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EXECUTIVE SUMMARY

This study batched, tested, and analyzed 12 GDOT-approved concrete mixtures for compressive
strength, modulus of rupture (MOR), modulus of elasticity (MOE), Poisson’s ratio, coefficient of
thermal expansion (CTE), thermal conductivity, heat capacity, and shrinkage. The 12 mixtures
varied in cement content, fly ash percentage, water-to-cement ratio (w/cm), coarse aggregate (CA)
type, CA fraction, and air content. The impacts these different mixture variables had on the
concrete’s material properties are analyzed and discussed in this report. Using AASHTOWare
Pavement ME Design, a series of sensitivity analyses was performed to identify which of the
mechanical and thermal properties tested in this study were critical to the performance of rigid
pavements. Additionally, the laboratory-tested values from the 12 GDOT mixtures were used to
complete rigid pavement designs at input levels 1, 2, and 3. The results of these analyses were

compared to construct guidelines for which input level to use in future GDOT designs.

MECHANICAL PROPERTY CONCLUSIONS

Major findings from the experimental investigation specific to the mechanical properties of the
concrete mixtures investigated in this study include:

e Compressive strength values ranged from 4,140 psi (28.5 MPa) to 6,650 psi (45.9 MPa) at

28 days of age. Factors influencing compressive strength were w/cm, air content, fly ash

replacement, CA type, and CA fraction. It was concluded that higher w/cm and higher air

contents had similar effects of lowering concrete compressive strength. Fly ash was found

to have no effect on the initial strength of concrete, but it led to higher 90-day strengths

when compared to mixtures without fly ash. Granite led to higher compressive strengths



than dolomite mixtures, despite being less angular. Finally, lower CA fractions led to lower
compressive strengths.

e Modulus of elasticity 28-day measured values ranged from 3,150 to 6,400 ksi (21.7 to
44.1 GPa). Factors influencing MOE were w/cm, fly ash replacement, and CA type. Higher
w/cm led to lower MOE values, similar to the compressive strength results. Fly ash was
found to lower the MOE in the resulting mixtures by around 1,000 ksi (6.9 GPa). The use
of dolomite instead of granite was determined to have the largest effect on MOE. Mixtures
using dolomite achieved MOE values around 2,000 ksi (13.8 GPa) higher than mixtures
using granite.

e Poisson’s ratio did not vary much across mixtures. Mixtures using dolomite, however,
resulted in higher values for Poisson’s ratio.

e A linear relationship between 3x4x16-inch (76.2x101.6x406.4-mm) and 6x6x22-inch
(152.4x152.4x558.8-mm) modulus of rupture beams was established with an R? of 0.79.
The equation relating large beams and small beams is 6 X 6 x 22-inch MOR(psi) =
0.5439(3 X 4 X 16-inch MOR) + 246.9.

e MOR values at 28 days ranged from 620 to 805 psi (4.3 to 5.6 MPa). Air content was
determined to have the largest effect on the resulting MOR values. Higher air contents

resulted in lower MOR values.

THERMAL PROPERTY CONCLUSIONS

Major findings from the experimental investigation specific to the thermal properties of the

concrete mixtures investigated in this study include:



e Aggregate type was identified as the leading factor contributing to the CTE values.
Concrete mixtures containing the dolomite aggregate type resulted in relatively higher CTE
values than similar mixtures containing granite aggregate type.

e Shrinkage specimens were observed to experience an initial growth during the first 28 days
of age, followed by shrinkage at later days of age. Water-to-cement ratio exhibited the
largest effect on shrinkage results. A higher w/cm led to increased shrinkage values.

e The density of the concrete mixture impacts the thermal property significantly. A higher
density results in a higher thermal conductivity value. Moisture also plays an important
role in thermal conductivity test values; specimens with a higher moisture content resulted
in a higher thermal conductivity value. Similar to CTE, mixtures containing the dolomite
aggregate type exhibited higher thermal conductivity values than similar mixtures
containing granite.

e A relationship between CTE and thermal conductivity was established. It is attributed to
concrete mixtures with lower thermal conductivity values serving as a better thermal buffer
than mixtures with high thermal conductivity test results. This relationship can be utilized
to estimate a thermal conductivity value from CTE value when a lab-tested thermal
conductivity value is not readily available for the Mechanistic-Empirical Pavement Design
Guide (MEPDG).

e During the sensitivity analyses, CTE demonstrated itself to be the most critical thermal

property for all pavement predictions in regard to the Pavement ME Design.

PAVEMENT PERFORMANCE ANALYSIS

Major findings from the pavement performance and sensitivity analysis conducted within this

study include:



Jointed plain concrete pavement (JPCP) displayed sensitivity to MOR, compressive
strength, unit weight, and Poisson’s ratio. MOR and compressive strength were found to
be critical inputs for percent slabs cracked and international roughness index (IR1). Unit
weight and Poisson’s ratio were found to be critical for predicting mean joint faulting.
JPCP displayed sensitivity to MOE at levels 1 and 3. MOE values over 5,500 ksi
(39.7 GPa) predicted a drastic increase of distresses.

Continuous reinforced concrete pavement (CRCP) displayed sensitivity to MOR and
compressive strength only. These two inputs were found to be critical in predicting
punchout and IRI.

CTE and thermal conductivity were discovered to be controlling properties in mean joint
faulting prediction. An increase in CTE resulted in an increase in mean joint faulting, while
a decrease in thermal conductivity resulted in an increase in mean joint faulting. This is
attributed to concrete mixtures with a lower thermal conductivity acting as a better
insulator. Unit weight is also an important factor affecting mean joint faulting. This is most
likely attributed to lower unit weight mixtures allowing an increase in curling deflection.
CTE and MOR were identified as the key factors affecting terminal IRIl. An increase in
CTE resulted in an increase in terminal IR, while an increase in MOR resulted in a lower
terminal IRI.

CTE and MOR played a major role in the performance prediction of transverse cracking.
An increase in CTE resulted in more transverse cracking, while a higher MOR resulted in
less transverse cracking. The PCC layer thickness was also identified as an important factor

in JPCP structures in terms of cracking.



It should be noted that the design thickness of JPCP does not always increase as the input
level goes from 1 to 3. Instead, material properties such as f,, MOR, MOE, and CTE
significantly affect the thickness design. While level 1 and 3 analyses require the measured
MOE as an input value, level 2 estimates the MOE from measured f; .

Initially, the decrease of slab cracking was expected as MOE increases. However, an MOE
greater than 5,500 ksi (39.7 GPa) was prone to predict significant percent slab cracking.
Thus, caution should be taken when a level 2 input with over 5,500 ksi MOE value is

utilized.



CHAPTER 1. INTRODUCTION

Traditionally, pavement structures have been designed using equations and design guides
formulated from empirical testing. Empirical testing is a method of gaining knowledge from
observed failure. The American Association of State and Highway Transportation Officials
(AASHTO) first developed these empirical design methods by observing a section of roadway
constructed in Illinois in the late 1950s. Historically, the Georgia Department of Transportation
(GDOT) has used these guides, specifically the AASHTO 1972 and 1981 Pavement Design Guide,
to design its roadways. As material science has progressed, significant research has led to a more
mechanistic understanding of the material utilized in pavement design, construction, and
rehabilitation. Mechanistic approach differs from empirical approach by using the understanding
of material properties and mathematical principles to predict performance, rather than using
observations from existing structures’ failures to predict future performance. This approach has
led to improved modeling of the pavement structure and its behavior. This new method, presented
in AASHTO’s Mechanistic—-Empirical Pavement Design Guide (MEPDG), combines new
mechanistic understandings of how materials behave with existing empirical observations.
GDOT plans to implement the MEPDG for future critical pavement designs in Georgia. In
order to fully incorporate the MEPDG, the development of a material database is necessary. This
study aims to develop a concrete materials database for reliable rigid pavement design for GDOT.
This includes producing, testing, and analyzing concrete mixtures for compressive strength (f),
modulus of elasticity (MOE), modulus of rupture (MOR), coefficient of thermal expansion (CTE),
thermal conductivity, and ultimate shrinkage. These properties are required to complete a rigid
pavement design in the MEPDG. Since the mechanical properties of concrete will vary from

mixture to mixture, a matrix was established to vary mixture characteristics. The following



properties were varied for this study: water-to-cement ratio (w/cm), cementitious content, fly ash
content, coarse aggregate (CA) type, coarse aggregate volume fraction, and air content. The
variation of these mixture variables creates a wide variety of mixtures that will be included in the
database. To ensure these mixtures satisfy GDOT requirements, GDOT-approved mixtures are
selected for batching and testing.

Additionally, this study investigates which material properties have the most significant
impact on rigid pavements. Sensitivity analysis is performed for input levels 1, 2, and 3 for both
jointed plain concrete pavement (JPCP) and continuous reinforced concrete pavement (CRCP).
Level 3 designs require the least amount of input and, therefore, provide preliminary insight into
how sensitive predicted distresses are to each mechanical and thermal property. The results from
the input levels are compared and used to help make recommendations on which level should be
utilized in new rigid pavement designs in Georgia. The development of this database and the
resulting sensitivity analysis is critical for the implementation of the MEPDG in Georgia. With the
correct input values and a complete understanding of their impacts on predicted performance,

GDOT will be able to fully implement the MEPDG for rigid pavement design.



CHAPTER 2. LITERATURE REVIEW

TYPES OF RIGID PAVEMENT

Pavement structures are typically classified as either flexible pavements, which are road structures
constructed using asphaltic materials, or rigid pavements, which are constructed from concrete.
Rigid pavements are classified as being either: (1) continuous reinforced concrete pavement,
(2) jointed plain concrete pavement, or (3) jointed reinforced concrete pavement (JRCP). This
section provides an overview of the design methodology for CRCP and JPCP as it relates to the
development of a material input library for Georgia. JRCP is not included since it is not commonly

used in Georgia. JRCP combines design elements from CRCP and JPCP.

CRCP Overview

CRCP is atype of rigid pavement that is typically used for interstate applications where high traffic
loads are expected. Reinforcing steel is placed throughout the slab width and length, providing
continuous reinforcement. These steel bars are spaced relatively close together to help provide
support for transverse cracks, as well as to effectively limit the width of cracks as they form.
Images of CRCP construction are shown in figure 1 and figure 2.

CRCP is expected to develop cracks very early in its life. These cracks are caused by the
stresses associated with restricting concrete expansion. The concrete’s tensile strength is often not
high enough to resist these strains, thus transverse cracking occurs (Advanced Concrete Pavement
Technology 2012). Figure 3 illustrates narrowly spaced transverse cracking, which is the common

cracking associated with CRCPs.
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Figure 1. Photo. Longitudinal bars in CRCP.
(Advanced Concrete Pavement Technology 2012)
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Figure 2. Photo. CRCP in construction. (Federal Highway Administration 2016)
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Figure 3. Diagram. Transverse cracking in CRCP.
(Advanced Concrete Pavement Technology 2012)

Due to the expected cracking in CRCP, it is important to place longitudinal steel
reinforcement high enough in the cross section to provide adequate load transfer across the cracks.
The Federal Highway Administration (FHWA) recommends the bars be placed between 1/3 and
1/2 the pavement depth with a minimum depth of 3.5 inch (88.9 mm) (FHWA 2016).

In Georgia, typical CRCP layers include an 11.0-12.0-inch (279.4-304.8-mm) slab placed
over a 3-inch (76.2-mm) asphalt concrete (AC) bond breaker layer, and a minimum 8.0-inch
(203.2-mm) thick graded aggregate base (GAB) layer. Figure 4 illustrates this design
configuration. Typical steel reinforcement includes a #6 reinforcing bar in the longitudinal
direction with a #4 reinforcing bar in the transverse direction to support the longitudinal steel. Steel
is placed between 3.50 and 4.25 inch (88.90 to 107.95 mm) below the slab surface to ensure

adequate cover while preventing cracks from widening (Tsai and Wang 2014).
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Figure 4. Diagram. Typical CRCP layers. (Tsai and Wang 2014)

There are advantages and disadvantages to using CRCPs. CRCPs, if installed correctly, are
virtually maintenance free and have a service life that well exceeds its design life. CRCP sections
in California have performed for over 60 years (Advanced Concrete Pavement Technology 2012).
Typically, “CRCP sections can be expected to provide over 40 years of exceptional performance
with minimal maintenance when properly designed and constructed” (FHWA 2016). This
pavement type maintains its initial smoothness over its design life. Willis et al. (2015) outline how
rolling resistance increases when pavements are rougher. Rolling resistance is defined as “the
mechanical energy converted into heat by a tire moving a unit distance of roadway” (Schuring
1977). Rolling resistance contributes to fuel efficiency in cars, and the road smoothness may lower
gas consumption by as much as 4.5 percent (Willis et al. 2015). Concrete surfaces have the
smoothest surfaces with the least amount of rolling resistance. Further, concrete surfaces are
maintained longer due to the durability of CRCP. Lastly, CRCP has the lowest life-cycle costs,
providing for the most cost-effective pavement when subjected to large loads over its service life.
The disadvantages of CRCP include high initial costs, complex construction, and potential threats

of punchout distress.
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JPCP Overview

JPCP is a type of rigid pavement without steel reinforcement that is jointed at relatively short
intervals, i.e., 10-20 ft (3—6 m), with the option of placing a dowel bar between transverse joints
to allow for improved load transfer. In addition, tie bars are used between longitudinal joints

(Caltrans 2015). A schematic of a typical JPCP design is shown in figure 5.

Concrete materials

Longitudinal joint

Transverse joints Thickness design

Tiebar

Dowel bars

Figure 5. Diagram. JPCP typical layout. (Caltrans 2015)

The advantages of JPCP include appearance, lower initial cost, and a simpler construction
compared to its counterpart. One concern of CRCP is that citizens could interpret the closely
spaced transverse cracks as a premature concrete failure (Chen and Texas Department of
Transportation 2013). With JPCP, the transverse cracks are replaced by predetermined joints so
the pavement can appear better to the public. JPCP has a lower initial cost than CRCP since it does
not utilize steel reinforcement throughout its cross section, with the exception of tie reinforcing
bars between slabs. Further, JPCP provides for a more simplistic design than CRCP, allowing for

easier and lower-cost construction. JPCP is often utilized in areas where the pavement approaches
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structures or railways and where traffic loading is not as significant as that expected for CRCPs
(Chen and Texas Department of Transportation 2013). An image of JPCP during construction is

shown in figure 6.

ACP Base

Figure 6. Photo. JPCP in construction.
(Chen and Texas Department of Transportation 2013)

Failure Mechanisms and Performance Criteria

FHWA published a report discussing the distresses experienced by different pavement types
(Miller and Bellinger 2014). The distress types that affect pavements and a brief description of

each are summarized in table 1.
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Table 1. Rigid pavement distress types. (Miller and Bellinger 2014)

J|C
Distress Unitof |P|R Descriotion
Type Measure |C|C P
PP
A portion of the slab is separated by a crack, which intersects
the adjacent transverse and longitudinal joints, describing
Corner Breaks Number v approximately a 45-degree angle with the direction of traffic.
The length of the sides is from 0.3 m to half the width of the
slab on each side of the corner.

Durability Number of Closely spaced cr_es_cent—shaped hairline crackl_n_g pattern.

(D" slabs. Area | v | v Occurs adjacent to joints, cracks, or free edges. Initiates at the
. ’ intersection (e.g., cracks and a free edge). Dark coloring of the

Cracking) affected . .
cracking pattern and surrounding area.

Longitudinal Number, v v Cracks that are predominantly parallel to the pavement

Cracking Width centerline.

Cracks that are predominantly perpendicular to the pavement

centerline. This cracking is expected in a properly functioning

CRCP. All transverse cracks that intersect an imaginary
Transverse Number, s - . .

Cracking Width longitudinal line at mid-lane and propagate from the pavement
edges (centerline joint or the edge joint) shall be counted as
individual cracks. Cracks that do not cross the mid-lane are not
counted.

Joint seal damage is any condition that enables incompressible
Transverse materials or a significant amount of water to infiltrate into the
. Percent of . . .

Joint Seal it v joint from the surface. Typical types of joint seal damage

Damage J include extrusion, hardening, adhesive failure (bonding),
cohesive failure (splitting), or complete loss of sealant.

Joint seal damage is any condition that enables incompressible
Longitudinal materials or a significant amount of water to infiltrate into the
; Number, .. . ..

Joint Seal Lenath v'| v | joint from the surface. Typical types of joint seal damage

Damage g include extrusion, hardening, adhesive failure (bonding),
cohesive failure (splitting), or complete loss of sealant.

L?)%aliliﬂgigzl Number, v v Cracking, breaking, chipping, or fraying of slab edges within
gr Width 0.3 m of the longitudinal joint.
Joints

Transverse

Construction A series of closely spaced transverse cracks or a large number

. Number 4 . . . L

Joint of interconnecting cracks occurring near the construction joint.

Deterioration

?’Fr):rl:s:\r;gr:: Number, v Cracking, breaking, chipping, or fraying of slab edges within
Joints Width 0.3 m from the face of the transverse joint.
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J|C
Distress Unitof |P|R Description
Type Measure |C|C P
PP
A series of cracks that extend only into the upper surface of the
Number, . . o
. slab. Larger cracks frequently are oriented in the longitudinal
Map Cracking Area VIV : .
direction of the pavement and are interconnected by finer
affected
transverse or random cracks
Number, Scaling is the deterioration of the upper concrete slab surface,
Scaling Area v'| v'| normally 3 to 13 mm, and may occur anywhere over the
affected pavement.
Polished Area v v Surface mortar and texturing worn away to expose coarse
Aggregate affected aggregate.
Not Small pieces of pavement broken loose from the surface,
Popouts v"| v'| normally ranging in diameter from 25 to 100 mm and in depth
measured
from 13 to 50 mm.
Localized upward movement of the pavement surface at
Blowups Number v'| v'| transverse joints or cracks; often accompanied by shattering of
the concrete in that area.
Faulting of
Trgnsverse Depth v'| v'| Difference in elevation across a joint or crack.
Joints and
Cracks
Lane-to- i . . .
Difference in elevation between the edge of slab and outside
Shoulder Depth VIV S :
shoulder; typically occurs when the outside shoulder settles.
Dropoff
L-ane-to- Widening of the joint between the edge of the slab and the
Shoulder Width | v | v g J g
- shoulder.
Separation
Number, A portion greater than or equal to 0.1 m? or all of an original
Patch »
L Area v | v'| concrete panel that has been removed and replaced or additional
Deterioration : . . .
affected material applied to the pavement after original construction.
Seeping or ejection of water from beneath the pavement
Water Number, through cracks or joints. In some cases, it is detectable by
Bleeding and Length v'| v'| deposits of fine material left on the pavement surface, which
Pumping affected were eroded (pumped) from the support layers and have stained
the surface.
The area enclosed by two closely spaced (usually <0.6 m)
transverse cracks, a short longitudinal crack, and the edge of the
pavement or a longitudinal joint. Also includes “Y* cracks that
Punchout Number v | exhibit spalling, breakup, or faulting. An area that is enclosed

by two distressed transverse cracks that are spaced between
0.6 m and 1 m, a short longitudinal crack, and the edge of the
pavement or a longitudinal joint is also considered a punchout.
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The two primary performance criteria addressed in the AASHTOWare Pavement ME
Design for CRCP are punchout and international roughness index (IRI). Punchout and IRI are used
as the main design criteria because they represent conditions that would incite a major
rehabilitation or reconstruction of the pavement (ARA 2015). While punchout and IR are the main
design criteria for CRCP, the other distresses listed in table 1 will still incite needed maintenance
over the pavement’s life. Punchout is a localized failure where a slab portion is broken into several
pieces (Pavement Interactive n.d.), which occurs when a longitudinal crack connects two

transverse cracks, as shown in figure 7.

Figure 7. Photo. Example of punchout. (Pavement Interactive n.d.)

IRI is a standard measure of pavement roughness, which is interpreted as the smoothness
of the pavement bearing surface (Pavement Interactive 2001). For JPCP designs, the amount of
faulting and percent slabs cracked are important failure criteria. The GDOT Pavement ME Design

User Input Guide has specified threshold values for these failure criteria, which are specifically
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checked by Pavement ME Design. The threshold values are shown in table 2, table 3, table 4, and

table 5.

Table 2. Initial IRI values. (ARA 2015)

Type of Pavement Type of Wearing Surface Initial IRI Rating, in./mi

.. JPCP 64
Rigid CRCP 50
Table 3. Terminal IRI values. (ARA 2015)
Pavement Type
JPCP CRCP
Roadway Type* IRI IRI
Rating, Rating,
in./mi in./mi
2-Lane,
Non- State 220 175
Interstate AL
Route ~Lane 175 175
Roadway
Interstate Rural &
Route Urban 175 175
@ Number of lanes are in both directions.
Table 4. JPCP threshold values. (ARA 2015)
Roadway Tvoed Performance Indicator
y 1yp Faulting, in. Slabs Cracked, %
Non-Interstate 2-Lane, State Route 0.20 10.0
4-Lane Roadway 0.20 10.0
Interstate Rural and Urban 0.125 10.0

a@Number of lanes are in both directions.

Table 5. CRCP threshold values. (ARA 2015)

Roadway Type?

Performance Indicator

Number of Punchouts per Mile

Non-Interstate

2-Lane, State Route

10

4-Lane Roadway

10

Interstate

Rural and Urban

2Number of lanes are in both directions.
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HISTORY OF PAVEMENT DESIGN

The American Association of State Highway Officials (AASHO) was established on December 12,
1914, with the purpose to “study the various materials, methods of construction and maintenance,
and other highway problems of the United States for the purpose of conserving the capital invested
in highway construction and maintenance by producing the highest possible efficiency”
(Weingroff 2014). After its formation, AASHO discovered a growing need for factual data for
resolving the problem of increasing traffic loadings’ impact on pavements (Highway Research
Board 1962). In order to meet this demand, a large-scale pavement test was conducted and later
became known as the AASHO Road Test.

The AASHO Road Test took place near Ottawa, Illinois, from 1958 through 1960. Tests
consisted of constructing six test loops, where each segment consisted of a four-lane divided
highway. A test section containing both flexible and rigid pavements was specified in each of these
loops. Each test section had different pavement layers to help analyze the influence of different
structural variables on pavement performance. Variables included surface thickness, base layer

thickness, and subgrade thickness. A typical loop layout is shown in figure 8.

PRESTRESSED

,-——Test Tangen?—vi /—c e

Flexible =

!}gfiéL Rigid
STEEL I-BEAM L— Test Tongent ——l ]
LOOP 5

Figure 8. Diagram. AASHO Road Test, loop 5. (Highway Research Board 1962)
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Tests were conducted for 2 years with varying vehicle types consisting of different axle
configurations and weights. These vehicles were routinely driven on the loop during the 25-month
test period. A total accumulation of 1,114,000 axle-load applications was obtained by driving
either four, six, or eight vehicles in each lane of the test loops. Typical test vehicles and axle

configuration for each loop are listed in table 6.

Table 6. AASHO Road Test axle configurations.
(Highway Research Board 1962)

Total Front Load Load Gross

Loop Lane | Number | Axle Axle Axle Weight
of Axles (Ib) Type (Ib) (Ib)

1 2-axle 2,000 Single 2,000 4,000

? 2 2-axle | 2,000 Single 6,000 8,000
1 3-axle | 4,000 Single | 12,000 | 28,000

’ 2 5-axle 6,000 | Tandem | 24,000 | 54,000
1 3-axle | 6,000 Single | 18,000 | 42,000

) 2 5-axle 9,000 | Tandem | 32,000 | 73,000
1 3-axle | 6,000 Single | 22,400 | 50,800

° 2 5-axle 9,000 | Tandem | 40,000 | 89,000
1 3-axle 9,000 Single 30,000 | 69,000
° 2 5-axle | 12,000 | Tandem | 48,000 | 108,000

Structural sections were continually tested for serviceability and performance as
deterioration occurred over the 25-month test period. These data became the basis for future design
guides produced by AASHO. AASHO was officially renamed to the American Association of
State Highway and Transportation Officials, or AASHTO, on November 13, 1973 (Weingroff

2014).
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AASHTO DESIGN GUIDES

Immediately following the AASHO Road Test, the AASHO Interim Guide for the Design of Rigid
Pavement Structures (1962) was released. Versions following this initial release included: the
AASHO Interim Guide for the Design of Pavements (1972); AASHTO Rigid Pavement Design
Revisions (1981); AASHTO Guide for Design of Pavement Structures (1986); AASHTO Guide for
Design of Pavement Structures (1993); AASHTO Guide for Design of Pavement Structures,
Supplement (1998); NCHRP 1-37A Development of the 2002 Guide for the Design of New and
Rehabilitated Pavement Structures (1998-2004); AASHTO Mechanistic—Empirical Pavement

Design Guide—A Manual of Practice (2008); and AASHTOWare Pavement ME Design (2011).

