A Grade A-S Grade A-F

Coarse Aggregate 1872 1860 1848
Fine Aggregate 1248 1240 1232
Portland Cement 565 395 395

Slag Cement 0 170 0
Fly Ash 0 0 170

Net Water

wiem = 040 226 226 226

Table 4.7: Aggregate correction
factors (%0).

Coarse Fine Aggregate
Aggregate Sand A | Sand B
GG1 0.5 0.4
GG2 0.8 0.7
GG3 0.8 N/A
GG4 0.5 N/A
GG5 1.2 N/A
GG6 0.6 N/A
CS1 0.6 0.5
CS2 0.4 0.2
CS3 1.4 1.3
CS4 0.7 N/A
CS5 1.6 N/A
CS6 0.4 N/A
CS7 0.5 N/A
CS8 0.7 N/A
CS9 0.5 N/A

All mixes were performed following the same mixing and curing procedure. Two batches were
produced for each mix. The first batch denoted as batch A, yielded specimens for flexure
strength and dynamic modulus testing, as well as cylinders for coefficient of thermal expansion
testing. The second batch denoted as batch B, yielded specimens for compression strength,
modulus of elasticity, Poisson’s ratio, and splitting tensile strength testing. In addition to batches
A and B, a third batch, denoted batch C, was made for comparisons and to help ensure test
accuracy was satisfactory. The third batch, batch C, was only made when unusually high test
variability was observed in certain tests results from some mixes. All specimens were
consolidated using the rodding and tapping methods described in AASHTO R39. Immediately
after finishing each specimen, cylinder molds were capped and beams were placed under wire
mesh and damp burlap covered by plastic for a minimum of 24 hours before demolding. Once
demolded, each specimen was stored in a 100% humidity room until prescribed test date.
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The organization of the mix matrices are shown in Tables 4.8, 4.9, 4.10, and 4.11. The numbers
in the table refer to the specific mix number given for each mix to be evaluated. The main
variables analyzed using mix matrix 1 were coarse aggregate source and cementitious material
composition. The main variable analyzed using mix matrix 2 was Type | Portland cement
source. The main variable analyzed using mix matrix 3 was supplementary cementitious material
sources. The main variable analyzed using mix matrix 4 was fine aggregate source. Mix matrix
2 and mix matrix 4 were also used to supplement the analysis on supplementary cementitious
material sources.

Table 4.8: Mix matrix 1 — comparing coarse aggregate and
cementitious material composition.

Mix Proportion A A-S A-F
Cement 1 1 1
SCM N/A Slagl | Fly Ash1
Fine Aggregate | Sand A | Sand A | Sand A

GGl 1 16 31
GG2 2 17 32
GG3 3 18 33
GG4 4 19 34
GG5 5 20 35
GG6 6 21 36
Coarse CS1 7 22 37
Aggregate CS2 8 23 38
CS3 9 24 39
CS4 10 25 40
CSb5 11 26 41
CS6 12 27 42
CS7 13 28 43
CS8 14 29 44
CS9 15 30 45

Table 4.9: Mix matrix 2 — comparing Portland cement source and
supplementary cementitious material source.

Mix Proportion A-S A-F
Cement 2 2 2 2 2
SCM Slagl | Slag2 | Fly Ash1 | Fly Ash 2 | Fly Ash 3
Fine Aggregate | Sand A | Sand A | Sand A Sand A Sand A
GG1 46 51 56 61 66
Coarse GG2 47 52 57 62 67
Aggregate CS1 48 53 58 63 68
CS2 49 54 59 64 69
CS3 50 55 60 65 70
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Table 4.10: Mix Matrix 3 — comparing supplementary
cementitious material source.

Mix Proportion | A-S A-F
Cement 1 1 1
SCM Slag2 | Fly Ash 2 | Fly Ash 3
Fine Aggregate | Sand A | Sand A Sand A
GG1 51 61 66
Coarse GG2 52 62 67
Aggregate CS1 53 63 68
CS2 54 64 69
CS3 55 65 70

Table 4.11: Mix matrix 4 — comparing fine aggregate source and supplementary
cementitious material source.

Mix Proportion A-S A-F
Cement 1 1 1 1 1
SCM Slagl | Slag2 | Fly Ash 1 | Fly Ash 2 | Fly Ash 3
Fine Aggregate | Sand B | Sand B | Sand B Sand B Sand B
GG1 86 91 96 101 106
Coarse GG2 87 92 97 102 107
Aggregate CS1 88 93 98 103 108
CS2 89 94 99 104 109
CS3 90 95 100 105 110

4.4. Mechanical Testing Methods

Hardened concrete tests were conducted according to the corresponding standards listed in Table
4.2, shown in the beginning of section 4. The typical number of test replicates conducted for
each test is three, however to ensure accurate test results four test replicates were used for
compressive strength and splitting tensile strength testing. In addition, using four test replicates
for compressive strength provided a baseline ultimate strength value for each of the Modulus of
Elasticity and Poisson’s Ratio test runs, which helped protect instrumentation.

4.4.1. Compression Testing

Compression tests were conducted in accordance with AASHTO T22. Wet cured cylinders
measured 4-in in diameter and 8-in in height were tested at 7, 14, 28, and 90 days. Prior to
testing, each specimen was capped with a sulfur-based compound meeting the requirements of
AASHTO T2311. Instead of testing until failure, three of the four specimens were first loaded to
approximately 50% of the ultimate strength for two consecutive load cycles to determine
Modulus of Elasticity and Poisson’s Ratio. Then these specimens were loaded until failure.
More details of this test method are discussed in section 4.3.3. Compression tests were
consistent with AASHTO T22 and ASTM E4 at a load rate of 26400 Ib/min.
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4.4.2. Flexural Testing

Flexural tests were conducted at the same ages as previous and in accordance with AASHTO
T97. A set of three beams measuring 3 in. in width, 4 in. in depth, and 16 in. in length were used
for testing. The method of bending chosen for this test was a simple beam with third-point
loading creating a uniform bending moment in the middle 1/3 of the span. All beams were wet
cured before soaking in a fully saturated lime solution required by the standard. This testing was
performed at a load rate of 600 Ib/sec as required by AASHTO T97.

4.4.3. Modulus of Elasticity and Poisson’s Ratio Testing

Modulus of Elasticity and Poisson’s Ratio tests were conducted at the same ages as the
compression tests closely following ASTM C469. A total of three 4-in by 8-in cylinders were
tested for each mix. Each cylinder was capped with sulfur compound according to the
requirements of AASHTO T2311 prior to testing. For safety and protection of instrumentation,
one cylinder representing each mix design and age was first tested in compression following
AASHTO T22. This strength provided a baseline to estimate the required ultimate load for each
of the Modulus of Elasticity and Poisson’s Ratio test runs. According to ASTM C469 the two
points of interest used for calculations are stress and strain corresponding to 40% of the ultimate
load and stress and strain corresponding to a longitudinal strain of 50-millionths. Each cylinder
was loaded in two cycles reaching the load corresponding to 50% of the ultimate strength.
Longitudinal and transverse strains, and the corresponding load values for modulus of elasticity
tests, were recorded using digital indicator gages connected to a data acquisition system. After
the two loading cycles, each specimen was also tested for compressive strength according to
AASHTO T22. The compressive strength of each cylinder was used to calculate the stress and
strain at 25% and 40% of the ultimate strength. Interpolation of the recorded values was used to
calculate the aforementioned points of interest for Modulus of Elasticity and Poisson’s Ratio.
All testing was conducted on the same hydraulic SATEC testing machine at the same load rate as
the compression tests.

4.4.4. Splitting Tension Testing

Splitting tension tests were conducted at the same ages as the compression tests in accordance
with AASHTO T198. A set of four 4 in. by 8 in. cylinders were tested. Specimens were wet
cured until testing. Balsa wood cut to the dimensions 8 %2 in. by % in. by ¥4 in. were placed on
the top and bottom of the specimens acting as bearing surfaces. Tension testing was conducted
by applying a load of 7500 Ib/min in consistent with the load rate in psi/sec required by
AASHTO T198.

4.4.5. Dynamic Modulus Testing
Dynamic modulus tests were conducted at the same ages as previous tests in accordance with
ASTM C215. The specimens used for the dynamic modulus testing were the beams eventually

used for flexural tests. In order to have precise results, each dimension was measured three times
and averaged for calculations. In addition each beam was weighed to the nearest tenth of a gram.
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The transverse frequency was measured using a forced resonance apparatus. The beams were
wet cured and soaked overnight in a fully saturated lime solution prior to testing.

4.4.6. Coefficient of Thermal Expansion Testing

The coefficients of thermal expansion (CTE) of concrete specimens were determined using the
procedure outlined in AASHTO T336. Tests were conducted using AFCT2 Coefficient of
Thermal Expansion (CTE) of Hydraulic Cement Concrete Measurement System developed by
the Pine Instrument Company. The Pine instrument AFCT2 program was designed in
accordance with AASHTO T336 and was installed on the laboratory’s computer to work with the
testing machine for all concrete CTE tests.

The general view of the CTE testing system is shown in Figure 4.3. The entire testing machine
is controlled by the AFCT2 program. With the AFCT2 program and the associated equipment,
the following processes are automated:

e function of the heating / cooling circulator—which provides the temperature
control and fluid circulation required by the system,

e generation of output files from LVDT signals,

e temperature reading from four temperature probes, and

e connection between the computer and the signal transducers (temperature,
displacement, circulator control) via the interface electronics.

The AFCT2 program automatically controls a stable increase and decrease of water temperature
between 10°C and 50°C during the test. During the test, the linear variable differential
transformer (LVDT) tracks the deformation of the specimen being tested. It is mounted at the
top of the fixture. The AFCT2 program contains a built-in calibration between the displacement
and the LVDT voltage which changes proportionally with LVDT’s armature’s movement. The
program then graphical displays temperature versus length change information while generating
text-based files for data analysis. It automatically repeats the test until two consecutive CTE
measurements are within 0.3 pe/°C as required in AASHTO T336.
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Water Tank

Heating / Cooling Circulator

Figure 4.3: General View of the AFCT2 CTE tg System

5. Test Results and Comparison to Previous WHRP Reports

5.1. Material Characteristics
5.1.1. Cementitious Materials

Chemical analyses were conducted in an industry laboratory with one representative sample of
each source of cementitious material used in this study. The chemical constituents are reported
as a function of their oxides in Table 5.1. The Blaine fineness results for two Portland cement
sources are provided in Table 5.2. Particle size distribution results are presented in Appendix Il1.
The PSD results showed Fly Ash 1 to have the finest particle distribution and Cement 1 to have
the least fine distribution. The other materials fell in between those extremes, with Slag 1 and
Slag 2 appearing to be slightly finer than Fly Ash 2 and Fly Ash 3. The scanning electron
microscope (SEM) imaging analysis showed expected results of particle shape and size and
chemical composition. A summary of the imaging and chemical analysis is shown in Tables 5.3,
5.4, and 5.5. X-ray diffraction (XRD) patterns of the cementitious materials are shown in
Appendix IV and are similar to expected patterns for respective materials.
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Table 5.1: Chemical composition of cementitious material samples.

Constituent Cenl1ent Cergent Fly 1Ash Fly 2Ash Fly B:Ash Slag 1 | Slag 2
SiO; (%) 20.28 19.69 36.30 40.14 34.72 | 35.90 | 37.78
Al,O3 (%) 4.61 5.00 19.66 18.43 20.07 10.08 | 7.79
TiO, (%) 0.234 0.268 1.576 1.394 1595 | 0.499 | 0.457
P,0Os5 (%) 0.119 0.071 1.092 1.072 1.160 | 0.011 | 0.008
Fe,O3 (%) 2.68 2.74 5.75 5.97 5.89 0.51 0.77
CaO (%) 63.52 61.82 24.94 22.05 25,58 | 39.80 | 40.02
MgO (%) 2.37 3.78 4.85 5.01 4,78 10.75 | 10.47
Na,O (%) 0.266 0.254 1.635 1.565 1.749 | 0.335 | 0.325
K,0 (%) 0.434 1.246 0.549 0.656 0.473 | 0.369 | 0.338
Mn,03 (%) 0.127 0.093 0.037 0.027 0.044 | 0.386 | 0.634
SrO (%) 0.063 0.038 0.362 0.296 0.381 | 0.038 | 0.041
SO;3 (%) 2.492 4.057 1.549 1.834 1.798 | 2.601 | 2.798
Loss on ignition (%) 2.68 0.85 0.39 0.85 0.58 -1.18 | -1.13
Total (%) 99.87 99.90 98.69 99.29 98.83 | 100.11 | 100.30
Alkali Equivalent -
NaO (%) 0.55 1.07 2.00 2.00 2.06 0.58 0.55

Table 5.3: SEM/EDS results for Portland cement samples.

Table 5.2: Blaine fineness of Portland
cement samples.

Cement 1

Cement 2

| Blaine (m“/kg)

377

388

SEM/EDS results for Cement

Pieces of almost entirely Ca and Si with slightly higher levels of Ca than Si.

Cement 2

Cement 1

10 prm
Mag= 100KX |

EHT = 16,00 kv
WD = 9.0mm

10 pm
Mag= 100KX |

EHT = 16.00 kv
WD = 9.0 mm
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Table 5.4: SEM/EDS results for slag cement samples.
SEM/EDS results for Slag
Pieces of mostly Ca, Si, Al, and Mg with equal levels of Ca and Si
Slag 2 Slag 1
higher Mg and Al levels than Holcim

10 am EHT = 15.00 kv
Mag= 1L00KX |} .

Table 5.5: SEM/EDS results for fly ash.
SEM/EDS results for Fly Ash
Spheres of mostly Si, Al, and Ca with low levels of Mg, Fe, and Na

Fly Ash 3 Fly Ash 1 Fly Ash 2
higher levels of Al than higher levels of Mg than
others others

10 EHT = 15.00 kv 1042
Mag= 100KX H’“ Mag= 100KX

WD = 80mm WO = 80 mm T et WD = 0.0 men

5.1.2. Coarse and Fine Aggregate

Coarse aggregate gradations are provided in Table 5.6. The gradation results are the average of a
minimum of three tests performed for each source. As shown in the gradation analysis some of
the aggregate samples failed specifications set by the Wisconsin Department of Transportation
for No. 1 stone (WisDOT 2005). The discrepancies were deemed minor and could have been the
result of onsite sampling. The coarse aggregate was not re-ordered from the suppliers. Fine
aggregate gradations are provided in Table 5.7. Both fine aggregates passed Wisconsin
Department of Transportation specifications (WisDOT 2005). Results from absorption and
materials finer than the No. 200 sieve for coarse and fine aggregates are provided in Tables 5.8
and 5.9, respectively. The percent uncompacted voids value is also provided for the fine
aggregate in Table 5.9.
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Table 5.6: Coarse aggregate gradation analysis (% passing) with yellow cells

indicating deviation from state standards.

S'e‘(’fn)s'ze 15 | 1 | 34 | 12 | 38 | 316 | #8
SleveSize | 595 | 2500 19.00 | 12.50 | 950 | 4.75 | 2.36
(mm)
GG1 100 | 100 | 98 63 | 34 | 4 2
GG2 100 | 100 | 99 81 | 57 | 2 1
GG3 100 | 100 | 98 66 | 40 | 1 1
GGA4 100 | 100 | 92 46 | 20 | 1 1
GG5 100 | 100 | 90 32 8 2 2
GG6 100 | 100 | 79 33 4 0 0
CS1 100 | 100 | 96 62 | 39 | 6 2
Aggregate CS2 100 | 95 | 79 45 | 29 | 6 4
Source
CS3 100 | 100 | 97 56 | 34 | 7 5
CS4 100 | 100 | 99 78 | 49 | 2 1
CS5 100 | 100 | 99 60 | 32 | 1 1
CS6 100 | 100 | 96 32 9 0 0
CS7 100 | 100 | 94 44 | 18 | 1 1
Cs8 100 | 100 | 89 38 | 19 | 1 1
CS9 100 | 100 | 100 | 81 | 44 | 2 1
WisDOT | Upper Limit | 100 | 100 | 100 - 55 | 10 | 5
Size No. 1 | Lower Limit 100 100 90 - 20 0 0
Table 5.7: Fine aggregate gradation analysis (% passing).
SIeVeSIze | giau | wa | 4 | #16 | #30 | #50 | #100 | Pan
(inor #)
StieveSize | g5 | 475 | 236 | 1.18 | 060 | 030 | 015 | 0
(mm)
Aggregate Sand A 100 96 81 65 45 12 3 0
Source Sand B 100 | 95 | 86 | 74 | 42 | 12 3 0
WisDOT | Upper Limit | 100 | 100 | - | 85 | - 30 | 10 | 0
Fine Agg | Lower Limit | 100 90 - 45 - 5 0 0




Table 5.8: Coarse aggregate absorption and materials finer than #200 sieve.

Aggregate Water Relative I_Dgnsity Appar_ent Density Percent Finer
Source Absorbed (spec_lflc Relat_lve [kg/m?] thar_1 #200
(%) gravity) Density Sieve
GGl 1.7 2.62 2.66 2613 0.84
GG2 2.2 2.60 2.66 2596 0.43
GG3 1.4 2.61 2.64 2599 0.37
GG4 1.0 2.69 2.72 2682 0.38
GG5 2.3 2.61 2.67 2600 1.39
GG6 0.8 2.76 2.78 2749 0.24
Cs1 1.8 2.64 2.69 2635 1.26
CS2 0.7 2.53 2.55 2527 0.52
CS3 3.6 2.51 2.60 2501 0.83
Cs4 1.9 2.66 2.71 2649 1.69
CS5 2.0 2.61 2.66 2602 1.00
CS6 0.6 2.62 2.64 2616 0.82
CS7 0.9 2.89 2.92 2882 0.33
CS8 1.2 2.74 2.77 2730 0.58
CS9 0.9 2.70 2.72 2694 0.77
Table 5.9: Fine aggregate absorption and materials finer than #200 sieve.
Aggregate Percent Finer Appa!re_nt Percent
Source Water Absorbed (%) thar_l #200 SpeC|_f|c Uncom_pacted

Sieve Density Voids

Sand A 1.2 2.67 2.7 22.96

Sand B 0.6 0.26 2.46 31.10

5.1.3. Aggregate Identification and Microfine Analysis

5.1.3.1. Aggregate Identification

The aggregates were identified using the geological map of Wisconsin and listed in Table 5.10.
They were identified further based on visual identification methods, listed in Table 5.11. The
sources initially classified as glacial gravels were the most difficult to identify because they are a
mix of glacial till, which render some rock types with unknown origins, leading to a higher
uncertainty for the visual identification.
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Table 5.10: Aggregate identified by using

the Wisconsin bedrock geology map.

Map | Aggregate
No. ID

General Location

Major Geological Data
(geological survey map-University of Wisconsin)

Glacial Gravels:

1 GG1

Chippewa River

Sandstone with some dolomite and shale (sliver of

Gravel granite, diorite, and gneiss)
St. Peter Formation—sandstone with some
9 GG2 South End of Green | limestone shale and conglomerate. Also could be
Bay Lobe mixed with sandstone or with Sinnipee Group:
dolomite with some limestone and shale.
Central Green Bay Basaltic to rhy_olitic metavolcanic r0(_:k Wi_th _
3 GG3 Lobe some metasedimentary rock; or granite, diorite, and
gneiss
Wisconsin Valley Basaltic_to rhyolitic metavolcanic ro_ck with some
4 GG4 metasedimentary rock. Could contain meta-gabbro
(& Langlade) Lobe .
and hornblende diorite.
5 GG5 Lake Michigan | b\ mite
Lobe
Lake
6 GG6 Michigan/Green Dolomite
Bay Transition
Crushed Stone:
7 Cs1 Milwaukee Dolomite
8 CS2 South of Marshfield | Granite, Diorite, and Gneiss
Sinnipee Group—dolomite with some limestone
and shale. (could be mixed with St. Peter
9 CS3 Grant . . .
Formation—sandstone with some limestone shale
and conglomerate)
Sandstone with some dolomite and shale(could be
10 CS4 Waupaca mixed with some "Wolf River rock—rapakivi
granite, granite, and syenite”
11 CS5 Crawford Prairie du Chien Group—dolomite with some
sandstone and shale
12 CS6 Baraboo Quartzite (could be mixed with sandstone)
13 CS7 Polk Basalt
14 CS8 Outagamie dolomite with some limestone and shale
15 CS9 North of Wausau Basaltic to rhyolitic metavolcanic rock with

some metasedimentary rock
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Table 5.11: Visual geology identification.