MATERIAL INPUTS FOR THE MECHANISTIC-EMPIRICAL PAVEMENT DESIGN
GUIDE

The following inputs are required when completing a new rigid pavement design for the concrete

layer: f., MOE, MOR, CTE, ultimate shrinkage, and PCC thermal conductivity.

Thermal Properties Inputs

Portland cement concrete (PCC) mixtures have unique thermal properties, such as CTE, PCC
thermal conductivity, and heat capacity, which provide a basic understanding of heat flow inside

the material (Shin and Kodide 2012).

Coefficient of Thermal Expansion

CTE has traditionally not been included as a design parameter for pavement design. However, this
value is important as it directly relates to crack spacing, crack width, and crack load transfer

efficiency, which in turn directly affects cracking, punchout, and smoothness (Mallela et al. 2005).
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CTE is a property that is governed by the aggregate type, cement content, water-to-cement ratio,
relative humidity, porosity, and degree of paste hydration (Kosmatka et al. 2002). Since the
aggregate constitutes a majority of the concrete volume, up to 80 percent, it has shown to have the
greatest effect on the CTE value (Mallela et al. 2005). In Georgia, two different coarse aggregate
types, granite and dolomite, are commonly used in concrete mixtures (Kim 2012). Mallela et al.
(2005) performed a sensitivity analysis in the MEPDG for CTE to see how varying values affected
the performance of JPCP. A trend was observed from their study that showed the higher CTE
values led to accelerated pavement deterioration. Their study only varied the aggregate type in
order to change CTE values since aggregate was most influential. Further study is required to
determine how cement content, w/cm, relative humidity, porosity, and degree of paste hydration
would vary the CTE. Table 7 shows the different CTE values found for different aggregates.

Figure 9a, b, and ¢ show aggregate types’ effect on pavement performance.

Table 7. CTE of different aggregates. (Mallela et al. 2005)

Primary Primary Average Standard Sample
Ornigin Agrregate Class CTE Deeviation Count (1)
Igneous (extrusive) Andesite 53 0.3 23
Igneous (extusive) Basalt 3.2 0.7 47
Igneous (extmsive)’ Diabase 4.6 0.3 4
Igmeous (plutonic) Dhabase 52 0.3 17
Igneous (phatonic)* Gabbro 33 0.6 4
Igneous (plutonic) Granite 58 0.6 B3
Metamorphic Schist 36 0.3 17
Sedimentary Chert 6.6 0.8 28
Sedimentary Dolomite 5.8 0.8 124
Sedimentary Limestone 54 0.7 236
Sedimentary Cuart=ite 6.2 0.7 69
Sedimentary Sandstone 6.1 0.3 13
Lightweight' Expanded shale 5.7 0.3 3

MoTe: Long-Term Pavement Performance (LTFPF) test section results: testing conducted by FHWA at the
Turner—Fairbank Highway Research Center. Units are in in m. per 'F 3 105

21



80

70 M
2 60 - -
8 _
o 20 M Bu-2o
& 40 Ou
wr
£ 30 Ou+2o
g
2 20
10 j J’
u n IJ_ T T T
N N I C R S R I
F & F S F F S S &
& T ST Y ES
o =
Aggregate Type
(a) Percent slabs cracked
020
0.18 i
= 0.16 - _
o 0.14 1 - M
=
é 012 Ep-26
L 010 Op
% 0.08 A Ou+ 20
5
§ 0.06
L]
= 004 -
0.02
0.00 L UL
# F PSP e P o @
& &
o & e R
?‘@p ¢ ¥ o 4 0“"\9 \}’:\\e.” F @o&
Aggregate Type
(b) Mean joint faulting
250 —
200 ~ - — ]
g 150 -1 - .| ] ._Ll _ 2(7
£ Bu
& 100 S Oup+2a
50 4
04 | | | | | | | | | | | | | | | 1]

P F PP TS e O
& B F & & & &
?S‘E’ @ O{b Ca@ &f o 0\} o %@@9
Aggregate Type
(© IRI
Figure 9. Bar graphs. Performance of JPCP with different aggregates: (a) percent slab
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PCC Thermal Conductivity

Thermal conductivity is the ratio of heat flux to the temperature gradient. This ratio, in a designated
sample thickness, indicates the uniform flow of heat from one side of the sample to the other. Heat
transfer in concrete is similar to that of metals due to its porous and heterogeneous nature as a solid
material. Multiple factors, including aggregate type, temperature and moisture of local
environment, cement paste content, coarse and fine aggregate, along with porosity and admixtures,
affect the thermal conductivity of concrete (Kodide 2010). Thermal conductivity can be calculated
using equation 1.

K= AQ * x
S AtxAxAT (g

where,
k = Thermal conductivity
AQ = Change in heat energy between two points
x = Distance between two points
At = Change in time
A = Area of object being measured

AT = Change in temperature that produced the heat flow

The primary influencing factors of PCC thermal conductivity are aggregate type,
proportion of coarse aggregate, moisture content, and the use of supplementary cementitious
materials (SCMs) (Shin and Kodide 2012). Notably, the size and shape of the mold has no effect
on PCC thermal conductivity (Shin and Kodide 2012). It has been found that as thermal

conductivity increases, the associated distresses decrease, as shown in figure 10.
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Figure 10. Line graph. Thermal conductivity’s effect on distresses. (Kodide 2010)

The study performed by Kodide (2010) used a variety of concrete mixtures that contained
different aggregates to identify the relevance that aggregate has on the thermal conductivity of

concrete (see table 8). The mixtures used are shown in table 9.

Table 8. Heat capacity and thermal conductivity units. (Kodide 2010)

Parameters SI2 Unit Conversion Factor English Unit
Thermal Conductivity 1 W/m-K 0.5779 Btu/ft-h-°F
Heat Capacity 1 J/m3-K 1.49x107° Btu/ft3-°F

@ International System of Units
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Table 9. Concrete mixture designs for thermal conductivity. (Kodide 2010)

K65 K20 K80 G65 Me65

Mixtures Unit | 0.451) (0.547) (0.451) (0.451) (0.451)

Holcim Type II (GP) Portland

Cement Ibs/yd? 475 475 475 475 475
Sand, A133 TXI Dennis Mills Ibs/yd? 1,171 2,551 637 1,131 1,149
Kentucky Limestone, AB29 Martin Ibs/yd? 2,104 654 2612 i )
Marietta
Gravel, A133 TXI Dennis Mills Ibs/yd? - - - 2,027 -
Mexican Limestone, AA36 Ibs/yd? - - - - 2,071
% by volume Fine Aggregate % 36.2 80 20 35.0 35.7
% by volume Coarse Aggregate % 63.8 20 80 65.0 64.3
Water Ibs/yd? 214 260 214 214 214
Water Cement Ratio 0.451 0.547 0451 0451 0.451
. . Dosage
Admixture (Daravair 1400) (02/100ct) 0.50 0.50 0.50 0.50 0.50
. Dosage
Admixture (WRDA 35) (02/100ct) 3.50 10.0 2.0 6.40 20.00
ASTM C 1064 Air Temperature °F 68.5 75.3 70.0 69.0 712
ASTM C 1064 Concrete oF 7.0 780 70.9 735 146
Temperature
ASTM C 143 Slump inches 0.25 0.0 0.25 1.50 1.25
ASTM C 231 Pressure Air Content % 7.00 3.50 3.60 6.30 4.00
ASTM C 138 Unit Weight lbs/ft? 1444 1432 1488 1400 149.2
Specific gravity - 2.69 2.69 2.69 2.53 2.62
Water absorption % 1.0 1.0 1.0 22 35

(K: Kentucky limestone; G: Gravel; M: Mexican limestone)

Thermal conductivity can be measured through a number of means, but this research is
primarily focused on the transient heat line approach utilized in the American Society for Testing
and Materials (ASTM) D5334-14 test method, Standard Test Method for Determination of
Thermal Conductivity of Soil and Soft Rock by Thermal Needle Probe Procedure. A line source of
heat is applied by an electrical probe inserted into the concrete specimen. Then, the thermal
conductivity is determined by measuring the rate at which the concrete specimen’s temperature
changes in response to the applied heat.

In Kodide’s study, the aggregates were determined to play a major role in the thermal
conductivity of the concrete mixtures. The mixtures containing the gravel aggregate had a much

higher thermal conductivity than the mixtures containing limestone. That study also demonstrated

25



a linear relationship between the increase in thermal conductivity and moisture content. Moisture
has proven to be a crucial factor affecting thermal conductivity in concrete specimens. Kodide
(2010) also investigated the relevance of thermal conductivity on a pavement section using an
MEPDG analysis. The study found that while there was little interaction between thermal
conductivity and mean joint faulting, thermal conductivity did have an effect on transverse
cracking. A higher thermal conductivity value reduced the temperature difference from the top to
the bottom of the pavement structure, which caused a reduction in predicted distresses.

Another study concluded that the porosity of a concrete specimen had a dramatic influence
on the thermal conductivity (Dos Santos 2003). The material porosity levels allow for the water to
have a large impact due to moisture storage in the specimen itself. Concrete specimens with high
porosities allow for a larger absorption of water, which directly relates to a higher thermal
conductivity value (Dos Santos 2003).

Bentz et al. (2011) from the National Institute of Standards and Technology conducted a
study exploring the relationship between density and thermal conductivity in concrete mixtures.
Varying amounts of fly ash were substituted for the cement to produce a lower density concrete
mixture. The study demonstrated a positive correlation between density and thermal conductivity
in the tested specimens. Bentz et al. (2011) concluded that a larger fly ash replacement percentage
resulted in a lower density, which produced a lower thermal conductivity. The study went on to
discover that lower thermal conductivity values result in lower thermal diffusivity. A lower
thermal diffusivity allows concrete to serve as a thermal buffer and be less affected by changes in

environmental temperature.
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Heat Capacity

Heat capacity (Cp) is also a thermal property required for an MEPDG approach. It is simply the
ability of a mixture to store its internal energy while being subjected to temperature change and
remaining in the same physical state. Therefore, it is the actual amount of heat energy required to
change the temperature of a unit mass by a single degree (Chintakunta 2007). The heat capacity of
a substance is mainly dependent on a mixture’s mass and the size of its constituents. Heat capacity
differs from thermal conductivity in this manner. The thermal conductivity values for coarse and
fine aggregates are the same; however, the heat capacity of fine aggregate would be much lower
than that of coarse aggregate due to its reliance on mass and size. For concrete mixtures, the water
content, along with porosity, will also play a role in heat capacity (Kodide 2010). Heat capacity
demonstrated an inverse relationship with a linear decrease in heat capacity as the moisture
increased.

Fly ash has been proven to have little impact on specific heat capacity test results in
concrete mixtures. Bentz et al. (2011) concluded that water content was the key factor affecting
the specific heat capacity of concrete. Table 10 illustrates the varying specific heat capacity values
for materials in a concrete mixture. These data illustrate that water’s specific heat value of
4.18 J/(g K) is significantly higher than that of other materials and provides an explanation for

water playing the largest role in specific heat capacity values for concrete mixtures.

Table 10. Specific heat values of concrete mixture materials. (Bentz et al. 2011)

Material Specific Heat Capacity (J/(g K))
Water 4.18
Cement (Type IP) 0.76
Fly Ash (Class F) 0.72
Limestone Sand 0.76
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The study performed by Chintakunta (2007) explored the sensitivity of thermal properties

of pavement materials using the MEPDG. That study performed sensitivity analyses to help

identify the general behavior of the thermal properties in the MEPDG models. The research

outcomes are as follows:

The transverse cracking in JPCP was proven to be sensitive to both thermal conductivity
and CTE, and the faulting model was similarly sensitive to thermal conductivity and CTE,
as well as dowels and surface shortwave absorptivity (SSA). International roughness index
exhibited sensitivity with respect to CTE, SSA, and thermal conductivity. These analyses
proved the obvious correlations between thermal properties and common pavement
distresses.

CTE proved to be the most critical input for IRl and punchouts, while crack spacing,
ultimate shrinkage strain, SSA, thermal conductivity, and climate also played a role in
punchouts for CRCP structures.

Cracking in JPCP structures is most affected by thermal conductivity, heat capacity, SSA,
and CTE.

Punchouts in CRCP structures are most affected by thermal conductivity, ultimate

shrinkage, heat capacity, SSA, and CTE.

Volume Stability Inputs

Drying shrinkage is a mixture input of particular interest to this thesis. Due to varying moisture

throughout the concrete slab, differential shrinkage may occur, causing warping, high cracking

potential, and faulting. Drying shrinkage is caused by moisture changes within the concrete after

it has hardened (Kosmatka and Wilson 2016). The moisture changes that occur are usually a result
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of humidity changes in the air surrounding the concrete or from the evaporation of water trapped
within the concrete during the mixing operation. This cycle of concrete swelling and shrinking

with changes in moisture content is shown in figure 11.
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Figure 11. Graph. Shrinkage of concrete
as a result of varying moisture content.
(Kosmatka and Wilson 2016)

Within pavement structures, stresses that are developed because of drying shrinkage lead
to tensile cracks within the pavement. The tensile stresses are due to the pavement being restrained.
Unable to freely move, tensile stresses will exceed the capacity of the concrete and crack. This

restraint and cracking of the slab is shown in figure 12.
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Figure 12. Diagram. Cracking due to restrained drying shrinkage.
(Kosmatka and Wilson 2016)

Reinforced concrete structures, such as CRCP, will have less drying shrinkage than plain,
unreinforced structures due to the reinforcing steel restricting the shrinkage (Kosmatka and Wilson
2016). Since JPCP has no reinforcement, shrinkage is viewed as a more critical input for JPCP
than for CRCP.

The best method to limit drying shrinkage is to control the amount of water per unit
concrete (Kosmatka and Wilson 2016). Mixtures with less water have less potential for volume
change due to drying shrinkage, as a result of a smaller water volume that must be evaporated.
Since drying shrinkage is a paste property, it is possible to reduce the shrinkage by the appropriate
selection of aggregate type and quantity, causing an increase in the hardened concrete density
(Kosmatka and Wilson 2016). A higher volume of aggregate instead of paste reduces the amount
of shrinkage potential. In addition, curing methods provide a way to reduce the shrinkage of
mixtures. When moisture is trapped inside hardened concrete for a long period of time, the
shrinkage after curing is much less (Kosmatka and Wilson 2016). Therefore, methods—such as
spraying compounds, wet burlap wrapping, and fogging—that trap water in the mixture for a

longer period during the cement hydration process may help reduce long-term shrinkage.
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Mechanical Properties Inputs

Mechanical properties of concrete pavement have a significant influence on the pavement
performance. Properties considered influential are compressive strength, Young’s modulus, and
MOR.

Compressive strength, denoted by f,/, is usually considered to reach its peak value at
28 days. However, cement inside the concrete will continue to hydrate and gain strength as long
as heat and moisture are present (Kosmatka and Wilson 2016). Additionally, with the use of SCMs,
such as fly ash, concrete will continue to gain strength at a similar rate for a longer period. Fly ash
has a delayed effect on concrete strength as a result of the pozzolanic reaction. The primary
chemical reaction for concrete strength is shown in equation 2, using the abbreviated cement

chemistry notation.

CS + water -» CSH + CH 2)

Calcium silicate hydrate (CSH) is the main contributor to concrete strength (Kosmatka and Wilson
2016). When pozzolans, such as fly ash, are present in a concrete mixture, a secondary reaction

occurs, as presented in equation 3.

CH + pozzolan —» CSH @3)

The calcium hydroxide (CH) produced from the primary reaction of water and the calcium silicates
within the cement from equation 2 will react with the silica derived from the pozzolan to create
more CSH (Kosmatka and Wilson 2016). This is the reason for the delayed strength gain associated

with fly ash. The reaction cannot occur until the hydration of cement has produced enough CH to
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react with the pozzolan. It is for this reason that the MEPDG requires strength inputs measured at
7, 14, 28, and 90 days of age.

Many factors affect the compressive strength of a concrete mixture, including cement
content, water content, air content, aggregate gradation, aggregate shape, and curing methods.
Lower w/cm, lower air content, and high cement content typically lead to higher concrete strength.
The aggregate gradation has been found to influence concrete performance (Taylor et al. 2014). A
dense aggregate graduation that creates less voids will result in higher compressive strength.
Further, aggregates with a rougher angular shape will result in higher compressive strength. This
is due to better bonding between aggregates and paste, as well as the shape, leading to improved
aggregate stability within the matrix, increasing the compressive strength (Taylor et al. 2014).

Young’s modulus or the modulus of elasticity, denoted by E_, is a measure of the hardened
concrete stiffness. Values for Young’s modulus are estimated from the concrete compressive
strength because of the linear relationship that exists in the early portion of concrete’s stress—strain
curve. The modulus is estimated for normal weight concrete using equation 4 (Kosmatka and

Wilson 2016).

E. = 57,000,/f (psi) %

Alternatively, a laboratory test can be performed to measure the value of Young’s modulus.
An increase in the stiffness of concrete pavements leads to a proportional decrease in the distresses
experienced (Sabih and Tarefder 2016). Since the stiffness is related to the concrete strength,
techniques used to increase the compressive strength will increase the MOE. There are two main

tests for MOE: static and dynamic. Dynamic tests will yield higher results, which have exhibited
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a linear relationship in previous studies (Salman and Al-Amawee 2006). This relationship is shown

in equation 5.

Estatic = 0.83 % EDyanamic (5)

MOR is a measure of the flexural strength of concrete. MOR is an important design value
because of the different flexural stresses that pavements experience over their service life. For
example, when a pavement section is subjected to curling, a cantilevered section is formed,
resulting in flexural stress within the pavement as the wheel load passes over the slab. This flexural
stress is shown in figure 13. Since concrete is known to be weak in tension, this is the limiting
factor in flexural strength. This is because when a load is applied to a beam or slab, both
compressive and tensile stresses are created. To illustrate, imagine a simply-supported beam. The
beam is subject to a point load, which produces bending stresses. The top half of the beam’s cross
section will experience compressive stresses, while the bottom half will experience tensile stresses.
The area of concrete subject to tensile stresses will fail much quicker than the top half in

compression. For this reason, concrete often has steel reinforcement.

A\
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Figure 13. Diagram. Flexural stress caused by curling.
(Kosmatka and Wilson 2016)

33



MOR s a value that can be estimated from compressive strength or found through beam
testing. MOR is usually estimated to be 8-12 percent of the concrete compressive strength
(Kosmatka and Wilson 2016). If MOR cannot be measured in the laboratory, it is often estimated

using the American Concrete Institute (ACI) empirical equation 6.

MOR = 7.5 * \[f! (psi) ©)

Values for MOR found from laboratory testing may vary depending on specimen size. It
has been documented that larger MOR specimens will typically have lower MOR values than the
same mixture tested using smaller beams (Tanesi et al. 2013). Research has been performed to

develop a linear regression equation to relate different sizes of beams (Tanesi et al. 2013).

Aggregate Type

AASHTOWare Pavement ME Design allows for the input of different types of coarse aggregate.
In Georgia, the two most common coarse aggregates used in concrete mixtures are granite and
dolomite. Granite and dolomite will display different physical properties; thus, it is important to
understand the key differences between these two types of coarse aggregates. Specifically, the
differences between compressive strength and MOE values between the two rock types are
discussed.

One particular study analyzed the impact that aggregate type had on MOE and concrete
compressive strength. That study found that dolomite was a denser material than granite, with a
relative density of 2.81, as opposed to the density of granite at 2.65 (Alexander and Milne 1995).
When comparing similar mixtures, the mixtures using dolomite exhibited MOE values

approximately 2200-2900 ksi (15-20 GPa) higher, on average, than the same granite mixtures
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(Alexander and Milne 1995). However, no significant difference was found between the
compressive strengths of these mixtures. Another study obtained very similar results, concluding
that concrete mixtures with dolomite are stiffer than those with granite (Rashid et al. 2002).

The aggregate amount used in mixtures will impact MOE and compressive strength. When
lower coarse aggregate fractions are used, the resulting compressive strength is lower than
mixtures with higher CA fractions (Kim 2012). The MOE values are proportional to the
compressive strength; lower coarse aggregate fractions will produce lower MOE values, while
higher coarse aggregate fractions produce higher MOE values (Meddah et al. 2010). The shape
and surface texture of the aggregate will affect the compressive strength, as well. Generally, more
angular aggregates will produce higher compressive strengths due to the improved interlocking

between the aggregate and paste (Taylor et al. 2014).

Input Levels

AASHTOWare Pavement ME software has varying design levels that are constructed based on
site-specific knowledge. These levels are described simply as level 1, level 2, and level 3. Level 3
designs are based on the designer having access to the least amount of information. In this design
level, many national default values are used to fill information gaps. Designs using a level 3
analysis are considered the least reliable, although they have the potential to produce results similar
to the higher levels. Level 2 refers to values that have been calibrated to a state instead of to
national default values. Regression values are used within this input level to obtain the best fit for
a specific project (ARA 2015). Level 1 input values are those that are site-specific. For a level 1
design, a comprehensive laboratory investigation is performed where the design inputs are
measured, thereby providing the highest level of accuracy for the pavement design. In addition,

level 1 designs are the costliest since they involve significantly more data collection and laboratory
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testing. In general, level 2 designs are recommended for routine pavement designs, as they are
more accurate than level 3 and more cost-effective than level 1. Table 11 provides a summary of

the AASHTOWare Pavement ME Design input levels and a general outline of when to use each.

Table 11. Input levels in MEPDG. (ARA 2015)

Input

Definition of the Level
Level

Input parameter based on site-specific data and information. Level 1 represents
the case when the user has the greatest knowledge about the input parameter for
the specific project. This input level has the highest level of testing (data
collection costs) for determining the input value. Input level 1 is recommended
for projects having unusual site features and/or considering the use of new
materials.

Regression equations are used to determine the input value. The data collection
2 and testing for this input level is simpler and less costly. Input level 2 is
recommended for use for routine pavement designs and standard materials.
Level 3 inputs are based on “best-guessed” (default) values. The level 3 inputs
are based on global or regional default values. This input level requires the

3 minimum amount of testing, and as such, results in the least knowledge about the
input parameter for the specific project. Input level 3 is recommended for use
when the other input levels are unavailable.

In many cases, designs will not have every input value available for the target design level.
For example, if the target design level is level 2 but there are missing values, the designer may be
forced to use the national default values. This is allowed and is to be expected. AASHTOWare
Pavement ME Design will use the same equations and distress models for each input level, such
that a combination of input value levels may be used. For this reason, it is recommended to use the
highest level of input accuracy available for each design value. Table 12 lists the concrete materials
properties expected at each input level. The strength inputs are the most critical in reaching a

level 1 design. The other inputs stay consistent for all design levels.
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Table 12. Values needed for each input level in AASHTOWare Pavement ME Design.

Category Level 1 Level 2 Level 3

PCC » Poisson’s Ratio

« Unit Weight (UW)

Thermal | « PCCCTE

» PCC Heat Capacity

» PCC Thermal Conductivity

Mixture » Aggregate Type

» Cementitious Material Content

» Cement Type (I/11)

« Water-to-cement Ratio (w/cm)

» Reversible Shrinkage (%)

» PCC Zero-stress Temperature

» Time to Develop 50% of Ultimate Shrinkage

« Ultimate Shrinkage

« MOR and MOE at 7, « f/at7,14,28, and

Strength 14, 28, and 90 days 90 days

» Estimated MOR and
MOE Ratio of 20-year
to 28-day

« 28-day MORor f

» Estimated f, Ratio of

20-year to 28-day * 28-day MOE

Sensitivity to Inputs

Extensive research has been conducted on the sensitivity of design inputs in the MEPDG. One
particular study published by lowa State University investigates the impact design parameters of
JPCP and CRCP and ranks their sensitivity levels as hypersensitive, very sensitive, or sensitive
(Schwartz et al. 2011). Their study looked at all design parameters, but the discussion that follows
focuses on the material properties inputs they used.

The study concluded that the two most sensitive material properties for JPCP are unit
weight and CTE. These two inputs were classified as very sensitive for all predicted distresses:
faulting, transverse cracking, and IRI. MOR was the most sensitive value for transverse cracking.

The sensitivity results for JPCP are presented in table 13.
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Table 13. JPCP sensitive inputs. (Schwartz et al. 2011)

Input

Distress Category Hypersensitive Very Sensitive Sensitive
28-day MOR
Surface
Shortwave
Absorptivity
PCC « UW W/cm
Properties « CTE Thickness
20-year to 28-day
MOR
Cement Content
Poisson’s Ratio
- Resilient Modulus
Faulting | Aggregate Erodibility Index
Base .
Properties Thickness
Edge Support LTE
SubgraQe Resilient Modulus
Properties
Joint Spacing
. Dowel Diameter
(F?rtgsgrties + Slabwidth | T pesidn Lane Traffic Volume
Construction Month
(+0.1)
+ 28-day MOR
» Thickness
« UW
« CTE
e 20-year to
PCC . gggg II\\/I/Igg Poisson’s Ratio
Properties Cement Content
« Surface
Transverse Shortwave
Cracking Absorptivity
« Wicm
e Thermal
Conductivity
Thickness
Base Resilient Modulus
Properties Erodibility Index
Loss of Friction
Subgrade Groundwater Depth
Properties Resilient Modulus
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Input

Distress Category Hypersensitive Very Sensitive Sensitive
. Desian Lane Dowel Diameter
Other . S19 Traffic Volume
. « Slab Width Width
Properties . Joint Spacin Edge Support LTE
pacing Construction Month
W/cm
PCC 28-day MOR
Surface Shortwave
Absorptivity
PCC « CTE Thickness
Properties « UW 28-day MOE
20-year to 28-day MOR
Thermal Conductivity
Poisson’s Ratio
IRI Cement Content
Base Resilient Modulus
Properties Erodibility Index
Subgrat;ie Resilient Modulus
Properties
Design Lane Width
Other . Joint Spacing
Properties Slab Width Dowel Diameter

Traffic Volume
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CRCP designs were found to be hypersensitive to a variety of inputs. PCC strength and
stiffness properties were consistently in this hypersensitive category. As a general note, CRCP
designs seem to be much more sensitive to inputs when compared to JPCP designs. The CRCP

sensitivity results are listed in table 14.

Table 14. CRCP sensitive inputs. (Schwartz et al. 2011)

Distress Input Hypersensitive Very Sensitive Sensitive
Thickness
28-day MOR
20-year to
28-day MOR Surface
UW Shortwave
PCC/Steel Percent Steel Ab.sorpt’lwty .
) . Poisson’s Ratio
Properties 28-day Indirect
. 20-year to
Tensile Strength q di
28-day MOE %8' "?‘Iy 'g "eCth
Wiem ensile Strengt
Punchout Cement Content
CTE
Base Resilient Ba_se_SIab
Properties Modulus F”.Ct'on
Thickness
Subgrade Resilient « Groundwater
Properties Modulus Depth
Bar Diameter Edge Support
Other . LTE
. Traffic Volume )
Properties Steel Denth Construction
P Month




Distress Input Hypersensitive Very Sensitive Sensitive
28-day Indirect
Tensile Strength
28-day MOR
uw
W/cm
Cement Content
Percent Steel
28-day MOE
PCC/Steel Thickness ) , )
. * Poisson’s Ratio
Properties 20-year to
28-day MOR
20-year to
28-day Indirect
Tensile Strength
CTE
\C/:Vrﬁjctla Surface
Shortwave
Absorptivity
Base Base Slab * Resilient
Properties Friction Mo_dulus
» Thickness
* Resilient
Subgrade Modulus
Properties + Groundwater
Depth
« Construction
Other Bar Diameter . IlgldognethSupport
Properties Steel Depth LTE
« Traffic Volume
W/cm
Cement Content
28-day MOE
uw
Crack PCC/Steel ) 28-day MOR
LTE Properties * 28-day Indirect Surface
Tensile Strength
» Percent Steel Shortwa_v ¢
Absorptivity
20-year to

28-day Indirect
Tensile Strength
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Distress Input Hypersensitive Very Sensitive Sensitive
Base Slab
Base Friction
Properties Resilient
P Modulus
Thickness
Subgrade
Properties
Steel Depth
Other . Bar Diameter Traffic Volume
Properties Edge Support
LTE
e 20-yearto
28-day MOR Surface
« UW
Shortwave
» Percent Steel Absorptivit
PCC/Steel| + Thickness . 28-day Indirect Do
Properties| « 28-day MOR Tensile Strength
20-year to
+ 28-day MOE :
28-day Indirect
= Wiem Tensile Strength
» Cement Content g
- CTE
IRI
Base * Resilient Ba_se_SIab
Properties Modulus F”.Ctlon
Thickness
Subgrade * Resilient
Properties Modulus
« Bar Diameter Edge Support
Other « Traffic Volume LTE
Properties Construction

» Steel Depth

Month
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Based on that research, it was recommended that for high-value projects, level 1 inputs
would need to be found through laboratory testing (Schwartz et al. 2011). This is especially true
for CRCP pavements because of the hypersensitive nature of the material properties.

Similarly, a study was performed looking at the impact of CTE, MOE, MOR, and
compressive strength on predicted performance of JPCP using AASHTOWare Pavement ME
Design. It was concluded that for an increase in CTE, the associated distresses will increase (Sabih
and Tarefder 2016). This adverse effect of CTE on predicted performance is illustrated in
figure 14. In the same study, the predicted distresses decreased as the MOE, MOR, and
compressive strength increased in value. One would expect a stiffer and stronger pavement
structure to deteriorate at a slower rate than a weaker pavement. The impact of increased MOE on
predicted distress is presented in figure 15; the graphs for MOR and compressive strength show a

similar trend.
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Figure 14. Graph. CTE’s effect on IRI. (Sabih and Tarefder 2016)
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Figure 15. Graph. MOE?’s effect on IRI. (Sabih and Tarefder 2016)
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CHAPTER 3. MOVEMENT TOWARD MEPDG

According to an MEPDG national user group meeting that took place in December 2016, 13 states
have implemented the MEDPG for concrete pavements and 32 states have plans to implement the
MEPDG for concrete pavements. These states are shown in figure 16. States such as Tennessee,
North Carolina, South Carolina, and Alabama with similar geographic location as Georgia are
planning to implement MEPDG. These states are in a preliminary stage of this process, completing
projects related to traffic, climate, and local calibration of the transfer functions. Because of the
preliminary nature of their studies, they are not included in this chapter. Studies from Florida and

Mississippi are discussed in further detail, along with Georgia.
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Figure 16. Map. State status on MEPDG use for concrete pavements. (Merine 2018)
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GEORGIA DOT

Since 2010, GDOT has started moving toward using the MEPDG for rigid pavement design. As a
first step, GDOT has begun to establish a concrete material library to utilize the AASHTOWare
Pavement ME Design, which uses mechanistic—empirical design principles.

Significant work has been conducted to develop an initial material input library for concrete
pavement design in Georgia. Kim (2012) developed a coefficient of thermal expansion database
for granite, dolomite, and limestone materials. That study examined seven different material
variables that affect CTE values and ultimately determined the significance of each. The material
variables included: coarse aggregate type, coarse aggregate content, fine aggregate type, fly ash
type, fly ash percent content, w/cm, and air content. A total of 68 batches with 5 replicates were
produced, varying the concrete mixture attributes, and tested for CTE and compressive strength.

These mixtures are listed in table 15.
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Table 15. Concrete mixture design for CTE testing. (Kim 2012)

CTE Batch G@R'te Dol((:)’rb\mte lecei'fone MS NS C-Ash F-Ash Cement CoAnl(ren t Slump
No. No. (Iblyd? (Iblyd?) (Ib/yd?) (Ib/yd®) (Ib/yd®) (Ib/yd®) (Ib/yd®) (Ib/yd®) (%) (in.)
1 1 2100 0 0 950 0 20 0 530 3 2
2 2 2100 0 0 950 0 20 0 530 6 2
3 17 2100 0 0 950 0 160 0 460 3 2
4 18 2100 0 0 950 0 160 0 460 6 2
5 33 2100 0 0 950 0 0 20 530 3 2
6 34 2100 0 0 950 0 0 20 530 6 2
7 49 2100 0 0 950 0 0 160 460 3 2
8 50 2100 0 0 950 0 0 160 460 6 2
9 5 2100 0 0 0 950 20 0 530 3 2
10 6 2100 0 0 0 950 20 0 530 6 2
11 21 2100 0 0 0 950 160 0 460 3 2
12 22 2100 0 0 0 950 160 0 460 6 2
13 37 2100 0 0 0 950 0 20 530 3 2
14 38 2100 0 0 0 950 0 20 530 6 2
15 53 2100 0 0 0 950 0 160 460 3 2
16 54 2100 0 0 0 950 0 160 460 6 2
17 3 1150 0 0 1900 0 20 0 530 3 2
18 4 1150 0 0 1900 0 20 0 530 6 2
19 19 1150 0 0 1900 0 160 0 460 3 2
20 20 1150 0 0 1900 0 160 0 460 6 2
21 35 1150 0 0 1900 0 0 20 530 3 2
22 36 1150 0 0 1900 0 0 20 530 6 2
23 51 1150 0 0 1900 0 0 160 460 3 2
24 52 1150 0 0 1900 0 0 160 460 6 2
25 7 1150 0 0 0 1900 20 0 530 3 2
26 8 1150 0 0 0 1900 20 0 530 6 2
27 23 1150 0 0 0 1900 160 0 460 3 2
28 24 1150 0 0 0 1900 160 0 460 6 2
29 39 1150 0 0 0 1900 0 20 530 3 2
30 40 1150 0 0 0 1900 0 20 530 6 2
31 55 1150 0 0 0 1900 0 160 460 3 2
32 56 1150 0 0 0 1900 0 160 460 6 2
33 9 0 2100 0 950 0 20 0 530 3 2
34 10 0 2100 0 950 0 20 0 530 6 2
35 25 0 2100 0 950 0 160 0 460 3 2
36 26 0 2100 0 950 0 160 0 460 6 2
37 41 0 2100 0 950 0 0 20 530 3 2
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Granite

Dolomite

Limestone

Air

CTE Batch MS NS C-Ash F-Ash Cement Slump
No. No. (|t§§&3> (|b(/:>g3>) (|b(/:;23>) (Iblyd?) (Iblyd) (Iblyd) (Ib/yd) (Iblyd) C‘E[]/fsnt (in.)
38 22 0 2100 0 950 0 0 20 530 6 2
39 57 0 2100 0 950 0 0 160 460 3 2
40 58 0 2100 0 950 0 0 160 460 6 2
41 13 0 2100 0 0 950 20 0 530 3 2
42 14 0 2100 0 0 950 20 0 530 6 2
43 29 0 2100 0 0 950 160 0 430 3 2
44 30 0 2100 0 0 950 160 0 430 6 2
15 45 0 2100 0 0 950 0 20 530 3 2
46 46 0 2100 0 0 950 0 20 530 6 2
47 61 0 2100 0 0 950 0 160 460 3 2
48 62 0 2100 0 0 950 0 160 260 6 2
49 11 0 1150 0 1900 0 20 0 530 3 2
50 12 0 1150 0 1900 0 20 0 530 6 2
51 27 0 1150 0 1900 0 160 0 460 3 2
52 28 0 1150 0 1900 0 160 0 460 6 2
53 43 0 1150 0 1900 0 0 20 530 3 2
54 m 0 1150 0 1900 0 0 20 530 6 2
55 59 0 1150 0 1900 0 0 160 460 3 2
56 60 0 1150 0 1900 0 0 160 260 6 2
57 15 0 1150 0 0 1900 20 0 530 3 2
58 16 0 1150 0 0 1900 20 0 530 6 2
59 31 0 1150 0 0 1900 160 0 460 3 2
60 32 0 1150 0 0 1900 160 0 260 6 2
61 47 0 1150 0 0 1900 0 20 530 3 2
62 18 0 1150 0 0 1900 0 20 530 6 2
63 63 0 1150 0 0 1900 0 160 460 3 2
64 64 0 1150 0 0 1900 0 160 260 6 2
65 65 0 0 2100 950 0 160 0 260 3 2
66 66 0 0 1150 1900 0 160 0 260 3 2
67 67 0 0 2100 0 950 160 0 460 3 2
68 68 0 0 1150 0 1900 160 0 460 3 2
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Several conclusions were made after analyzing the test results from the 68 mixtures:

e The most significant factors affecting CTE in order of magnitude are: aggregate type, stone
volume, and sand type. The aggregate content of concrete mixtures can be as high as
80 percent by volume. Due to this higher volume, it has more impact on the thermal
properties of the mixture.

e The impact of each variable is different due to the varying volume of each in concrete
mixtures.

e Limestone was discovered during this study to have considerably lower CTE values than
granite and dolomite mixtures, with dolomite and granite mixtures having similar CTE
values, as shown in table 16.

e Relatively higher CTE values were also observed when natural sand (NS) was used in
mixtures compared to the mixtures with manufactured sand (MS). The effects of aggregate
proportion on CTE are shown in table 17.

e When high fly ash contents were used in mixtures, class C—fly ash mixtures were observed
to have significantly higher CTE values than mixtures containing class F—fly ash. The

results of fly ash type are shown in table 18.

It was recommended by that study that more quarries be tested in order to develop a complete
database for CTE values in the state of Georgia (Kim 2012). In addition, it was recommended that

the laboratory-tested values be compared and validated with in situ pavement conditions.
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Table 16. Aggregate type effect on CTE. (Kim 2012)

Coarse
Ageregate Average CTE Standard Dewviation
3.836 pe /°F 0.44 ne /°F
Limestone (6.905 pe /°C) (0.792 pe /°C)
4.751 pe /°F 0.4 pe /°F
Granite (8.552 pe °C) (0.72 ne /°C)
4.847 pe I°F 0.35 ne °F
Dolomite (8.725 pe /°C) (0.63 pe /°C)

Table 17. Aggregate proportion effect on CTE. (Kim 2012)

Coarse Stone Sand Average CTE Standard Deviation
Aggregate Volume Type (ue"F) {ue~C) (ue"F) (ue™C)
High MS 4.384 7.801 0.115 0.208

Granite NS 4.006 8.831 0.168 0.303
. MS 4442 7.006 0.119 0.214

Low NS 5272 0490 0.184 0332

High MS 4.623 8.322 0.126 0.228

Dolomite NS 4.082 8.067 0.152 0.273
Low MS 4.534 8.162 0.120 0.216

NS 5318 0573 0.131 0.235

High M; 3_353 6.06 0.13 0.233

[ imestone NS 3.705 6.831 0.103 0.348
Low MS 3.701 6.661 0.137 0.247

NS 4.481 8.067 0.106 0.19

Table 18. Fly ash type effect on CTE. (Kim 2012)

Average CTE (pe°F) Average CTE (ueC)

Aggf:;:te Volume %;:g CFlyAsh | F-FlyAsh | CFlyAsh | F-FlyAsh
Low | High | Low | High | Low | High | Low | High
Hish MS | 4384 (4481|4454 | 4216| 7.892 | 8.065 | 8.017 | 7.500
Granite i} NS | 5046|4900 | 4895|4604 [ 0.082 | 8.082 | 8.811 | §.448
Low MS | 4430 (4503|4454 |4284]7.000]| 8268 | 8017 | 7.710
NS  [5426]5420|5218|5.017[9.766 | 9.772 | 9.392 | 9.030
High MS | 4.735[4.681|4.636| 4440|8523 | 8426 | 8.345 | 7.003
Dolomite i NS |5.128 5085 |4.938|4.776]9.231 | 9.153 | 8.889 | 8.506
Low MS | 4.640 | 4.598 | 4540 | 4351 | 8.351 | 8.277 | 8.180 | 7.831
NS [3456)5393|5277|5.147|9.821 | 0.707 | 9.490 | 0.264
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Kim et al. (2015) investigated the effect of age and materials on CTE of concrete paving
mixtures at 28 and 120 days (Kim et al. 2015). Multiple mixtures that were examined for this study
contained different types of aggregate and underwent scanning electron microscopy, allowing for
the observation of the microstructures of these varying mixtures. The understanding of these
microstructures would offer insight regarding the relationship between volume change in concrete
and the formation of microcracks. Kim et al. (2015) used statistical analyses, as shown in table 19,
to illustrate the CTE values of the specimens measured at 120 days were significantly lower than
the values measured at 28 days. Their study observed that age does affect the coefficient of thermal

expansion values in concrete specimens.

Table 19. Statistics of CTE at 28 and 120 days. (Kim et al. 2015)

CTE (pe&/°C) measured at

Descriptive statistics 28 days 120 days
Min. B8.05 7.48
Max. 9.87 9.79
Median B.83 8.39
Mean B.88 8.50
Stdev 0.66 0.70

GDOT’s efforts involve calibrating the distress transfer functions inside the
AASHTOWare Pavement ME Design. In a report submitted by Applied Research Associates
(ARA), the efforts taken to calibrate the software are detailed (Quintus et al. 2015). Using the
AASHTO Guide for the Local Calibration of the Mechanistic-Empirical Pavement Design Guide,
GDOT looked at the Long Term Pavement Performance Program (LTPP) to accurately represent
the performance of Georgia roadways (Quintus et al. 2015). The study examined the calibration of
the software for both flexible and rigid pavements. Focusing on rigid pavements, there were 11

LTPP sections for JPCP and 2 for CRCP. Due to changes in GDOT’s standard design for JPCP
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pavements, non-LTPP test sections were included as samples to encompass newer design features,
such as an AC interlayer between the GAB layer and the PCC layer. The locations of these test

sections are shown in figure 17.
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Figure 17. Map. Rigid test sections. (Quintus et al. 2015)

When using global transfer functions, significant differences were found between LTPP
and non-LTPP data when comparing their distresses with predicted distresses from AASHTOWare
Pavement ME Design. Transfer functions predict distresses such as faulting and fatigue cracking,
which directly relate to pavement smoothness (Quintus et al. 2015). After data comparison, the
transfer function coefficients were modified from the global values, as shown in table 20. After
calibrating the transfer functions for Georgia, ARA developed an input guide for GDOT engineers

to use when designing pavement structures, The GDOT Pavement ME Design User Input Guide
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(Quintus et al. 2015). This guide outlines the procedure, using a checklist to guide engineers to

select input values for each variable of pavement design. The GDOT Pavement ME Design User

Input Guide has been updated in 2020 (Kim et al. 2020).

Table 20. Transfer function coefficients. (Quintus et al. 2015)

JPCP Faulting
Transfer
Function Global Value GDOT Value
Coefficient
C1 1.0184 0.595
C2 0.91656 1.636
C3 0.0021848 0.00217
C4 0.000883739 0.00444
C5 250 250
C6 0.4 0.47
C7 1.83312 7.3
C8 400 400
Standard Pow(0.0097*FAULT,0.5178)+0. | 0.07162*Pow(FAULT,0.368)+0.008
Deviation 014 06
JPCP Mid-Slab Cracking
Transfer
Function Global Value GDOT Value
Coefficient
C1 2.0 2.0
C2 1.22 1.22
C4 1.00 0.52
C5 -1.98 -2.17
Star]de}rd Pow(5.3116*CRACK,0.3903)+ 3.5522*Pow(CRACK, 0.3415)+0.75
Deviation 2.99
CRCP Punchout
Transfer
Function Global Value GDOT Value
Coefficient
C1 2 2
C2 1.22 1.22
C3 216.8421 107.73
C4 33.15789 2.475
C5 -0.58947 -0.785
Standard 2+2.2593*Pow(PO,0.4882) 2.208*Pow(P0,0.5316)
Deviation
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FLORIDA DOT

A project similar to this study of material properties and their impact on AASHTOWare
Pavement ME Design’s predicted performance was completed by the Florida Department of
Transportation (FDOT) in 2008. This project tested three different concrete mixtures for MEPDG
design input level mechanical and thermal properties for rigid pavement designs. The mixture
specifics and tests performed are provided in table 21 and table 22, respectively.

This project specifically investigated how different MEPDG input levels would affect the
pavement design thickness. The material properties for each design input are listed in table 23,
table 24, and table 25. These material properties for the three mixtures were used as inputs to

determine the optimized concrete layer thickness. The resulting optimized slab thicknesses are

presented in table 26.

Table 21. Mixture design by Florida State. (Ping 2008)

Mixture 1 Mixture 2 Mixture 3
Cement 511 1b 415 1b 470 Ib
Fly Ash 132 1b 105 Ib —
Coarse Aggregate 1,750 Ib 1,900 Ib 1,921 1b
Fine Aggregate 1,191 Ib 1,278 Ib 1,235 1b
Water 279.11b 258 Ib 267 1b
Target Strength 4,500 psi 3,000 psi 3,000 psi
Target Slump 1.5-4.51n. 2.0-4.0in. 3.0-5.0in
Target Air 1.0-6.0% 3.0-6.0% 3.0-6.0%
Target Unit Weight 143.1 pcf 146.6 pcf 144.2 pcf
WI/C Ratio 0.43 0.50 0.57
—No data
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Table 22. Tests performed by Florida State. (Ping 2008)

Property Tested Test Interval
Slump Batching day
Temperature Batching day
Air Content Batching day

Compressive Strength 7,14, 28, 90 days of age

Splitting Tensile Strength 28, 90 days of age

Modulus of Elasticity 7,14, 28, 49, 70, 90 days of age

Poisson’s Ratio 7,14, 28, 49, 70, 90 days of age

Coefficient of Thermal Expansion 7, 28, 90 days of age

Table 23. Input values level 1, Florida State. (Ping 2008)

Unit MI1X-01 MI1X-02 MI1X-03
CTE pin/in./°F 6.79 6.84 5.99
Poisson’s Ratio — 0.23 0.27 0.21
MOE (7-day) psi 4,370,000 4,530,000 3,290,000
MOE (14-day) psi 4,590,000 4,590,000 3,470,000
MOE (28-day) psi 4,420,000 4,360,000 3,680,000
MOE (90-day) psi 4,180,000 4,905,000 4,020,000
20-year/28-day
; - 1.2
Ratio
MOR (7-day) psi 714 777 545
MOR (14-day) psi 7454 825¢ 604¢
MOR (28-day) psi 776 873 662
MOR (90-day) psi 844 831 707
20-year/28-day
; - 1.2
Ratio

+ Denotes where tested values are different from expected ranges. Averages of all tests are used instead in these cases.