MN?O Agglr [e)gate Stated Rock Type® Rock Identification
Glacial Gravels:
1 GGl Chippewa River Gravel Mostly granite, some basalt/gabbro, some
dolomite, possibly green schist
9 GG2 Glacial Gravel - S end - Mostly dolomite/limestone, some (<10%)
Lake Michigan Lobe granite, quartz and plagioclase feldspar
3 GG3 Glacial Gravel — Central Some dolomite, some granite, some
Lake Michigan Lobe basalt/gabbro
Glacial Gravel — Wisconsin | Mostly granite, trace schist, gabbro,
4 GG4 .
Valley Lobe quartz and plagioclase feldspar
5 GG5 Glacu?ll Qravel — Lake All dolomite/limestone (CaCO3’s)
Michigan Lobe
5 GG6 Glacial Gravel — Lake About 80% dolomite/limestone, trace

Michigan/Green Bay Trans

granite, gabbro, and schist

Crushed Stone:

Mostly dolomite (about 90%), trace

7 Cs1 Niagra Dolomite gabbro and “red rock”
8 CS2 Granite Red granite from WI
9 CS3 Galena Dolomite All dolomite

Prairie Du Chien Dolomite — .
10 Cs4 NE WI All dolomite

Prairie Du Chien Dolomite — .
11 CS5 SW WI All dolomite
12 CS6 Baraboo Quartzite All Baraboo quartzite
13 CS7 Basalt Traprock All basalt
14 Cs8 Galena/Platteville Dolomite gﬂrgﬁﬂg dolomite, trace gabbro and
15 CS9 Diabase All gabbro

® Rock type originally given by the Wisconsin Department of Transportation.

27




5.1.3.2. Microfine Analysis

Microfines were identified through the use of XRD techniques. The analysis results are listed in
Table 5.12.

Table 5.12: Identification of major components of microfines by XRD

analysis.
Map # | Rock ID XRD - Major Minerals Found
Glacial Gravels:
1 GG1 Quartz
2 GG2 Dolomite, Quartz
3 GG3 | Dolomite, Quartz and Plagioclase
4 GG4 Quartz
5 GG5 | Dolomite, Quartz
6 GG6 | Dolomite with some Quartz
Crushed Stone:
7 CS1 Dolomite, quartz
8 CS2 Quartz and Orthoclase
9 CS3 Dolomite
10 CS4 Dolomite with some Quartz
11 CS5 Dolomite, Quartz
12 CS6 Quiartz, Clintonite, and Tremolite
13 CS7 Anorthite, Plagioclase, Feldspar, and Quartz
14 CS8 Dolomite
15 CS9 Quartz and Feldspar

From the XRD analysis, many of the aggregates possess dolomite and quartz. The microfines
could potentially be grouped into dolomite, quartz, a mix of dolomite and quartz, and other
which contain additional materials in addition to dolomite and/or silica. All XRD scans of the
microfines can be found in Appendix V.

Aggregates containing dolomite were tested for reactivity to discern what transformation occurs
in an environment mimicking that of concrete. XRD scans were taken of treated microfines and
compared to unaltered microfines from the same source. From this comparison it could be
determined which minerals were digested in the aqueous media. Scans comparing the original to
reacted microfines are presented in Appendix VI. The summary of the decomposed minerals can
be seen in Table 5.13. Note that none of the microfines completely deteriorated under the test
conditions, but a reduced intensity was seen in the sample at the characteristic 2 theta angle.
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Table 5.13: XRD reactivity results
from dolomite aggregate sources.
Source | Transformed Mineral(s)
CS1 quartz

CS3 quartz

CS4 dolomite and quartz
CS5 dolomite and quartz
CS8 dolomite

GG5 quartz

GG6 dolomite and quartz
sand A | dolomite and quartz

The leaching test determined what ions would likely be leached into the concrete matrix from the
microfines. The leaching of calcium (Ca), potassium (K), magnesium (Mg), and sodium (Na)
were measured from all the microfine sources. The quantity of ions were measured and
compared to other microfines to determine which rock types most often leached which ions. The
concentrations of the ions are reported in Table 5.14. It was found that those microfines
incorporating dolomite expectedly leached Ca and Mg whereas the non-dolomitic sources tended
to leach the higher concentrations of potassium.

Table 5.14: ICP leaching results from
microfines of all coarse aggregate sources.

Concentration of Leached lons [mg/L]

ID Ca K Mg Na
GG1 47.55 4.70 0.95 24.48
GG2 | 81.95 8.16 0.47 4.67
GG3 | 59.21 2.61 0.40 2.37
GG4 | 28.04 3.30 2.05 2.76
GG5 | 17.57 2.70 9.18 1.15
GG6 | 19.99 2.26 10.57 2.23
CS1 29.61 2.19 0.15 9.19
CS2 64.10 9.38 0.00 9.89
CS3 15.63 2.07 2.25 3.04
CS4 17.15 1.74 7.88 2.37
CS5 17.84 1.97 11.80 4.53
CS6 16.75 2.79 3.64 3.36
CS7 9.37 3.05 4.20 22.01
CS8 24.38 1.70 2.28 1.61
CS9 4411 5.30 0.00 1.95

Particle size distribution results of the microfines of coarse and fine aggregates are presented in
Appendix I11. For the microfines of the coarse aggregates classified as glacial gravels, the PSD
results indicated that GG3 and GG4 have the finest distributions and that GG2 has the least fine
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distribution. GG1, GG5, and GG6 were in between those distributions. For the microfines of
coarse aggregates classified as crushed stones, the PSD results indicated that CS7 and CS8 have
the finest distributions and that CS1, CS2, CS3, and CS9 have the least fine distributions. CS4,
CS5, and CS6 were in between those distributions. For the microfines of the fine aggregate
sources, the PSD results indicated that Sand A had a finer distribution than Sand B.

5.2. Plastic Concrete Test Results

Batches were prepared following the mix design described earlier and actual batch quantities are
shown in Appendix VII. Slump, unit weight, and fresh air content were measured and recorded
just after the concrete was poured from the mechanical concrete mixer. The results of these tests
based on the mix matrices 1 through 4 are provided in Appendix VIII. A summary of the fresh
concrete properties for each mix matrix is presented in Table 5.15.

All mixes achieved the target slump range of 2 in. £ 1 in. Slump values for concrete mixed for

mix matrix 1 ranged from 1 to 3 in. For mix matrix 2 the range of slump was 1 ¥4 to 3 in., mix

matrix 3 ranged in slump from 1 % to 3 in., and for mix matrix 4 ranged in slump from 1 %4 to 3
in. The w/cm ratio of concrete mixed for matrix 1 ranged from 0.36 to 0.40. For mix matrix 2

and 3 the w/cm ratio ranged from 0.37 to 0.40 and for mix matrix 4 the w/cm ratio ranged from
0.33 to 0.40.

Fresh air content for concrete mixed for matrix 1 ranged from 3.4% to 6.5%. For mix matrix 2
the range of fresh air content is 3.7% to 6.4%. For mix matrix 3 the range of fresh air content is
3.6% to 6.6%. For mix matrix 4 the range of fresh air content is 3.7% to 6.8%. Therefore, some
of our mixes were lower than the target air content range of 6.0% + 1.0%. However, as
discussed below it was determined the lower air contents and larger range of air content values
did not affect the final conclusions.

Six additional mixes were evaluated based on mix matrix 1 using coarse aggregate CS3. CS3
was chosen as the coarse aggregate because of its unusually high aggregate air correction factor
causing the most cases of unusually low net air content. For each mix proportion in matrix 1,
one mix was prepared with a low target air content of 2% and the other was prepared with a high
target air content of 7%. A relationship between air content and each mechanical property was
found in this project by combining the two extra mixes with the original results from matrix 1.
Comparison results from the extra mixes showing the effects of varied air contents are shown in
Appendix IX. Results provided in Appendix XIII also reveal that adjusting the test results based
on the varied air content does not alter conclusions drawn from the test results based on the
unadjusted for air content.
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Table 5.15: Summary of fresh concrete properties for each mix matrix.

. . . Unit Weight Fresh Air
Mix Matrix (number: w/cm Ratio Slump Range Range Content
main variable) Range (in) (Ib/ft%) Range
(%)
1: Comparing Coarse
Aggregate and Cementitious | 4 36 4 1-3 142.1-152.2 | 3.4-65

Material Composition
(Table 4.8)

2: Comparing Portland
Cement Source and

Supplementary 0.37-0.40 1%-3 141.2 - 149.0 3.7-64

Cementitious Material
Source (Table 4.9)

3: Comparing
Supplementary
Cementitious Material
Source (Table 4.10)

0.37-0.40 1%-3 141.5 - 148.3 3.6-6.6

4: Comparing Fine
Aggregate Source and
Supplementary 0.33-0.40 1Y%-3 142.4 - 149.8 3.7-6.8
Cementitious Material

Source (Table 4.11)

5.3. Mechanical Test Results

The hardened concrete test results demonstrated that each property may be affected in some way
by changing the concrete components. lllustrating the extent of the effect each concrete
component has on different concrete strength properties may help categorize their level of
importance for design programs, such as the MEPDG. Therefore, comparisons of the percent
change in each property due to individually changing specific concrete components were
analyzed rather than direct comparisons of their results. All individual hardened concrete test
results for compressive strength, modulus of rupture, modulus of elasticity, Poisson’s Ratio,
splitting tensile strength, and dynamic modulus are provided in Concrete Testing Data Appendix
X. In addition, a statistical analysis based on ANOVA was computed for all results and is
provided in Appendix XI. The concrete component materials evaluated are coarse aggregate
source, fine aggregate source, ordinary Portland cement (OPC) source, type of supplementary
cementitious material, and source of supplementary cementitious material.

Note that these component material changes were not the only source of variation potentially
driving the average percent differences in each of the hardened concrete properties. Specifically,
component variability, proportions, air content, mixing, temperature, precision of the test
procedure, and other factors may also result in observed variation in the test results between two
test specimens. This variability was controlled as to satisfy precision requirements set by
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ASTM. Each average percent change was assumed to be a representation of the apparent
differences in each of the different hardened concrete properties caused by each of the
component factors. These apparent changes were compared with precision requirements set by
ASTM for each test procedure as an estimate of how much each apparent change could be
attributed to test variability.

The percent changes in each concrete property due to different coarse aggregate sources were
obtained by comparing the concrete property associated with one coarse aggregate to the average
property using all other aggregates and finding the largest absolute difference between them.
Apparent average percent differences when changing other concrete components were obtained
by calculating the average from all instances where direct comparisons could be made based on
the mix matrices. A full example of this analysis approach is presented in Appendix XII.

5.3.1. Compression Tests

The compressive strength results revealed that coarse aggregate type had the largest effect of all
the concrete components considered. Concrete made with coarse aggregates classified as
igneous gravels were about 10 to 14% weaker than concrete made with coarse aggregates
classified as crushed limestone for 90 day compression results of matrix 1 mix designs. This was
expected based on information found in literature regarding enhanced strength for concrete made
with coarse aggregate possessing a rougher surface texture creating a better bond at the interface
between the cement paste and coarse aggregate (Popovics, 1998). However, the average percent
difference in compressive strength of concrete with different coarse aggregate types ranged from
23 to 36% for mix matrix 1 at all ages. Average percent differences in compressive strength of
concrete associated with all concrete components individually changed in this study are provided
in Figure 5.1. The coefficient of variance (COV) precision requirements of the compression test
procedure set by ASTM is indicated with a dotted red line in Figure 5.1. This provides limiting
high value of the test result variation that could be inherent in the results.

Changing other concrete components also impacted the compressive strength of concrete but to a
lesser degree than coarse aggregate. The average percent difference in compressive strength of
concrete with different fine aggregate types ranged from 9 to 11% for all ages. Average percent
differences in compressive strength of concrete with different cementitious material sources were
fairly similar for OPC, slag cement, and fly ash, with results that ranged from 6 to 10%, 4 to 9%,
and 6 to 7%, respectively for all ages. Average percent differences in compressive strength of
concrete with different cementitious material compositions were slightly larger. .

All of the apparent effects of different variable components of concrete on compressive strength,
are less if inherent test variability is removed from the results. The maximum test variability is
shown with a dotted line in Figure 5.1 signifying the COV set by ASTM for compression tests of
concrete (AASHTO T22). Therefore, a significant portion of some of the minor effects could be
attributed to simple test variability.
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Figure 5.1: Average percent difference in compressive strength based on changing
different concrete constituents (COV = coefficient of variance set by ASTM).

5.3.2. Flexural Tests

Similar to compressive strength, the largest effect on modulus of rupture was the coarse
aggregate type. The effect of slag cement when compared to concrete made with only OPC was
nearly the same as the effect of the coarse aggregate type. The use of slag cement in concrete
has been found in other studies to yield higher modulus of rupture values (ACI Committee 233,
2003). The average percent difference in modulus of rupture of concrete with different coarse
aggregate types ranged from 12 to 25% for mix matrix 1 at all ages compared to an average
percent difference in modulus of rupture of concrete that ranged from 10 to 17% when the
composition of cementitious material was changed from only OPC to OPC with slag cement.
Average percent differences in modulus of rupture of concrete associated with all concrete
components individually changed in this study are provided in Figure 5.2. The coefficient of
variance (COV) precision requirements of the modulus of rupture test procedure set by ASTM is
indicated with a dotted red line in Figure 5.2. This provides an estimate of a high value of the
test result variation that could be inherent in the results.

Changing other concrete components had a lessor effect on the modulus of rupture of concrete.
The average percent difference with different fine aggregate types ranged from 8 to 9% for all
ages. Average percent differences in modulus of rupture of concrete with different cementitious
material sources were fairly similar for OPC, slag cement, and fly ash, with results that ranged
from 5 to 10% over the different combinations and ages. Average percent differences in
modulus of rupture of concrete with different cementitious material compositions were slightly
larger. Specifically, when comparing only OPC to OPC with fly ash results ranged from 4 to
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13% and when comparing OPC with slag cement to OPC with fly ash results ranged from 9 to
12% for all ages.

The net effect of different components of concrete on modulus of rupture should likely be
reduced by the amount of the inherent test variability. Specifically, the maximum test variability
is shown in Figure 5.2 signifying the COV set by ASTM for modulus of rupture tests of concrete
(AASHTO T97). Some of the minor effects could be completely attributed to simple test
variability.
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Figure 5.2: Average percent difference in modulus of rupture based on changing
different concrete constituents (COV = coefficient of variance set by ASTM).

5.3.3. Modulus of Elasticity and Poisson’s Ratio Tests
Modulus of Elasticity

Similar to compressive strength results, the modulus of elasticity results revealed that coarse
aggregate type had the largest effect of all the concrete components changed in this study. The
variance in modulus of elasticity of concrete with different coarse aggregate types was found to
be related to their general mineralogy, density, and specific gravity in previous studies (Yazdani
et. al, 2005; Hall and James, 2008). The average 90 day concrete modulus of elasticity grouped
based on the visual geological identification of the coarse aggregates following basalt, quartzite,
granite, diabase, and dolomite from high to low. The average percent difference was 18 to 43%
for mix matrix 1 at all ages. Average percent differences in modulus of elasticity of concrete are
provided in Figure 5.3. The coefficient of variance (COV) precision requirements of the
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modulus of elasticity test procedure set by ASTM is indicated with a dotted red line in Figure
5.3. This provides an estimate of a high value of the test result variation that could be inherent in
the results.

Modulus of elasticity was influenced by other concrete components to a minor degree. After
coarse aggregate, fine aggregate type resulted in an average percent difference that ranged from
8 to 9% for all ages. The magnitude of that effect was about one quarter of the magnitude of the
effect of different coarse aggregate types. Average percent differences in modulus of elasticity
of concrete with different cementitious material sources were even lower for OPC, slag cement,
and fly ash, with results that ranged from 3 to 7%. Average percent differences in modulus of
elasticity of concrete with different cementitious material compositions were similar. These
results were expected because according to AClI Committee 232 and 233 the influence of slag
cement and fly ash on the modulus of elasticity of concrete was found to be small and not as
significant as the effect of coarse aggregate types.

All of the apparent effects of different variable components of concrete on modulus of elasticity,
except coarse aggregate type, are less substantial than shown when considering the amount of the
potential effect from test variability. Specifically, the expected test variability was shown with a
dotted line at 4.25% in Figure 5.3 signifying the COV set by ASTM for modulus of elasticity
tests of concrete (ASTM C469). Therefore, some of the minor effects could be completely
attributed to simple test variability.
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Figure 5.3: Average percent difference in modulus of elasticity based on different
concrete constituents (COV = coefficient of variance set by ASTM).
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Poisson’s Ratio

The observations for the Poisson’s ratio of concrete were similar to those for the modulus of
elasticity of concrete and showed that coarse aggregate type had the largest effect of all the
concrete components. The variance in Poisson’s ratio of concrete with different coarse aggregate
types was found to be related to their general mineralogy (Persson, 1999; Hall and James, 2008).
The average 90 day Poisson’s ratio of concrete grouped based on the visual geological
identification followed the order from high to low of diabase, dolomite, basalt, quartzite, and
granite. The average percent difference in Poisson’s ratio of concrete with different coarse
aggregate types ranged from 18 to 36% for mix matrix 1 at all ages. Average percent differences
in Poisson’s ratio of concrete are provided in Figure 5.4. The coefficient of variance (COV)
precision requirements of the Poisson’s ratio test procedure set by ASTM is indicated with a
dotted red line in Figure 5.4. This provides an estimate of a high value of the inherent test result
variation.

Similar to the modulus of elasticity of concrete, changing other concrete components had a small
effect on the Poisson’s ratio of concrete when compared to changing the coarse aggregate type.
The average percent difference in Poisson’s ratio of concrete with different fine aggregate types
ranged from 5 to 8% for all ages, which was about one quarter to one third the magnitude of the
effect from different coarse aggregate types. Average percent differences in Poisson’s ratio of
concrete with different cementitious material sources were equally low for OPC, slag cement,
and fly ash, with results that ranged from 5 to 10%, 6 to 8%, and 6 to 9%, respectively for all
ages. Average percent differences in Poisson’s ratio of concrete with different cementitious
material compositions were similar. Specifically, when comparing only OPC to OPC with fly
ash results ranged from 6 to 10 percent and when comparing only OPC to using OPC with slag
cement results also ranged from 6 to 10% for all ages. In addition, the average percent
difference in Poisson’s ratio of concrete with the cementitious material composition changed
from OPC with slag cement to OPC with fly ash ranged from 4 to 7% for all ages.

The net effect of these influences should be reduced by the inherent test variability. The
maximum test variability is shown with a dotted line at 4.25% in Figure 5.4 signifying the COV
set by ASTM for Poisson’s ratio tests of concrete (ASTM C469). Therefore, a large portion of
the minor effects could be attributed to simple test variability.
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Figure 5.4: Average percent difference in Poisson’s ratio based on changing
different concrete constituents (COV = coefficient of variance set by ASTM).

5.3.4. Splitting Tension Tests

The results for splitting tensile strength revealed that coarse aggregate type again had the largest
effect of all the concrete components examined in this study. Also similar to the modulus of
rupture results, the effect of using slag cement was the next highest component factor for
splitting tensile strength. The average percent differences in splitting tensile strength of concrete
with different coarse aggregate types ranged from 23 to 34% for mix matrix 1 at all ages
compared to an average percent difference in splitting tensile strength that ranged 9 to 13% when
changing the cementitious material composition from only OPC to OPC with slag cement. The
average percentage differences in splitting tensile strength of concrete associated with all
concrete components individually changed in this study are provided in Figure 5.5. The
coefficient of variance (COV) precision requirements of the splitting tension test procedure set
by ASTM was also indicated with a dotted red line in Figure 5.5. This provides an estimate of a
high value of the test result variation that could be inherent in the results.

Also similar to the modulus of rupture results, changing other concrete components had an effect
on the splitting tensile strength of concrete, but the magnitudes of the effects are not as large as
the effects of different coarse aggregate types or using slag cement. The average percent
difference in splitting tensile strength of concrete with different fine aggregate types ranged from
5 to 11% for all ages, which is about one quarter to one third of the magnitude of the effect of
changing coarse aggregate types. Average percent differences in splitting tensile strength of
concrete with different cementitious material sources were equally low for OPC, slag cement,
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and fly ash, with results that ranged from 7 to 8%, 3 to 9%, and 6 to 8%, respectively for all ages.
Average percent differences in splitting tensile strength of concrete with different cementitious
material compositions were similar. Specifically, when comparing only OPC to OPC with fly
ash results ranged from 8 to 10% and when comparing OPC with slag cement to OPC with fly
ash results ranged 5 to 9% for all ages.

All of the apparent effects of different variable components of concrete on splitting tensile
strength, except coarse aggregate type and cementitious material composition, are less
substantial than shown when considering the amount of the potential effect from test variability.
Specifically, the expected test variability was shown with a dotted line at 5% in Figure 5.5
signifying the COV set by ASTM for splitting tension tests of concrete (AASHTO T198).
Therefore, some of the minor effects could be completely attributed to test variability.

As suggested by AASHTO T198, all percent fracture values were recorded for each of the test
specimens after failure. The percent fracture was the estimated proportion of coarse aggregate
fractured during the test. Percent fracture values were plotted versus their corresponding
splitting tensile strengths for mixes 1 through 15 of mix matrix one described earlier in section
4.3. As expected, the percent fracture increased with concrete age. Also as expected, the coarse
aggregates classified as glacial gravels (identified as GG1 through GG6) had lower percent
fracture values than those classified as crushed stone (identified as CS7 through CS15). The
glacial gravels were more rounded in nature compared the crushed stone which were more
angular in nature leading to more surface area. An increased surface area and higher surface
roughness helped bonding at the paste-aggregate interface.
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Figure 5.5: Average percent difference in splitting tensile strength based on changing
different concrete constituents (COV = coefficient of variance set by ASTM).
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5.3.5. Dynamic Modulus Tests

Dynamic modulus of concrete specimens was measured for a subset of the total specimen set.
Five of the fifteen coarse aggregate types were included in the subset that was evaluated.