— No data
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Table 24. Input values level 2, Florida State. (Ping 2008)

Unit MIX-01 MIX-02 MIX-03
CTE Hin/in./°F 6.44 6.67 6.92
Poisson’s Ratio - 0.23 0.27 0.21
Compressive .
Strength (7-day) ps| 4,832 6,183 3,489
Compressive .
Strength (14-day) psI 6,067 7,442 4,225
Compressive .
Strength (28-day) pSI 6,908 8,256 4,883
Compressive .
Strength (90-day) ps| 7,856 9,188 5,794
20-year/28-day Ratio — 12
— No data

Table 25. Input values level 3, Florida State. (Ping 2008)

Unit MIX-01 | MIX-02 |  MIX-03
CTE pin/in./°F 7
Poisson’s Ratio - 0.25
MOR (28-day) psi 776 873 662
MOE (28-day) psi 4,420,000 4,360,000 | 3,680,000

— No data

Table 26. Optimized thicknesses, Florida State. (Ping 2008)

Unit Mix-01 Mix-02 Mix-03
Level-1 thickness (h)| in. 8.75 8.25 9.00
Level-2 thickness ()| in. 10.25 10.75 13.50
Level-3 thickness ()| in. 10.50 7.50 12.00

One would expect the optimized thickness to increase as the input level goes from 1 to 3.

This is because level 3 is the most conservative input level, which should yield the largest slab
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thicknesses. Only Mix-01 displays the expected increase in optimized layer thickness. The
unexpected results of the other two mixtures are explained when comparing flexural and
compressive strength data. For level 2 designs, compressive strength values are used for 7, 14, 28,
and 90 days of age, which AASHTOWare Pavement ME Design then uses to estimate the MOR.
For Mix-02, the 28-day MOR value is unexpectedly high, and the value predicted in the level 2
analysis is much lower, resulting in a larger slab thickness. Similarly, the reduction in slab
thickness for level 3 is explained due to only the 28-day compressive strength being used, rather
than the full 90-day test data. The compressive and flexural values for each of the three mixtures
are presented in figure 18 and figure 19, respectively. This Florida DOT study highlights the
sensitive nature of AASHTOWare Pavement ME Design to MOR inputs. The equation used to
estimate MOR from compressive strength was proven to be inaccurate in two out of the three

mixtures, resulting in inconsistent design thicknesses.

Compressive Strength
pst 4 MIX-01 --4-- MIX-02 —&— MIX-03
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Figure 18. Line graph. Compressive strength of Mix-01, -02, and -03, Florida State.
(Ping 2008)
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Figure 19. Line graph. Flexural strength of Mix-01, 02, and 03, Florida State. (Ping 2008)

MISSISSIPPI DOT

A study was performed for the Mississippi Department of Transportation (MDOT) that analyzed
20 different concrete mixtures and tested for PCC material properties required by AASHTOWare
Pavement ME Design. Properties that were examined included: MOR, compressive strength,
MOE, Poisson’s ratio, CTE, and shrinkage (Rao 2014). Additionally, the study created statistical
models to estimate 90-day data from 28-day values to be used for level 2 designs. In addition, this
study included concrete mixtures with five different coarse aggregates and four different
cementitious material blends. The mixtures tested are listed in table 27. Averages from the 28-day
test results are presented in table 28. Values were all above MDOT-required minimums for rigid

pavements.
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Table 27. MDOT mixtures. (Rao 2014)

Total

MY CHSJF Cementitious . | Aggregate . Coarse Fine Water AEA Type A w/c
D date in D! CA_ID type cemenht}mus. aggrege:te aggrega}te (b/yd®) | (02) WR (fl
- 2014 - (Uo/yd') (lb/yd) (/v ) i 0z}
1 4/16 1 1| Chert 548 1929 11259.6 229.2 3.4 274 0.42
2 4/18 2 1| Chert 548 1929 1089.6 2229 8.2 27.4 0.41
3 5/2 3 1| Chert 548 1929 1149.4 210.4 2.7 27.4 0.28
4 5/5 4 1| Chert 548 1929 1103.5 229.2 3.1 30.3 0.42
5 5/7 1 2 | Limestone 548 1993 1180.1 231.3 2.7 27.4 0.42
] 5/9 2 2 | Limestone 548 15953 11346 233.3 6.5 274 0.43
7 5/13 3 2 | Limestone 348 1993 11823.3 225.0 3.0 25.6 0.41
g 5/15 4 2 | Limestone 548 1993 1151.3 237.5 5.4 29.2 0.43
9 5/19 1 3 | Limestone 548 2029 1228.2 231.3 2.1 274 0.42
10 5/21 2 3 | Limestone 548 2029 1171.7 233.3 4.4 274 0.43
11 5/27 3 3 | Limestone 548 2029 1231.5 220.8 3.7 27.4 0.40
12 6/2 4 3 | Limestone 548 2029 1151.1 237.5 3.5 274 0.43
12 6/9 1 4 [ Chert 548 2031 1152.0 208.3 2.7 27.4 0.28
14 6/12 2 4 | Chert 548 2031 1109.2 208.3 4.7 27.4 0.28
15 6/16 3 &4 | Chert S48 2031 1160.7 155.8 2.7 27.4 0.26
16 6/18 4 4 | Chert 548 2031 1120.4 216.7 3.1 27.4 0.40
17 6/24 1 5| Chert 548 2012 1075.1 229.2 2.7 274 0.42
18 6/26 2 5| Chert 548 2012 1017.1 233.3 5.5 27.4 0.43
19 6/30 3 5| Chert 548 2012 1076.8 216.7 2.7 27.4 0.40
20 7/2 4 5| Chert 548 2012 1047.5 229.2 3.2 274 0.42
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Table 28. MDOT 28-day test averages. (Rao 2014)

Compressive . , Unit
MIXID| (’?a%i) Strrén_gth I\(/Ip(s?i? '\("p(s)i')z P‘ﬁ’t‘;g‘ S Weight
(psi) (Ib/ft3)
1 28 6,648 786 5,883,333 0.17 142.2
2 28 5,756 752 5,233,333 0.16 141.2
3 28 7,133 783 6,333,333 0.14 143.8
4 28 7,020 843 5,933,333 0.15 143.4
5 28 6,365 736 5,483,333 0.19 144.4
6 28 5,968 721 5,400,000 0.20 144.5
7 28 7,973 816 6,366,667 0.23 145.7
8 28 8,041 913 5,416,667 0.19 146.1
9 28 7,316 928 6,683,333 0.21 149.3
10 28 6,812 933 6,583,333 0.22 148.6
11 28 7,296 973 6,650,000 0.21 147.7
12 28 7,268 1,047 6,550,000 0.23 147.04
13 28 6,878 858 6,583,333 0.17 146.4
14 28 6,715 850 6,566,667 0.14 144.3
15 28 7,617 901 6,666,667 0.18 145.6
16 28 7,270 1,004 7,533,333 0.15 145.66
17 28 7,217 811 5,833,333 0.14 143.0
18 28 6,631 764 5,700,000 0.15 141.0
19 28 8,237 844 6,250,000 0.15 144.5
20 28 7,908 928 5,816,667 0.15 144.4

Using material properties from the 20 mixtures, models were developed in order to predict
90-day values using 28-day data. These models have different regression coefficients depending
upon the type of coarse aggregate. For flexural strength, it was recommended to use either MDOT
Model 3 or 4; the regression coefficients are presented in table 29. For MOE, it was recommended
to use MDOT Model 9. The regression coefficients for MDOT Model 9 are listed in table 30.

_ 10.5 .
MR =axfe™"(Ps))  (MDOT Model 3)
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— b :
MR =a = fo"(PSD  (\DOT Model 4)

—_ ’b ]
E=axf"®s)  (MDOT Model 9)

Table 29. Flexural model coefficients. (Rao 2014)

Model | CA_ID a b
1 9.7816 —
2 9.4012 —
3 3 11.028 -
4 10.805 —
5 9.6891 —
1 7.5366 | 0.5297
2 7.6295 | 0.5235
4 3 2.2333 | 0.6801
4 1.7049 | 0.709
5 6.9302 | 0.5376

Table 30. MDOT Model 9 regression coefficients. (Rao 2014)

Model

CA_ID

a

b

229467

0.3652

523594

0.2693

2000000

0.1585

654322

0.2627

g s w ([N

203805

0.3768
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CHAPTER 4. PROBLEM STATEMENT

Traditionally, pavements in the United States were designed using manuals derived from empirical
relationships based on the observed failure of pavements. In 2002, the National Cooperative
Highway Research Program (NCHRP) produced the NCHRP Project 1-37A: Development of the
2002 Guide for the Design of New and Rehabilitated Pavement Structures (1998-2004), which
proposed implementing the use of a mechanistic understanding of materials to aid in pavement
design. Since then, design manuals have been produced incorporating this principle. The most
current manual is the AASHTOWare Pavement ME Design (2011), which is commonly referred to
as the Mechanistic—Empirical Pavement Design Guide. These manuals have been slow to be
implemented throughout the United States for a number of reasons, but it is primarily due to the
large volume of inputs that must be calibrated for individual states in order to make the software
viable.

GDOT is in the process of implementing the use of the MEPDG. In 2015, with the aid of
the ARA, GDOT produced an input guide to aid designers in using the MEPDG for Georgia
pavements. In addition, GDOT has funded numerous research projects to calibrate the software to
Georgia pavement mixtures. In one study, the CTEs for certain mixtures in Georgia were tested
for future use in the MEPDG. However, a need remains for additional design inputs to be studied
in greater detail and expanded to include additional mixtures.

The overall goal of this research is to establish a database of values for pavement designers
to use when designing with the MEPDG. This database will allow engineers to complete level 1,
2, and 3 designs using AASHTOWare Pavement ME Design for a variety of mixtures used in rigid
pavements. This database will include laboratory-tested values for compressive strength, Young’s

modulus, MOR, CTE, thermal conductivity, ultimate shrinkage, and heat capacity. Additionally,
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this report aims to look at which of these values are the most critical for input into AASHTOWare
Pavement ME Design. Sensitivity tests are conducted for each of the variables mentioned, using
the materials tested and reported for the MEPDG database. Recommendations are provided for
each of the design levels and their inputs.

With the completion of this concrete materials database, GDOT engineers will be able to
confidently complete level 1, 2, and 3 designs for rigid pavements. Along with the completion of
the concrete materials database, this study aims to use a statistical analysis and a machine-learning
approach to provide an in-depth understanding of a concrete mixture’s inputs and characteristics

and the role that they play in the mechanical and thermal properties of the concrete.
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CHAPTER 5. MATERIALS

This study was designed to test how different mixture design variables affect concrete material
properties and to analyze their effect on pavement performance. To understand the various impacts

of the mixture variables, the properties of the materials used in this study are documented here.

AGGREGATES

To obtain a representative sample of the aggregates used in Georgia’s pavements, the research
team selected four different quarries for coarse aggregate and one quarry for fine aggregate. Only
one quarry was selected for fine aggregate since material properties are fairly consistent for natural
sands. Additionally, NS are more commonly used in Georgia due to their availability and superior
finishing qualities when compared to manufactured sands. It was deemed that a representative
sample of coarse aggregate would consist of one quarry from North Georgia, one from
Middle/South Georgia, and two from Metro Atlanta. Only one quarry was selected for both Middle
and South Georgia since there are no quarries south of Macon or Augusta (located in Middle
Georgia). Any project south of Macon or Augusta should use one of these quarries for their coarse
aggregate. The five quarries that were selected are listed in table 31, followed by a map in

figure 20.

64



Table 31. Quarries used.

. Quarry Mixtures Using | Times Used in
Location| Company Number Rock Type Quarry Study
Kennesaw Meta-quartz Diorite,
Vulcan 46C Group Il 3.4 2
Metro Stockbridge
Vulcan 50C 9 | Granite Gneiss, Group Il 5,6,7,9 4
Adairsville .
North Vulcan 120C Dolomite, Group | 8,10 2
Mid Martin Gneiss/Amphibolite,
State Marietta Ruby 054C Group Il 121112 4
é\:la:tde Atlanta Sand |Roberta 002F| Alluvial/Marine Sand 1-12 12
Uaiton Chattahoochee
e} National Forest  Helen Se
7S
C&”;Ol,l‘
Adairsville 120C — @ of ¥ _
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Figure 20. Map. Quarry locations. (Google 2019)
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A #57 stone gradation was used for all coarse aggregates, as specified in GDOT
Section 800. The specific gravity (SG) and absorption capacity for the coarse aggregates are
provided in table 32. Further, the ASTM C33 limits for #57 stone are shown in table 33. The
gradation of the coarse aggregates was almost identical, as shown in figure 21. The material data

sheets for each quarry are found in appendix A.

Table 32. Specific gravity and absorption of aggregates.

Quarry Specific Gravity (SSD?) Absorption Capacity (%)
Adairsville 120C 2.847 0.08
Kennesaw 46C 2.763 0.65
Stockbridge 50C 2.625 0.60
Ruby 054C 2.732 0.50

@ Saturated surface dry

Table 33. Coarse Aggregate Gradation Limits

#57 ASTM C33

Sieve Size Percgnt
Passing
uUsS Metric
i) | (mm) (%)
1.5 375 100
1 25 95-100
0.5 12.5 25-60
4 4.74 0-10
8 2.36 0-5
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Figure 21. Line graph. Coarse aggregate gradation.

The fine aggregate gradation follows the requirements outlined in GDOT Section 801 instead of

ASTM C33. The percent passing requirements for this gradation are listed in table 34 and the fine

aggregate gradation, along with the upper and lower limit requirements, are shown in figure 22.

The sand had a fineness modulus of 2.297. The material data sheet for the fine aggregate is located

in appendix A.
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Table 34. Fine aggregate gradation limits,

GDOT Section 801.
Sieve Size Percgnt
Passing
us Metric
(in) (mm) (%)
0.375 9.5 100
4 4.75 95-100
16 1.18 45-95
30 0.3 8-30
100 0.15 1-10
200 0.075 0-3

Fine Aggregate Gradation
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Percent Passing (%)

20

0.1 10

1
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Figure 22. Line graph. Fine aggregate gradation.

The texture and angularity of two of the coarse aggregates were compared: Stockbridge
and Adairsville. This analysis was performed in order to compare mixtures using granite and

dolomite. Angularity is a major factor affecting concrete compressive and flexural strength;
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therefore, it was important to be able to quantify differences in the aggregate’s shapes. The
angularities of the two aggregates were measured using an image analyzer from the University of
Illinois. It was determined that the dolomite from the Adairsville quarry was more angular than
the granite from the Stockbridge quarry. The mean angularity of Adairsville dolomite was 427.41,
while the mean angularity of Stockbridge was 346.13. One would expect the dolomite to exhibit

higher compressive strength values due to its increased angularity. Examples of the images

collected are shown in figure 23 and figure 24.

Figure 23. Images. Stockbridge granite rock.

L 2 |

Figure 24. Images. Adairsville dolomite rock.
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CEMENT

Type /1l cement was used for this study and provided by Argos from their Calera, Alabama,
cement plant. The specific gravity of the cement was 3.13. The chemical and physical properties

are listed in table 35 and table 36, respectfully. The material certification report is in appendix A.

Table 35. Cement chemical properties.

Chemical Analysis
Spec Test
Item Limit Result

Rapid Method, X-Ray (C114)
SiO2 (%) — 19.8
Alz03 (%) — 4.7
Fe203 (%) — 3.2
Ca0 (%) — 62.8
MgO (%) 6.0 max 3.0
SOs3 (%) 3.0 max 3.0
Loss on Ignition (%) 3.5 max 2.7
Insoluble Residue (%) 1.5 max 0.51
CO2 (%) — 1.7
Limestone (%) 5.0 max 2.3
CaCOz in Limestone (%) 70 min 99
Inorganic Process addition (Baghouse
Dust) 5.0 max 2.0
Adjusted Potential Phase Composition (C150)
CsS (%) — 54
C2S (%) — 15
C3A (%) — 7
C4AF (%) — 10
NaEq 0.6 max 0.36
—No data
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Table 36. Cement physical properties.

FLY ASH

Physical Analysis

Item Spec Limit Test Result
Air Content of Mortar (%)
(C185) 12 max 7
Blaine Fineness (m?/kg)
(C204) 260 396
0.325 (%) (C430) — 97.2
Autoclave expansion (%)
(C151) 0.80 max 0.08
Compressive Strength (psi,[Mpa]) (C109)
1 day — 2090 [14.4]
3 days 1740 [12.0] min | 3910 [27.0]
7 days 2760 [19.0] min | 4892 [33.7]
28 days — 6420 [44.3]
Time of Setting (minutes)
Vicat Initial (C191) 45-375 101
Heat of Hydration (kj/kg)
(C1702)
3 days — 298
Mortar Bar Expansion (%)
(C1038) 0.020 max 0.003
Specific Gravity (C188) — 3.13
— No data

Fly ash for this study was provided by Boral MC from Plant Bowen in Cartersville, Georgia. The
fly ash was class F with a specific gravity of 2.47. Chemical properties are listed in table 37, and
the physical properties are provided in table 38. The complete material testing datasheet is included

in appendix A.
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Table 37. Fly ash chemical analysis.

Chemical Analysis
AASHTO
Item Result (%) Limit
SiO2 47.49 —
AL:03 21.3 -
FeoO3 18.08 -
Sum(SiO2+Al:03+Fe203) 86.87 70 min
SOz 2.07 5.0 max
CaOo 4.26 -
MgO 1.19 -
Na,O 0.99 -
K20 2.32 —
Na;0+0.658K,0 2.52 —
Moisture 0.14 3.0 max
Loss on Ignition 1.23 5.0 max
Available Alkalies, as 103 1.5 max
Na2Oe
— No data

Table 38. Fly ash physical analysis.

Physical Analysis
AASHTO
Item Result Limit
Fineness, % retained on a 45-pum
sieve 14.48% 34 max
Strength Activity Index
7 day, % of control 82% 75 min
28 day, % of control 82% 75 min
Water Requirement, % control 98% 105 max
Autoclave Soundness 0.01% 0.8 max
Specific Gravity 2.47 —
— No data
CHEMICAL ADMIXTURES

This study utilized only air entraining admixture as a chemical admixture. The AEA dosage varied

for targeted air levels, as well as fly ash percentage. Mixtures with fly ash required higher amounts
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of AEA to achieve the same air content as mixtures without fly ash. Darex 1l AEA was used in
this study. The manufacturer’s recommended dosage is 0.5 to 5 fl 0z per 100 Ib of cement. Dosage
rates used for this study ranged from 0.3 to 1.1 fl oz per 100 Ib of cement.

Air entraining admixture is the only chemical admixture selected in this study. This
admixture helps contractors better control the concrete’s air levels and is commonly known for its
ability to improve concrete’s workability. The AEA dosage varied from mixture to mixture,
primarily because of its interaction with the mineral admixture fly ash. Mixtures that embody fly
ash require a higher AEA dosage to attain the typical 3.0-6.0 percent GDOT target air content, as
compared to a mixture without the use of fly ash. This study used Darex Il AEA for its concrete
mixtures; this admixture complies with ASTM C260 admixture specifications. Darex recommends
this admixture be added to the concrete mixture at approximately %25 fl oz / 100 Ib (30-320 mL /

100 kg) of cement.
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CHAPTER 6. EXPERIMENTAL DESIGN

DESIGN PLAN

This study looks to effectively develop a database of input values needed to implement the
MEPDG for critical rigid pavement designs in Georgia. In order to accomplish this task, various
tests must be performed on GDOT-approved concrete mixtures. The values to be determined from
these tests include: compressive strength, Young’s modulus, MOR, CTE, shrinkage, thermal
capacity, and heat capacity. In addition to these values, fresh concrete properties are recorded for
each mixture, including slump, air content, unit weight, and temperature. Additionally, a
sensitivity analysis is performed to determine which of these inputs are the most critical to rigid
pavement design. Analysis is then performed at input levels 1, 2, and 3 in order to establish
thresholds and ensure adequate pavement performance. This chapter outlines the selection of
mixtures, as well as the test procedures, to ensure high levels of accuracy and consistency

throughout the testing program.

CONCRETE MIXTURES TESTING MATRIX

A concrete testing matrix was established that was composed of 12 different concrete mixtures.
These mixtures varied cementitious content, fly ash content, coarse aggregate type, coarse
aggregate volume fraction, and air content. The goal of altering these properties throughout the
12 mixtures was to isolate certain variables of pavement design in order to observe effects on
concrete’s properties and performance. This concrete mixture matrix is presented in table 39.
Mixtures were assigned different quarries based on the different material properties to be isolated.
For example, if the variable to be isolated was w/cm, then two mixtures would use the same quarry

and one would have a high w/cm and one would have a low w/cm. This process was followed for
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each of the 12 mixtures to better compare desired values by removing the variable of differing
aggregates. The mixtures paired for the same quarry, as well as the variable changing between

them, are presented in table 39.

Table 39. Concrete mixture matrix.

] Aidr
Mixture | Cement o - ) CA
Number | Content | T ASh wiem | CATYPE | Eotion C?ﬁf;m
-, 1 . - - Low
1 541 0 042 Granite 12.75 5.00 cement
w/c ratio
2 541 0 0.51 Granite 1275 5.00 change
3 580 0 0.42 Granite 1275 5.00 High
Cement
- .t
4 580 0 051 | Granite | 12.75 5.00 Z‘h;fgem
5 580 15% 042 Granite 1275 5.00 -
- _ i : - - |Fly Ash
& 580 20% 042 Granite 1275 5.00 | Content
7 580 5% 042 Granite 1275 5.00 -
_ ) in ) - - (Granite
8 580 20% 042 Dolomite 12.75 5.00 J Content
a 580 20% 042 Granite 10.00 5.00
Dolomite
- ) _ Content
10 580 20% 042 Dolomite 10.00 .00
11 580 20% 042 Granite 12.75 3.00 - Air
Content
12 580 209 0.42 Granite 1275 6.50 -
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EXPERIMENTAL PROCEDURES
Batching

The batching procedures used in this study were driven by ASTM C192: Stand Practice for Making
and Curing Concrete Test Specimens in the Laboratory. Before mixing, materials were weighed
in specified amounts, placed inside 5-gallon buckets, and set aside in the same climate-controlled
mixing room. The cementitious materials were weighed into buckets that contained lids to ensure
a moisture-free environment before mixing. Water and admixture amounts were weighed just
before mixing. As mentioned previously, only AEA was used in this study and the dosage varied
among mixtures due to target air contents and fly ash content. It was observed during this study
that mixtures with fly ash required a higher dosage of AEA compared to the mixtures with only
cement. On the day of mixing, the moisture contents of the coarse and fine aggregates were
measured using a ventilated microwave oven, as specified in ASTM C566: Standard Test Method
for Total Evaporable Moisture Content of Aggregate by Drying. The water amount to be included
in the batch was then adjusted based on the moisture content of the aggregates. Concrete property

test specimens were assembled and greased prior to mixing.

Mixing Process

The mixing procedure followed the requirements specified in ASTM C192: Standard Practice for
Making and Curing Concrete Test Specimens in the Laboratory. Before mixing, the concrete mixer
was sprayed with water and then excess water was removed. After the mixer was dampened, all
coarse and fine aggregates were added to the mixer and allowed to mix thoroughly for
approximately 5 minutes. Then, a portion of the cementitious material was added to the mixer and

allowed to blend with the aggregates for a few rotations. Water mixed with chemical admixtures
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was then added to the mixture slowly in small amounts. The remaining cementitious material and
water was added in an alternating fashion between cementitious material and water to ensure even
distribution of materials throughout the mixer and prevent clumped material. If, during the process,
concrete became stuck on the mixer side, the rotation was stopped and the concrete was scraped
from the sides to ensure all materials were thoroughly integrated into the mixture. When mixing
was complete, the concrete was then emptied into a dampened wheelbarrow, tested for its fresh

concrete properties, and cast into its appropriate testing molds.

Curing Process

The specimens were removed from the molds approximately 24 hours after placement. All
specimens were then cured in water tanks that conformed to ASTM C511-13: Standard
Specification for Mixing Rooms, Moist Cabinets, Moist Rooms, and Water Storage Tanks Used in
the Testing of Hydraulic Cements and Concretes. The water temperature was closely monitored
and kept within 23+£2°C or 73.4+3.5°F. Per the standards, CaOH powder was added to prevent the
leaching of calcium from the specimens. Finally, a circulatory pump was kept in the tank to ensure

even temperature and prevent the settling of the excess lime powder.

Testing Procedures

Fresh and hardened concrete properties were tested for each of the 12 mixtures. ASTM standards
and AASHTO standards were followed during the testing procedures of this study. The fresh
concrete properties tests took place immediately following the batching of the mixture, while the

hardened properties were tested at AASHTO-recommended intervals.

77



Fresh Concrete Properties Tests

Fresh concrete properties tests describe the behavior of the mixture during construction, as well as

provide important insight into the final composition of the mixture. Table 40 indicates the fresh

properties tests performed, the standard associated with each test, and the testing interval.

Table 40. Fresh concrete properties testing matrix.

Fresh Concrete Property Test Standard Identification Test Interval
Slump ASTM C143/AASHTO T119 Batching Day
Temperature ASTM C1064/AASHTO T309 Batching Day

Pressure Meter Air Content ASTM C231/AASHTO T152 Batching Day
Unit Weight ASTM C138/AASHTO T121 Batching Day

Hardened Concrete Properties Tests

The hardened concrete properties give indications for the long-term performance of the concrete.

These are of special interest to this study as they are direct inputs into the MEPDG. These

properties follow a testing schedule as

outlined in table 41.

Table 41. Hardened concrete properties testing matrix.

Hardened Concrete Property Test

Standard Identification

Test Interval

Ultimate Shrinkage

ASTM C157/AASHTO T160

0,3,7,14, 28, 35, 42,
56, 84, 140, 252 days

Compressive Strength

ASTM C39/AASHTO T22

7, 14, 28, 90 days

Static Modulus of Elasticity ASTM C49 7, 14, 28, 90 days

Dynamic Modulus of Elasticity ASTM C215 7, 14, 28, 90 days

Modulus of Rupture ASTM C78/AASHTO T23 7, 14, 28, 90 days
Density and Void Content ASTM C1754 28 days
Coefficient of Thermal Expansion AASHTO T336 28 days
Thermal Conductivity ASTM D5334-14 28 days
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For each day of testing—7, 14, 28, and 90 days of age—three rounds of tests were
performed for each of the hardened properties. This was to ensure that a reliable average was
determined from each test. If there was a clear outlier from one of the three tests, then the average
was taken from only two specimens. An outlier, as defined by ASTM E178, is extreme in either
direction that appears to deviate markedly from the other members in the sample. For example,
the 90-day tests for MOE of mixture 8 resulted in 7,438 ksi (51.3 GPa), 6,584 ksi (45.1 GPa), and
6,628 ksi (45.7 GPa). Since two of the values were within 50 ksi (0.35 GPa) of each other, the
7,438 ksi (51.3 GPa) value was deemed an outlier and not included in the average. This procedure
helped to limit the influence of erroneous data due to human or machine error and ensure the data
were collected from homogeneous specimens. For compressive strength, Young’s modulus, and
Poisson’s ratio, three 4x8-inch (101.6x203.2-mm) cylinders were made for each test interval. The
three cylinders were used for each of the tests, since MOE and Poisson’s ratio are nondestructive
tests. Thus, the latter two were performed first. MOR testing was conducted on three 3x4x16-inch
(76.2x101.6x406.4-mm) beams. Shrinkage was measured from three 4x4x10-inch
(101.6x101.6x254-mm) specimens. A summary of the number of specimens, their associated tests,

and sizes is shown in table 42.
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Table 42. Specimen sizes.

Hardened Concrete Property Test Specimen Size (in.) Number Per Batch
and Shape
Compressive Strength
Young’s Modulus (Static and Dynamic) .
- - 4x8 Cylinder 12
Poisson’s Ratio
Coefficient of Thermal Expansion

3x4x16 Beam 12

Modulus of Rupture
6x6x22 Beam 12
Shrinkage 4x4x10 Beam 3

The size of beams used for MOR testing has the potential to influence the overall measured
values. Specifically, smaller beams typically yield higher values. Because of this expected
difference in values, additional mixtures were made for comparing different beam sizes. Three
6x6x22-inch (152.4x152.4x558.8-mm) beams were also cast, along with three 3x4x16-inch
(76.2x101.6x406.4-mm) beams, and tested at 28 days. The data from these tests were compared
and used to develop a regression model to adjust the skewed values. Establishing a reliable
correlation between the two sizes of beams will benefit GDOT toward adopting a practical size of
a beam for MOR tests.

Two different tests were performed for MOE: static and dynamic. Static testing requires
more specialized equipment and is more complex than the dynamic test. Both tests were performed
in order to see if the values found from dynamic MOE can be used to find static MOE values using
equation 6. A statistical hypothesis test was performed to determine if the use of this equation is
valid for these 12 mixtures. This was conducted to determine whether the dynamic testing may be
used in the future because of the simplistic nature of the test. Specifically, one mean hypothesis
test was used to determine whether or not the static testing value could be determined using

equation 5, Es¢qtic = Epynamic * 0.83. The ratios between static MOE values and dynamic MOE
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values were compared to 0.83. Two conditions needed to be satisfied in order to perform this test:
independence and normality.

Two rounds of thermal conductivity testing were conducted using a needle probe through
a line source test method. A known current and voltage are issued by the probe, and the temperature
increase of the specimen with respect to time was measured. After the probe ceased providing heat
to the specimen, the temperature decay of the specimen was measured. The thermal conductivity
was then obtained by analyzing the time and temperature relationship between these heat and
cooling cycles. The first round of testing was an average of the measurements from three 4x8-inch
(101.6x203.2-mm) concrete cylinders for all 12 individual mixtures after a 28-day curing period.
The specimens were tested in a room roughly maintaining a temperature of 73+3°F (23+2°C) and
a relative humidity of 50+4 percent. Each specimen underwent 10 individual tests, and any
outliers, defined by ASTM E178, were removed before averaging the test results.

The second round of thermal conductivity testing was performed on six concrete cylinders
for all 12 mixtures, after a 28-day curing period. This round of testing was conducted to determine
the impact that density, moisture, and air content have on thermal conductivity in concrete. Each
concrete mixture had an extra cylinder that was tested for density following the ASTM C1754 test
method after the 28-day curing period. The six cylinders were tested in three different conditions
(i.e., dry, normal, and saturated) with two replicates per condition. The first condition was oven
dry. This condition was obtained by placing the concrete specimens in an oven at a temperature of
100+5°F (38+3°C) for 24+1 hour. After this 24-hour time period, the specimen was removed and
the mass was determined; this process continued in 24-hour increments until the two subsequent
mass determinations had a difference of less than 0.5 percent. The second condition is referred to

as a normal condition. This condition was obtained by placing two cylinders per GDOT-approved
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mixture into a controlled environmental chamber, maintaining a temperature of 73+3°F (23+2°C)
and a relative humidity of 504 percent. The specimens remained in this chamber for a 24-hour
period to ensure homogeneous temperature and moisture throughout the specimen. After this
24-hour period, the specimens were tested. The final condition was a saturated condition. After
28 days, the concrete specimens were moved from the moisture curing tank to a water tank inside
the environmental chamber for a 24-hour period. At the end of this 24-hour period, the saturated
specimens were then tested. All specimens in the second round of thermal conductivity testing

underwent 10 individual tests.
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CHAPTER 7. EXPERIMENTAL RESULTS

CONCRETE MIXTURES

Using the concrete mixture matrix presented in table 39, GDOT-approved mixtures were selected
from previous projects that had similar design characteristics. These GDOT mixtures and their
GDOT project numbers are listed in table 43. These mixtures have been used in past GDOT
pavement projects, and thus would allow the potential to compare the in-situ material properties
and performance compared to laboratory results from this research. Batch weights and the moisture
content before mixing are found in appendix B.

Mixture IDs were created for easy reference of mixture attributes and ingredients. These
IDs describe the cementitious content, fly ash replacement, w/cm, CA type, CA fraction, and
resulting air content of the 12 mixtures. The identification for mixturel is
(541/0FA/0.431/11.91G/4.9). The first number, 541, represents the cementitious content of the
concrete mixture. The second number, OFA, represents the percent of cement replaced by fly ash.
The third number, 0.431, represents the w/cm of the concrete mixture. The fourth number, 11.91G,
represents the CA fraction followed by either a G or D, meaning granite (G) or dolomite (D). The
fifth number, 4.9, represents the air content of the mixture as determine by the fresh concrete

property test. These mixture IDs are shown in table 44.
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Table 43. GDOT-approved mixtures.

yiare | oo | F A |y | CA| A A SO | G0t projst umber
1 541 0 0.431 Granite 11.91 3.0-6.5 IM-185-1(326)01
2 541 0 0.524 Granite 12.75 3.0-6.5 NH-1M-20-2(145)01
3 595 0 0.43 Granite 11.40 3.0-6.5 EDS00-0072-00(039)
4 600 0 0.47 Granite 11.62 3.0-6.5 NHS00-0005-00(320)
5 580 1220 | 0493 | Granite 12.54 3.0-6.5 NH-1M-20-2(145)01
6 579 19.69 0.446 | Granite 11.67 3.0-6.5 CSNHS-M002-00(965)01
7 622 26.00 0.422 Granite 12.14 3.0-6.5 NHS-M002-00(434)01
8 605 20.66 0.43 | Dolomite 12.09 3.0-6.5 NHSTP-0075-03(203)
9 590 18.64 0.438 Granite 10.87 3.0-6.5 CSSTP-0007-00(239)01
10 590 18.64 0.43 | Dolomite 10.87 3.0-6.5 CSSTP-0007-00(239)01
11 600 20.16 0.47 Granite 11.42 3.0 IMNHO0-0075-01(227)
12 600 20.16 0.47 Granite 11.42 6.5 IMNHO0-0075-01(227)
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Table 44. Mixture identification.

Mixture Mixture ID Cementitious Fly Ash Ww/cm CA Type CA Fraction | Air Content

Number Content (%a) (%)
1 541/0FA/0431/1191G/4.9 541 0 0431 Granite 11.91 40
2 541/0FA0.52412.75G/4.0 541 0 0.524 Granite 12.75 4.0
3 505/0FA043/11.4G/6.2 585 0 0.43 Granite 11.4 6.2
4 600/ 0FA047/11.62G/6.1 600 0 0.47 Granite 11.62 6.1
5 580/12.2FA/0.493/12 54G/4 .5 580 122 0.493 Granite 12.54 4.3
b 57919 69FA0 446/11.67G/5.5 579 19.69 0.446 Granite 11.67 5.3
7 622/26FA/0.422/12.14G/3.1 622 26 0.422 Granite 12.14 3.1
8 605/20.66FA/0.43/12.00D/5.0 605 20.66 0.43 Dolomite 12.09 5.0
g 500/18.64FA/0.438/10.87G/4.9 590 18.64 0438 Granite 10.87 4.0
10 500/18.64FA/0 439/10.87D/5.9 590 18.64 0.439 Dolomite 10.87 5.9
11 600/20.16FA0.47/11.42G/3.6 600 20.16 0.47 Granite 11.42 3.6
12 600/20.16FA/0 47/11.42G/4.7 600 20.16 0.47 Granite 1142 4.7

Key: 541/0FA/0.431/11.91G/4.9

p

Cementiticus
Content

% Fly Ash

I

w/cm Ratio CA Fraction/Type

Air Cantent (%)

85




TEST RESULTS

After carefully adhering to the testing procedures outlined in chapter 6, the concrete material
properties were measured. In this section, the data are reported and analyzed as they pertain to
their use in rigid pavements. Currently, GDOT has certain design acceptance requirements (DAR)
for concrete mixtures used in rigid pavements. Before a mixture’s approval, trial batches must
meet certain threshold values for compressive and flexural strength, outlined in GDOT Section
430-Portland Cement Concrete Pavement (GDOT 2013). For class 1 mixtures, compressive and
flexural strength should reach minimum values of 3,000 psi (20.7 MPa) and 600 psi (4.1 MPa),
respectively. For class 2 mixtures, compressive and flexural strength should reach minimum

values of 3,500 psi (24.1 MPa) and 700 psi (4.8 MPa), respectively.

Fresh Properties

The mixtures had fresh properties consistent with expectations. The fresh properties for each of
the mixtures are shown in table 45.

The temperature of the mixtures varied mainly due to the dates batched, which occurred
over a 2-month period between March and April. Unit weights are within a reasonable range with
values measured between 143.0 to 149.0 pcf (2,290.6 to 2,386.8 kg/m?), as shown in figure 25.
The air contents of each of the mixtures fits within the allowed tolerance of 3.00-6.50 percent, as
specified by GDOT-approved mixtures. Some variability of the air content occurred due to the
variation in each of the mixture’s constituents, as shown in figure 26. The greatest variability of
the mixtures’ fresh concrete properties occurred with slump, which has a maximum value of
3.50 inch (88.9 mm) for pavements. Most of this variability is explained by the different w/cm
used for the mixtures. Additionally, mixtures using fly ash are typically expected to be more

workable than mixtures without (Kosmatka and Wilson 2016). As seen in figure 27, five of the
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mixtures were above the acceptable limit on slump. These mixtures are, however, GDOT-approved
mixtures with no modifications except for AEA dosage (dosage amounts not provided in
specifications). Since slump is only a measure of workability and does not provide insight into
strength or the rigidity of the concrete, it is acceptable for these five mixtures to have a higher

slump for the purposes of this study, so long as the required mechanical properties are met.

Table 45. Fresh properties.

Mixture Temperature Slump Air Unit Weight
CF) (in.) (%) (Ib/ft3)
1 82.4 0.50 4.9 147.2
2 83.4 2.25 4 147.4
3 73.7 3.00 6.2 144.4
4 79.3 8.50 6.1 143
S 62.1 7.00 4.5 143.4
6 74.1 6.50 5.5 141.6
7 58.6 4.25 3.1 145.2
8 64.4 5.00 5 148.8
9 66.2 0.50 4.9 145.8
10 75.4 2.50 5.9 147.2
11 70.5 2.75 3.6 146.6
12 85.8 2.75 4.7 146.4
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Unit Weight (Ib/ft3)
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Figure 25. Bar graph. Unit weight results.
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Figure 26. Bar graph. Air content results.
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Figure 27. Bar graph. Slump results.

To ensure the consistent results of the fresh properties, two additional 4x8-inch cylinders
were batched for every mixture that would later be tested for their CTE. Table 46 provides the
fresh properties for the first round of thermal conductivity testing. Table 47 and table 48 are the
fresh properties measured from the mechanical property mixtures for MOR and £, and the second

round of thermal conductivity batches, respectively.
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Table 46. Fresh concrete properties for first round of thermal conductivity.

Mixture | Temperature (°F) | Slump (in) Air (%) | Unit Weight (Ib/ft®) | Date Batched
1 83.0 0.5 5.0 146.7 3/20/2020
2 83.4 2.0 3.0 151.5 3/20/2020
3 72.4 0.5 3.1 149.6 2/12/2020
4 72.7 2.5 11.5 149.0 2/12/2020
5 71.2 0.5 3.2 141.0 6/18/2020
6 74.1 1.3 2.8 148.6 6/18/2020
7 70.0 2.0 2.0 150.2 6/18/2020
8 68.4 15 2.4 148.8 2/25/2020
9 74.0 15 3.0 146.6 6/18/2020
10 69.7 1.5 2.8 149.2 2/25/2020
11 70.5 2.0 4.0 151.2 3/20/2020
12 77.0 2.5 55 150.6 3/20/2020

Table 47. Fresh concrete properties for MOR and f. testing.

Mixture | Temperature (°F) | Slump (in) Air (%) | Unit Weight (Ib/ft3) Date Batched
1 80.0 1.0 4.0 150.0 8/26/2020
2 82.0 2.0 3.1 147.6 8/26/2020
3 78.0 1.0 5.1 17.8 8/27/2020
4 80.0 2.5 4.9 145.4 8/27/2020
5 78.6 0.5 4.1 144.8 8/19/2020
6 80.9 15 4.0 143.8 8/19/2020
7 79.0 2.0 3.2 146.4 8/20/2020
8 79.0 15 3.3 149.4 8/21/2020
9 82.0 1.5 5.1 143.6 8/20/2020

10 80.0 2.0 52 146.8 8/21/2020
11 80.0 2.0 3.5 147.4 8/25/2020
12 81.0 3.0 5.1 144.0 8/25/2020

Table 48. Fresh concrete properties for second round of thermal conductivity.

Mixture | Temperature (°F) | Slump (in) | Air (%) | Unit Weight (Ib/ft®) | Date Batched
1 64.0 0.5 41 149.4 9/21/2020
2 64.0 15 3.5 150.4 9/21/2020
3 67.0 0.5 3.6 150.4 9/23/2020
4 73.0 2.5 47 148.2 9/23/2020
5 81.0 0.5 4.2 145.0 9/2/2020
6 80.0 1.3 3.8 144.8 9/4/2020
7 76.0 2.5 2.4 147.8 9/9/2020
8 76.0 15 3.3 151.0 9/15/2020
9 78.8 1.0 45 143.0 9/10/2020
10 72.0 15 5.4 149.4 9/16/2020
11 75.0 2.0 3.1 148.8 9/17/2020
12 76.0 2.5 4.4 147.8 9/18/2020
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During all three trials, the concrete batches displayed good slump values. GDOT
recommends for pavements to remain below 3.50 inch (88.9 mm). None of the mixtures batched
during this study exceeded this maximum value. A slight variation exists between the temperatures
of the mixtures, ranging from 64.0°F to 83.4°F. This variation can be best explained by examining
the “Date Batched” column. Georgia is known for its quick transition in seasons, and the mixtures
batched in February and September had much lower temperatures than those mixed in March due
to this temperature change, as well as the two batches on September 21, 2020, being batched early
in the morning. A number of mixtures displayed slightly higher air contents in the initial study
conducted (table 46). This may be attributed to a malfunction of the air meter. With a newly
purchased air meter, accurate air contents were measured for the more recent mixtures. The unit
weights of these mixtures displayed higher values than expected. For concrete mixtures, a typical
unit weight range includes 143.0 to 149.0 pcf (2,290.6 to 2,386.8 kg/m?). Some of the unit weight
tests exceeded this 149.0 pcf (2,386.8 8 kg/m®), however the difference was negligible, and the
typical value used in GDOT’s pavement design is 150.0 pcf (2,402.8 kg/m®).

Figure 28, figure 29, and figure 30 illustrate the concrete fresh property test results of the
three different trials used in this study. Trial 1 refers to the properties shown in table 46; CTE
specimens were batched during this trial. The second trial of concrete mixtures (table 47) was used
for the ultimate shrinkage and MOR testing. The third trial of concrete mixtures (table 48) was
batched for thermal conductivity testing. The three trials are plotted to demonstrate homogeneity

across the various concrete mixing trials used in this study.
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Figure 29. Bar graph. Slump comparison for different mixture trials.
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The three different trials displayed fairly similar fresh concrete property results that
provided quality assurance for the research team. Figure 28 proved that most of the concrete air
content measurements were in the desired range of 3.0-6.0 percent. The concrete mixtures were
desired to maintain slump values below 3.50 inch (88.9 mm). None of the mixtures in the second
and third trials exceeded this maximum value. In some cases, trial 1 demonstrated a slight variation
from the other two trials. During this initial batching process, fresh air content measurements were
lower than expected. Higher dosages of air-entraining admixture were used to combat this issue.
This increased admixture usage related directly to the increased air content and slump

measurements displayed in figure 28 and figure 29.
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Compressive Strength

Examining the compressive strength values of the mixtures, all 12 satisfied the DAR for class 2
mixtures of 3,500 psi (24.1 MPa). Mixture 6 (579/19.69FA/0.446/11.67G/5.5) had the lowest
28-day compressive strength value at 4,140psi (28.5MPa), while mixture 9
(590/18.64FA/0.438/10.87G/4.9) achieved the highest 28-day strength at 6,650 psi (45.9 MPa).
The average 28-day strength across all mixtures is 5,400 psi (37.2 MPa). Compressive strengths
for all mixtures for each testing age are shown in table 49. As shown in table 39, mixtures have
“companion mixtures,” where only one property changed from mixture to mixture. These
companion mixtures were plotted to show differences in strength gain as well as final strengths

and are presented in figure 31, figure 32, figure 33, figure 34, and figure 35.

Table 49. Compressive strength values.

Age of Specimen (days)
7 | 14 | 28 | 9
Nul\::éer Mixture ID Compressive Strength (psi)
1 541/0FA/0.431/11.91G/4.9 4680 | 5420 | 6,370 | 6,240
2 541/0FA/0.524/12.75G/4.0 4,810 5,440 6,300 6,680
3 595/0FA/0.43/11.4G/6.2 4,410 | 4,870 | 5,350 | 5,780
4 600/0FA/0.47/11.62G/6.1 3,130 | 3,820 | 4,280 | 4,490
5 580/12.2FA/0.493/12.54G/4.5 | 3,190 | 3,700 | 4,390 | 5,340
6 579/19.69FA/0.446/11.67G/5.5| 3,090 | 3,580 | 4,140 | 5,420
7 622/26FA/0.422/12.14G/3.1 4,080 | 4,610 | 5420 | 6,650
8 605/20.66FA/0.43/12.09D/5.0 | 4,240 | 4,920 | 5,700 | 7,450
9 590/18.64FA/0.438/10.87G/4.9 | 4,980 | 5980 | 6,650 | 7,940
10 590/18.64FA/0.439/10.87D/5.9 | 4,150 | 4,450 | 5220 | 6,570
11 600/20.16FA/0.47/11.42G/3.6 | 4,930 | 5640 | 6,020 | 8,130
12 600/20.16FA/0.47/11.42G/4.7 | 3,820 | 4,520 | 5190 | 6,950

Comparing mixtures 1 (541/0FA/0.431/11.91G/4.9) and 2 (541/0FA/0.524/12.75G/4.0),

there is almost no difference in strength, as shown in figure 31. Since mixture 1 had a lower w/cm,
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it is expected to have higher compressive strength values, similar to what is shown in figure 32
between mixtures 3 (595/0FA/0.43/11.4G/6.2) and 4 (600/0FA/0.47/11.62G/6.1). As part of the
MOR testing, new 28-day strengths were obtained for mixtures 1 and 2. Mixture 1 had a 28-day
strength of 6,540 psi (45.1 MPa) and mixture 2 had a 28-day strength of 4,930 psi (40.0 MPa)

when rebatched. This difference is much more in line with expectations.
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Figure 31. Line graph. Compressive strength vs. age, mixtures 1 and 2, w/cm change.
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Figure 32. Line graph. Compressive strength vs. age, mixtures 3 and 4, w/cm change.

Comparing mixtures 4 (600/0FA/0.47/11.62G/6.1), 5 (580/12.2FA/0.493/12.54G/4.5),
6 (579/19.69FA/0.446/11.67G/5.5), and 7 (622/26FA/0.422/12.14G/3.1) in figure 33, mixtures 4,
5, and 6 performed very similarly while mixture 7 achieved the highest strength. Mixture 4
strengths were almost identical despite having 0.00 percent fly ash replacement. This is probably
a result of increased air and w/cm lowering its strength, as well as similar cement contents
producing calcium silicate hydrate at similar rates. After 28 days, the mixtures with fly ash
continued producing CSH at high rates, while mixture 4’s production declined, allowing the
mixtures with fly ash to achieve higher strengths. Although mixture 6 has more fly ash than
mixture 5, its lower w/cm counteracted the effects, achieving similar strengths to mixture 5, which

had less fly ash but a higher w/cm. Mixture 7 likely achieved the highest strengths despite having
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the highest fly ash replacement due to its high cement content, as well as having the lowest w/cm

of the three mixtures.
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Figure 33. Line graph. Compressive strength vs. age; mixtures 4, 5, 6, and 7;
FA percentage change.