The results for the dynamic modulus of concrete were similar to those for the static modulus of
elasticity of concrete and showed that the coarse aggregate type has the largest effect of all the
concrete components changed in this study. The variance of the dynamic modulus of concrete
associated with changing different concrete components was expected to be similar to the static
modulus of elasticity of concrete because static and dynamic moduli were found to be linearly
related (Popovics, 1998). The average percent differences in dynamic modulus of concrete with
different coarse aggregate types ranged from 11 to 25% for the mixes and ages that were
measured. Average percentage differences in dynamic modulus of concrete associated with all
concrete components individually changed in this study are provided in Figure 5.6. The
coefficient of variance (COV) precision requirements of the dynamic modulus test procedure set
by ASTM is indicated with a dotted red line in Figure 5.6. This provides an estimate of a high
value of the test result variation that could be inherent in the results.

Changing other concrete components also had an effect on the dynamic modulus of concrete
similar to their effect on the static modulus of elasticity of concrete. The average percent
difference in dynamic modulus of concrete with different fine aggregate types ranged from 4 to
5%, which is about one quarter to one third of the magnitude of the effect of different coarse
aggregate types. Average percent differences in dynamic modulus of concrete with different
cementitous material sources were equally low for OPC, slag cement, and fly ash, with results
that ranged from 3 to 5%. Average percent differences in dynamic modulus of concrete with
different cementitious material compositions were also low.

The maximum inherent test variability is shown with a dotted line at 1.0% in Figure 5.6
signifying the COV set by ASTM for splitting tension tests of concrete (ASTM C215). The
gross COV of dynamic modulus tests is low so when inherent test variability is removed from
these values the net effect of the individual parameters is small and likely insignificant for some
of the parameters shown in Fig. 5.6.
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Figure 5.6: Average percent difference in dynamic modulus based on changing
different concrete constituents (COV = coefficient of variance set by ASTM).

5.3.6. Coefficient of Thermal Expansion Tests

The coefficient of thermal expansion (CTE) results revealed that coarse aggregate type had the
most influence on the CTE values. Previous studies found that the variance in CTE between
different coarse aggregate was related to their general geology (Sakyi-Bekoe, 2008; Tran et. al.,
2008; Wang, 2008; Won, 2005). The sequence of the average concrete CTE based on the visual
geological identification from high to low was quartzite, dolomite, diabase, granite, and basalt.
The average percent difference in CTE of concrete with different coarse aggregate types ranged
from was 15 to 17% for mix matrix 1. Average percentage differences in CTE are provided in
Figure 5.7. No precision has been set for the CTE test procedure by ASTM.

Of all the results in this study, CTE was the least affected by changes in concrete constituents.
Changing cementitious material composition from OPC to slag cement had an average percent
difference of 3%. Average percent differences from different cementitious material sources
ranged from 1 to 2%. Average percent differences from different cementitious material
compositions were similar. These results were in agreement with those of Tran et al. (2008).
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Figure 5.7: Average percent difference in coefficient of thermal expansion at 28 days
based on changing different concrete constituents.

5.3.7. Effects of Concrete Materials on Pavement Thicknesses

MEPDG algorithms rely on the relationships between component material properties and bulk
concrete mechanical/thermal properties. The effects of the component material properties’
changes on pavement performances are reflected by the changes of concrete mechanical/thermal
properties.

Based on observations of JPCP trial design prediction results, transverse cracking tended to be
the governing design criterion. Concrete mechanical/thermal properties were selected that were
inputs of JPCP design and identified as the variables that prompted the largest changes in
MEPDG. These selected properties were separated from the rest inputs for establishing the
relationships between component material properties and bulk concrete properties. These
selected properties included: modulus of elasticity (E), flexural strength (MR), coefficient of
thermal expansion (o)), compressive strength (£.), and unit weight (p). The relationships were
observed directly from laboratory test results. Hence when one of the concrete component
properties was changed, the selected concrete mechanical/thermal properties were updated based
on experimental observations. The advantage of this approach is that designers can immediately
assess how the use of different concrete compositions affects predicted pavement performances.
For the selected JPCP trial design, three failure criteria, transverse cracking, transverse faulting,
and international roughness index (IR1), were selected whereby each must be satisfied for an
acceptable design. Reliability was specified at 95% for each of the criteria. Therefore, the
critical pavement thickness was selected when each of the predicted pavement performances
(transverse cracking, transverse faulting, and IRI) had a reliability value higher than that required
and the minimum predicted pavement performance reliability was just above the required
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reliability value. Due to the unusual properties of certain concrete mixes, the reliability for IRI
and faulting could not be satisfied at any pavement thickness. For such cases, the critical
thickness was selected when only the cracking reliability was satisfied.

Results from Table 5.16 were used to evaluate the effects on predicted pavement performances
due to different coarse aggregate sources (reflected by the comparison among rows in the
required critical thicknesses) and due to using different supplementary materials (reflected by the
comparison among columns). Concrete mixes listed in the same column had fixed cementitious
material composition. Concrete mixes listed in the same row had the same mix design except for
different cementitious materials. Observed from Table 5.16, pavement thickness varied with
coarse aggregate source (especially for the case of CS8—»basalt and GG4--granite). As shown in
Table 5.16, changes in coarse aggregate can influence the MEPDG prediction of pavement
thickness by nearly 1 in. and depending on the aggregate source, changes in cement composition
can also influence predicted thickness by 1 in.

Table 5.16: Effect from different coarse aggregate type and use of supplementary
cementitious materials.

Cement 1 only Slag 1 Fly Ash 1

Coarse Aggregate Source | Mix# | Thickness, in | Mix# | Thickness, in | Mix# | Thickness, in
GG1 (dolomite dominant) 1 9.3 16 8.2 31 8.4
GG3 (granite dominant) 3 8.5 18 8.6 33 8.5
GG6 (dolomite dominant) 6 9.1 21 8.3 36 8.2
CS1 (dolomite dominant) 7 8.9 22 7.8 37 8.6
CS4 (dolomite dominant) | 10 8.5 25 7.7 40 8.2
CS6 (quartzite dominant) | 12 9.5 27 8.6 42 8.6
CS7 (basalt dominant) 13 8.7 28 8.0 43 8.3
Avg 8.9 Avg 8.2 Avg 8.4

Results from Table 5.17 were used to evaluate the effects on predicted pavement thicknesses due
to different cement sources and different coarse aggregate sources. Based on the observations of
the critical thickness comparisons within Table 5.17, typical predicted impacts on pavement
thickness were %2 in or less, but several aggregate-cement combinations prompted changes in
predicted pavement thickness of 1 in.

Results from Table 5.18 were used to evaluate the effects of different slag cement sources on the
required pavement thicknesses. Based on the results shown in Table 5.18, the differences in
required pavement thicknesses prompted by the use of different types of slag cement were
insignificant.

Results from Table 5.19 were used to evaluate the effect due to the use of different sources of fly
ash on critical pavement thicknesses. Concrete mixes listed in each row had the same mix
design except for different sources of fly ash. Concrete mixes listed in the same column
represented coarse aggregate sources combined with the same fly ash cement combination.
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Observed from the results in Table 5.19, the pavement’s critical thickness corresponding to each
of the source of fly ash showed some variation but again most differences in thickness were less
than % in.

Table 5.17: Effect due to different sources

of Portland cement.

Cement 1 Cement 2
Mix# | Thickness, in | Mix# | Thickness, in
16 8.3 46 7.9
22 7.8 48 8.1
32 9.1 57 8.9
37 8.6 58 75
71 8.4 51 8.1
72 8.6 52 7.6
77 8.4 62 8.1
81 9.3 66 8.5
73 7.8 53 7.6
78 8.1 63 8.3
83 8.0 68 8.0
Avg 8.4 Avg 8.1

Table 5.18: Effect due to different sources
of slag cement.

Slag 1, Grade 120 Slag 2, Grade 100
Mix# | Thickness, in | Mix# | Thickness, in

16 8.3 71 8.4

22 7.8 73 7.8

24 8.1 75 8.1

46 7.9 51 8.1

47 7.4 52 7.6

48 8.1 53 7.6

50 7.7 55 7.8
Avg 7.9 Avg 7.9

Table 5.19: Effect due to different sources of fly ash.

Fly Ash 1 Fly Ash 2 Fly Ash 3
Mix# | Thickness, in | Mix# | Thickness, in | Mix# | Thickness, in
31 8.4 76 9.1 81 9.3
32 9.1 77 8.4 82 8.4
37 8.6 78 8.1 83 8.0
56 8.5 61 8.7 66 8.5
58 7.5 63 8.3 68 8.0
Avg 8.4 Avg 8.4 Avg 8.2

Results from Table 5.20 were used to evaluate the effect on required pavement thickness due to
using different sources of fine aggregate. Concrete mixes listed in the same row have the same
mix design except for the different fine aggregate source. Concrete mixes listed in the same
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column are different mixes using the same source of fine aggregate. Required pavement
thickness varies with different fine aggregate sources for most cases, but a majority of the values
differed by less than 1/2 in.

Table 5.20: Effect due to different sources
of fine aggregate.

Sand A, Southern WI | Sand B, Western WI
Mix# | Thickness, in | Mix# | Thickness, in

31 8.4 96 9.4

32 9.1 97 9.9

37 8.6 98 8.6

76 9.1 101 9.1

77 8.4 102 8.6

78 8.1 103 8.5

81 9.3 106 9.2

82 8.4 107 9.6

83 8.0 108 8.4

72 8.6 92 8.4

73 7.8 93 8.8
Avg 8.5 Avg 9.0

5.4. Effects of Level 2 Empirical Relationships on Pavement Thickness

The use of different hierarchical levels of input was expected to affect the MEPDG predicted
pavement performance as reflected by the critical pavement thickness. The principle of the level
2 input option is to convert the level 2 inputs (7-day, 14-day, 28-day, and 90-day compressive
strength inputs) into the corresponding level 1 parameters (7-day, 14-day, 28-day, and 90-day
modulus of elasticity (E) and flexural strength (MR)). These values are then used for pavement
response analysis, using Equations 3.1 and 3.2 mentioned earlier in section 3 of the report and
repeated here:

MR = 9.5 (f))"? Equation 3.1
where f’; is the compressive strength in psi

E =33 p*? (f )12 Equation 3.2
where p = unit weight of the concrete in Ib/ft*
and f’; is the compressive strength in psi

The principle of the level 3 option is that the default relations are used to convert level 3 input
(28-day compressive strength or 28-day flexural strength) into the corresponding level 2
parameters (7-day, 14-day, 28-day, and 90-day compressive strength inputs), using Equation 3.3
mentioned earlier in section 3 of the report, then the predicted level 2 parameters are used to
predict the level 1 inputs utilizing the same empirical relations mentioned in the level 2 option.
Laboratory modulus of elasticity, flexural strength, and compressive strength test results from the
same selected concrete mixes were substituted into the trial pavement design within MEPDG to
obtain the critical pavement thicknesses in the same way described in section 5.3.7, each
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corresponding to the level 1, level 2, and level 3 options. These results are shown in Table 5.21.
The results in each row of Table 5.21 represent the critical pavement thickness corresponding to
the same concrete mix design using different hierarchical strength input options.

Table 5.21: Computed pavement
thickness based on different levels
of strength input options.
Thickness, in

Mix # | Level 1 | Level 2 | Level 3
1 9.4 9.3 9.3
2 9.0 9.8 9.8
3 8.5 9.8 9.8
4 9.6 9.3 9.3
5 8.4 9.1 9.1
6 9.1 9.9 9.9
7 9.0 9.6 9.6
8 8.7 8.9 8.9

©

8.1 8.9 8.9
10 8.5 9.4 9.3
11 8.6 9.3 9.3
12 9.5 9.6 9.6
13 8.7 9.1 9.1
14 9.0 9.3 9.3
15 8.6 9.1 9.1

It is observed from Table 5.21 that in most cases, the direct input of properties associated with
level 1 yields thicknesses less than those of level 2 and 3. This phenomenon illustrates that the
empirical relations within level 2 strength input option are conservative for concrete made with
Wisconsin materials. However, the critical thicknesses obtained from level 2 strength input
option are approximately the same as the ones obtained from level 3 strength input option.
Therefore, the empirical relation to convert 28-day compressive strength to compressive strength
values at other ages appears to be accurate represent property changes based on concrete age.

Since the empirical equations of the level 2 option did not match critical thicknesses computed
using the level 1 option, alternative equations were explored with the test results gathered from
this research project. Research from various sources suggests that both the modulus of rupture
and splitting tensile strength of all aggregate types were found not to relate well with square root
of the compressive strength (LeBarca et al., 2006; Oloukun, 1991, and Salami et al. 2004).
Therefore, this study chose to find a different approach and discovered that least squares fits
based on natural log values of all test results provided that best relationships for the mechanical
properties of concrete analyzed. The mixes composed of only ordinary Portland cement (OPC)
and each of the fifteen coarse aggregates were used exclusively for this analysis because coarse
aggregate was the most significant variable affecting the predicted relationships (mix numbers 1
through 15 in mix matrix 1 of this report).
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Two alternative empirical relations were proposed to replace the default level 2 relationships and
provide greater accuracy for Wisconsin materials. One is the best fit line on all the test results
using the least square method. Figures Figure 5.8 and Figure 5.9 show the comparisons between
best fit relationships and the default MEPDG empirical relations for relating f’c to MR and E,
respectively. Because Equation 2.2 uses both the unit weight and f’ to predict E, the f’; at each
age and corresponding unit weight for each of the fifteen OPC mixes were used to calculate the
E values. Therefore, the predicted E values do not fall on a straight line. The second approach
splits the concrete mixes into two groups, one group includes all granitic coarse aggregate
sources and the other group includes all the dolomite, basalt, and gabbro aggregate sources.
Figures 5.10 and 5.11 show two separate relationships based on coarse aggregate geology, one
for granitic coarse aggregates and one for all other types of coarse aggregates (except for
quartzite aggregate) relating f’; to MR and E, respectively. Mixes analyzed as granitic coarse
aggregates were GG1, GG4, and CS2. Equations from both groups were used to predict the
required pavement thicknesses for concrete using quartzite aggregate. The empirical relation for
the granite group leads to a conservative pavement thickness prediction for concrete mixed with
quartzite aggregate. For the f’c to E relationship of the other types group it was observed that
there was an aggregate, CS3, which had unusual high absorption value of 3.6%, far beyond the
other values. The E values were unusually low considering the high f’c values of concrete made
with CS3. Therefore, CS3 was excluded from the least squares fit for the other types group for
the f’c to E relationship.
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Figure 5.8: One-fit equation relating In(f’¢) to In(MR).
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Default MEPDG Equation for E
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Figure 5.9: One-fit equation relating In(f’¢) to In(E).
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Figure 5.10: Two equations relating In(f’c) and In(MR) based on coarse aggregate

geology.
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Modulus of Elasticity vs. Compressive
Strength
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Figure 5.11: Two equations relating In(f’c) and In(E) based on coarse aggregate
geology.

Pavement critical thicknesses were computed using the previously mentioned alternative
equations and the MEPDG. Pavement thicknesses were computed for the level 1, default level 2
and default level 3 options for comparison. As stated before, the default level 2 option and level
3 option provided conservative pavement thicknesses predictions compared to the predictions by
the level 1 option. The one fit relationship and relationships based on geology were more
accurate than the default level 2 and level 3 options. The relationship based on geology resulted
in better critical thickness predictions, and provided mostly conservative results compared to of
the results provided by the level 1 option. Comparisons of the required JPCP thicknesses using
different concrete strength input options are shown in Table 5.22. By considering the last row in
Table 5.22 that shows the averages, direct input of concrete properties results in a predicted
pavement thickness approximately % in. less than default level 2 and 3 options. Inserting more
accurate level 2 equations would decrease predicted pavement thicknesses by approximately ¥4
in. less than default level 2 and 3. Graphic comparisons of JPCP design thicknesses for the
selected coarse aggregate sources are shown in Figure 5.12.
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Table 5.22: JPCP design thicknesses comparison for the selected input options.

Critical Thickness, in

Mix Mineral Level One Two Default Level | Default Level
1 Equation Equation 2 3
GG1 Granite 9.3 9.0 94 9.3 9.3
GG2 Dolomite 8.9 9.4 9.3 9.8 9.7
GG3 | Dolomite/Granite/Basalt | 8.5 9.4 9.3 9.8 9.8
GG4 Granite 9.5 8.9 94 9.3 9.3
GG5 Dolomite 8.4 8.8 8.8 9.1 9.1
GG6 Dolomite 9.1 9.4 9.3 9.9 9.8
Cs1 Dolomite 8.9 9.2 9.2 9.6 9.6
CS2 Granite 8.7 8.5 9.0 8.9 8.9
CS3 Dolomite 8.1 8.5 8.5 8.9 8.8
Cs4 Dolomite 8.5 9.0 8.9 9.3 9.3
CS5 Dolomite 8.6 9.0 8.9 9.3 9.3
CS6 Quiartzite 9.5 9.2 9.9 9.6 9.6
CS7 Basalt 8.7 8.6 8.6 9.1 9.1
CS8 Dolomite 9.0 8.9 8.9 9.3 9.2
CS9 Gabbro 8.6 8.6 8.6 9.0 9.0
Averages 8.8 9.0 9.1 9.3 9.3
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Figure 5.12: Comparisons on JPCP design thicknesses.
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5.5. Comparison of Results with Previous WHRP Studies

5.5.1. Effects of Ground Granulated Blast Furnace Slag in PCC — Expanded Study
(WHRP 0092-05-01)

Background

WHRP 0092-05-01, a study previously performed by the University of Wisconsin-Madison,
examined the properties of concrete using grade 120 slag cement at different replacement levels.
WHRP 0092-05-01 is referred to as Phase Il of WHRP 0092-02-14a, another study performed by
the University of Wisconsin-Madison. The earlier study was referred to as Phase | and examined
the properties of concrete using grade 100 slag cement. Similar materials and test methods were
used in both phases; however, materials were acquired at different times and required some
assumptions in order to directly compare Phase Il with Phase I. WHRP 0092-05-01 and WHRP
0092-02-14a will be referred to as the Phase 1l slag cement study, and Phase | slag cement study,
respectively. The slag cement studies used similar Portland cement and slag cement sources to
this study. The Phase Il slag cement study utilized a fresh air content ranging from 5.5% to 6.5%
and a slump ranging from 1 to 5.25 in. Similarly, this study utilized a target air content of 5.0%
to 7.0% and 1 to 3 in. range respectively. Water to cementitious material (w/cm) ratio in the slag
cement studies the project was a fixed 0.45 w/cm ratio while this study used a nominal 0.40
w/cm ratio that was allowed to vary based on slump constraints. Also, the sources of the fine
and coarse aggregates were different as this study involved the use of fifteen different coarse
aggregate sources and two different fine aggregate sources. Comparisons between the two
studies were made for concrete tensile and compressive strengths based on different grades of
slag cement, different types of coarse aggregates, different sources of cement, and different
cementitious material compositions. In addition, the relationship between concrete tensile and
compressive strength based on the data from the Phase Il slag cement study was compared to the
relationship of the corresponding data from this study.

Compressive Strength Comparison

The Phase 11 slag cement study was adjusted for small differences in air content using an
equation by Popovics (1998) when drawing conclusions based on the concrete compressive
strength. In this study, the concrete compressive strength results were not adjusted for air
content. Therefore, comparisons were drawn based on the assumption that the minor difference
in air content did not affect concrete compressive strength considerably. Table 5.23 provides
Phase Il slag cement study percent difference results between lowest to highest average
compressive strength of concrete (adjusted and unadjusted for air content) with different Portland
cement sources with 120 grade slag cement (30% replacement level) for each comparable coarse
aggregate source. Table 5.24 provides results from this study utilizing the two sources of
Portland cement partially replaced by 120 grade slag cement. There are noticeable differences
between the results of this study and those of the Phase Il slag cement study. The percent
differences in compressive strength of concrete in the Phase Il slag cement study are much larger
than that of those found in this study. Percent differences in compressive strength of concrete
with different cement sources in the Phase Il slag cement study ranged from 3 to 38% with an
average of 14%. In comparison, percent differences ranged from 0 to 16% with an average of
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4%, in this study. These differences result from four sources of Portland cement used in the
Phase Il slag cement study increasing the variability compared to this study in which only used
two sources of Portland cement were used.

Table 5.23: Percent difference between lowest to the highest
compressive strength based on different Portland cement
sources from the Phase Il slag cement study.