Figure 34 displays mixtures 7 (622/26FA/0.422/12.14G/3.1) and 9
(590/18.64FA/0.438/10.87G/4.9), whose main difference is coarse aggregate content. Previous
studies have found that lower coarse aggregate content leads to lower compressive strength values
(Kim 2012). The opposite was observed in figure 34, likely due to fly ash percent replacement
differences between the mixtures. Mixtures8 (605/20.66FA/0.43/12.09D/5.0) and 10
(590/18.64FA/0.439/10.87D/5.9) display the expected trend of lower CA content, leading to the

lower strengths presented in figure 35.
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Figure 34. Line graph. Compressive strength vs. age, mixtures 7 and 9, CA volume change.

—@— 605/20.66FA/0.43/12.09D/5.0 590/18.64FA/0.439/10.87D/5.9

8000

7000

6000

5000

4000

3000

Compressive Strength (psi)

2000

1000

Age (days)

Figure 35. Line graph. Compressive strength vs. age, mixtures 8 and 10, CA volume
change.
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Figure 36 displays  mixtures9  (590/18.64FA/0.438/10.87G/4.9)  and 10
(590/18.64FA/0.439/10.87D/5.9), which are the same, except one was made with granite and the
other with dolomite. Mixture 9, produced with granite, exhibited higher strengths by providing a
better bond between the paste and aggregate and subsequently higher strengths. Since this is a
limited sample size, additional mixtures should be analyzed in order to support this trend as it may
not support the actual difference between granite and dolomite mixtures. One theory for the
differences in tested strengths and expectations is the internal curing provided by the different
aggregates. The granite has an air content of 0.60 percent, while the dolomite has an air content of
0.08 percent. This difference in pore structure could have led to an increased hydration in the
mixtures using granite, since the aggregate absorbed more of the mixture water and released it
slowly as hydration occurred. Mixture 11 (600/20.16FA/0.47/11.42G/3.6) and mixture 12
(600/20.16FA/0.47/11.42G/4.7), shown in figure 37, display a variation in air content. As

expected, mixture 11 achieved higher strengths due to a lower air content.
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Figure 36. Line graph. Compressive strength vs. age, mixtures 9 and 10, CA type change.
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Figure 37. Line graph. Compressive strength vs. age, mixtures 11 and 12, air content
change.
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Modulus of Elasticity

When examining the MOE test results, the 28-day measured values ranged from 3,150 to 6,400 ksi

(21.7 to 44.1 GPa). The average 28-day MOE was 4,700 ksi (32.4 GPa) across all mixtures. The

test results for static MOE are shown in table 50. Companion mixtures plotted against time are

shown in figure 38 (mixtures 1 and 2), figure 39 (mixtures 3 and 4), figure 40 (mixtures 4, 5, 6,

and 7), figure 41 (mixtures 7 and 9), figure 42 (mixtures 8 and 10), figure 43 (mixtures 9 and 10),

and figure 44 (mixtures 11 and 12).

Table 50. Static MOE results.

_ Age of Specimen (days)
Mixtures
7 14 28 90
m;)r(;ggf_ Mixture 1D Static MOE (ksi)
1 541/0FA/0.431/11.91G/4.9 5,100 5,150 5,350 5,650
2 541/0FA/0.524/12.75G/4.0 4,750 5,100 5,600 5,850
3 595/0FA/0.43/11.4G/6.2 4350 | 4,450 | 4,600 5,100
4 600/0FA/0.47/11.62G/6.1 3,650 3,850 | 4,100 | 4,400
5 580/12.2FA/0.493/12.54G/4.5 | 2,650 2,950 3,150 3,700
6 579/19.69FA/0.446/11.67G/5.5 | 2,900 | 2,950 | 3,200 | 3,650
7 622/26FA/0.422/12.14G/3.1 3,150 3,350 3,550 | 4,250
8 605/20.66FA/0.43/12.09D/5.0 | 5,500 | 5,950 | 6,400 | 6,600
9 590/18.64FA/0.438/10.87G/4.9 | 3,550 | 3,900 | 4,150 | 4,600
10 590/18.64FA/0.439/10.87D/5.9 | 5,400 5,550 6,050 7,150
11 600/20.16FA/0.47/11.42G/3.6 | 4,950 5,050 5,350 5,950
12 600/20.16FA/0.47/11.42G/4.7 | 4,350 | 4,850 5,250 5,650
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Factors that appear to affect the MOE of mixtures are w/cm, fly ash content, and rock type.
Mixtures with higher w/cm have a lower MOE than the similar mixtures with a lower w/cm, as
displayed in figure 38 and figure 39. Similarly, fly ash content results in lower MOE values than
mixtures without fly ash. Figure 40 shows three mixtures using fly ash that have much lower MOE
values when compared to mixture 4 (600/0FA/0.47/11.62G/6.1), which has a similar composition
without fly ash. Mixtures with fly ash achieved MOE values of approximately 1,000 ksi (6.9 GPa)
less than mixture 4. The type of coarse aggregate was observed to have the largest impact on the
MOE of the mixtures. Mixtures using dolomite exhibited MOE values much higher than similar
mixtures using granite. Figure 41 shows the same mixture made once with granite and once with
dolomite. The resulting dolomite mixture had MOE values almost 2,000 ksi (13.8 MPa) greater
than the granite mixture. Similarly, figure 42 shows granite mixtures and figure 43 shows dolomite
mixtures with similar constituents. The same trend is observed when comparing these figures,
dolomite mixtures result in higher MOE values. This trend is opposite of expectations since
dolomite mixtures resulted in lower compressive strength values as previously shown in figure 36.
The SG of the dolomite can provide insight to why MOE is higher for dolomite mixtures. The SG
of dolomite is 2.847 and the SG of granite is 2.625. This difference in SG shows dolomite is a
stiffer material than granite, even though it resulted in lower compressive strengths. The effect of

air content on MOE is shown in figure 44.
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Figure 38. Line graph. MOE vs. age, mixtures 1 and 2, w/cm change.
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Figure 39. Line graph. MOE vs. age, mixtures 3 and 4, w/cm change.
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Figure 40. Line graph. MOE vs. age; mixtures 4, 5, 6, and 7; fly ash percentage change.
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Figure 41. Line graph. MOE vs. age, mixtures 7 and 9, CA volume change.
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Figure 42. Line graph. MOE vs. age, mixtures 8 and 10, CA volume change.
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Figure 43. Line graph. MOE vs. age, mixtures 9 and 10, CA type change.
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Figure 44. Line graph. MOE vs. age, mixtures 11 and 12, air content change.

As part of MOE testing, the static test method was compared with the dynamic test method.
A one-mean hypothesis test was used to determine whether or not the static testing value could be
determined using equation 5, Es¢qtic = Epynamic * 0-83. The cylinders from 7, 14, and 28 days of
age were compared, creating a sample size of 108 readings. The ratio of static MOE to dynamic
MOE was analyzed for normality and had to be transformed by taking the square root in order to
obtain a normal distribution. The null and alternative hypotheses are presented as equations 7 and

8. An alpha value of 0.05 was specified for this test.

MOEStatic
Hy: | ———= v0.83
0 \/MOEDyanamic

()
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MOEStatic
Hy: | ————+ Vv0.83
“ \/MOEDyanamic

(8)

After conducting the hypothesis test, a test statistic of 1.983 and a p-value of 0.0035 were
obtained. Since the p-value was smaller than alpha of 0.05, the null hypothesis should be rejected.
In the context of this study, this means that using the proposed transformation in equation 5 is not
acceptable. This is shown in figure 45, when the static and dynamic values are plotted together. It
is clear that a pattern is not established; rather, the ratio is inconsistent between tests. When
examining figure 45, the dynamic MOE value stays almost constant across the 12 mixtures. This
is another sign that the static MOE is more accurate, since it changes as the concrete constituents
and subsequent mechanical properties change. The static MOE should be the value used in
AASHTOWare Pavement ME Design since a clear transformation has not been found for the
dynamic value. This conclusion is consistent with NCHRP’s recommendation to use static testing

methods instead of dynamic tests (NCHRP 2004).
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Figure 45. Bar graph. Static MOE vs. dynamic MOE.

Poisson’s Ratio

Each mixture was either equal to or higher than the default value of 0.20 for Poisson’s ratio, with
nine mixtures exhibiting Poisson’s ratio values above that. For these mixtures, the predicted lateral
strain is lower than what is experienced by the pavement. As a result, AASHTOWare
Pavement ME Design will underpredict distresses for these mixtures if the default Poisson’s ratio
is used. The mixtures with the highest Poisson’s ratio include the two using dolomite as the coarse
aggregate, while other mixtures stayed fairly consistent between 0.20 and 0.23. Values for
Poisson’s ratio do not seem to be affected by concrete age. In most cases, the 7-day values are
usually identical to the 28-day values. Differences in Poisson’s ratio due to age, as shown in

table 51, are likely a result of human or machine error. Similar studies did not see a variation in
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Poisson’s ratio with age (Rao 2014). A plot of the 28-day values is shown in figure 46; 28-day

values are used for AASHTOWare Pavement ME Design input at all levels.

Table 51. Poisson’s ratio results.

) Age of Specimen (days)
Mixtures
7 14 28 90
llll/lul)r(r?kjgi Mix ID Poisson’s Ratio
1 541/0FA/0.431/11.91G/4.9 0.21 0.22 0.22 0.23
2 541/0FA/0.524/12.75G/4.0 0.22 0.22 0.22 0.23
3 595/0FA/0.43/11.4G/6.2 0.21 0.21 0.23 0.24
4 600/0FA/0.47/11.62G/6.1 0.22 0.21 0.22 0.23
5 580/12.2FA/0.493/12.54G/4.5 0.17 0.21 0.21 0.26
6 579/19.69FA/0.446/11.67G/5.5 | 0.18 0.21 0.20 0.24
7 622/26FA/0.422/12.14G/3.1 0.19 0.18 0.20 0.25
8 605/20.66FA/0.43/12.09D/5.0 0.25 0.25 0.26 0.27
9 590/18.64FA/0.438/10.87G/4.9 | 0.17 0.20 0.20 0.20
10 590/18.64FA/0.439/10.87D/5.9 | 0.20 0.24 0.25 0.27
11 600/20.16FA/0.47/11.42G/3.6 0.20 0.22 0.21 0.23
12 600/20.16FA/0.47/11.42G/4.7 0.22 0.21 0.22 0.23
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Figure 46. Bar graph. 28-day Poisson’s ratio values.

Modulus of Rupture

Since the beams used to test MOR were 3x4x16-inch (76.2x101.6x406.4 mm), larger
6%6x22-inch (152.4x152.4x558.8-mm) beams were cast along with the smaller beams for
comparison. This was necessary since smaller beams are known to produce larger MOR values
when compared with the standard larger beams. In total, six of the study mixtures were rebatched,
producing three small beams, three large beams, and three cylinders for each. At 28 days of age,
the specimens were tested for MOR and compressive strength. Using the average measured results
from the six beams, a linear regression equation was determined to relate the MOR for larger
beams with that of smaller beams. The averages of the MOR tests are shown in table 52. The
results from mixture 1 were determined to be an outlier to the data and removed from the linear

regression model. A plot of the remaining points is shown in figure 47, as well as the resulting
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linear regression equation. The R? value of the resulting equation is 0.79, which is considered to
be a strong relationship (Peck and Devore 1986). All MOR values were then adjusted using this
equation, lowering them to more expected values. The values presented in this study are altered
using the equation displayed in figure 47. These altered values are input to AASHTOWare

Pavement ME Design in the subsequent sensitivity analyses and are presented in table 53.

Table 52. MOR beam size comparison.

Mixture Small Beam Large Beam Compressive
MOR (psi) MOR (psi) Strength (psi)
1 914 815 6,540
2 850 718 4,930
8 955 776 5,520
10 947 753 5,310
11 849 722 5,170
12 856 690 5,150
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Figure 47. Graph. MOR linear regression adjustment.
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By 28 days of age, half of the mixtures met the GDOT design acceptance requirement for
class 1 mixtures with minimum values of 600 psi (4.1 MPa) and half met the DAR for class 2
mixtures with minimum values of 700 psi (4.8 MPa). An observed trend from the MOR results is
the specimens developed most of their flexural strength within the first 7 days of age. There was a
3.84 percent difference between the 7-day MOR and the 14-day MOR, on average. Between 7 and
28 days, the MOR value increased by 9.30 percent, on average. Graphs showing companion
mixtures plotted against one another are shown in figure 48 (mixtures 1 and 2), figure 49
(mixtures 3 and 4), figure 50 (mixtures 4, 5, 6, and 7), figure 51 (mixtures 7 and 9), figure 52

(mixtures 8 and 10), figure 53 (mixtures 9 and 10), and figure 54 (mixtures 11 and 12).

Table 53. MOR results.

) Age of Specimen (days)
Mixtures
7 14 28 90
II:I/ILII)I‘(T;[Egi Mixture 1D MOR (psi)

1 541/0FA/0.431/11.91G/4.9 685 705 710 730
2 541/0FA/0.524/12.75G/4.0 640 695 725 730
3 595/0FA/0.43/11.4G/6.2 670 665 805 690
4 600/0FA/0.47/11.62G/6.1 630 630 665 665
5 580/12.2FA/0.493/12.54G/4.5 595 640 650 720
6 579/19.69FA/0.446/11.67G/5.5 | 615 600 620 730
7 622/26FA/0.422/12.14G/3.1 600 640 670 720
8 605/20.66FA/0.43/12.09D/5.0 615 630 660 765
9 590/18.64FA/0.438/10.87G/4.9 | 700 700 700 755
10 590/18.64FA/0.439/10.87D/5.9 | 615 645 635 765
11 600/20.16FA/0.47/11.42G/3.6 620 730 785 755
12 600/20.16FA/0.47/11.42G/4.7 650 640 715 740
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Figure 48. Line graph. MOR vs. age, mixtures 1 and 2, w/cm change.
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Figure 49. Line graph. MOR vs. age, mixtures 3 and 4, w/cm change.
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Figure 50. Line graph. MOR vs. age; mixtures 4, 5, 6, and 7; fly ash percentage change.
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Figure 51. Line graph. MOR vs. age, mixtures 7 and 9, CA volume change.
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Figure 52. Line graph. MOR vs. age, mixtures 8 and 10, CA volume change.

MOR (psi)

900

800

700

600

(9]
o
o

B
o
o

300

200

100

—@— 590/18.64FA/0.438/10.87G/4.9 590/18.64FA/0.439/10.87D/5.9

10 20 30 40 50 60 70 80 90
Age (days)

Figure 53. Line graph. MOR vs. age, mixtures 9 and 10, CA type change.
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Figure 54. Line graph. MOR vs. age, mixtures 11 and 12, air content change.

The measured MOR results are observed to remain fairly consistent for most companion
mixtures. Figure 53 and figure 54 show more noticeable differences between the mixtures being
compared. In both cases, the lower MOR values correspond to mixtures with a higher air content.
Because of the higher air content, there is a decreased distance between voids within the concrete.
When tension cracks form, less energy is required for cracks to travel between voids due to this
decreased distance, resulting in lower flexural strengths. From these data, air seems to be the most
determining factor in the MOR values of mixtures used in rigid pavement design.

It is important to note that AASHTOWare Pavement ME Design does not use equation 6

from ACI to estimate MOR values; rather, it uses 9.5 * \/ﬁ as the prediction equation. As shown
in figure 55, AASHTOWare Pavement ME Design’s estimations of MOR values are higher than

values predicted by the ACI equation. Laboratory-tested values from 28 days of age were plotted
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for comparison; the values fit very closely with the equation used in Pavement ME Design. This
graph helps validate the equation used in Pavement ME Design, as tested values are similar to
predictions from compressive strength. Statistical analysis was performed to see if there was a
significant difference in predicted distresses using MOR or compressive strength. As a result of
the test, it was determined that there was not a significant difference in using MOR versus

compressive strength at level 3.
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Figure 55. Line graph. AASHTOWare Pavement ME Design estimated MOR, ACI
estimated MOR, and measured values.

Effect of size of beam on MOR was also investigated. Small beams and a few large beams
were tested for MOR values and then a linear regression model was used to validate the MOR test
results. The 12 GDOT-approved mixtures were batched to produce cylinders and large beams to

relate the mixtures to a previous study using the same mixtures. Each mixture had two large beams
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to compare to the previous data at the 28- and 90-day testing periods. The 28- and 90-day MOR

test results with different sizes of the beam are shown in figure 56.

While the results are fairly similar, the MOR test values only contain the test value of one
large beam specimen. Any variance between the specimens is likely due to only one large beam

specimen being tested during the recent comparison results.

1200

1000

800
.\%

e 600
Q
=

400

200

0

1 2 3 4 5 6 7 8 9 10 11 12
Concrete Mixture Number
M)8-Day Trial 1  M28-Day Trial 2 90-Day Trial 1  ™90-Day Trial 2
Figure 56. Bar graph. MOR test results comparison.
Shrinkage

The length change-up to 90 days of age was measured. The specimens prepared in this study were
continually measured at the appropriate ages. Generally, shrinkage specimens from this study
experienced growth in the first 28 days, denoted by a positive percentage difference from the
original length. Sometime between 28 and 90 days of age, the specimens began to shrink, denoted

by a decrease in the percent difference from the original length. This initial growth is due to the
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cement hydration reaction producing the hydration products, which have a larger volume than the

original reactants. The percent difference in length of the 12 mixtures is displayed in table 54.

Table 54. Shrinkage results.

) Age of Specimen (days)
Mixtures
1 7 14 28 90
Mixture Mix ID Difference from original length (%)
1 541/0FA/0.431/11.91G/4.9 000 | -1.82 | 392 | 089 | —0.62
2 541/0FA/0.524/12.75G/4.0 0.00 | -6.01 | -7.17 | —6.52 | —4.60
3 595/0FA/0.43/11.4G/6.2 0.00 0.51 0.42 0.26 0.90
4 600/0FA/0.47/11.62G/6.1 0.00 0.73 1.17 0.76 1.52
5 580/12.2FA/0.493/12.54G/4.5 | 0.00 3.71 7.32 9.68 7.20
6 579/19.69FA/0.446/11.67G/5.5 | 0.00 2.37 2.66 2.87 2.86
7 622/26FA/0.422/12.14G/3.1 0.00 | —0.38 1.28 —0.06 0.70
8 605/20.66FA/0.43/12.09D/5.0 - 0.00 0.78 0.49 0.33
9 590/18.64FA/0.438/10.87G/4.9 | 0.00 | —-1.32 0.16 0.97 0.24
10 590/18.64FA/0.439/10.87D/5.9 | 0.00 | -0.66 | —0.66 | —0.51 | —-0.57
11 600/20.16FA/0.47/11.42G/3.6 | 0.00 | —0.20 1.10 3.26 8.92
12 600/20.16FA/0.47/11.42G/4.7 | 0.00 0.55 0.74 1.24 3.49

*Mixture 8 length is referenced from day 7 instead of day 1.
— No data

The only factor observed to have a noticeable impact on shrinkage values was w/cm. High
w/cm resulted in the largest percentage differences in a specimen’s length. In some cases, this
length change was positive and, in some cases, negative, as shown by figure 57 and figure 58.
Figure 59 shows all the mixtures plotted together for shrinkage, except for mixtures 1, 2, and 5,
which were removed since their percent change was much larger than the other mixtures. As shown
in figure 59, mixtures 6 (579/19.69FA/0.446/11.67G/5.5) and 11 (600/20.16FA/0.47/11.42G/3.6)
experienced the largest growth of approximately 3.0 percent. The remaining mixtures displayed in
figure 57 experienced around a 1.0 percent growth or less. No clear trends are established from the

shrinkage results of these mixtures, as shown in figure 59.
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Figure 57. Line graph. Shrinkage, mixtures 1 and 2, w/cm change.
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Figure 58. Line graph. Shrinkage, mixtures 3 and 4, w/cm change.
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Figure 59. Line graph. Shrinkage, all mixtures (except mixtures 1, 2, and 5).

To investigate the meaningful outcomes, additional shrinkage tests were conducted. The
additional ultimate shrinkage test results are listed in table 55. Ultimate shrinkage is either
calculated or user-defined in level 2 and 3 designs in AASHTOWare Pavement ME Design, and a
user-defined input for a level 1 design is required. Due to specimen sensitivity, the specimens were
stored in an environmental chamber that maintained a temperature of 73+3°F (23+2°C) and
relative humidity of 50+4 percent. The shrinkage specimens were wet cured for the first 28-day
period in this controlled environment and then removed from the curing tanks, where they

continued to age in the controlled conditions provided by the environmental chamber.
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Table 55. Ultimate shrinkage test results.

Age of Specimens (days)

Mixture Number 3 7 14 | 28 | 35 | 492 [ 49 | s6 | 63 70 77

Average Percent Difference in Specimen Length (%)

1 0.0003% | 0.0007% | 0.0040% | 0.0013% | 0.0023% | 0.0030% | -0.0010% | -0.0037% | -0.0073%

2 0.0010% | 0.0000% | -0.0007% | -0.0007% | -0.0010% | -0.0007% | -0.0053% | -0.0083% | -0.0113%

3 0.0030% | 0.0057% | 0.0060% | 0.0013% | -0.0023% | -0.0043% | -0.0067% | -0.0090%

4 0.0057% | 0.0077% | 0.0107% | 0.0077% | -0.0007% | -0.0020% | -0.0120% | -0.0187%

5 -0.0057% | -0.0007% | 0.0020% | -0.0017% | -0.0037% | 0.0013% [ -0.0023% | -0.0007% | -0.0027%| -0.0107%]| -0.0167%

6 -0.0057% | 0.0010% | 0.0030% | 0.0007% | -0.0003% | -0.0020% | -0.0040% | -0.0047% | -0.0070%| -0.0150%| -0.0207%

7 -0.0007% | 0.0037% | 0.0050% | 0.0047% | 0.0033% | 0.0037% | 0.0043% | 0.0027% 0.0027%| -0.0063%| -0.0120%

8 0.0093% | 0.0140% | 0.0160% | 0.0077% | 0.0057% | 0.0043% | 0.0030% | -0.0053%

9 0.0083% | 0.0103% | 0.0107% | 0.0080% | 0.0097% | 0.0147% [ 0.0137% [ 0.0133% | 0.0077%| -0.0067%

10 0.0040% | 0.0030% | 0.0040% | -0.0010% | -0.0010% | -0.0010% | -0.0015% | -0.0050% [ 0.0133%

11 0.0040% | 0.0080% | 0.0100% | 0.0097% | 0.0073% | 0.0107% | 0.0083% | 0.0020% [ 0.0118%

12 0.0014% | 0.0041% | 0.0038% | 0.0028% | 0.0040% [ 0.0056% | 0.0042% | 0.0024% [ 0.0026%
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The results contained the average of three shrinkage specimens tested following
ASTM C157. The test results successfully passed the precision and bias criteria of water-stored
shrinkage requirements. None of the specimens exceeded a maximum range of 0.0266 percent,
while the means between the same mixtures’ specimens did not exceed 0.0074 percent in
95 percent of the results. A visualization of the shrinkage results up to the 77-day mark is provided

in figure 60.
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Figure 60. Line graph. Ultimate shrinkage plot.

A majority of the shrinkage specimens demonstrated an expected initial expansion during
the first 14 days of the moisture-curing process. At the 28-day mark, specimens illustrated a
shrinking trend. Mixtures containing fly ash had not fully cured at the 28-day mark and have

slightly different shrinkage rates than the mixtures without fly ash.
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Thermal Properties Test Results

The thermal properties test results are the primary focus of this study. The 12 GDOT-approved
mixtures were batched multiple times to achieve accurate lab-tested values that can be used for an
MEPDG approach. The thermal properties of concern in this section are the coefficient of thermal
expansion and thermal conductivity. These properties were tested following the procedures

mentioned in chapter 6. CTE test results are listed in table 56.

Table 56. CTE test results.