Coarse Age (Days)

Aggregate | 3 7 14 28 56 365

Unadjusted Limestone | 17% | 9% | 3% | 13% | 11% | 9%
Igneous | 38% | 21% | 11% | 13% | 17% | 10%

Adjusted Limestone | 21% | 11% | 9% | 9% | 13% | 15%
Igneous | 34% | 21% | 5% | 6% | 9% | 4%

Air Content

Table 5.24: Percent difference between
lowest to the highest compressive strength
based on different Portland cement sources
from this study.

Coarse General Age (Days)
Aggregate | Geology | - 14 28 90
GG1 Igneous | 2% | 4% | 2% | 2%
GG2 Dolomite | 6% | 7% | 0% | 9%
CS1 Dolomite | 16% | 10% | 3% | 1%
CS2 Igneous | 5% | 1% | 6% | 0%
CS3 Dolomite | 4% | 1% | 1% | 2%

Percent difference between lowest to highest average compressive strength of concrete with
different coarse aggregates mixed with cement partly replaced by the 120 grade slag cement
(30% replacement level) for each cement source were calculated for data presented in the Phase
Il slag cement study and is provided in Table 5.25. Analogous methods were utilized for this
project based on the five coarse aggregates and the results are provided in Table 5.26.
Comparisons were conducted to determine the effect of concrete with different aggregate types
on compressive strength. Specifically, the value represents the largest percent difference due to
different coarse aggregates. The percent differences in compressive strength of concrete with
different coarse aggregate sources found in the Phase Il slag cement study are slightly smaller
than differences found in this study. Specifically, the Phase Il slag cement study had results that
ranged from 8 to 26%, with an average of 18%, and this study had results that ranged from 21 to
33%, with an average of 28%. Again this variance can be explained by the use of only two
different sources of aggregates for the Phase Il slag cement study compared to the five used in

this study.
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Table 5.25: Percent difference between compressive strength
based on different coarse aggregate sources (2) from the
Phase Il slag cement study.

Air Cement Age (Days)

Content Brand 3 7 14 28 56 365
Cement 1 | 23% | 22% | 23% | 20% | 20% | 21%
Unadjusted | Cement 2 | 12% | 14% | 18% | 12% | 12% | 15%
Cement 3 | 18% | 13% | 13% | 15% | 8% | 10%
Cement 4 | 27% | 22% | 24% | 28% | 25% | 22%
Cement 1 | 24% | 23% | 24% | 21% | 22% | 22%
Cement 2 | 15% | 16% | 21% | 14% | 14% | 18%
Cement 3 | 19% | 14% | 13% | 16% | 8% | 10%
Cement 4 | 25% | 20% | 21% | 26% | 23% | 20%

Adjusted

Table 5.26: Percent difference
between compressive strength based
on different coarse aggregate
sources (5) from this study.

Cement Age (Days)

Brand | 7 14 28 90
Cement 1 | 29% | 29% | 28% | 21%
Cement 2 | 26% | 32% | 29% | 33%

Tensile Strength Comparison

Percent differences between lowest to highest average splitting tensile strength of concrete with
different Portland cement sources and 120 grade slag cement (30% replacement level) for each
coarse aggregate source is provided in Table 5.27 from the Phase 1l slag cement study.
Comparable values were calculated for this project for the two sources of Portland cement with
120 grade slag cement used in this study and the results are provided in Table 5.28. Similar to
compressive strength, the differences in percent differences in tensile strength are noticeable
between the results. Results from the Phase 1l slag cement study ranged from 7 to 31%, with an
average of 17%, and results from this study ranged from 1 to 16%, with an average of 7%.
Similar to compressive strength, this difference can be attributed to four sources of Portland
cement used in Phase Il slag cement versus the two sources of Portland cement used in this

study.
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Table 5.27: Percent difference between the
lowest to the highest splitting tensile strength

based on different Portland cement sources from
the Phase Il slag cement study.

Coarse Age (Days)
Aggregate | 3 7 14 28 56 365
Limestone | 31% | 19% | 21% | 22% | 11% | 7%
Igneous | 30% | 20% | 15% | 7% | 11% | 7%

Table 5.28: Percent difference between lowest
to the highest splitting tensile strength based
on different Portland cement sources from this

study.
Coarse General Age (Days)
Aggregate | Geology | - 14 28 90
GG1 Igneous | 16% | 14% | 2% | 4%
GG2 Dolomite | 8% | 7% | 2% | 1%
CS1 Dolomite | 15% | 8% | 2% | 10%
CS2 Igneous | 5% | 14% | 6% | 7%
CS3 Dolomite | 3% | 4% | 10% | 8%

Percent differences between splitting tensile strength of concrete with different coarse aggregate

sources with 120 grade slag cement (30% replacement level) for each cement source were

calculated for data presented in the Phase Il slag cement study and results are provided in Table
5.29. Comparable values were calculated for this project and results are provided in Table 5.30.

Comparisons were conducted to determine the effect of different coarse aggregate types on the
tensile strength of concrete. The percent differences ranged from 8 to 26%, with an average of
16% in the Phase Il slag cement study, and percent differences ranged from 12 to 48%, with an

average of 22%, in this study. Similar to compressive strength, this discrepancy is likely related
to the difference in sample size between the two studies.

Table 5.29: Percent difference between splitting
tensile strength based on different coarse
aggregate sources from the Phase 11 slag cement

study.

Cement
Brand

3

7

Age (Days)

14

28

56

365

Cement 1

18%

23%

22%

23%

12%

13%

Cement 2

17%

12%

23%

11%

14%

19%

Cement 3

21%

23%

4%

2%

11%

25%

Cement 4

11%

10%

16%

18%

20%

17%
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Table 5.30: Percent difference
between splitting tensile strength
based on different coarse aggregate
sources from this study.

Cement Age (Days)

Brand | 7 14 28 90
Cement1 | 26% | 48% | 23% | 14%
Cement2 | 16% | 12% | 15% | 24%

Comparison of Tensile to Compressive Strength Relationship

When comparing the relationship between compressive and tensile strength, the trends are quite
similar in both studies. Figure 5.13 provides a power fit for the relationship between concrete
compressive strength and tensile strength based on the data provided by the Phase Il slag cement
study and the corresponding data collected in this study. The data from both studies appear to
overlap in a similar region. However, the power fits of each of the sets of data appear to be
slightly different, and the power fit of the Phase 11 slag cement study provides a better overall fit
based on least squares. This difference and variance was likely because the Phase 1l slag cement
study tested their concrete specimens at six different ages ranging from 3 to 365 days, where this
study only tested at four different ages ranging from 7 to 90 days. Despite the differences, the
possibility of one fit of compressive to tensile strength for concrete with different w/cm ratios
could be suggested as the following because the trends are similar:

foe = 1.2985 % f/00% Equation 5.1

Cc

This relationship is close to the splitting tensile-compressive strength relationship developed by
Oluokun (1991):

foo = 1.38% %% Equation 5.2

c

For both equations the splitting tensile strength, f;;, and the compressive strength, £, are in psi.
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Figure 5.13: Relationship of compressive to splitting tensile strength for the Phase
11 slag cement study and this study.

5.5.2. Investigation of Concrete Properties to Support Implementation of the New
AASHTO Pavement Design Guide (WHRP 0092-06-03)

Background

Performed by the University of Wisconsin-Milwaukee (UWM), WHRP 0092-06-03 examined a
selected group of properties that were used as inputs for the AASHTO MEPDG. For the
remainder of this comparison, WHRP 0092-06-03 will be referred to as the UWM MEPDG
study. The concrete properties evaluated were the splitting tensile strength and coefficient of
thermal expansion. Compressive strength was also measured and served as a baseline parameter
for their relationships. The sources of the materials used for the UWM MEPDG study were
similar to this project in the use of coarse aggregates, fine aggregates, and cementitious
materials. Fifteen of the concrete mixes used UWM MEPDG study utilized one Portland cement
supplemented with one fly ash source at the same replacement level as in this study. These
fifteen concrete mixes varied with each other in coarse aggregate source. In total, four additional
concrete mixes were composed by changing only one of the following parameters each: the
ordinary Portland cement (OPC) source, the fly ash source, exchanging supplementary
cementitious material of fly ash to slag cement, and using only OPC without a supplementary
cementitious material. Similar to this study, the w/cm ratio ranged from 0.38 to 0.41, fresh air
content ranged from 4.8% to 7.9%, and slump ranged from 1 to 4 in. However, the differences
in the methods of acquiring of all materials and time of acquirement were considered as this
could cause variation when comparing the test results. In addition, different coarse aggregate
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size and gradation were used for the UWM MEPDG study, and therefore, comparisons were
restricted to percentage differences. The primary objective was to compare the percent
differences in concrete properties based on the use of different concrete constituents. Percent
differences in compressive and tensile strength from the UWM MEPDG study were compared to
results found in this study using data from specimens produced with similar concrete
constituents. Percent differences in the concrete CTE were qualitatively compared because the
test method was changed from AASHTO TP60 to AASHTO T-336 in 2009, significantly
changing the test protocol and equipment. The relationship of compressive to tensile strength for
the UWM MEPDG study was compared to the relationship from the corresponding data in this
study.

Compressive Strength Comparison

Percent differences in compressive strength were calculated for the data from concrete with
different constituents in the UWM MEPDG study and results are provided in Table 5.31.
Corresponding values were calculated in this study by matching up similar concrete constituents
changed, specifically for different sources of coarse aggregate, OPC, slag cement, and fly ash.
These values are provided in Table 5.32. The percent differences in compressive strength of
concrete with different coarse aggregate types in the tables represent the average of the largest
percent differences in compressive strength of concrete each coarse aggregate had over any other
coarse aggregates. Percent differences from the UWM MEPDG study differed in compressive
strength of concrete from this study by as much as 28% due to changing OPC source and 18%
due to only using OPC instead of OPC with fly ash. The differences in Blaine fineness between
this study and the UWM MEPDG study was 13 m?/kg for Cement 1 and 10 m/kg, which could
have added to the disparity in the results. However, the percent differences in compressive
strength of concrete with different coarse aggregate types, fly ash sources, and using slag cement
instead of fly ash with OPC were similar to the results found in this study.

Table 5.31: Percent difference between
compressive strength based on changing concrete
constituents from the UWM MEPDG study.
. Age (Days)
Variable 7 14 28 90
Coarse Aggregate 33% | 37% | 36% | 26%
Cement Source 10% | 37% | 22% | 32%
Fly Ash Source 12% | 12% | 5% | 0%
Slag Cement vs. Fly Ash | 20% | 26% | 21% | 6%
Only OPC vs. Fly Ash | 26% | 32% | 32% | 23%
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Table 5.32: Percent difference between
compressive strength based on different concrete
constituents from this study.

Variable

Age (Days)
7 14 28 90
Coarse Aggregate 28% | 33% | 36% | 32%
Cement Source 1% | 9% | 10% | 16%
Fly Ash Source 8% | 4% | 2% | 9%
Slag Cement vs. Fly Ash | 11% | 19% | 19% | 20%
Only OPC vs. Fly Ash | 8% | 17% | 15% | 18%

Tensile Strength Comparison

Percent difference in concrete splitting tensile strength due to changing different concrete
constituents’ sources was calculated for data presented in the UWM MEPDG study and is
provided in Table 5.33. Similarly, corresponding values for concrete tensile strength were
calculated for this study by matching up similar concrete constituents, specifically sources of
coarse aggregate, OPC, slag cement, and fly ash. These values are provided in Table 5.34.
Again, the percent differences based on in splitting tensile strength of concrete with different
coarse aggregate types in the tables represent the average of the largest percent differences each
coarse aggregate had over any other coarse aggregates. As in the compressive strength results,
the percent differences in splitting tensile strength found in the UWM MEPDG study appear to
be larger when changing cementitious material composition from only OPC to OPC with fly ash.
However, percent differences in splitting tensile strength of concrete with different OPC sources
were similar to results from this study. Percent differences in splitting tensile strength from the
UWM MEPDG study differed from this study by as much as 15% when changing cementitious
material composition from only OPC to OPC with fly ash. The differences in Blaine fineness
between this study and the UWM MEPDG study was 13 m?/kg for Cement 1 and 10 m?/kg,
which could have again added to the disparity in the results. Percent differences in splitting
tensile strength due to changing coarse aggregate type and using slag cement instead of fly ash
with OPC were similar to results found for this study. However, the percent differences due to
different fly ash sources for the UWM MEPDG study are larger than results from this study.
Similar results are important to observe because it appears that even though the coarse aggregate
size and gradations and slag cement sources were exactly the same in each study, their effects on
concrete tensile strength were similar.
Table 5.33: Percent difference between splitting
tensile strength based on different concrete
constituents from the UWM MEPDG study.
. Age (Days)
Variable 7 14 28 90
Coarse Aggregate 25% | 26% | 25% | 23%
Cement Source 3% | 32% | 12% | 2%
Fly Ash Source 40% | 17% | 17% | 8%
Slag Cement vs. Fly Ash | 6% | 8% | 9% | 3%
Only OPC vs. Fly Ash | 24% | 16% | 4% | 21%
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Table 5.34: Percent difference between splitting
tensile strength based on different concrete
constituents from this study.

Variable

Age (Days)
7 14 28 90
Coarse Aggregate 24% | 27% | 27% | 23%
Cement Source 6% | 5% | 13% | 8%
Fly Ash Source 6% | 10% | 12% | 5%
Slag Cement vs. Fly Ash | 0% | 12% | 3% | 6%
Only OPCvs.FlyAsh | 9% | 9% | 4% | 11%

Coefficient of Thermal Expansion Comparison

Percent differences between coefficients of thermal expansion (CTE) due to changing concrete
constituents’ sources were calculated for data presented in the UWM MEPDG study and the
results are provided in Table 5.35. Corresponding values were calculated for specimens in this
study which utilized similar concrete constituents, specifically sources of coarse aggregate,
ordinary Portland cement, slag cement, and fly ash. These values are provided in Table 5.36.
Again, the percent differences in CTE of concrete with different coarse aggregate types represent
the average of the largest differences each coarse aggregate had over any other coarse
aggregates. Similar to the compressive and tensile results, the percent differences in CTE found
in the UWM MEPDG study appear to be largest when coarse aggregate was the variable. The
impact of coarse aggregate source was larger for the UWM MEPDG study, and this could be
likely because although the coarse aggregate sources were the same as this study different
aggregate sizes and gradations were utilized. All other changes in concrete constituents for the
UWM MEPDG study were fairly similar to this study’s results. Data from both reports
suggested that changing the cementitious materials of concrete has a minimal effect on CTE.

Table 5.35: Percent difference
between coefficients of thermal
expansion based on changing
concrete constituents from the UWM

MEPDG study.
Age
Variable (Days)
28
Coarse Aggregate 21%
Cement Source 0%
Fly Ash Source 2%
Slag Cement vs. Fly Ash 1%
Only OPC vs. Fly Ash 1%
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Table 5.36: Average percent
difference between coefficients of
thermal expansion based on changing
concrete constituents from this study.

Age

Variable (Days)
28
Coarse Aggregate 16%
Cement Source 1%
Fly Ash Source 1%
Slag Cement vs. Fly Ash 5%
Only OPC vs. Fly Ash 1%

Comparison of Tensile to Compressive Strength Relationship

When comparing the relationship between compressive and tensile strength for concrete, the
trends were different between data from the UWM MEPDG study and this study. Tensile
strength values for the UWM MEPDG study were larger, shifting the trend above that in this
study. The differences in values are larger than expected and it is unclear what caused this
discrepancy. Figure 5.14 provides a power least squares fit of the relationship of compressive to
tensile strength data provided by the UWM MEPDG study and corresponding data of mixes with
similar concrete constituents collected in this study.
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Figure 5.14: Relationship of compressive to splitting tensile strength for the UWM
MEPDG study and this study.
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5.5.3. Reduction of Minimum Required Weight of Cementitious Materials in Concrete
Mixes (WHRP 0092-08-08)

Background

WHRP 0092-08-08, a study performed by the Michigan Tech University, examined the effect of
reducing the amount of cementitious materials in concrete mixes using materials from
Wisconsin. For the remainder of this comparison, WHRP 0092-08-08 will be referred to as the
cement weight study. The concrete properties evaluated similar to this study were the
compressive and splitting tensile strength at various ages, as well as the modulus of elasticity and
Poisson’s ratio after 28 days. The sources of the materials used for the cement weight study
were similar to this project including the use of two coarse aggregate sources, one fine aggregate
source, two ordinary Portland cement (OPC) sources, one slag cement source, and two fly ash
sources. Cementitious material contents (CMCs) of 564 Ibs/yd®, 470 Ibs/yd®, and 423 Ibs/yd?
were examined, and to achieve the target slump different proportions of the coarse to fine
aggregate weight ratio were used. For the CMC of 564 Ibs/yd®, which was similar the amount
used in this study (564 Ibs/yd®), the coarse to fine aggregate weight ratio was 55/45 for mixes
without fly ash, and 40/60 for the mixes with fly ash. A coarse to fine aggregate weight ratio of
60/40 was used for all mixes in this study. Similar to this study, the target w/cm ratio was 0.40,
target fresh air content was 6.0% + 1.0%, and target slump was 3 in. £ 1 in. However, the
differences in the methods of acquiring of all materials and time of acquirement could cause
variation when comparing the test results. In addition, differences are possible because of
variations in mix proportions. Therefore, only relative comparisons were made. Similar to the
comparisons within the UWM MEPDG study, the primary objective was to compare the percent
differences in concrete properties due to the use of different constituents. Differences in
compressive and tensile strength from the cement weight study were compared to results found
in this study using data from specimens produced with similar concrete constituents. Differences
in the concrete modulus of elasticity and Poisson’s ratio after 28 days were also compared using
data from specimens produced with similar concrete constituents. The relationship of
compressive to tensile strength for the cement weight study was compared to the relationship of
corresponding data from this study, similar to the comparison made to the Phase Il slag cement
and UWM MEPDG studies.

Compressive Strength Comparison

Average percent differences in compressive strength of concrete were calculated for data
encompassing one changed constituent presented in the cement weight study and the results are
provided in Table 5.37. Corresponding values were calculated for this study by matching up
similar concrete constituents changed, specifically sources of coarse aggregate, OPC, slag
cement, and fly ash. These values are provided in Table 5.38. Percent differences in
compressive strength from the cement weight study differed from this study by as much as 10%
due to changing OPC source. Characteristics of the cementitious materials used in the cement
weight study were not presented in the report; therefore, a reason could not be proposed to
explain the cause for these differences. However, similar to the comparison to the UWM
MEPDG study, percent differences in compressive strength when changing coarse aggregate
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type, fly ash source, and using slag cement instead of fly ash with OPC were similar to results
found in this study.

Table 5.37: Average percent difference between
compressive strength based on changing concrete
constituents from the cement weight study.
Age (Days)
3 7 28 90
Coarse Aggregate Type | 12% | 10% | 16% | 16%
Portland Cement Source | 10% | 19% | 12% | 11%
Fly Ash Source 9% | 7% | 10% | 7%
Slag Vs. Fly Ash 10% | 8% | 13% | 13%

Variable

Table 5.38: Average percent difference between
compressive strength based on different concrete
constituents from this study

Variable

Age (Days)
7 14 28 90
Coarse Aggregate Type | 14% | 13% | 12% | 12%
Portland Cement Source | 9% | 7% | 6% | 8%
Fly Ash Source 7% | 9% | 9% | 8%
Slag Vs. Fly Ash 13% | 9% | 8% | 10%

Tensile Strength Comparison

Average percent differences in splitting tensile strength due to changing different concrete
constituents’ sources were calculated for data presented in the cement weight study and the
results are provided in Table 5.39. As performed with compressive strength data, corresponding
values were calculated for this study by matching up similar concrete constituents, specifically
sources of coarse aggregate, OPC, slag cement, and fly ash. These values are provided in Table
5.40. All results from the cement weight study were similar to the results in this study. The
average percent differences in splitting tensile strength when changing OPC source were slightly
higher for results from the cement weight study compared to this study’s results. However, the
results did not differ as much as in the compressive strength results.
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Table 5.39: Average percent difference between
splitting tensile strength based on different
concrete constituents from the cement weight
study.

Age (Days)
3 7 28 90
Coarse Aggregate Type | 6% | 6% | 9% | 8%
Portland Cement Source | 10% | 12% | 4% | 13%
Fly Ash Source 8% | 6% |8% | 3%
Slag Vs. Fly Ash 4% | 8% | 9% | 10%

Factor

Table 5.40: Average percent difference

between splitting tensile strength based on

different concrete constituents from this study.
Age (Days)

3 7 28 90

Coarse Aggregate Type | 9% | 6% | 6% | 5%

Portland Cement Source | 10% | 5% | 5% | 6%
Fly Ash Source 2% | 8% | 11% | 5%
Slag Vs. Fly Ash 5% | 7% | 6% | 5%

Factors

Modulus of Elasticity and Poisson’s Ratio Comparison

Average percentage difference between modulus of elasticity and Poisson’s ratio of concrete due
to changing concrete constituents’ sources were calculated for data presented in the cement
weight study and is provided in Table 5.41. Corresponding values were calculated for specimens
in this study which utilized similar concrete constituents, specifically sources of coarse
aggregate, OPC, slag cement, and fly ash. These values are provided in Table 5.42. The average
percent differences in modulus of elasticity and Poisson’s ratio of concrete from the cement
weight study were not similar to this study. The impact of the coarse aggregate on modulus of
elasticity was not as great as computed for corresponding data in this study. This could be likely
because the granite type coarse aggregate was not exactly the same as in this study, but rather a
similar granite type source from northern Wisconsin. Also, the results from the cement weight
study suggest that OPC, slag cement, and fly ash have a larger impact compared to
corresponding results in this study.
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Table 5.41: Average percent
difference between modulus of
elasticity (E) and Poisson’s ratio (v)
based on changing concrete
constituents from the cement weight
study.

28 Days

E v
Coarse Aggregate Type | 10% | 12%
Portland Cement Source | 8% | 9%
Fly Ash Source 8% | 11%
Slag Vs. Fly Ash 11% | 12%

Factor

Table 5.42: Average percent
difference between modulus of
elasticity and Poisson’s ratio based
on changing concrete constituents
from this study.

28 Days

E v
Coarse Aggregate Type | 20% | 10%
Portland Cement Source | 1% | 6%
Fly Ash Source 3% | 7%
Slag Vs. Fly Ash 5% | 5%

Factor

Comparison of Tensile to Compressive Strength Relationship

Similar to the comparison to the UWM MEPDG study, when comparing the relationship
between compressive and tensile strength, the trends were different between data from the
cement weight study and this study. The compressive and tensile strengths were higher for the
cement weight study. Figure 5.15 provides a power fit of the relationship of compressive to
tensile strength data provided by the cement weight study and corresponding data collected in
this study.
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Figure 5.15: Relationship of compressive to tensile strength for the cement weight
study (0092-08-08) and this study (0092-10-11).

6. Summary of Findings and Recommendations

6.1. Summary of Findings
6.1.1. Effects of Changing Concrete Components on Concrete Properties

The effects on predicted performance from changes to individual concrete components vary with
concrete property, component changed, and type or source of component changed. Table 6.1
shows the relative magnitude of the effect of changing each concrete component had on each of
the concrete properties. This relative magnitude is computed from the average percent difference
of all tests and ages evaluating the effect of each particular component analyzed in this study.
The effects of the components evaluated in this study were based on coarse aggregate type,
cementitious material type, fine aggregate type, cement source, slag cement type, and fly ash
source. In addition the effect of supplementing either slag cement or fly ash with Portland
cement was evaluated.

For all of the concrete properties the type of coarse aggregate had the greatest effect without
exception on the properties examined in this study. The magnitude of the effect varied with each
property. Other effects were relatively minor but depending on the sensitivity of the MEPDG
process to the individual property, even some of the more minor effects could prompt changes to
pavement designs.
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Table 6.1: Relative apparent magnitudes of the effect of changing concrete
constituents on concrete properties (values are a rating calculated from average
percent changes, 1.0 being the largest effect).

Concrete Property
Factor Compressive Modulus | Modulus Poisson's | Tensile | Dynamic
Strength of OT i Ratio Strength | Modulus
Rupture | Elasticity
Coarse 0.9 0.6 1.0 0.8 0.9 05
Aggregate
Fine 0.3 0.3 0.3 0.2 0.2 0.2
Aggregate
Portland 0.2 0.3 0.2 0.2 0.2 0.1
Cement
Slag 0.2 0.2 0.1 0.2 0.2 0.1
Cement
Fly Ash 0.2 0.2 0.2 0.2 0.2 0.1
OPC vs. 0.2 0.4 0.2 0.3 0.4 0.1
Slag
OPC wvs.
Fly Ash 0.3 0.2 0.2 0.2 0.3 0.1
Slag vs.
Fly Ash 0.2 0.3 0.2 0.2 0.2 0.1

6.1.2. Effects of Changing Concrete Components on Pavement Design

The following conclusions were formulated using the critical thickness analysis to evaluate the
effects of concrete component materials:

e Pavement design thickness varies with coarse aggregate source, driven by the large
percent differences observed in concrete properties.

e The use of supplementary materials, especially slag, improves the rigid pavement’s
predicted MEPDG performance by decreasing the required pavement thickness. This is
supported by the observation that percent differences in modulus of rupture based on
changing supplementary cementitious material type was nearly the same as the effect of
changing coarse aggregate source, especially comparing OPC concrete to concrete with
OPC and slag cement.

e For most cases, the use of cement from different manufacturers did not affect the
pavement thickness. This is consistent with observed small percent differences in
concrete properties due to a change in cement source.

e The difference of predicted pavement thicknesses caused by the use of different types of
slag cement was small.
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e The pavement’s predicted thickness corresponding to each source of fly ash was
different. However, this effect was not as great as observed from cementitious material
type or coarse aggregate type.

e Required pavement thickness varies with different fine aggregate sources for most cases,
but a majority of the values differed by less than 1/2 in.

6.1.3. Effects of Different Empirical Relationships on MEPDG Pavement Design

Pavement thicknesses computed using empirical relations within the level 2 strength input option
did not match pavement thicknesses computed with test results of concrete made with Wisconsin
materials used as inputs for the level 1. As stated before, the default level 2 options produce
conservative designs compared to the level 1 designs. These differences were in the range of %2
to 1 in. of predicted pavement thickness.

The critical thicknesses obtained from the level 2 strength input option are approximately the
same as the ones obtained from level 3 strength input option. Therefore, the empirical relation to
extrapolate 28-day compressive strength is representative for concrete made with Wisconsin
materials.

The one-fit relationship and relationships based on geology, as possible replacements to the
default level 2 equations, better represent pavement thicknesses computed with test results of
concrete made with Wisconsin materials used as inputs for the level 1. The two relationships
based on geology as potential replacements of the level 2 default relationships provided the
closest pavement thicknesses to those computed directly from test results of concrete made with
Wisconsin materials.

The observed differences in concrete properties driven by the use of Wisconsin-based materials
were generally of the same magnitudes of differences observed in other comparable studies.
The observed variation in properties increased with the number of different material sources
included in the sample. As such, the results of each study present lower limit variations in
properties than will occur when all concrete materials within the state are considered.

There are certain sensitivities in the MEPDG process that were uncovered in this research
although incidental to the main objectives. For example, it is suspected that MEPDG over
estimates the benefits brought by using the widened slab. When the widened slab option is
selected to alleviate the damage from heavy traffic or used as the alternative to tied shoulders, it
is recommended that a higher reliability level be specified. Predictions by the current MEPDG
v1.1 are not always reasonable in that it appears that it is extremely sensitive to certain concrete
properties. Even laboratory test variances used as level 1 input can produce variation in designs
that may be unacceptable to established WisDOT practice.

6.2. Recommendations

The direct input of concrete properties via level 1 provided the smallest pavement design
thicknesses and the most distinction between the advantages and disadvantages of different
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material sources. Since it is impractical to conduct the battery of tests for each material source,
the empirical equations developed for potential replacement of the default level 2 equations
provide a reasonable means to achieve similar distinctions. If the WisDOT goal is more
sophisticated and finely tuned tools for pavement design, then it is recommended that the default
level 2 equations be replaced with equations similar to the ones proposed herein. We
recommend two new sets of empirical relations to correlate concrete compressive strength values
to concrete modulus of rupture and modulus of elasticity values. One set of the relations are
used for concrete mixed with granite and quartzite coarse aggregates and the other set for
concrete mixed with dolomite, basalt, and gabbro coarse aggregates.

The limitations on certain variables’ ranges of the default empirical relations within MEPDG
should be modified. The upper limit for the concrete’s flexural strength input is 950 psi and any
flexural strength inputs greater than 950 psi result in a system error of exceeding the compressive
strength limit, preventing the software from running. However, many concrete mixes have their
90-day flexural strength values greater than 950 psi within the research of this project.

Further investigation of the MEPDG sensitivity to inputs is recommended before full WisDOT
implementation of the MEPDG for concrete pavement design is adopted.
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Appendix Il Synthesis of Bibliography

Fresh Concrete Properties

Concept(s)

Reference(s)

Using slag cement as supplementary cementitious material
results in increased workability.

ACI Committee 233R (2003)

Doses of air entrainment needed may differ from OPC
depending on the type of slag cement.

ACI Committee 233R (2003)

Using fly ash as supplementary cementitious material in
concrete results in increased slump and paste volume. Less
water is needed for mixes with fly ash than mixes with
OPC to achieve the same slump measurements.

ACI Committee 232R (2003)
Al-Amoudi, et. al. (2010)
Hossain, et. al. (2009)

Some Class C fly ashes can reduce the amount of air
entraining admixture required

ACI Committee 232R (2003)

Compressive Strength

Concept(s)

Reference(s)

Concrete made with crushed coarse aggregates has a higher
compressive strength than concrete made with natural
gravels. The order of compressive strength from highest to
lowest of similar concrete based on coarse aggregate type is
dolomite, then quartzite, then limestone, and then gravel.

Choubane et. al. (1996)
Ezeldin and Aitcin (1991)
Popovics (1998)

Hall and James (2008)
Mills and loannides (2007)
Ozturan & Cecen (1997)

Using slag cement and fly ash as supplementary
cementitious materials in concrete results in higher long-
term compressive strength.

ACI Committee 233R (2003)
ACI Committee 232R (2003)
Al-Amoudi, et. al. (2010)
Hossain, et. al. (2009)
Labarca, et. al. (2007)

Li and Zhao (2003)

Mielenz (1983)

Using slag cement and fly ash as supplementary
cementitious materials in concrete results in lower early
strength due to a slower rate of hydration.

ACI Committee 233R (2003)
Popovics (1998)

The chemical composition and physical characteristics of
the cement will affect the strength of the concrete. High
fineness cements result in higher strengths than normal
fineness for the first 2 to 3 months of curing and then
normal fineness cements become higher in strength.

ACI Committee 225 (1985)
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Modulus of Elasticity and Dynamic Modulus

Concept(s)

Reference(s)

Coarse aggregate type used has a significant effect on the
modulus of elasticity of concrete. Concrete made with
dense and angular limestone coarse aggregate have higher
modulus of elasticity than concrete made with river gravel
and porous limestone or sandstone.

Choubane, et. al. (1996)
Hall and James (2008)
Popovics (1998)

Coarse aggregate type used has no significant effect on
concrete modulus of elasticity.

Mills and loannides (2007)

Difference in coarse aggregate size used for concrete has
no significant effect on the modulus of elasticity of
concrete.

Crouch, et. al. (2007)

Density and specific gravity of coarse aggregate
significantly affect the modulus of concrete made with
those coarse aggregates.

Yazdani, et. al. (2005)

Cement type used does not affect concrete modulus of
elasticity.

Yazdani, et. al. (2005)

The influence of using slag cement as supplementary
cementitious material on concrete modulus of elasticity is
small and is not associated with chemical composition.

ACI Committee 233R (2003)

The effect of using fly ash as supplementary cementitious
material on modulus of elasticity is small and not as
significant as cement and aggregate characteristics

ACI Committee 232R (2003)

Dynamic moduli are higher than static moduli Popovics (1998)
Poisson Ratio
Concept(s) Reference(s)

The coarse aggregate type used has a significant effect on
the concrete Poisson’s Ratio. Limestone was found to have
the highest value, then gravel, then sandstone.

Hall and James (2008)
Persson (1999)

Poisson’s Ratio of high-performance concrete is slightly
smaller than Poisson’s Ratio of normal strength concrete.

Persson (1999)

Relative humidity has no significant effect on concrete
Poisson’s ratio.

Persson (1999)

Concrete Poisson’s Ratio increases at an exponentially
decaying rate up until the age of about one month, after
which it doesn’t significantly change.

Allos and Martin (1981)
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Tensile and Flexure Strength

Concept(s)

Reference(s)

Modulus of rupture is higher for concrete made with
crushed coarse aggregates than for concrete made with
natural gravel aggregates. However, due to high modulus
of rupture test variability, the significance of the effect of
surface texture and angularity can be masked.

Mills and loannides (2007)

Popovics (1998)

Higher tensile strengths were obtained with concrete made
with crushed basalt and limestone coarse aggregates
compared to concrete made with gravel aggregate, when
using high strength concrete.

Ozturan and Cecen (1997)

Using slag cement as a supplementary cementitious
material in concrete yields higher modulus of rupture and
splitting tensile stresses.

ACI Committee 233R (2003)

Coefficient of Thermal Expansion (CTE)

Concept(s)

Reference(s)

Coarse aggregate type has a significant effect on concrete
CTE. Highest to lowest concrete CTE based on coarse
aggregate used was found to be gravels, then granite, and
then dolomitic limestone. The CTE value of concrete
made with river gravel is more variable than limestone.

Buch (2008)

Chung (2009)

Hall and James (2008)
Jahangirnejad (2009)
Mallela et. al. (2005)
Sakyi-Bekoe (2008)
Tran, et. al. (2008)
Wang et. al. (2008)
Won (2005)

Yang (2003)

Age has a significant effect on concrete CTE. CTE was
found to increase until leveling off after around 28 days of
curing.

Buch (2008)
Jahangirnejad (2009)
Mallela et. al. (2005)

Age has no significant effect on concrete CTE.

Chung (2009)

The number of heating/cooling cycles has significant effect
on concrete CTE.

Buch (2008)
Jahangirnejad (2009)

The cement content has a significant effect on concrete
CTE.

Hall and James (2008)
Mallela et. al. (2005)

The water to cement (w/cm) ratio has a significant effect
on concrete CTE.

Hall and James (2008)
Mallela et. al. (2005)

Relative humidity has a significant effect on concrete CTE.

Chung (2009)
Hall and James (2008)
Mallela et. al. (2005)

Relative humidity has no significant effect on concrete
CTE.

Yeon, et. al. (2009)

Higher CTE values result in larger amounts of cracking
than pavement with lower CTE.

Kohler and Kannekanti (2008)

Riding (2009)

Slag cement and fly ash have no significant affect CTE.

Tran, et. al. (2008)
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Relationships of Strength Properties

Concept(s) Reference(s)

Coarse aggregate type has a significant effect on the Grieb and Werner (1962)
relationship of splitting tensile strength and compressive Popovics (1998)

strength for concrete. Salami, et. al. (1993)
Coarse aggregate type and size influences the ratio of Grieb and Werner (1962)
flexural to compressive strength for concrete. Popovics (1998)

Coarse aggregate type does not appear to influence the
ratio of flexural to compressive strength of concrete.

Ezeldin and Aitcin (1991)

The modulus of rupture and splitting tensile strength of
concrete made with all aggregate types doesn’t relate well
to the 0.5 power of concrete compressive strength.

Oluokun (1991)
Salami, et. al. (1993)

Using slag cement as a supplementary cementitious
material in concrete results in a higher ratio of concrete
flexural to compressive strength.

Mielenz (1983)

A relationship exists between increasing modulus of
elasticity and Poisson’s ratio with an increase in
compressive strength. Although concrete made with
sandstone exhibited a higher compressive strength
comparable to other aggregates, the elastic modulus was
considerably less.

Hall and James (2008)
Sideris, et. al. (2004)

Results show that there is no conclusive evidence to
support a correlation between concrete Poisson’s ratio to
concrete compressive strength.

Allos and Martin (1981)

There is a good linear relationship between CTE, Poisson’s

Ratio, modulus of elasticity, and compressive strength for
each aggregate individually, however, not when multiple
aggregate types are analyzed together.

Hall and James (2008)

The default MEPDG empirical equations for modulus of
elasticity based on compressive strength and unit weight
underestimate the real modulus of elasticity of Florida
concrete.

Yazdani, et. al. (2005)
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Appendix I11 Particle Size Distribution for Cementitious Materials and
Aggregate Microfines
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Appendix IV XRD Scans for Cementitious Materials
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Appendix V XRD of the Microfines

The XRD results from the microfines were compared to know mineral XRD patterns as
described in section 5.1.3.2. The comparison allowed the identification of the constituent

minerals of each microfine source. The table listing each of the minerals which were identified

in each source is shown as Table V.1. (This is the same as was reported in the document.)

Table V.1: Major minerals found for each microfine source

using XRD.
Map # | Rock ID XRD - Major Minerals Found
Glacial Gravels:
1 GG1 Quartz
2 GG2 Dolomite, Quartz
3 GG3 | Dolomite, Quartz and Plagioclase
4 GG4 Quartz
5 GG5 | Dolomite, Quartz
6 GG6 | Dolomite with some Quartz
Crushed Stone:
7 Cs1 Dolomite, quartz
8 CS2 Quiartz and Orthoclase
9 CS3 Dolomite
10 Cs4 Dolomite with some Quartz
11 CS5 Dolomite, Quartz
12 CS6 Quiartz, Clintonite, and Tremolite
13 CS7 Anorthite, Plagioclase, Feldspar, and Quartz
14 CS8 Dolomite
15 CS9 Quartz and Feldspar

The following tables list the major peaks of each microfine which were used to identify the

mineral components. Table V.2 lists the peaks of the glacial gravel sources while Table V.3 lists
the peaks of the crushed stone sources.
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Table V.2: Major peaks for each glacial

gravel microfine source for XRD scans.

GGl GG2 GG3

GG4

GG5

GG6

20.8 20.88 23.96
26.6 26.64 26.6
30.44 30.88 30.92
50.08 41.12 41.16
59.88 51 4492

59.92 50.16
59.92
68.16

10.52
26.48
27.8
50.04
59.8

26.54
30.82
37.24
41.02
44.8
50.94

26.56
30.92
41.12
44.92
50.52
59.8

Table V.3: Major peaks for each crushed stone microfine source

for XRD scans.

CS1

CS2

CS3 C34

CS5

CS6

CS7

CS8

CS9

26.56
30.86
41.08
44.84
50.44

20.84
26.64
27.92
50.04
59.92

30.88 26.6
41.12 30.96
44.88 41.16
51 4492
50.56

59.96

26.64
30.96
41.16
44.96
50.16
51.12
59.96

29.4
32.16
34.36
41.28
51.64
62.24

22.04
24.36
26.6
27.76
29.72
35.4
42.2
50.08

30.88
41.04
44.96
50.48

8.8
22.88
26.64
51.32
59.92
68.28
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Appendix VI XRD Scans for Microfine Reactivity Analysis

Source | Transformed Mineral(s)
CS1 quartz

CS3 quartz

CS4 dolomite and quartz
CS5 dolomite and quartz
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GG5 | quartz
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Appendix VII Concrete Batch Quantities

Table VII.1: Material amounts for OPC mixes.
Cement | Fine Aggregate | Coarse Aggregate | Water
Mix Volume (ft%) | (Ibs) (Ibs) (Ibs) (Ibs)
Butter Mix 1 0.66 13.81 30.51 45.76 5.52
Batchl 2.5 52.31 115.56 173.33 20.93
Batch?2 2.5 52.31 115.56 173.33 20.93
Total 5.66 118.44 261.62 392.43 47.38
Table VII1.2: Material amounts for slag cement mixes.
Slag Fine Coarse
Volume | Cement | Cement | Aggregate | Aggregate | Water
Mix (ft) (Ibs) (Ibs) (Ibs) (Ibs) (Ibs)
Butter Mix 1 0.66 9.66 4.16 30.31 45.17 5.52
Batchl 2.5 36.57 15.74 114.81 172.22 20.93
Batch?2 2.5 36.57 15.74 114.81 172.22 20.93
Total 5.66 82.80 35.64 259.94 389.91 47.38
Table VI1.3: Material amounts for fly ash mixes.
Fine Coarse
Volume | Cement | Fly Ash | Aggregate | Aggregate | Water
Mix (ft)) (Ibs) (Ibs) (Ibs) (Ibs) (Ibs)
Butter Mix 1 0.66 9.66 4.16 30.12 45.17 5.52
Batchl 2.5 36.57 15.74 114.07 171.11 20.93
Batch?2 2.5 36.57 15.74 114.07 171.11 20.93
Total 5.66 82.80 35.64 258.26 387.40 47.38




Appendix VIII Fresh Concrete Properties

Table VIIIL.1: Fresh concrete properties — mix matrix 1.