. . CTE (in/in/Fdeg)
Mixture Number Mixture ID

Specimen 1 Specimen 2 Average
1 541/0FA/0.431/11.91G/4.9 4.81E-06 5.01E-06 4.91E-06
2 541/0FA/0.524/12.75G/4.0 4.62E-06 4.69E-06 4.66E-06
3 595/0FA/0.43/11.4G/6.2 5.18E-06 5.32E-06 5.25E-06
4 600/0FA/0.47/11.62G/6.1 5.03E-06 5.14E-06 5.09E-06
5 580/12.2FA/0.493/12.54G/4.5 5.07E-06 5.19E-06 5.13E-06
6 579/19.69FA/0.446/11.67G/5.5 5.22E-06 5.11E-06 5.16E-06
7 622/26FA/0.422/12.14G/3.1 5.39E-06 5.23E-06 5.31E-06
8 605/20.66FA/0.43/12.09D/5.0 5.33E-06 5.37E-06 5.35E-06
9 590/18.64FA/0.438/10.87G/4.9 5.39E-06 5.23E-06 5.31E-06
10 590/18.64FA/0.439/10.87D/5.9 5.43E-06 5.46E-06 5.45E-06
11 600/20.16FA/0.47/11.42G/3.6 5.02E-06 4.92E-06 4.97E-06
12 600/20.16FA/0.47/11.42G/4.7 4.99E-06 4.99E-06 4.99E-06

These results demonstrate expected trends between the concrete mixtures and typical
characteristics of the thermal property. Previous research (Kim 2012) concluded that the main
factors affecting CTE were based on aggregates, mainly because of the amount of volume the
mixture composed of the aggregate. Concrete mixtures containing dolomite, in particular, were
proven to exhibit a higher CTE value than mixtures containing granite. Aggregate type displayed
an obvious role in the test results, as shown in table 56. The two mixtures that contained dolomite,
mixtures 8 (605/20.66FA/0.43/12.09D/5.0) and 10 (590/18.64FA/0.439/10.87D/5.9), resulted in
the two highest CTE values, emphasizing the impact of the aggregate type on a concrete mixture’s

thermal properties. CTE immediately provided accurate test results because the concrete cylinders
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for this property are tested in water in a saturated condition. During the initial thermal conductivity
testing, variation in the test results occurred due to the test specimens’ varying moisture levels. As
mentioned in chapter 6, the 12 mixtures were batched again and tested in three different moisture
conditions. The thermal conductivity test results are located in table 57.

These results demonstrate an expected trend between moisture and thermal conductivity.
The two have a direct relationship with each other; as the moisture increases, so does the thermal
conductivity test value. The oven-dry specimens provided the lowest test results because of the
complete lack of moisture in the concrete cylinder undergoing the test. Similarly, the saturated
specimens had the highest thermal conductivity results due to the specimens’ high moisture content
during testing. To provide the most uniform test results for the normal condition specimens, after
they were removed from the curing tank, where they were stored for 28 days, the specimens were
placed in the environmental chamber for 24 hours. Density has proven to be another key factor
affecting thermal conductivity. An extra cylinder was made for each concrete mixture to test for
the density after the 28-day curing period. Table 58 contains the lab-tested density values for each

mixture.
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Table 57. Thermal conductivity test results.

Mixture Number

Thermal Conductivity (BTU/ hr ft F)

Normal Condition

Oven Dry Condition

Saturated Condition

Specimen 1 Specimen 2 Average Specimen 1 Specimen 2 Average Specimen 1 Specimen 2 Average
1 1.054 1.104 1.079 0.789 0.936 0.863 1.428 1.426 1.427
2 1.191 1.269 1.230 0.507 0.573 0.540 1.634 1.559 1.597
3 1.143 1.152 1.148 0.606 0.540 0.537 1.539 1.522 1.531
4 1.213 1.190 1.202 0.463 0.464 0.464 1.507 1.427 1.467
5 1.160 1.164 1.162 0.469 0.806 0.638 1.688 1.609 1.649
6 1.059 1.023 1.041 0.934 0.887 0911 1.686 1.690 1.688
7 1.354 1.628 1.491 1.048 0.915 0.982 1.535 1.904 1.720
8 1.481 1.929 1.705 1.615 1.640 1.628 2.225 2273 2.249
9 1.734 1.745 1.740 0.922 0.934 0.928 1.890 1.783 1.837
10 1.407 1.557 1.482 1.399 1.195 1.297 2.104 2.082 2.093
11 1.160 1.282 1.221 0.972 0.900 0.936 1.517 1.693 1.605
12 1.054 1.217 1.136 0.720 0.488 0.604 1.346 1.362 1.354
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Table 58. Density measurements.

Mixture Number Mixture ID Density (kg/m”3) | Density (Ib/ft"3)
1 541/0FA/0.431/11.91G/4.9 23135 144.4
2 541/0FA/0.524/12.75G/4.0 2276.6 142.1
3 595/0FA/0.43/11.4G/6.2 2231.4 139.3
4 600/0FA/0.47/11.62G/6.1 2252.3 140.6
5 580/12.2FA/0.493/12.54G/4.5 2228.7 139.1
6 579/19.69FA/0.446/11.67G/5.5 2205.9 137.7
7 622/26FA/0.422/12.14G/3.1 2239.7 139.8
8 605/20.66FA/0.43/12.09D/5.0 2361.4 147.4
9 590/18.64FA/0.438/10.87G/4.9 2240.9 139.9
10 590/18.64FA/0.439/10.87D/5.9 2263.9 141.3
11 600/20.16FA/0.47/11.42G/3.6 2311.6 144.3
12 600/20.16FA/0.47/11.42G/4.7 22125 138.1

Figure 61 illustrates the role that density has on thermal conductivity in concrete. Concrete
mixtures are expected to demonstrate an increase in thermal conductivity test results as the
mixture’s density increases. Density exemplified an obvious effect on the thermal conductivity test
results. Density has been proven to have a direct impact on thermal conductivity. Figure 61
generally supported this expected trend by displaying that a higher density generally resulted in a
higher thermal conductivity test value. Importantly, dolomite continues to show an effect on the
thermal property test results. Concrete mixtures containing the dolomite aggregate reflected a
higher thermal conductivity similar to its higher CTE values. Since a higher thermal conductivity
value correlates with a better insulating material, it is important to highlight that dolomite’s impact
on thermal conductivity could minimize the negative impact of providing a higher coefficient of
thermal expansion value. Figure 62 illustrates the relationship between thermal conductivity and

CTE. As shown in figure 62, an increase in CTE increased thermal conductivity, with the two
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dolomite mixtures on the figure’s far right side portraying the extreme thermal values. Since
thermal conductivity is not yet a commonly performed test, GDOT engineers could refer to this
plot when looking for the best estimate option for a thermal conductivity test value based on CTE

when using the MEPDG approach.
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Figure 61. Scatterplot. Effect of density on thermal conductivity.
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CHAPTER 8. SENSITIVITY ANALYSIS

A summary of mechanical inputs required for each input level is listed in table 59. For mechanical
properties, level 3 designs require either the 28-day compressive strength or the 28-day MOR
value. The 28-day MOE value can be input or left blank and AASHTOWare Pavement ME Design
will calculate a value using compressive strength or MOR values. Poisson’s ratio can either be set
at a default value of 0.2 or specified if the value has been tested. Level 2 requires compressive
strength values at 7, 14, 28, and 90 days of age. MOR and MOE values are not required at level 2.
Level 1 designs require MOR and MOE values at 7, 14, 28, and 90 days of age. Compressive
strength values are not required at level 1.

A number of other inputs are required in order to complete the sensitivity analyses. In this
chapter, inputs such as traffic and climate were kept the same for all three levels. Traffic inputs
were kept as the default values with a truck traffic classification (TTC) 4, as shown in table 60.
Climate data were set to a climate station located in Athens, Georgia

(ATHENS_NARR_GRIDPOINT,GA[13873]).
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Table 59. Mechanical inputs by level.

Design Level Mechanical Property Required inputs
Compressive Strength 28-day value or MOR 28-day
Modulus of Rupture 28-day value or Compressive 28-day
3 Modulus of Elasticity 28-day value or Calculated estimate
Ultimate Shrinkage Calculated or User defined
Poisson’s Ratio 0.2 or User defined
Compressive Strength 7, 14, 28, 90-day value
Modulus of Rupture None
2 Modulus of Elasticity None
Ultimate Shrinkage Calculated or User defined
Poisson’s Ratio 0.2 or User defined
Compressive Strength None
Modulus of Rupture 7,14, 28, 90-day value
1 Split Tensile Strength 28-day value for required for CRCP
Modulus of Elasticity 7, 14, 28, 90-day value
Ultimate Shrinkage User defined
Poisson’s Ratio User defined

The different design-specific properties for rigid pavement are listed in table 61. Material
layers vary between JPCP and CRCP designs. Standard GDOT JPCP and CRCP design layers
were used in this project. The layers used in the JPCP and CRCP design are displayed in figure 63
and figure 64. The GAB layer was set as crushed gravel, while the subgrade was set to A-7-6. The

properties for the layers used in the design are shown in table 62.
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Table 60. Traffic inputs.

Item Input
Design life 20 years
Construction month June 2021
Vehicle class distribution and growth TTC4
Two-way AADTT 4000
Number of lanes 2
Percent trucks in design direction 50
Percent trucks in design lane 95
Operational speed (mph) 60
Traffic capacity cap Not enforced
Average axle width (ft) 8.5
Tandem axle spacing (inch) 51.6
Dual tire spacing (inch) 12
Quad axle spacing (inch) 49.2
Tire pressure (psi) 120
Tridem axle spacing (inch) 49.2
Design lane width (ft) 12
Mean wheel location (inch) 18
Traffic wander standard deviation 10
Average spacing of long axles 18
Average spacing of medium axles 15
Percent trucks with long axles 61
Percent trucks with medium axles 22
Percent trucks with short axles 17
Average spacing of short axles 12
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Table 61. JPCP and CRCP design properties.

Value

Surface shortwave absorptivity

0.85

Doweled joints

Spacing 12, Diameter 1.25

Erodibility index

Very erodible

Base contact friction

Full friction with friction loss at

240 months
JPCP | Joint spacing (ft) 15
Permanent curl/warp effective 10
temperature difference (°F)
Sealant type Preformed
Tied shoulders Not tied
Widened slab Widened (12)
Surface shortwave absorptivity 0.85
Bar diameter 0.75
Base/slab friction coefficient 8.3
Crack spacing Generate using prediction
CRCP model
Steel (%) 0.725
Permanent curl/warp effective 10
temperature difference (°F)
Shoulder type Asphalt
Steel depth (inch) 4
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Figure 63. Diagram. JPCP layers used in sensitivity analysis.

12” Concrete
3"AC
12" GAB

12" Compacted
Subgrade

Semi-Infinite
Subgrade

Figure 64. Diagram. CRCP layers used in sensitivity analysis.
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Table 62. Layer properties.

Value
Poisson's ratio 0.2
Thickness (inch) 10
Unit weight (pcf) 150
CTE (in/in/°Fx107°) 5.1
Heat capacity (BTU/Ib-°F) 0.28
Thermal conductivity (BTU/hr-ft-°F) 1.25
Aggregate type Granite (3)
Concrete Properties Cementitious content (Ib/yd®) 600
Cement type Type |
W/C ratio 0.42
Curing method Curing Compound
Reversable shrinkage (%) 50
Zero-stress temperature (°F) Calculated
Time to develop 50% of ultimate shrinkage
(days) 35
Ultimate shrinkage Calculated
Air voids (%) 7
Effective binder content (%) 11.6
Poisson's ratio 0.35
Unit weight (pcf) 150
Asphalt binder SuperPave:64-22
Creep compliance (1/psi) Input level:3
Asphalt Properties Dynamic modulus I_nput_level:3
Viscosity based
HMA Estar predictive model model
Reference temperature (°F) 70
Indirect tensile strength at 14°F (psi) Input level:3
Heat capacity (BTU/lb-°F) 0.23
Thermal conductivity (BTU/hr-ft-°F) 0.67
Thermal contraction Calculated
Coefficient of lateral earth pressure (k0) 0.5
Crushed Gravel Poisson's ratio 0.35
Properties Resilient modulus (psi) 25,000
Gradation A-1-a
Coefficient of lateral earth pressure (k0) 0.5
Subgrade A-7-6 Poisson's ratio 0.35
Properties Resilient modulus (psi) 13000
Gradation A-7-6
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SENSITIVITY TO MECHANICAL PROPERTIES

An analysis was performed at a level 3 using Georgia calibration factors, as listed in table 20, in
order to determine the sensitivity of the inputs to the predicted distresses. AASHTOWare
Pavement ME Design assigns default values for these design parameters if values are not specified.
For each input, a range was created that included typical values of the material property. For each
input, a predicted IRI, mean joint faulting, and percent slabs cracked after a 20-year design life
was generated for the specified range. The default values and the ranges used in this sensitivity
analysis are listed in table 63. A flow chart of this process is found in appendix C.

A similar analysis was performed for CRCP pavements using the layers shown in figure 64.
Additional default inputs are required to be specified for the CRCP sensitivity. A steel
reinforcement ratio of 0.73 was used, which is based on typical values ranging from 0.65 to 0.80
(ARA 2015). The bar diameter was set at 0.75, corresponding to the use of a #6 reinforcing bar.
Finally, the steel depth was set to 4-inch (101.6 mm). The depth was chosen based on
recommendations that the steel be placed at one third of the slab thickness (Durham et al. 2018).

The default values and ranges used in the sensitivity for CRCP are presented in table 64.
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Table 63. Default values and sensitivity ranges for JPCP.

Compressive |\, MOR Poisson’s IRI Mean Joint | ' creent
Strength (ksi) (psi) Ratio (in./mi) Faulting Slabs
(psi) ' Cracked (%)
Default Values 5,275 4,200 690 0.2 151.56 0.12 2.37
Range 2,000-7,000 | 3,000-6,500 250-750 0.1-0.26 - - -
Increment 500 500 12.5 0.02 — — —
— No data
Table 64. Default values and sensitivity ranges for CRCP.
Compressive .
MOE . Poisson’s IRI Punchout
Stz;;‘i@)]th (ksi) MOR (psi) Ratio (in./mi) #Mile)
Default Values 5,275 4,200 690 0.2 73.69 0.1
Range 2,000-7,000 | 2,500-6,500 250-750 0.1-0.26 - —
Increment 500 500 12.5 0.02 — —
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The general trend observed was that the stronger the concrete layer, the less distress the
pavement experienced. As the concrete compressive strength and MOR increased, the predicted
distresses decreased (see figure 65 and figure 66). In contrast to this trend, as MOE increased, the
predicted distresses increased. Thus, the pavement was predicted to crack more as the concrete
stiffness increased. As seen in figure 67, the increased stiffness did not result in pavement failure
until it reached approximately 5,500 ksi (37.9 GPa). Three of the mixtures tested in this study
reached MOE values of over 5,500 ksi (37.9 GPa). It is important to note that cracking is a function
of many properties, such as climate data and thermal inputs. Therefore, this analysis likely
produced these results due to a stiffer material cracking from thermal expansion. In addition,
pavement design is often governed by the relative stiffness of the structure, which is a combination
of concrete MOE and thickness of the layer. Since the relative stiffness will be different for slabs
of different thicknesses with the same MOE, an upper limit for MOE should not be set. IRI, mean
joint faulting, and percent slabs cracked were all analyzed for each property; however, only percent
slabs cracked was plotted since this value was the first to reach its failure threshold in almost every
case. As shown in figure 68 and figure 69, the exception to this was for Poisson’s ratios above 0.24
and shrinkage of 1,000 microstrains. For these cases, the mean joint faulting value was 0.13,

exceeding the limit of 0.125.
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Figure 65. Line graph. Compressive strength vs. percent slabs cracked, JPCP.
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Figure 66. Line graph. MOR vs. percent slabs cracked, JPCP.
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Figure 67. Line graph. MOE vs. percent slabs cracked, JPCP.
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Figure 68. Line graph. Poisson’s ratio vs. percent slabs cracked, JPCP.
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Figure 69. Line graph. Ultimate shrinkage vs. percent slabs cracked, JPCP.

From these figures, there are some clear threshold values that should be established for
JPCP pavements. Based on figure 65, compressive strength should have a minimum DAR value
of 4,500 psi (31.0 MPa) for JPCP. Only three of the mixtures batched for this study did not reach
a compressive strength value of 4,500 psi (31.0 MPa) by 28 days. Figure 66 indicates that DAR of
600 psi (4.1 MPa) is an acceptable minimum for MOR for mixtures used in JPCP. All 12 mixtures
achieved MOR values above this threshold.

In addition, the sensitivity of predicted distresses to unit weight was analyzed. It was found
that mean joint faulting was extremely sensitive to this input value. If the unit weight of the mixture
was below 149 pcf (2386.8 kg/m®), then mean joint faulting was predicted above the failure
threshold of 0.125, as shown in figure 70. Similarly, the 28-day compressive strength, MOR,

MOE, and unit weights were input at level 3 and analyzed. The resulting distresses all predicted
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failure of mean joint faulting regardless of strength, since the measured unit weights were below
149 pcf (2386.8 kg/m?). This is believed to occur as a result of the increased curling deflection
caused by lower unit weights (Ceylan et al. 2012). More research is needed to determine if unit
weight has a significant impact on faulting, since faulting is traditionally believed to be a function
of pavement foundation properties. Foundation properties that lead to curling of slab are ejection
of materials from beneath the concrete slab, temperature variations, and moisture change. As the
curling of slab is also influenced by unit weight of concrete, it is warranted to study the effect of

unit weight of concrete on faulting.

= Failure Unit Weight

0.145

0.14

0.135

0.13

0.125

Mean Joint Faulting (in)

0.12

0.115
140 141 142 143 144 145 146 147 148 149 150

Unit Weight (Ib/ft3)

Figure 70. Line graph. Unit weight vs. mean joint faulting, JPCP.

SENSITIVITY ANALYSES FOR THERMAL PROPERTIES

CTE has previously been proven to be the most impactful thermal property input. During these

analyses, the base values of heat capacity and thermal conductivity were used as 0.28 BTU/Ib-°F
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and 1.25 BTU/hr-ft-°F, respectively. Two additional analyses were performed using the extreme
lab-tested thermal conductivity values of 0.464 and 2.249 BTU/hr-ft-°F as base values. The
analyses used a 0.4 pe/°F increment for CTE values ranging from 4.70 to 8.0 ue/°F. The lower
value was selected because it was close to the lowest lab-tested CTE value, and the higher value
of 8.0 ue/°F was selected to clearly demonstrate the trend between CTE and the performance
indicator of concern.

Figure 71 illustrates an expected relationship between CTE and terminal IRI. A higher CTE
value is typically correlated to an IR1 increase due to the higher cracking and faulting. The analyses
containing the extreme lab-tested thermal conductivity values showed a dramatic effect on
pavement performance prediction. A higher thermal conductivity value is expected to provide less
pavement distress due to its ability to insulate the PCC layer better. The test containing the higher
thermal conductivity base value of 2.249 BTU/hr-ft-°F supported this expectation by resulting in
a slightly lower terminal IRI prediction. The analysis containing the smaller thermal conductivity
base value of 0.464 BTU/hr-ft-°F differed from the other trials and demonstrated a rapid increase
in terminal IR prediction after the CTE value of 5.5 pe/°F was surpassed. These analyses proved
that CTE and thermal conductivity play a crucial role in predicting pavement distresses in the

MEPDG approach.
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Figure 71. Line graph. CTE’s effect on terminal IRI.

Figure 72 provides important insight into the impact CTE plays in the faulting of a
pavement structure. A study performed by Mallela et al. (2005) highlighted the impact that CTE
has on mean joint faulting. These analyses supported that higher CTE values are expected to result
in an increased mean joint faulting. The increasing trend of mean joint faulting is accelerated when
the lower thermal capacity is combined. Once again, the analysis using the high thermal

conductivity base value displayed less predicted distress.
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Figure 72. Line graph. CTE’s effect on mean joint faulting.

Figure 73 proves that higher CTE values affected the transverse cracking of the pavement
structure. Field studies have proven higher CTE values allow for an increase in transverse cracking
primarily because of the PCC mixture’s curling behavior. This curling occurs primarily due to
temperature variation throughout the concrete layer, which increases along with an increase in
CTE. It is important to note the behavior of the analysis using a low thermal conductivity base
value. This analysis exhibited a dramatic increase in cracking prediction compared to the other
analyses using higher thermal conductivity values. Figure 74 proves that both thermal conductivity

and CTE played a critical role in transverse cracking prediction in the MEPDG.
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Figure 73. Line graph. CTE’s effect on transverse cracking.

Sensitivity Analyses for Thermal Conductivity

The sensitivity analyses conducted for thermal conductivity ranged from 0.44 to
2.30 BTU/hr-ft-°F. These values were selected based on lab-tested values for the 12 GDOT-
approved mixtures. For these analyses, the default values of 5.1 ue/°F and 0.28 BTU/Ib-°F were
used for CTE and heat capacity, respectively. Two additional analyses were performed for each

pavement distress using the extreme lab-tested CTE values of 4.66 and 5.45 ne/°F as base values.
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Figure 74. Line graph. Thermal conductivity’s effect on terminal IRI.

Figure 75 and figure 76 demonstrated little interaction between the predicted distresses and
change of thermal conductivity values. The lower thermal conductivity values resulted in higher
predicted distresses; however, CTE exhibited a more impactful effect in the distress prediction
process. Figure 76 illustrated that a lower thermal conductivity value created a higher predicted
transverse cracking percentage. This supported that a decrease in thermal conductivity reduces the
concrete’s ability to insulate temperature changes and, in return, prevents the structure’s ability to
release heat flow efficiently. Due to this interaction between the heat and pavement, a lower
thermal conductivity resulted in more distresses, specifically transverse cracking. While thermal
conductivity in the PCC layer decreased, the thermal diffusivity also decreased the layer’s

effectiveness as a thermal buffer, resulting in higher predicted distresses.
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Figure 75. Line graph. Thermal conductivity’s effect on mean joint faulting.
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Figure 76. Line graph. Thermal conductivity’s effect on transverse cracking.
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Sensitivity Analyses for Heat Capacity

Heat capacity was a thermal property to undergo inspection with AASHTOWare Pavement ME
Design’s predicted distresses. The heat capacity values ranged from 0.20 to 0.32 BTU/Ib-°F. These
values were selected based on typical PCC heat capacity values, with the default value for heat
capacity in the MEPDG. For these analyses, the default values of 5.1 ue/°F and 1.25 BTU/hr-ft-
°F were used for CTE and thermal conductivity, respectively. Extreme base values for CTE and
thermal conductivity were investigated; however, AASHTOWare Pavement ME Design does not
allow these analyses to be run due to a “stability failure” in the program.

Figure 77, figure 78, and figure 79 demonstrated little interaction between this heat
capacity and the pavement performance predictions. Previous studies similarly determined this
thermal property to have minimal impact on the distress predictions. Due to its limited role in the
MEPDG prediction process, the recommended heat capacity value of 0.28 BTU/Ib-°F should

continue to be used as the default input for this thermal property.
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Figure 77. Line graph. Heat capacity’s effect on terminal IRI.
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Figure 78. Line graph. Heat capacity’s effect on mean joint faulting.
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CRCP RESULTS

CRCP displayed sensitivity to only two of the mechanical properties for which it was analyzed—
MOR and compressive strength. These sensitivities followed the same trend as JPCP; the stronger
the mixture, the less distress was predicted. The mechanical properties were plotted against
punchout, as this is the distress that typically reached failure first. For compressive strength, the
failure threshold was never reached even at the minimum allowable input of 2,500 psi (17.2 MPa),
as shown in Figure 80. Since failure was not incited, the DAR of 3,000 psi (20.7 MPa) is an
acceptable design requirement for CRCP pavements. All 12 mixtures batched in this study
exceeded this DAR, with a minimum tested 28-day compressive strength of 4,140 psi (28.5 MPa).
For MOR, the section experienced rapid deterioration below 500 psi (3.4 MPa) with failure
occurring around 450 psi (3.1 MPa), as shown in Figure 81. The current DAR of 600 psi (4.1 MPa)

is acceptable for CRCP designs. All 12 mixtures exceeded this DAR with a minimum tested MOR
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value of 620 psi (4.3 MPa). The other mechanical properties analyzed showed no sensitivity in the
CRCP design. The results for each property (i.c., MOE, Poisson’s ratio, shrinkage, and unit weight)

are shown in figure 82, figure 83, figure 84, and figure 85, respectively.
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Figure 80. Line graph. Compressive strength vs. punchout, CRCP.
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Figure 81. Line graph. MOR vs. punchout, CRCP.
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Figure 82. Line graph. MOE vs. punchout, CRCP.
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SENSITIVITY TO INPUT LEVELS

The laboratory-tested values were used to evaluate predicted performance at levels 1, 2, and 3 in
AASHTOWare Pavement ME Design. Comparisons were made between design levels for each
input to determine key differences in design levels. Recommendations are given based on the
analysis for JPCP. These recommendations provide essential guidelines for which input level
should be used in future designs. Additionally, guidelines on which mechanical inputs need to be
tested up to 90days for AASHTOWare Pavement ME Design are provided. These
recommendations will aid designers in future designs, allowing for more cost-effective and
accurate designs.