Mix | Batch | wicm Bsf’}tz‘;h AEA | WRA | Slump | Unit Weight Féf)snfleAn'tr
# ID | Ratio (ftg) (mL) | (mL) (in) (Ib/ft%) (%)
1| A |04 | 25 | 12 | 50 | 21/4 1458 6.0
1| B | 04| 25 | 12 | 50 | 21/4 1457 5.7
1| Cc |04 | 15 | 8 | 30 | 134 144.6 6.5
2 | A | 04 | 25 | 11 | 65 | 22 1439 6.2
2 | B | 04 | 25 | 10 | 65 3 1452 6.0
3| A | 04 | 25 | 12 | 60 | 11/a 1482 43
3| B | 04| 25 | 13 | 70 | 2112 1448 6.2
4 | A | 04 | 25 | 11 | 60 | 224 146.7 5.7
4 | B | 04 | 25 | 11 | 55 2 146.7 47
4 | C | 04| 25 | 11 | 55 2 147.0 5.3
5 | A | 04 | 25 | 9 | 120 | 1112 1451 5.1
5 | B | 04 | 25 | 7 | 70 | 114 144.7 5.7
6 | A | 04 | 25 | 12 | 60 | 2112 1482 5.3
6 | B | 04 | 25 | 12 | 55 | 134 150.7 44
6 | C | 04 | 25 | 11 | 60 | 2172 147.0 6.1
7 A |04 | 25 | 10 | 60 3 146.7 5.6
7 1 B | 04 | 25 | 10 | 60 3 1462 5.6
8 | A | 04 | 25 | 18 | 85 | 214 144.0 5.8
8 | B | 04 | 25 | 18 | 85 | 134 144.0 6.0
9 | A | 04 | 25 | 15 | 85 | 114 1433 55
9 | B | 04 | 25 | 105 | 100 | 13/4 144.1 5.0
9 | C | 04 | 25 | 105| 9 | 134 142.2 49
0] A | 04| 25 | 18 | 85 | 13/4 1474 43
0| B | 04 | 25 | 20 | 85 2 146 4 5.6
0] C |04 | 25 | 10 | 90 | 114 146 8 55
11| A | 04 | 25 |145]| 85 | 21/4 144.7 5.4
11| B | 04 | 25 | 14 | 85 | 21/4 1447 5.4
12 A |04 | 25 | 29 | 85 1 1452 5.7
12 B | 04 | 25 | 20 | 85 | 11/4 1443 6.5
2] C |04 | 15 | 16 | 55 | 114 144.7 5.6
13| A | 04 | 25 | 12 | 125 | 23/4 152.2 5.2
13| B | 04 | 25 | 13 | 125 | 2172 151.2 55
14| A | 04 | 25 | 115 85 | 212 146.6 6.3
4| B | 04| 25 | 10 | 85 | 134 149.4 47
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Table VIII.1: Fresh concrete properties — mix matrix 1 (continued).

Mix | Batch W/cr_n BSa}tZ(;h AEA | WRA SIL_Jmp Unit We3ight FégsnrleAn'tr
# ID | Ratio () (mL) | (mL) | (in) (Ib/ft%) (%)
14 C 0.4 2.5 10 85 21/2 147.7 5.8
15 A 04 2.5 11 125 2 146.4 6.1
15 B 0.4 2.5 11 125 2 147.5 5.1
16 A 0.4 2.5 16 40 11/2 147.3 4.8
16 B 04 2.5 16.5 50 2 145.9 5.2
16 C 0.4 1.5 8 32 13/4 145.4 55
17 A 04 2.5 10.5 35 3 146.2 4.8
17 B 0.4 2.5 11 35 3 146.3 4.6
18 A 0.4 25 | 135 | 40 3 143.9 6.1
18 B 0.4 2.5 13 37 3 145.2 5.6
19 A 0.4 25 | 125 | 53 23/4 146.9 5.4
19 B 04 2.5 12.5 50 21/2 147.2 5.3
19 C 0.4 2.5 12 50 2 148.1 4.5
20 A 04 2.5 21 85 11/4 144.2 5.3
20 B 0.4 25 | 205 | 85 2 143.3 5.6
21 A 0.4 2.5 14 50 3 147.7 5.4
21 B 04 2.5 14 45 2 149.5 4.5
21 C 0.4 2.5 14 47 3 147.8 5.4
22 A 04 2.5 11.5 30 21/2 148.4 4.4
22 B 0.4 2.5 14 30 21/2 146.9 5.1
23 A 0.4 25 | 185 | 85 11/2 145.8 4.8
23 B 0.4 2.5 21 85 11/4 145.2 4.9
24 A 0.4 2.5 12 80 21/2 143.8 5.0
24 B 04 2.5 115 80 21/2 143.9 4.6
24 C 0.4 1.5 7 45 2 145.0 4.6
25 A 04 2.5 22.5 85 2 145.1 5.8
25 B 04 2.5 22.5 85 11/2 144.1 5.8
26 A 0.4 25 | 155 | 80 13/4 145.8 4.4
26 B 04 2.5 155 80 11/2 146.1 4.1
28 A 0.4 2.5 17 120 | 21/4 149.6 5.7
28 B 04 2.5 17 122 21/4 150.6 9.5
27 A 0.4 2.5 31 85 11/2 145.2 5.6
27 B 0.4 2.5 31 85 11/2 145.4 5.2
29 A 04 2.5 12 80 2 3/4 148.2 5.0
29 B 0.4 25 | 125 | 75 3 146.2 6.3
30 A 04 2.5 17 125 21/4 147.0 6.2
30 B 0.4 2.5 17 125 2 148.2 5.0
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Table VIII.1: Fresh concrete properties — mix matrix 1 (continued).

Mix | Batch W/cr_n BSa}tZ(;h AEA | WRA SIL_Jmp Unit We3ight FégsnrleAn'tr
# ID | Ratio () (mL) | (mL) | (in) (Ib/ft%) (%)
31 A 038 | 25 16 0 23/4 147.8 4.5
31 B 038 | 25 | 185 0 3 145.5 55
31 C 038 | 15 9 0 2 146.6 5.2
32 A 037 | 25 | 165 0 2 3/4 148.0 4.2
32 B 037 | 25 | 185 0 3 146.1 5.2
32 C 0.37 2.5 14 0 21/2 145.2 6.1
33 A 037 | 25 | 155 0 3 147.2 4.8
33 B 037 | 25 16 0 3 146.7 5.0
34 A 038 | 25 16 0 3 146.7 53
34 B 039 | 25 | 165 0 3 148.4 4.5
35 A 0.4 2.5 16 25 3 143.6 5.6
35 B 0.4 2.5 16 25 21/2 145.0 4.8
36 A 036 | 25 | 175 0 2 3/4 150.2 4.8
36 B 036 | 25 | 185 0 2 3/4 150.2 4.6
36 C 036 | 25 16 0 3 147.8 6.4
37 A 038 | 25 18 0 3 146.6 5.2
37 B 038 | 25 | 185 0 3 147.4 4.6
38 A 04 2.5 19 10 3 144.6 5.1
38 B 0.4 2.5 20 10 21/2 144.7 5.1
39 A 0.39 2.5 16 0 21/4 145.1 4.1
39 B 039 | 25 18 0 21/4 142.1 5.0
40 A 0.4 25 | 175 | 45 2 146.6 4.9
40 B 04 2.5 18 45 2 3/4 147.5 4.3
41 A 0.4 25 | 135 | 50 2 146.9 3.4
41 B 04 2.5 14 50 2 3/4 146.2 3.7
42 A 0.4 2.5 16 30 2 145.1 4.7
42 B 0.4 25 | 165 | 35 2 146.7 4.6
43 A 04 2.5 12 85 3 149.7 5.3
43 B 0.4 25 | 135 | 65 3 151.2 5.1
43 C 0.4 15 9 40 3 148.5 6.5
44 A 039 | 25 15 0 3 148.6 4.5
44 B 0.38 2.5 15 0 21/4 147.0 5.8
45 A 04 2.5 12 85 13/4 148.2 5.1
45 B 0.4 2.5 11 80 3 146.6 53
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Table VIII1.2: Fresh concrete properties — mix matrix 2.

Mix | Batch W/cr_n Bsaztzzh AEA | WRA SIL_Jmp Unit We3ight F(g?)meélltr
# ID | Ratio () (mL) | (mL) | (in) (Ib/ft%) (%)
46 A 0.4 2.5 10 30 2 3/4 145.0 6.1
46 B 0.4 2.5 12 33 2 146.1 9.5
47 A 0.4 2.5 8 32 21/2 147.1 4.7
47 B 0.4 2.5 9 32 3 145.2 54
48 A 0.4 2.5 12 22 21/4 146.6 5.9
48 B 0.4 2.5 12 22 2 149.0 4.4
49 A 0.4 2.5 16 85 11/2 142.8 6.1
49 B 0.4 2.5 16 85 2 143.0 5.8
50 A 0.4 2.5 9.5 65 11/4 142.8 4.3
50 B 0.4 2.5 8.5 70 13/4 142.3 4.5
51 A 0.4 2.5 12 25 21/2 145.6 5.7
51 B 0.4 2.5 12 25 2 146.7 5.0
52 A 0.4 2.5 9 20 21/2 146.2 4.5
52 B 0.4 2.5 10 20 3 145.4 5.2
53 A 0.4 2.5 11 25 21/2 147.4 4.9
53 B 0.4 2.5 12 25 21/4 147.4 5.0
54 A 0.4 2.5 16 80 13/4 143.8 6.0
54 B 0.4 2.5 15 83 11/2 143.6 5.9
55 A 0.4 2.5 8 70 2 143.0 4.6
55 B 0.4 2.5 8 70 2 142.5 4.8
56 A 037 | 25 12 0 3 147.2 5.2
56 B 037 | 25 16 0 3 145.0 6.3
57 A 037 | 25 | 125 0 3 145.0 5.9
57 B 0.38 2.5 12.5 0 3 147.0 5.0
58 A 037 | 25 | 115 0 3 147.9 5.0
58 B 037 | 25 12 0 3 148.2 4.7
59 A 039 | 25 18 0 2 3/4 143.5 6.0
59 B 039 | 25 18 0 21/2 143.2 6.0
60 A 039 | 25 13 0 3 141.5 55
60 B 039 | 25 12 0 2 144.7 3.7
61 A 0.38 2.5 19 0 3 145.4 6.1
61 B 038 | 25 15 0 3 142.6 6.0
62 A 037 | 25 16 0 3 144.5 5.9
62 B 038 | 25 16 0 3 146.0 4.7
63 A 038 | 25 16 0 2 147.1 5.0
63 B 0.38 2.5 18 0 21/4 147.4 4.9
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Table VIII1.2: Fresh concrete properties — mix matrix 2 (continued).

Mix | Batch W/cr_n BSa}tZ(;h AEA | WRA SIL_Jmp Unit We3ight FégsnfleAn[[r
# ID | Ratio () (mL) | (mL) | (in) (Ib/ft%) (%)
64 A 0.4 2.5 22 0 13/4 143.6 5.4
64 B 0.4 2.5 25 0 21/2 142.4 6.4
65 A 039 | 25 15 0 2 3/4 141.4 5.2
65 B 0.39 2.5 14 0 21/2 141.5 4.6
66 A 037 | 25 18 0 3 145.8 5.6
66 B 037 | 25 | 185 0 2 3/4 146.6 5.2
67 A 037 | 25 15 0 3 148.4 4.2
67 B 0.37 2.5 17.5 0 21/2 147.8 4.6
67 C 037 | 15 9 0 3 147.7 4.5
68 A 037 | 25 20 0 21/4 147.4 6.2
68 B 0.37 2.5 19.5 0 21/4 148.5 4.8
69 A 039 | 25 22 0 2 145.1 4.9
69 B 039 | 25 22 0 21/2 143.9 5.6
70 A 039 | 25 17 0 3 141.2 55
70 B 039 | 25 14 0 21/2 143.9 3.7
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Table VII1.3: Fresh concrete properties — mix matrix 3.

Mix | Batch W/cr_n Bsaztzzh AEA | WRA SIL_Jmp Unit We3ight F(g?)meélltr
# ID | Ratio () (mL) | (mL) | (in) (Ib/ft%) (%)
71 A 0.4 2.5 16 40 21/4 145.7 5.8
71 B 0.4 2.5 16 40 21/2 145.6 9.5
72 A 0.4 2.5 16 35 2 3/4 144.7 5.7
72 B 0.4 2.5 16 35 21/2 144.5 6.2
73 A 0.4 2.5 16 30 21/2 147.6 4.6
73 B 0.4 2.5 16 35 21/2 147.3 5.0
73 C 0.4 15 12 50 21/4 145.8 6.0
74 A 0.4 2.5 22 85 11/2 145.8 5.0
74 B 0.4 2.5 24 85 2 148.3 5.2
75 A 0.4 2.5 12 80 2 142.5 4.8
75 B 0.4 2.5 11 80 21/2 141.8 4.7
76 A 038 | 25 23 0 3 144.7 6.3
76 B 038 | 25 | 225 0 3 146.3 5.3
77 A 0.37 2.5 20.5 0 2 3/4 147.4 4.2
77 B 038 | 25 23 0 3 145.2 5.6
78 A 038 | 25 23 0 3 147.6 4.8
78 B 038 | 25 25 0 21/2 147.4 4.9
79 A 0.4 25 | 265 | 10 21/2 144.6 4.8
79 B 0.4 2.5 30 10 3 143.0 6.0
80 A 039 | 25 18 0 2 145.8 3.6
80 B 0.39 2.5 21 0 21/2 144.5 4.3
81 A 038 | 25 23 0 23/4 146.5 5.3
81 B 038 | 25 | 235 0 21/2 146.9 4.9
82 A 038 | 25 21 0 2 3/4 146.6 4.6
82 B 038 | 25 | 225 0 3 146.6 4.7
83 A 038 | 25 | 225 0 3 147.1 5.2
83 B 038 | 25 24 0 2 3/4 147.9 4.7
83 C 038 | 15 14 0 3 146.4 55
84 A 0.4 2.5 30 10 21/2 141.5 6.6
84 B 0.4 2.5 27 10 2 3/4 143.5 5.9
85 A 0.39 2.5 21 0 21/4 144.7 4.2
85 B 039 | 25 23 0 2 3/4 144.2 4.5
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Table VIII1.4: Fresh concrete properties — mix matrix 4.

Mix | Batch W/cr_n Bsaztzzh AEA | WRA SIL_Jmp Unit We3ight F(g?)meélltr
# ID | Ratio () (mL) | (mL) | (in) (Ib/ft%) (%)
86 A 039 | 25 14 0 3 145.0 6.0
86 B 0.39 2.5 14 0 21/2 145.8 9.5
87 A 039 | 25 20 0 13/4 147.6 4.4
87 B 039 | 25 21 0 21/2 147.0 5.0
88 A 0.4 25 | 135 0 3 145.0 6.4
88 B 0.4 25 | 125 0 3 146.5 5.3
89 A 0.4 2.5 23 10 11/4 143.7 5.8
89 B 0.4 2.5 23 15 11/2 143.4 6.1
90 A 0.4 2.5 12 20 11/2 144.0 4.6
90 B 0.4 2.5 12 20 11/2 145.4 3.7
91 A 0.4 2.5 15 0 3 142.9 6.6
91 B 0.39 2.5 12.5 0 21/4 145.7 5.3
92 A 039 | 25 12 0 21/2 146.6 4.8
92 B 039 | 25 14 0 3 145.6 5.6
93 A 039 | 25 | 125 0 3 147.1 5.0
93 B 039 | 25 14 0 21/2 147.8 4.5
94 A 0.4 2.5 23 10 21/4 143.0 6.6
94 B 0.4 2.5 22 10 21/4 143.4 6.2
95 A 0.4 2.5 10 25 21/4 143.5 4.7
95 B 0.4 2.5 10 25 21/4 143.0 4.6
96 A 034 | 25 17 0 3 146.3 5.6
96 B 034 | 25 17 0 3 145.8 5.6
97 A 033 | 25 17 0 3 147.6 55
97 B 033 | 25 20 0 21/4 148.0 4.9
97 C 033 | 25 16 0 21/2 146.0 6.3
98 A 034 | 25 16 0 3 149.0 4.7
98 B 034 | 25 19 0 3 147.2 54
99 A 037 | 25 20 0 21/2 144.3 5.6
99 B 037 | 25 | 205 0 21/2 145.6 4.9
99 C 037 | 25 19 0 21/4 142.6 6.8
100 A 037 | 25 11 0 2 3/4 142.6 5.6
100 B 037 | 25 9 0 2 3/4 145.0 4.9
101 A 0.35 2.5 21 0 21/2 146.7 5.4
101 B 0.35 2.5 22 0 3 145.7 5.8
101 C 035 | 15 14 0 2 147.4 5.1
102 A 0.34 2.5 20 0 13/4 147.6 4.4
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Table VII1.4: Fresh concrete properties — mix matrix 4 (continued).

Mix | Batch W/cr_n BSa}tZ(;h AEA | WRA SIL_Jmp Unit We3ight FégsnfleAn[[r
# ID | Ratio () (mL) | (mL) | (in) (Ib/ft%) (%)
102 B 035 | 25 21 0 21/2 147.0 5.0
103 A 034 | 25 | 195 0 13/4 149.8 4.5
103 B 035 | 25 | 215 0 2 149.7 4.5
104 A 0.38 2.5 24 0 21/2 144.1 5.8
104 B 038 | 25 24 0 2 144.2 5.7
105 A 0.37 2.5 21 0 11/2 144.1 4.7
105 B 037 | 25 22 0 2 142.4 5.3
106 A 034 | 25 23 0 3 145.6 5.6
106 B 034 | 25 23 0 3 144.6 6.4
106 C 034 | 25 22 0 13/4 147.0 5.6
107 A 0.35 2.5 21 0 3 145.4 5.9
107 B 035 | 25 21 0 3 145.8 6.0
108 A 034 | 25 20 0 21/4 149.8 4.5
108 B 034 | 25 24 0 21/2 148.2 5.2
109 A 038 | 25 25 0 3 144.0 5.8
109 B 038 | 25 25 0 3 143.4 6.0
110 A 037 | 25 21 0 21/2 144.6 5.4
110 B 0.37 2.5 21 0 21/4 144.6 4.8
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Appendix IX Air Content Analysis

In total, six additional mixes were evaluated based on mix matrix 1 using coarse aggregate CS3,
which was chosen because of its unusually high aggregate correction factor causing the most
cases of lower than originally thought air content. For each mix proportion in matrix 1, mix
numbers 9, 24, and 39, one mix was prepared with a target air content of 2% and the other was
prepared with a target air content of 7%. A relationship between air content and each
mechanical property found in this project combining the two extra mixes with the original results
from matrix 1. Figures IX.1to IX.3, IX.4 to IX.6, IX.7 to 1X.9, and 1X.10 to 1X.12 provide the
air content relationships found for compressive strength, modulus of rupture, modulus of
elasticity, and splitting tensile strength, respectively, for mixes 9, 24, and 39. Each data point
was the average four individual test results for compressive and splitting tensile strength, and the
average of three test results for modulus of rupture, modulus of elasticity, and dynamic modulus.
A full example of the data analysis identical to Appendix XII (Data Analysis Example) was
conducted adjusting for air content using the estimates of the relationships below and is provided
in Appendix XIIl. The difference between these figures and the figures presented in the report is
negligible, and the conclusions presented in the Section 6 would be unchanged. After applying
general forms of the relationships presented below to convert each data point as if the concrete
contained 6% air, the average compressive strength of all mixes was reduced by about 380 psi
(7.5% if 5000 psi concrete), average modulus of rupture was reduced by about 21 psi (3% if 700
psi concrete), average modulus of elasticity was reduced by about 100 ksi (2.5% if 4000 ksi
concrete), and average modulus of elasticity was reduced by about 15 psi (3.5% if 450 psi
concrete).
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Figure IX.1: Effect of air content on compressive strength of mix 9.
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Compressive Strength Mix 24
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Figure 1X.2: Effect of air content on compressive strength of mix 24.
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Figure 1X.3: Effect of air content on compressive strength of mix 39.
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Figure 1X.4: Effect of air content on modulus of rupture of mix 9.
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Figure IX.5: Effect of air content on modulus of rupture of mix 24.
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Modulus of Rupture Mix 39

1200

1000

800

B 7day

600

X 28day

A 1l4day
T
n

MR (psi)

X 90day

400

y =-23.594x + 858.96
R?=0.2166

200

0.0

2.0
Air Content (%)

6.0 8.0

Figure 1X.6: Effect of air content on modulus of rupture of mix 39.
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Figure IX.7: Effect of air content on modulus of elasticity of mix 9.
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Figure 1X.8: Effect of air content on modulus of elasticity of mix 24.
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Figure 1X.9: Effect of air content on modulus of elasticity of mix 39.
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Split Tensile Strength Mix 9
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Figure 1X.10: Effect of air content on splitting tensile strength of mix 9.
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Figure IX.11: Effect of air content on splitting tensile strength of mix 24.
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Figure 1X.12: Effect of air content on splitting tensile strength of mix 39.
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Figure 1X.13: Effect of air content on dynamic modulus of mix 9.
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Figure 1X.14: Effect of air content on dynamic modulus of mix 24.
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Figure 1X.15: Effect of air content on dynamic modulus of mix 39.
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The differences in the relationships of compressive strength to modulus of rupture, compressive
strength to modulus of elasticity, and compressive strength to splitting tensile strength because of
air content were also found to be negligible. Therefore, the air content appears to only affect the
individual strengths and not the relationships or strength gain of the particular properties.

Figures 1X.16 to 1X.18, 1X.19 to 1X.21, and 1X.22 to IX.24 present the relationships of
compressive strength (f°¢) to modulus of rupture (MR), modulus of elasticity (E), and splitting
tensile strength (f), respectively, for mixes 9, 24, and 39. The relationships appear to shift along
the same trend as the air content changes, keeping the same general relationship. In each figure,
the data points are arranged by mix number. For example, the label “9hi” refers to mix 9 with a
high air content, “9” refers to the actual mix 9 used for data analysis, and “9lo” refers to mix 9
with a low air content.
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Figure 1X.16: Effect of air content on MR versus f’; relationship for mix 9.
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Figure IX.17: Effect of air content on MR versus f’; relationship for mix 24.
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Figure 1X.18: Effect of air content on MR versus f’; relationship for mix 39.
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Figure 1X.19: Effect of Air Content on E versus f’; Relationship for Mix 9
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Figure 1X.20: Effect of air content on E versus f’; relationship for mix 24.
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Figure 1X.21: Effect of air content on E versus f’; relationship for mix 39.
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Figure 1X.22: Effect of air content on f versus f’ relationship for mix 9.
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Figure 1X.23: Effect of air content on fy versus f’ relationship for mix 24.
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Figure 1X.24: Effect of air content on f versus f’ relationship for mix 39.
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Appendix X Concrete Testing Data

Table X.1: Concrete data for mix matrix 1 — comparison of coarse aggregate and cementitious material composition.

Modulus of Rupture (psi)
7Day 14 Day 28Day 90 Day

Modulus of Elasticity (psi)

606 684 676 817
623 605 675 829
644 665 758 816
613 630 682 734
631 688 782 904
612 613 666 804
672 646 719 772
674 702 765 721
680 702 785 866
655 718 761 857
673 77 783 887
631 698 708 817
761 7 795 837
598 592 694 798
750 731 768 851
700 744 824 898
720 7 855 993
661 728 759 869
734 787 783 962
671 794 830 911
612 643 753 850
705 809 837 916
751 817 954 994
717 780 795 914
692 791 834 922
749 860 880 955
72 792 870 913
829 942 908 988
667 705 785 895
815 836 964 973
663 671 789 853
597 610 707 789
629 735 731 898
625 600 765 888
589 633 672 768
591 651 788 878
663 749 765 871
642 765 718 897
683 685 773 933
712 716 792 907
688 776 878 1080
623 692 783 903
694 731 772 959
582 638 789 936
726 744 808 992

7 Day

Poisson's Ratio

14Day 28 Day 90Day | 7 Da

Split Tensile Strength (psi)

Dynamic Modulus (psi)
7Day 14 Day 28Day 90 Day

CTE (mm/mm/°c)
28 Da

0.18
0.19
0.19
0.17
0.22
0.15
0.18
0.18
0.19
0.19
0.22
0.15
0.20
0.18
0.18
0.16
0.19
0.17
0.20
0.22
0.17
0.19
0.19
0.19
0.20
0.19
0.16
0.22
0.21
0.19
0.18
0.18
0.19
0.18
0.20
0.16
0.18
0.18
0.20
0.19
0.22
0.14
0.20
0.19
0.18

0.19
0.20
0.20
0.18
0.23
0.17
0.20
0.18
0.20
0.18
0.22
0.16
0.23
0.19
0.21
0.17
0.19
0.18
0.20
0.21
0.18
0.19
0.17
0.21
0.19
0.20
0.19
0.21
0.19
0.20
0.17
0.19
0.17
0.18
0.22
0.17
0.19
0.18
0.23
0.19
0.22
0.16
0.19
0.17
0.19

0.19
0.19
0.19
0.18
0.21
0.18
0.20
0.18
0.19
0.20
0.21
0.13
0.21
0.20
0.20
0.20
0.20
0.22
0.18
0.20
0.16
0.22
0.18
0.21
0.18
0.20
0.18
0.21
0.19
0.20
0.17
0.18
0.19
0.18
0.20
0.19
0.21
0.19
0.18
0.20
0.21
0.16
0.18
0.20
0.20

0.18
0.21
0.19
0.18
0.23
0.22
0.21
0.18
0.19
0.21
0.22
0.19
0.20
0.22
0.22
0.18
0.20
0.19
0.20
0.20
0.21
0.19
0.16
0.21
0.22
0.23
0.17
0.21
0.22
0.21
0.19
0.20
0.21
0.18
0.21
0.21
0.21
0.18
0.22
0.21
0.20
0.15
0.20
0.23
0.20

4864970 5144992 5426128 5810477
5415787

5198379 5490312 5580297 6112802

6050587

5498408 5639782 5817518 6139473

4096154 4398940 5057147 5404921

5252232 5766849 5867741 6071343

4562934 4532635 5241920 5843738

4948176 5166267 5594790 6067138,
5891554

6102268
5568232 5840398 6081436 6443956
4177637 4374510 4819485 5297050

6014978 6288909 6464564 6876917

4955934 5242933 5620058 6107435
4482146 4829414 5178420 5717944

6009054
5304079 5639393 5936016 6591299
4252484 4889278 4928749 5860802
4539716 4864247
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Table X.2: Concrete data for mix matrix 2 — comparison of cement source and supplementary cementitious material source.

Table X.3: Concrete test

Modulus of Elasticity (psi)

Modulus of Rupture (psi)
7Day 14 Day 28 Day 90 Day
731 863 867 845
830 867 933 943
715 855 833 871
805 899 966 776
751 739 845 926
705 831 833 832
706 806 868 922
704 863 875 927
849 902 972 1057
668 750 836 846
763 740 804 839
604 740 746 811
654 771 892 952
727 798 880 968
687 694 781 877
668 661 746 848
627 656 827 838
690 795 810 884
666 765 891 897
590 695 784 833
661 707 808 822
742 799 812 1009
674 757 825 948
780 822 834 916

Poisson's Ratio

7Day 14 Day 28Day 90 Day
0.20 0.20 0.17 0.19
0.18 0.21 0.18 0.20
0.22 0.20 0.20 0.20
0.17 0.19 0.20 0.17
0.21 0.21 0.21 0.22
0.18 0.18 0.18 0.18
0.20 0.21 0.21 0.19
0.18 0.19 0.20 0.20
0.23 0.20 0.19 0.17
0.19 0.21 021 021
0.18 0.18 0.19 0.17
0.20 0.21 0.21 0.21
0.19 0.19 0.20 0.22
0.16 0.17 0.18 0.18
0.21 0.23 0.22 0.24
0.17 0.15 0.18 0.18
0.21 0.20 0.19 0.20
0.20 0.21 0.20 0.21
0.18 0.19 0.16 0.17
0.20 0.21 0.22 0.22
0.18 0.19 0.17 0.19
0.15 0.18 0.21 0.21
0.21 0.20 0.21 0.22
0.19 0.20 0.19 0.18

Split Tensile Strength (psi) Dynamic Modulus (psi) CTE (mm/mm/°C)
7Day 14 Day 28Day 90 Day 28 Day
4980818 5313019 5469388 5765766

5901983
6046132
5412743 5780690 5874832 6183289
4409180 4629199 4979284 5493740
4988016 5194641 5411415 5669140
6020703
6000933
5732747 5827863 5918877 6027660
4368879 4531014 4891876 5340390
4966519 5270466 5590807 5893144
5847769
6101876
5360215 5599207 5711050 6089036
4169412 4487162 4815447 5440030
4765120 5135630 5413226 5762075

6030706
5495620 5893704 6400541
5532917 5820099 6053339 6396708
4198283 4489998 4933890 5518648
4958278 5288500 5631221 5958212

6090028
5315191 5640890 6052670
5686167 5828229 5962884 6057604

data for mix matrix 3 - comparison of supplementary cementitious material source.

Mix #
70
71
72
73
74
75
76
7
78
79
80
81
82
83
84
85

Compressive Strength (psi)

7 Day

14 Day

28 Day 90 Day

Modulus of Elasticity (psi)
14 Day 28 Day 90 Day | 7 Day

Modulus of Rupture (psi)
7Day 14 Day 28Day 90 Day
666 696 814 969
664 731 789 839
604 700 696 850
687 815 826 957
698 794 805 926
640 692 766 882
584 612 684 826
560 686 721 876
679 682 796 923
611 757 781 939
649 738 756 877
613 659 668 803
614 675 770 880
657 683 805 872
591 655 690 929
630 671 716 847

Poisson's Ratio

14 Day 28 Day 90 Day

0.19
0.16
0.21
0.19
0.19
0.19
0.16
0.18
0.20
0.17
0.21
0.17
0.18
0.16
0.17
0.18

0.21
0.18
0.20
0.19
0.19
0.19
0.18
0.18
0.19
0.16
0.24
0.18
0.19
0.16
0.21
0.21

0.22
0.18
0.19
0.19
0.19
0.20
0.19
0.20
0.19
0.19
0.21
0.17
0.21
0.18
0.17
0.21

0.22
0.18
0.18
0.19
0.19
0.21
0.18
0.19
0.19
0.19
0.21
0.19
0.18
0.20
0.19
0.20

Split Tensile Strength (psi) Dynamic Modulus (psi) CTE (mm/mm/°C)
7Day 14Day 28Day 90Day| 7Day 14 Day 28 Day 90 Day 28 Day
4134700 4771680 5045002 5724125
4675469 5069599 5318186 5832618
5612979
6042652
5341728 5742232 6094109 6180721
3978787 4136771 4440762 5371157
4705532 5109601 5279394 5774745
6209538
6319136
5297129 5640059 5802755 6318262
4741528 4820695 5121875 6163244
4830416 5279915 5517865 5989062
6158798
6104756
4931902 5375780 5370134 5938766
4232178 4585588 4764796 5840684
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Table X.4: Concrete test data for mix matrix 4 - comparison of fine aggregate source and supplementary cementitious

material source.

Compressive Strength (psi)
7Day 14Day 28Day 90 Day

Mix #
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100

101
102
103
104
105
106
107
108
109
110

7 Day

Modulus of Elasticity (psi)
7Day 14Day 28Day 90 Day

611
544
563
718
587
569
630
638
687
641
594
636
664
543
585
508
715
651
636
618
582
595
698
602
625

747
785
884
979
857
761
895
814
840
903
823
727
901
732
775
795
967
911
814
849
731
788
897
782
860

Modulus of Rupture (psi)
14 Day 28 Day 90 Day
730 736
608 713
691 666
797 918
633 726
617 713
662 774
734 756
745 782
663 816
650 682
689 689
691 763
621 623
618 756
575 666
667 754
710 756
596 721
677 725
639 712
661 664
716 787
685 775
706 768

Poisson's Ratio Split Tensile Strength (psi) Dynamic Modulus (psi) CTE (mm/mm/°C)
7Day 14Day 28Day 90Day| 7Day 14Day 28Day 90Day| 7Day 14 Day 28Day 90 Day 28 Day
0.17 0.18 0.16 0.18 4782053 5202897 5414028 5809154
0.18 0.20 0.18 0.18 4436792 4779163 5119869 5671818
0.17 0.17 0.17 0.19 4594320 5139796 5361613 5870661
0.17 0.17 0.18 0.17 5345679 5742790 5924142 6201295
0.19 0.20 0.22 0.21 4197418 4568393 5114861 5796053
0.19 0.17 0.16 0.17 4635242 5006065 5386634 5578664
0.18 0.17 0.18 0.19 4787530 5207420 5728591 6170737
0.17 0.17 0.18 0.19 4719664 5292812 5593581 6147259
0.17 0.18 0.22 0.22 5003440 5696480 5687847 5940869
0.20 0.19 0.21 0.22 4072439 4548143 4949686 5528433
0.15 0.17 0.19 0.18 5182318 5514036 5727642 6104101,
0.21 0.18 0.18 0.20 4897973 5419659 5362837 5941112
0.17 0.18 0.18 0.22 5279127 5636223 5918332 6671825
0.19 0.16 0.18 0.17 5268740 5399983 5560039 5968959
0.19 0.19 0.18 0.20 4233659 4596260 4949255 5643138
0.17 0.15 0.15 0.19 5173033 5537552 5838071 6204494
0.18 0.18 0.19 0.20 5285441 5699427 6140803 6763062
0.18 0.18 0.19 0.20 5402247 5643061 6081558 6743332
0.17 0.18 0.18 0.17 5442903 5619178 6093068 6241497
0.19 0.19 0.18 0.21 4404889 4699335 5269460 5803549
0.17 0.18 0.18 0.16 5223449 5565567 5673332 6322539
0.18 0.17 0.20 0.19 4878023 5254406 5590253 6209017
0.18 0.18 0.18 0.19 5518791 5710255 6098151 6690701
0.18 0.20 0.19 0.18 5496483 5741720 6008077 6332250
0.18 0.20 0.20 0.22 3908690 4372198 5196235 5748887
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Appendix XI Statistical Analysis Summary

A two-factor ANOVA statistical analysis was used for mix matrix 1 to analyze differences
between coarse aggregate type and cementitious material blend. Table XI.1 provides a summary
of those results in which YES represents a significant statistical difference based on a 95%
confidence level and NO represents no significant statistical difference. A three-factor ANOVA
statistical analysis was used for comparisons in mix matrix 2, 3 and 4 to analyze the differences
in fine aggregate, ordinary Portland cement brand, slag brand, and fly ash brand. Tables XI.2,
X1.3, XI.4, and X1.5 provide a summary of those results based on the same terms described for
Table X1.1 with the constituent listed at the top of each table is the source of the difference
analyzed.

Table XI1.1: Two-factor ANOVA for coarse aggregate and cementitous material
composition as sources of difference
Coarse Aggregate Type Cementitious Material Comp.
7 Day | 14 Day | 28 Day | 90 Day | 7 Day | 14 Day | 28 Day | 90 Day
Compressive Strength YES | YES | YES | YES | YES | YES | YES | YES
Modulus of Rupture YES | YES | YES | YES | YES | YES | YES | YES
Splitting Tensile Strength | YES | YES | YES | YES | NO NO YES | YES
Modulus of Elasticity YES | YES | YES | YES | NO NO YES | YES

Test

Poisson's Ratio YES | YES | YES | YES | NO NO NO NO
Dynamic Modulus YES | YES | YES | YES | NO | YES | YES | YES
CTE - - YES - - - YES -

Table X1.2: Three-factor ANOVA for Portland cement as source of difference.

Cement

Test 7 Day 14 Day 28 Day 90 Day

Slag | Fly Ash | Slag | Fly Ash | Slag | Fly Ash | Slag | Fly Ash
Compressive Strength | YES| NO |YES| NO |YES| YES | NO | YES

Modulus of Rupture YES| NO NO NO |YES| NO | NO | NO

Splitting Tensile Strength | YES | NO NO NO |YES| NO | NO | NO

Modulus of Elasticity NO NO NO NO |YES| NO | NO | NO

Poisson's Ratio NO NO NO NO NO YES | NO NO
Dynamic Modulus YES| NO |YES| NO NO | YES | NO | YES
CTE - - - - YES | YES - -
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Table X1.3: Three-factor ANOVA for fine aggregate as source of difference.

Fine Aggregate

Test 7 Day 14 Day 28 Day 90 Day

Slag | Fly Ash | Slag | Fly Ash | Slag | Fly Ash | Slag | Fly Ash
Compressive Strength | YES | YES | NO NO |YES| NO |YES| YES

Modulus of Rupture NO| NO | NO| NO | NO | NO |YES| YES

Splitting Tensile Strength | YES| NO | YES| NO NO | YES | NO | YES

Modulus of Elasticity NO| NO | NO | YES | NO| NO |YES| YES

Poisson's Ratio NO NO NO NO NO NO NO NO
Dynamic Modulus YES| YES | NO NO NO | YES | NO | YES
CTE - - - - NO | NO - -

Table X1.4: Three-factor ANOVA for slag cement as source of difference.

Slag Cement

Test 7 Day 14 Day 28 Day 90 Day

Cement | Sand | Cement | Sand | Cement | Sand | Cement | Sand
Compressive Strength YES | NO | YES | YES| NO | YES| YES | YES

Modulus of Rupture YES | YES| YES |YES| YES | YES| NO | YES

Splitting Tensile Strength | NO NO NO NO NO NO NO NO

Modulus of Elasticity YES | NO | YES | YES| NO | YES| NO NO

Poisson's Ratio NO | YES| YES | YES| NO NO NO NO
Dynamic Modulus YES | YES| NO | YES| YES | YES| YES | YES
CTE - - - - YES | YES - -

Table X1.5: Three-factor ANOVA for fly ash as source of difference.

Fly Ash
Test 7 Day 14 Day 28 Day 90 Day

Cement | Sand | Cement | Sand | Cement | Sand | Cement | Sand
Compressive Strength YES | YES| NO | YES| YES | YES| YES | YES
Modulus of Rupture NO NO NO NO NO NO NO | YES
Splitting Tensile Strength | NO NO NO NO NO NO NO NO
Modulus of Elasticity NO | NO NO | NO NO | NO | YES | YES
Poisson's Ratio NO NO NO NO NO NO NO NO
Dynamic Modulus NO | YES| NO NO NO | YES| YES | YES

CTE - - - - NO NO - -
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Appendix XI1 Data Analysis Example

Compressive Strength

For this example 90 Day compressive strength data was used. The individual coarse aggregates
were directly compared based on their compressive strengths. Figure XI11.1 below is a matrix of
the coarse aggregate comparisons for the ordinary Portland cement (OPC) mixes from mix
matrix 1 and their corresponding percent differences calculated with Microsoft Excel. The
columns represent the percent difference using the aggregate listed at the top of that column as
the base. The maximum and minimum percent differences are for each column are computed at
the bottom of the matrix and the largest absolute value of those percent differences is the number
used for the averages presented in section 5.3.1 of the report. Figures XI1.2 and XI11.3 are the
corresponding percent differences and average percent differences in compressive strength from
the previously mentioned matrix.

GG1
GG2
GG3
GG4
GG5
GG6
Cs1
Cs2
Cs3
Cs4
Css
Cs6
Cs7
cs8
Cs9

GG1
GG2
GG3
GG4
GG5
GG6
Cs1
Cs2
CSs3
Cs4
CS5
CS6
Cs7
Cs8
CSs9

MaxDiff
MinDiff
HighDiff
AbsVal

GG1
XXXXXX

691.0721 XXXXXX

1268.075
439.2613
-603.929
1078.497
546.628
-357.592
-591.491
48.02026
-149.834
239.8568
-293.41
338.4192
-691.846

GG1

11%
21%
7%
-10%
17%
9%
-6%
-10%
1%
-2%
4%
-5%
5%
-11%
21%
-11%
21%
21%

GG2 GG3
-691.072 -1268.08
-577.003

577.0034 XXXXXX

-251.811 -828.814

-1295 -1872
387.4246 -189.579
-144.444 -721.447
-1048.66 -1625.67
-1282.56 -1859.57
-643.052 -1220.06
-840.906 -1417.91
-451.215 -1028.22
-984.482 -1561.49
-352.653 -929.656
-1382.92 -1959.92

GG2 GG3

-13% -26%
-12%
11%
-5%
-24%
7%
-3%
-19%
-23%
-12%
-15%
-8%
-18%
-6%
-25%
11%
-25%
-25%
25%

-17%
-38%
-4%
-15%
-33%
-38%
-25%
-29%
-21%
-32%
-19%
-40%
-4%
-40%
-40%
40%

GG4 GG5
-439.261 603.9293
251.8108 1295.001
828.8142 1872.005
XXXXXX 1043.191
-1043.19 XXXXXX
639.2355 1682.426
107.3667 1150.557
-796.853 246.3374
-1030.75 12.43851
-391.241 651.9496
-589.096  454.095
-199.404 843.7862
-732.672  310.519
-100.842 942.3486
-1131.11 -87.9169

GG4
-8%
4%
14%

GG5
9%
19%
28%
15%

-18%
11%
2%
-14%
-18%
-1%
-10%
-3%
-13%
-2%
-20%
14%
-20%
-20%
20%

25%
17%
4%
0%
10%
7%
12%
5%
14%
-1%
28%
-1%
28%
28%

GG6
-1078.5
-387.425
189.5787
-639.235
-1682.43
XXXXXX
-531.869
-1436.09
-1669.99
-1030.48
-1228.33
-838.64
-1371.91
-740.078
-1770.34

GG6
-21%
-8%
4%
-13%
-33%

-10%
-28%
-33%
-20%
-24%
-16%
-27%
-15%
-35%
4%
-35%
-35%
35%

Cs1

-546.628
144.4441
721.4475
-107.367
-1150.56
531.8687 1436.089
XXXXXX 904.22
-904.22 XXXXXX

-1138.12 -233.899
-498.608 405.6122
-696.462 207.7576
-306.771 597.4487
-840.038 64.18159
-208.209 696.0112
-1238.47 -334.254

CSs2
357.5919
1048.664
1625.667
796.8532

-246.337

Ccs1
-10%
3%
13%
-2%
-20%
9%

cs2
5%
16%
25%
12%
4%
22%
14%
-16%
-20%
9%
12%
5%
-15%
-4%
22%
13%
22%
22%
22%

-4%
6%
3%
9%
1%
11%
-5%
25%
-5%
25%
25%

Cs3
591.4908
1282.563
1859.566
1030.752

-12.4385
1669.988
1138.119
233.8989

XXXXXX
639.5111
441.6565
831.3476
298.0805
929.9101

-100.355

CS3
9%
19%
28%
15%
0%
25%
17%
3%

9%
7%
12%
4%
14%
-1%
28%
-1%
28%
28%

Cs4

-48.0203
643.0519
1220.055
391.241
-651.95
1030.476
498.6078
-405.612
-639.511

XXXXXX
-197.855
191.8365
-341.431
290.399
-739.867

Cs4
-1%
11%
20%
6%
-11%
17%
8%
-7%
-10%

-3%
3%
-6%
5%
-12%
20%
-12%
20%
20%

CSs5
149.8343
840.9064

1417.91
589.0956
-454.095
1228.331
696.4623
-207.758
-441.657
197.8546

XXXXXX

389.6911
-143.576
488.2535
-542.012

Cs5
2%
13%
22%
9%
-1%
19%
11%
-3%
-1%
3%

6%
-2%
8%
-9%
22%
-9%
22%
22%

Cs6

-239.857
451.2153
1028.219
199.4045
-843.786

838.64
306.7712
-597.449
-831.348
-191.837

CSs7
293.4103
984.4825
1561.486
732.6716

-310.519
1371.907
840.0384

-64.1816

-298.081
341.4306

-389.691 143.576

XXXXXX 533.2671

-533.267 XXXXXX

Cs8

-338.419
352.6529
929.6562

100.842

-942.349
740.0775
208.2088

-696.011

-929.91

-290.399

-488.254

-98.5624

-631.83

98.56243 631.8296 XXXXXX
-1030.27 XXXXXX

-931.703 -398.436
CS6
-4%
8%
17%
3%

-14%
14%
5%

-10%

-14%
-3%
-1%

Cs7
5%
15%
24%
11%
-5%
21%
13%
-1%
-5%
5%
2%
8%

-9%
2%
-16%
17%
-16%
17%
17%

10%

-6%
24%
-6%
24%
24%

CS8
-6%
6%
16%
2%
-16%
13%
4%
-12%
-16%
-5%
-8%
-2%
-11%

-18%
16%
-18%
-18%
18%

CSs9

691.8463
1382.918
1959.922
1131.108
87.91694
1770.343
1238.474
334.2544
100.3554
739.8665

542.012
931.7031
398.4359
1030.266

Cs9
10%
20%
29%
16%
1%
26%
18%
5%
1%
11%
8%
14%
6%
15%

29%

1%
29%
29%

Figure XI1.1: Excel spreadsheet for calculating percent differences in compressive strength
when changing coarse aggregate types.
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60%

50%

40%

30%

Percent Difference

20%

10% -

0% -

Aggregate Effect vs. Cementitious Material =ca:

Effect on Compressive Strength = GG2
mGG3

B GG4
m GG5

mGG6
| mCS1

mCS2

mCS3
mCS4

mCS5
mCS6
Cs7

Cs8
OPC-Slag  OPC-fly ash slag-fly ash HighAggDiff HighAggDiff HighAggDiff cs9
OPC Slag FA

Figure XI1.2: Percent differences based on changing coarse aggregate type and
cementitious material composition.

60%

50%

40%

30%

20%

Percent Difference

10%

0%

Average Percent Differences in Compressive
Strength Based on Changing Concrete
Constituents

E B Average

OPC-Slag 1 OPC-Fly Ash Slag 1-Fly HighAggDiff HighAggDiff HighAggDiff
1 Ash 1 OPC Slag FA

Figure XI1.3: Average percent differences based on changing coarse aggregate type

and cementitious material composition.
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The other concrete constituent factors, such as fine aggregate, slag cement type, fly ash brand,
and cementitious material blend were compared directly based on the mix matrices described in
section 4.3 of the report. Figures X11.4 and XI1.5 show Excel spreadsheet values for percent
differences in compressive strength when changing the previously mentioned concrete
constituent. Figures XI1.6 and XI1.8 show individual percent differences based on changing the
previously mentioned concrete constituents for 90 day compressive strength. Figures XI1.7 and
XI11.9 show the average percent differences based on changing the previously mentioned concrete
constituents. The absolute values of the percent differences were used for the averages
presented in section 5.3. The averages appear to be a good representation of the trend and
therefore were chosen summarize the data in section 5.3 of the report.

Difference GG1 GG2 GG3 GG4 GG5 GG6 CS1 CS2 CS3 CS4 CS5 CS6 CS7 CS8 CS9

OPC-Slag 1 1% -11% -10% -6% 18% -10% -6% 5% 1% 1% -15% -6% 1% 3% 1%

OPC-Fly Ash1| -5% -8% -21% -16% 7% -1% -13% -3% -13% 9% -25% -23% 19% 4% 1%

Slag 1-Fly Ash1| 6% 2% -10% -9% -13% 8% -6% -9% -6% -9% -9% -16% 18% 2% 0%

Figure XI1.4: Excel spreadsheet for calculating percent differences in compressive strength
when changing cementitious material type.

) Supplementary Coarse Aggregate

Difference Material GGl | GG2 Ccs1 cs2 Ccs3
Slag | 2% 9% 1% 0% -2%

Slag Il -3% -6% -71% 7% -3%
Cement 1-2 FA 'l 11% -14% -2% 9% -15%
FA Il 16% -14% -8% 11% -1%

FA Il 0% -14% -29% 2% -9%
Slag | 3% -4% 1% 1% -12%
Slag Il 3% -12% -16% 17% -19%

Sand a-b FA | -2% -28% -5% 0% 5%
FA Il 10% -23% -17% -16% 1%

FA Il 14% -15% -31% -5% -5%

Mix Matrix Difference Coarse Aggregate

GG1 GG2 CS1 CS2 CS3

Slag1-2 5% 17% 12% -8% 10%

1and3 FA1-2 -2% 1% 2% 11% -1%
FA1-3 -6% 0% 15% 9% 8%

FA2-3 -4% -1% 14% -3% 8%

Slag1-2 0% 3% 6% -1% 9%

5 FA1-2 4% 2% -5% 13% 12%
FA1-3 -18% 1% -8% 1% 13%

FA2-3 -24% -1% -3% -13% 14%

Slag1-2 6% 11% -3% 9% 4%

4 FA1-2 10% 5% -10% -3% -5%
FA1-3 11% 11% -71% 5% -2%

FA2-3 1% 6% 3% 7% 4%

Figure XI1.5: Excel spreadsheet for calculating percent
differences in compressive strength when changing
cementitious material source.
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60%

50%

40%

30%

Percent Diff

20%

10%

Cement Source and Fine Aggregate Type
Effects on Compressive Strength

mGG1
mGG2

mCs1

mCS2
mCS3

0% -

Slag| Slagll FAI FAIl  FAIlIl | Slag!l Slagll  FAI FA1l  FAII

Cement 1-2 Sand A-B

Figure XI1.6: Percent differences in compressive strength based on changing cement
source and fine aggregate source.

60%

50%

40%

30%

Percent Difference

20%

10%

0%

Average Percent Differences in Compressive
Strength Based on Changing Concrete
Constituents

M Average

| - B

Cement 1-2 Sand A-B

Figure XI1.7: Average percent differences in compressive strength based on
changing cement source and fine aggregate source.
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Cementitious Material Source Effect on
Compressive Strength
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Figure XI1.8: Percent differences in compressive strength based on changing
cementitious material source.
Average Percent Differences in Compressive
Strength Based on Changing Concrete
Constituents
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Slag 1-2 Fly Ash 1-2-3

Figure XI1.9: Average percent differences in compressive strength based on

changing cementitious material source.
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Appendix X111 Data Analysis Example Adjusted for Air Content

Compressive Strength

For this example 90 Day compressive strength data adjusted for air content was used. The
individual coarse aggregates were first directly compared based on their concrete compressive
strengths adjusted for air content. After applying general forms of the relationships presented
below to convert each data point as if the concrete contained 6% air, the average compressive
strength of all mixes was reduced by about 380 psi (7.5% if 5000 psi concrete), average modulus
of rupture was reduced by about 21 psi (3% if 700 psi concrete), average modulus of elasticity
was reduced by about 100 ksi (2.5% if 4000 ksi concrete), and average modulus of elasticity was
reduced by about 15 psi (3.5% if 450 psi concrete). Figure XII1.1 below is a matrix of the
coarse aggregate comparisons for the ordinary Portland cement (OPC) mixes from mix matrix 1
and their corresponding percent differences calculated with Microsoft Excel. The columns
represent the percent difference using the aggregate listed at the top of that column as the base.
The maximum and minimum percent differences are for each column are computed at the bottom
of the matrix and the largest absolute value of those percent differences is the number used for
the averages presented in section 5.3.1 of the report. Figures XI111.2 and X111.3 are the
corresponding percent differences and average percent differences in compressive strength from
the previously mentioned matrix.

GG1 GG2 GG3 GG4 GG5 GG6 Cs1 Cs2 CS3 Cs4 CSs5 Cs6 Ccs7 Css8 Cs9
GG1  XXXXXX -541.072 -1018.08 -639.261 303.9293 -878.497 -596.628 507.5919 241.4908 -148.02 -0.16569 -289.857 193.4103 -838.419 391.8463
GG2 541.0721 XXXXXX -477.003 -98.1892 845.0015 -337.425 -55.5559 1048.664 782.563 393.0519 540.9064 251.2153 734.4825 -297.347 932.9184

GG3 1018.075 477.0034 xxxxxx 378.8142 1322.005 139.5787 421.4475 1525.667 1259.566 870.0552 1017.91 728.2187 1211.486 179.6562 1409.922
GG4 639.2613 98.18916 -378.814 XXXXXX 943.1906 -239.235 42.63325 1146.853 880.7521 491.241 639.0956 349.4045 832.6716 -199.158 1031.108
GG5 -303.929 -845.001 -1322  -943.191 XXXXXX -1182.43 -900.557 203.6626 -62.4385 -451.95 -304.095 -593.786 -110.519 -1142.35 87.91694
GG6 878.4968 337.4246 -139.579 239.2355 1182.426 XXXXXX 281.8687 1386.089 1119.988 730.4765 878.3311 588.64 1071.907 40.07752 1270.343
Cs1 596.628 55.55591 -421.447 -42.6333 900.5574 -281.869 XXXXXX 1104.22 838.1189 448.6078 596.4623 306.7712 790.0384 -241.791 988.4743
Cs2 -507.592 -1048.66 -1525.67 -1146.85 -203.663 -1386.09 -1104.22 XXXXXX -266.101 -655.612 -507.758 -797.449 -314.182 -1346.01 -115.746
Cs3 -241.491 -782.563 -1259.57 -880.752 62.43851 -1119.99 -838.119 266.1011 XXXXXX -389.511 -241.657 -531.348 -48.0805 -1079.91 150.3554
Cs4 148.0203 -393.052 -870.055 -491.241 451.9496 -730.476 -448.608 655.6122 389.5111 XXXXXX 147.8546 -141.837 341.4306 -690.399 539.8665
Cs5 0.165688 -540.906 -1017.91 -639.096 304.095 -878.331 -596.462 507.7576 241.6565 -147.855 XXXxxx -289.691 193.576 -838.254 392.012
Cs6 289.8568 -251.215 -728.219 -349.404 593.7862 -588.64 -306.771 797.4487 531.3476 141.8365 289.6911 XXXXXX 483.2671 -548.562 681.7031
Ccs7 -193.41 -734.482 -1211.49 -832.672 110.519 -1071.91 -790.038 314.1816 48.0805 -341.431 -193.576 -483.267 XXXXXX -1031.83 198.4359
Cs8 838.4192 297.3471 -179.656 199.158 1142.349 -40.0775 241.7912 1346.011 1079.91 690.399 838.2535 548.5624 1031.83 XXXXXX 1230.266
Cs9 -391.846 -932.918 -1409.92 -1031.11 -87.9169 -1270.34 -988.474 115.7456 -150.355 -539.867 -392.012 -681.703 -198.436 -1230.27 XXXXXX

GG1 GG2 GG3 GG4 GG5 GG6 Cs1 Cs2 CS3 Cs4 CsSs CS6 Ccs7 cs8 CS9

GG1 -10% -20% -12% 5% -17% -11% 8% 4% -3% 0% -5% 3% -16% 6%
GG2 9% -10% 2% 13% 7% -1% 16% 13% 7% 9% 4% 12% -6% 15%
GG3 17% 9% 7% 21% 3% 8% 23% 20% 15% 17% 13% 20% 3% 22%
GG4 11% 2% -8% 15% -5% 1% 18% 14% 8% 11% 6% 13% -4% 16%
GG5 -5% -15% -26% -18% -23% -17% 3% -1% -8% -5% -10% -2% -22% 1%
GG6 15% 6% -3% 4% 19% 5% 21% 18% 12% 15% 10% 17% 1% 20%
cs1 10% 1% -8% -1% 14% -5% 17% 13% 8% 10% 5% 13% -5% 15%
Cs2 -8% -19% -31% -21% -3% -27% -20% -4% -11% -8% -14% -5% -26% -2%
Cs3 -4% -14% -25% -16% 1% -22% -15% 4% -1% -4% -9% -1% -21% 2%
Cs4 2% 1% -17% -9% 7% -14% -8% 10% 6% 2% 2% 5% -13% 8%
Cs5 0% -10% -20% -12% 5% -17% -11% 8% 4% -3% -5% 3% -16% 6%
Csé 5% -5% -15% -6% 9% -11% -6% 12% 8% 2% 5% 8% -11% 11%
Cs7 -3% -13% -24% -15% 2% -21% -15% 5% 1% -6% -3% -8% -20% 3%
Css8 14% 5% -4% 4% 18% -1% 4% 21% 17% 12% 14% 10% 17% 19%
Cs9 -1% -17% -28% -19% -1% -25% -18% 2% -2% -9% -1% -12% -3% -24%

|MaxDiff 17% 9% -3% % 21% 3% 8% 23% 20% 15% 17% 13% 20% 3% 22%

MinDiff -8% -19% -31% -21% -3% -27% -20% 2% -4% -11% -8% -14% -5% -26% -2%

HighDiff 17% -19% -31% -21% 21% -27% -20% 23% 20% 15% 17% -14% 20% -26% 22%

Figure XI11.1: Excel spreadsheet for calculating percent differences in compressive
strength when changing coarse aggregate types (adjusted for air content).
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Coarse Aggregate vs. Cementitious Material

Effects on Compressive Strength
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Figure XI11.2: Percent differences based on changing coarse aggregate type and
cementitious material composition (adjusted for air content).
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Figure XI11.3: Average percent differences based on changing coarse aggregate
type and cementitious material (adjusted for air content).
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The other concrete constituent factors, such as fine aggregate, slag cement type, fly ash brand,
and cementitious material blend were compared directly based on the mix matrices described in
section 4.3 of the report. Figures XI111.4 and XI11.5 show Excel spreadsheet values for percent
differences in compressive strength when changing the previously mentioned concrete
constituents adjusted for air content. Figures XI11.6 and X111.8 show individual percent
differences based on changing the previously mentioned concrete constituents for 90 day
compressive strength. Figures XI111.7 and XI11.9 show the average percent differences based on
changing the previously mentioned concrete constituents. The absolute values of the percent
differences were used for the averages presented in section 5.3. The averages appear to be a
good representation of the trend and therefore were chosen summarize the data in section 5.3 of
the report.

Difference GG1 GG2 GG3 GG4 GG5 GG6 CS1 CS2 CS3 CS4 CS5 CS6 Cs7 CS8 CS9

OPC-Slag 1 2% 2% -3% -1% 16% -3% -2% 14% -4% -2% -5% -3% 1% -12% 2%

OPC-Fly Ash1| -1% -1% -8% 9% 10% -A4% -4% 3% -14% 1% -12% -15% 11% -6% -1%

Slag 1-Fly Ash 1] -3% -3% -5% -2% -6% -1% -2% -12% -10% 3% -1% -12% 10% 6% -3%

Figure XI11.4: Excel spreadsheet for calculating percent differences in compressive
strength when changing cementitious material type (adjusted for air content).

. Suppleme Coarse Aggregate
Difference r?tzry GG1 GG2 nglg Cs2 cs3
Slag | 2% 3% 7% -8% -2%
Slag Il 1% 3% 3% 2% -4%
Cement 1-4 FA | 2% -13% -3% 3% -1%
FA Il 11% -6% -9% 7% -3%
FA I -3% -13% -24% 0% -4%
Slag | 3% -8% 0% -10% -7%
Slag Il 5% -6% -2% 10% -20%
Sand a-b FA | -6% -28% -12% 1% 6%
FA Il 12% -19% -15% -14% -T%
FA I 3% -29% -30% -5% -8%

Coarse Aggregate

Mix Matrix| Difference

GGl GG2 CS1 CS2 CS3

Slagl-2 5% 5% 5% -11% 10%

1and 3 FA1-2 -3% -2% -1% 5% 4%
FA1-3 -4% 5% 9% 3% 12%

FA2-3 -1% 7% 10% -2% 8%

Slagl-2 4% 5% 1% -2% 8%

5 FAl1-2 7% 4% -71% 10% 8%
FA1-3 -9% 5% -10% 0% 15%

FA2-3 -17% 1% -2% -10% 16%

Slagl-2 8% 7% 4% 9% -2%

4 FA1-2 14% 5% -3% -10% -9%
FA1-3 5% 4% -5% -4% -1%

FA2-3 -11% -1% -2% 5% 7%

Figure XI11.5: Excel spreadsheet for calculating percent
differences in compressive strength when changing
cementitious material source (adjusted for air content).
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Figure XI11.6: Percent differences in compressive strength based on changing
cement source and fine aggregate source (adjusted for air content).
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Figure XI11.7: Average percent differences in compressive strength based on
changing cement source and fine aggregate source (adjusted for air content).
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Figure XI11.8: Percent differences in compressive strength based on changing
cementitious material source (adjusted for air content).
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Figure XI11.9: Average percent differences in compressive strength based on
changing cementitious material source (adjusted for air content).
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Appendix X1V Percent Facture from Splitting Tensile Failure Analysis
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Figure XIV.1: Percent fracture values at 7, 14, 28, and 90 days for coarse
aggregates classified as glacial gravels (GG1 through GG6) from splitting
tensile testing.
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Figure XIV.2: Percent fracture values at 7, 14, 28, and 90 days for coarse
aggregates classified as crushed stones (CS7 through CS15) from splitting
tensile testing.
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Figure XI1V.3: Comparing percent fracture values for coarse aggregates
classified as glacial gravels (GG1 through GG6) to coarse aggregates
classified as crushed stones (CS7 through CS15) from 7 day splitting tensile

testing.
Glacial Gravels vs. Crushed Stone
14 Day Split Tesion Test
100%
L 2

@ 80% L
2
E 60% e_._._
§ 40% rm— # Glacial Gravel
E 0% 2 2 ¢ . M Crushed Stone

0%

100

200 300 400 500 600
Split Tesile Strength (psi)

Figure XIV.4: Comparing percent fracture values for coarse aggregates
classified as glacial gravels (GG1 through GG6) to coarse aggregates

classified as crushed stones (CS7 through CS15) from 14 day splitting tensile

testing.
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Glacial Gravels vs. Crushed Stone
28 Day Split Tension Test
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Figure XIV.5: Comparing percent fracture values for coarse aggregates
classified as glacial gravels (GG1 through GG6) to coarse aggregates
classified as crushed stones (CS7 through CS15) from 28 day splitting tensile
testing.
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Figure XIV.6: Comparing percent fracture values for coarse aggregates
classified as glacial gravels (GG1 through GG6) to coarse aggregates
classified as crushed stones (CS7 through CS15) from 90 day splitting tensile
testing.

132



Appendix XV Sample Inputs for Thickness Analysis

Table XV.1: JPCP trial design inputs.

Input Parameter Value
Design life (years) 30
Initial IRI (in/mile) 75

Terminal IRI (in/mile)

250 (95% reliability)

Transverse cracking (% slabs cracked)

15 (95% reliability)

Mean joint faulting (in)

0. 2 (95% reliability)

Initial two-way AADTT 2500
Number of lanes in design direction 2
Percent of trucks in design direction (%) 50
Percent of trucks in design lane (%) 95
Operational speed (mph) 60
Mean wheel location (in) 18
Traffic wander standard deviation (in) 10
Design lane width (ft) 12
Traffic adjustment factors Default
Permanent curl / warp temperature difference (°F) -10
Joint Spacing (ft) 15
Sealant type None
Dowel Diameter (in) 1.25
Dowel Bar Spacing (in) 12
Edge Support None
Erodibility Index Fairly Erodable (4)
Loss of full friction (months) 240
PCC-Base Interface Full friction
Surface Shortwave absorptivity 0.85
Slab thickness (in) 10
Unit Weight (pcf) 147.5
Poisson’s Ratio 0.2
Coefficient of thermal expansion (ue/°F) 5.70
Thermal conductivity (BTU/hr-ft-°F) 1.25
Heat capacity (BTU/Ib-°F) 0.28
Cement type Type |
Cementitious material content (Ib/yd®) 565
Water/cement ratio 0.4
Aggregate Type Granite
Reversible shrinkage (% of ultimate shrinkage) 50
Time to develop 50% of ultimate shrinkage (days) 35

Curing method

Curing Compound

28-day PCC Compressive Strength (psi)

4800 (level 3)




Figure XV.1: Design layers in MEPDG

PCC Layer, 10 inches
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