The sensitivity analyses were performed on the structure displayed in figure 86. All of the

inputs used in this sensitivity analysis followed the recommended input values for a JPCP structure
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by The GDOT Pavement ME Design User Input Guide (ARA 2015), excluding the thermal
property being analyzed. The structure contained five separate layers that would most represent a
typical GDOT design. The top layer was a 10-inch PCC layer using the recommended concrete
property values. The second layer contained a 3-inch asphalt concrete interlayer using
SuperPave 64-22. Underneath the interlayer, a 10-inch crushed gravel layer acted as the non-
stabilized base. The structure then contained two subgrade A-7-6 sections at the bottom. A 12-inch
compacted subgrade layer on the top was used to replicate typical GDOT practice, and the bottom

subgrade portion acted as a semi-infinite layer.

10” PCC Layer

| Semi-Infinite
_ Subgrade Layer

Figure 86. Diagram. JPCP structure used in sensitivity analyses.

The values from all 12 mixtures were used to complete level 1, 2, and 3 analyses and find
predicted distresses and optimized thicknesses. To find optimized thicknesses, the concrete layer
was varied by 0.25-inch (6.4-mm) intervals starting at 7-inch (177.8 mm) until the predicted

distresses were below failure thresholds. Mean joint faulting was not considered in the thickness
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analysis since all 12 mixtures experienced failure in this threshold due to low unit weight values.
Predicted distresses and thicknesses were expected to decrease as the inputs transitioned from
level 3 to level 1, since level 3 is the most conservative design level. In this study, more
conservative refers to the design level that predicts the highest distress and has the largest
optimized thickness. As seen in a previous study by Ping (2008), this expectation is not always
met. Due to differences in inputs between levels, mainly between using compressive strength or
MOR values, level 1 designs may actually be more conservative than level 2 designs. Comparisons
between input levels and their associated distress are shown in figure 87. For clarity, the same
figure is shown below the failure threshold in figure 88 to illustrate differences between levels for
mixtures that did not experience predicted failure.

As shown in figure 88, half of the mixtures predicted more distress for level 1 designs
compared to the level 2 designs; however, these differences are insignificant in most cases. For
mixtures 8 and 10, the underprediction by the level 2 design results in a pavement that fails at
every other input level, while passing at level 2. Similarly, when comparing optimized thicknesses
in figure 89, mixtures 8 and 10 result in significantly thinner pavements sections. Based on this
analysis, caution should be used when conducting level 2 designs for new JPCP. It is unclear if the
predicted distress and thickness from level 2 provide an accurate representation of the field
pavement distress or whether it is highly influenced by a material property input since field
validation was not performed. However, it can be inferred that the key differences between levels
that is likely causing these discrepancies is MOE inputs because levels 1 and 3 require MOE, while
level 2 does not. For mixtures 8 and 10, the MOE values are larger than 5,500 ksi (39.7 GPa) to
induce predicted failures. MOE was also shown in another study to be a very sensitive input in

predicting slab cracking (Schwartz et al. 2011).

157



Level 1 E=Level 2 Level 3 f'c mmmm|level3_ MOR emmmmrFailure

120

100

80

60

40

Percent Slabs Cracked (%)

20

Omﬂlﬁhlm_mﬂIW-,ﬂ-_ﬁ- e e |
1 2 3 4 5 6 7 8 9 10 11 12
Mixture Number

Figure 87. Bar graph. Design levels compared for JPCP distresses.
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Figure 89. Bar graph. Optimized thicknesses by level for JPCP.

STATISTICAL ANALYSIS

Using laboratory-tested values for all 12 mixtures, a statistical analysis was performed. The
predicted distresses for each mixture were analyzed for their impact on predicted distresses. Using
a least squares regression model, the effect of each design input was determined to be statistically
significant or not. For JPCP, four inputs were found to have a significant impact on predicted
distresses: MOR, compressive strength, unit weight, and Poisson’s ratio. Specifically, for IRI and
percent slabs crack, MOR and compressive strength were the only inputs that had a statistically
significant impact on predicted distresses. Poisson’s ratio and unit weight were the only two inputs
that had a significant impact on mean joint faulting. These results are summarized in table 65. A

p-value lower than 0.05 means that the input is statistically impactful on predicted distresses. The
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conclusions from the preliminary sensitivity analysis were confirmed by the results of this effect

test.

Table 65. Input effect test, JPCP.

Source LogWorth P-value
MOR 1.757 0.01751

Unit Weight 1.556 0.02778
Poisson’s Ratio 1.359 0.04378
Cement Content 0.396 0.40173
W/cm 0.262 0.54660
MOE 0.242 0.57292

Bold = statistically significant

The same process was performed for CRCP. Only compressive strength and MOR
impacted predicted distresses in a statistically significant manner. MOR and compressive strength
were impactful on both IRl and punchout. The results of the least squares regression model for

CRCP and each of the inputs’ effects on the model are shown in table 66.

Table 66. Input effect test, CRCP.

Source LogWorth P-value
MOR 2.298 0.00503
MOE 0.468 0.34012

Unit Weight 0.434 0.36804
Poisson’s Ratio 0.401 0.39751
W/cm 0.327 0.47138
Cement Content 0.027 0.93925
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CHAPTER 9. CONCLUSIONS AND RECOMMENDATIONS

This study aims to develop the aforementioned concrete materials database specific to Georgia’s
rigid pavements. Twelve (12) GDOT-approved concrete mixtures using Georgia-specific concrete
materials were batched, tested, and analyzed for these properties. Through this study, the key
inputs database for rigid pavement design in the MEPDG were developed. The materials library
includes compressive strength (f,), modulus of elasticity and modulus of rupture, coefficient of
thermal expansion, portland cement concrete heat capacity, thermal conductivity, and ultimate
shrinkage.

Based on the results from this study, there are three main recommendations: (1) the GDOT
DAR for compressive strength of JPCP is suggested to be changed to 4,000 psi (27.6 MPa); (2) the
GDOT DAR for MOR is acceptable for rigid pavements; and (3) static MOE testing should be
used when performing laboratory tests for AASHTOWare Pavement ME Design inputs. Currently,
GDOT’s DAR for compressive strength is 3,000 psi (20.7 MPa) and 3,500 psi (24.1 MPa) for
class 1 and 2 mixtures, respectively. Based on the sensitivity results presented in this study, JPCP
will experience failure for compressive strengths below this threshold. Additionally, all
12 mixtures examined in this study exceeded a compressive strength of 4,000 psi (27.6 MPa) by
28 days, showing that most of the mixtures used in Georgia already exceed 4,000 psi (27.6 MPa).
Therefore, the standard requirements should be changed to match field conditions. For MOR,
600 psi (4.1 MPa) and 700 psi (4.8 MPa) for class 1 and 2 mixtures, respectively, were found to
be acceptable DAR. Static MOE testing is recommended to be used when performing laboratory
tests for AASHTOWare Pavement ME Design inputs. The dynamic tests do not provide results

that are easily converted to static values.
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It should be noted that the design thickness of JPCP does not always increase as the input
level goes from 1 to 3. Instead, properties such as f,, MOR, MOE, and CTE significantly affect
the thickness design. Other design factors, such as joint spacing and dowel diameter, will also
affect thickness. While levels 1 and 3 analyses require the measured MOE as input value, level 2
estimates the MOE from measured f_. Since MOE greater than 5,500 ksi (39.7 GPa) is prone to
predict significant percent slab cracking, caution is necessary when level 2 input with over
5,500 ksi MOE value is utilized. Further, mixtures with higher MOE are expected to give higher
CTE.

When the MEPDG faulting model is available, future work should investigate the impact
of unit weight on faulting. Also, study of the impact of large MOE values on pavement
performance is recommended. It was determined that unit weight was critical to the predicted
faulting in AAASHTOWare Pavement ME Design. This was attributed to the prediction model in
AASHTOWare Pavement ME Design incorporating curling deflections into its calculations.
Further research is necessary to determine if unit weight is this impactful on faulting when the
final MEPDG faulting model is available. If the current model is validated through further
research, then recommendations should be made for GDOT to design future pavements with
thicker sections or higher unit weights. MOE values over 5,500 ksi (39.7 GPa) are shown to cause
large predictions in pavement distresses.

Based on the input level analysis, caution should be used when conducting level 2 designs
for new JPCP. It is unclear if the predicted distress and thickness from level 2 provide an accurate
representation of the field performance of rigid pavement. The research team recommends
verification of the field performance with the Calibration Assessment Tool (CAT). With the

GDOT local calibration setting in PMED V2.6 using CAT with transferred distress data format
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from past decades, the field validation can be completed and the results will allow GDOT to select

the final input level that reflects the field rigid pavement performance.
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APPENDICES

APPENDIX A - MATERIAL SPECIFICATION SHEETS

Stockbrdge
uultu“ F925 Moarth Henry Bhed
Siockbridge, GA 30231
ETE-229-TEAS
Materlals Company
05082018
STO-#5T (25290)
Procedure SievelTest Average Unit GADOT 57
1 142" (37 .5mm) 100.0 % 100.0-100.0
17 {25mm) 263 % 95.0-100.0
34" (19mm) 833 %
127 (12.5mm) arz Y 25.0-60.0
38" (8 5mm) 16.5 %
#4 (4.75mm) 1.4 % 0.0-10.0
#8 (2 36mm) D& % 0.0-50
#2100 (7 5pm) 0.00 %
LA Abrasicn (B,500) 46 % 0-50
FM 6.06
SE 57 %
Absorption 08 S
Total Moisture 1.02 £
SPGR (Dry.Gsb) 2808
SPGR (S5D) 2825
SPGR (Apparent.Gsa) 2852
Unit Wt {Loose) a0 Ibfft3
Unit Wt (Rodded) a7 I3
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Kennesaw
1272 Duncan Road
Kennesaw, GA 30144

TT0-427-2401
Materials Company
D5/D82018
570-#57 (25290)

Procedure Sieve/Test Average Uniit ASTM 57
1 172" (37.5mm) 100.0 % 100.0-100.0
1" (25mm) a7 % 25.0-100.0
34" (18mm) B3.8 %
127 (12.5mm) T o 25.0-60.0
3/8" (B.5mm) 16.7 %
#4 (4.75mm) 2.8 % 0.0-10.0
#8 (2.38mm) 1.4 % 0.0-5.0
#200 (T5pm) 0.00 %
LA Abrasion (B,500) 41.8
Wash Loss (#200/75um) 0.5 %%
Absorption 0.85
Total Moisture 1.3 %
SPGER (Dry,Gsb) 2.745
SPGR (530 2783
SPGR (Apparent, Gsa) 2795
Unit Wt (Loose) 100.3 Ibfft3
Unit Wt (Rodded) 108.7 Ibfft3
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Adairsville
282 E Mitchell Road
Adaircville, G4 30103

TT0-773-3217
Materials Company
05/0a2019
5T0-#5T (25291)

Procedure Sieve/Test Average Unit GADOT 57
2" (50mm} 100.0 %%
1 152" (37.5mmy} 100.0 %% 100.0-100.0
1" (25mm}) Bo.4 %% 85.0-100.0
3/4" (19mm) 4.5 %
112" (12.5mm) 41.5 % 25.0-60.0
/8" (8.5mm) 17.5 o
#4 (4.75mm) 1.5 E 0.0-10.0
#3 (2.38mm) 0.8 %% 0.o-50
#200 (75pm) 0.00 %% 0.00-1.50
L& Abrasion (B,500) 18 %% 0-80
FlatElongated (5-1) 0.5 %
-#200 (75um) 0.24 %%
Absorption 0.08 %
Total Moisture 0.51 %
SPGR (Dry.Gsb) 2.848
SPGR (55D 2847
SPGR (Apparent, Gsa) 2. 851
Unit Wt (Loose) o8 Ib/f3
Unit Wt (Rodded) 104 b3
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M pacEn

Basic Quality Statistical Summary Report

Plant 21200-Ruby Quarry
Product 05T0-GDOT #57 Stone
Specification  GADOT 57
Period 01/01/2018 - 05/06G/2018
SievelTest Tests Average St Dev Target §pecification
1 142" (37 .5mm) 163 100.0 0.00 100-100 100-100
1* (25mm) 163 B8.5 0.80 a7-100 85-100
314" (19mm) 163 B5.7 3.88
1127 (12.5mm) 1683 425 437 3248 25-60
38" (9.5mim) 163 20.4 3.28
#4 (4. 75mm} 163 1.1 0.55 0-5 0-10
#B (2.38mm} 183 0.1 021 0-2 0-5
#200 (T5pm) 1 0.10
Pan 163 0.00 0.000
Guery Query Selections

Diate Created 05/00/2018
Diate Rangs 01012019 - D5DE62018
Plant Ruby Quarry
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Fenabihid

Atlanta Sand & Supply

Frddarivial fand - Comsracins Sand -G Comree Sand

Detail Quality Statistical Summary Report

Plant 01-Burke Pit
Product 2 B-Burke Concrete Sand
Specification 2 B Burke Concrete Sand
Period 05/06/2019 - 05/10/2019
Sieve/Test Tests  Average Min Max Range St Dev Target Specification PWS
3/8" (9.5mm) 5 100 100 100 0 0.0 100-100 100.0
#4 (4.75mm) 5 100 100 100 0 00 95-100 100.0
#B (2.36mm) 5 a3 93 99 1 04
#16 (1.18mm) 5 an a7 91 4 15 45-95 100.0
#30 (0.6mm) 5 60 55 61 ] 26
#50 (0.3mm) 5 21 19 23 4 18 8-30 100.0
#100 (0.15mm) 5 2 1 4 3 13 0-10 100.0
Pan 5 0.0 0.0 0.0 0.0 0.00
FM 5 2297 2.262 2385 0.123 0.0495
SE 2 93,500 91.000 96.000 5.000 35385
Wash Loss (#200/75um) 1 0418 D418 0.418 0.000

Query Query Selections

Date Created 05/10/2019
Date Range 05/06/2019 - 05/10/2019

Plant Burke Pit

Sample Type Shipping
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(D rrcos

Cement Mill Test Report

Month of Issue: April 2019
Plant: Calera, AL
Product: Portland Cement Type |
Silo: 17,184, 19, 20
Manufactured: March 2019

ASTM C150 and AASHTO M85 Standard Requirements

CHEMICAL ANALYSIS PHYSICAL ANALYSIS

Item Spec limit Test Result Item c limit Test Result
Rapéd Mothod, X-Ray (6113 Alr cantent of mortar {%) 12 max 7
S102 (%) - 198
AI203 (%) - &y Blalne Fineness (miikg) (C204) 260 396
Fa203{%) — 32
Cal (%) - 628 ~328 (%) (C430) - 7.2
MgO [%) 6.0 max 30
$03 (%) 30mox * i Autoctave expansion (%) (C151) 020 enax 0.08
Loss on ignition (%)** 3.5 max 27
Insobuble rosidue (%) 1.6 max 0.51 Compressive strength {MPa, [PST]) (C109)
<02 (%) - 1.7 1 day 144 [2080)
Limestone (%) 5.0 max 23 3 days 2.0 [1740] min 276 [3910]
CaCO3 In Limestons (%) 70 min 9 7 days 9.0 [27€0) min 7 (4s80]
Inorganic Process Addition 8.0 max 20 28 days (Rotioots grovious moat's dota) - 443 [6420]
(Boghouse Dust)

Tima of setting (minutas)
Ad) d P Il Phase Comp lon (C150) Vicat Initial (C191) a5 - 375 1
C3S (%) e 54
CZ5 (%) - 15 Heat of Hydeation (kMeg) (C1702)
C3A (%) - 7 3 dayys (for indormation only)™* - 298
CAAF (W) - 10 £

Mortar Bar Emmm |E| |C10="‘ 0.020 max 0.003
ASTM C150 and AASHTO MBS Oy Ch Reg ]
NnEa ﬁ) 060 max 0.36 Dunslty (C186) 3.13

* Nay exceod 3.0% 503 saximun basod os our G100 resuits of < 0.020% exparsion at 14 dayr,
**Luds on g os e of 15% when bmesione b s ngred et
S Tos! resUR rORI0sets moct rosent valse end I3 provided for Isfermation asly,

We certify that the above described cement, at the time of shipment, meets the chemical and v%k:al requiremoats of aplgllcablo
FDOT Section 921, ALDOT, GDOT, TDOT, MDOT, INDOT, La DOTD, NCDOT, ODOT, PennDOT, T, SCDOT, AHTD Specifications
for TYPE I;

ASTM C150 & AASHTO M85 STANDARD SPECIFICATIONS FOR TYPE | CEMENT;

ASTM C150 & AASHTO M85 OPTIONAL CHEMICAL REQUIREMENTS FOR TYPE | LOW ALKALI CEMENT.

Certified By:
-4—"‘;-’) 'f'_:j
Argos USA - Robarta
8030 Highway 25, Calera, AL 35040
Phone: 205.668.2721 Nicholas T, Ewing - Quality Coordinator
Report created: 04172019
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BORAL

RESOURCES

Materials Testing & Research Facility

2550 Old State Hwy 113
Taylorsville, GA 30178
TT0-34-0102

ASTM C618 7/ AASHTO M295 Testing of
Bowen Fly Ash

Sample Date: 10/ - 10/31118
Sample Type: Monthly
Sample ID:

Chemical Analysis
Silicon Dicedde (Si02)
Aluminum Oxide (ARO3)
Iron Oxide (Fe203)
Sum (Si02+A203+Fe203)
Sulfur Tricxide (S032)
Caleium Oxide (Cad)
Magnesium Oxide (MgO)
Sodium Oxide (Na20)
Potassium Oxide (K20)
Sodium Oxide Equivalent (Na2O0+0.858K20)
Moisture
Loss on Ignition

Available Alkalies, as NaZOe

Physical Analysis
Fineness, % retained on 45-pm sieve
Strength Activity Index - 7 or 28 day requirement
T day, % of comntral
28 day. % of control
Water Requirement, % control
Autoclave Soundness

Density

Results
4748
21.30
18.08
8887

2.07
4.28
1.19
088
2.32
2.52
0.14
1.23

£ f & & & £ £ £ £ £ £ &£ &£

1.03

#

14 48
B2
B2
L]

# &£ £ &

0.01
2.47

Report Date: 121372018
MTRF ID: 3146BN

ASTM Limit AASHTO Limit
Class FIC Class FiC

70.0/50.0 min 70.0/50.0 min

5.0 max 5.0 max

3.0 max 3.0 max

5.0 max 5.0 max

Mot Required 1.5 max"
“when requined by purchassr

34 max 34 max

75 min T8 mim

75 min T8 mim

105 max 105 max

0.8 max 0.8 max

The test data listed herein was generated by applicable ASTM methods. The reported results pertain only to the
sample(s) or lot(s) tested. This report cannot be reproduced without permission from Boral Resources.

P
ug Frade:, CET

Facility Manager

<A

A 05 HIEI

AFPREMITE N
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APPENDIX B — MIXTURE DESIGNS

Mix Proportion (SSD)

Mixture 1 Batched 4/11/2019

Material Properties

Material S.G. A.C
Cement 3.15 -
Fly Ash 2.30 -
BFS 2.89 -
Metakaolin 2.60 -
RCA 2.46 2.82
Rock 2.65 0.49
Sand 2.65 1.53

Material Weight Volume (cf) |Volume Check |Unit Cost ($/ton) |Amount ($)

Cement 541.00 2.75 0.102 120 32.46

Fly Ash 0 0.00 0.000 100 0.00

BFS 0 0.00 0.000 100 0.00

Metakaolin 0 0.00 0.000 100 0.00

RCA 0 0.00 0.000 18 0.00

Rock 1947.00 11.77 0.436 18 17.52

Sand 1266.10 7.66 0.284 18 11.39

Water 233.17 3.74 0.138 0.6 0.07

Air 0.040 1.08 0.040 - -

27.00 1.00 - -

Total Cost = 61.45

Mix Characteristics

wi/c 0.43

Unit Weight (pcf) 147.7

Cementitious material (Ib) 541

Suppl. Cementitious Mat. Percent (%) Weight (Ib)

Fly Ash replacement (%) 0 0

BFS replacement (%) 0 0

Metakaolin Replacement (% 0 0

RCA % 0 0

Moisture Content

sand mc (%) 11.08 mc-ssd 0.0955

rock mc (%) 0.48 mc-ssd -0.0001

RCA mc (%) 1.65 mc-ssd -0.0117

Batch Weights (yd®)

Cement 541 Ib

Fly Ash 0 Ib

BFS 0 Ib

Metakaolin 0 Ib

RCA 0 Ib

Rock 1947 Ib

Sand 1387 Ib

Water 112 Ib

AEA 0.3 fl 0z./cwt

AEA 48 ml

HRWRA 6.0 fl 0z./cwt

HRWRA 0 ml

Batch Weights (ft)

Batch size 3.75 cf

Cement 75.1 Ib

Fly Ash 0.0 Ib

BFS 0.0 Ib

Metakaolin 0.0 Ib

RCA 0.0 Ib

Rock 270.4 Ib

Sand 192.6 Ib

Water 15.6 Ib

AEA 6.7 ml

HRWRA 0.0
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Mixture 2 Batched 4/16/2019

Mix Proportion (SSD) Material Properties
Material Weight Volume (cf) |Volume Check |Unit Cost ($/ton) |Amount ($) Material S.G. A.C
Cement 541.00 2.75 0.102 120 32.46 Cement 3.15 -
Fly Ash 0 0.00 0.000 100 0.00 Fly Ash 2.30 -
BES 0 0.00 0.000 100 0.00 BES 2.89 -
Metakaolin 0 0.00 0.000 100 0.00 Metakaolin 2.60 -
RCA 0 0.00 0.000 18 0.00 RCA 2.46 2.82
Rock 2084.00 12.60 0.467 18 18.76 Rock 2.65 0.49
Sand 995.77 6.02 0.223 18 8.96 Sand 2.65 1.53
Water 283.48 4.54 0.168 0.6 0.09
Air 0.040 1.08 0.040 - -

27.00 1.00 - -

Total Cost = 60.26

Mix Characteristics
w/c 0.52
Unit Weight (pcf) 144.6
Cementitious material (Ib) 541

Suppl. Cementitious Mat. Percent (%) Weight (Ib)

Fly Ash replacement (%) 0 0
BFS replacement (%) 0 0
Metakaolin Replacement (9 0 0
RCA % 0 0

Moisture Content

sand mc (%) 10.7 mc-ssd 0.0917
rock mc (%) 0.476 mc-ssd -0.00014
RCA mc (%) 1.65 mc-ssd -0.0117
Batch Weights (yd3)

Cement 541 Ib

Fly Ash 0 Ib

BES 0 Ib

Metakaolin 0 Ib

RCA 0 Ib

Rock 2084 Ib

Sand 1087 Ib

Water 192 Ib

AEA 0.3 fl 0z./cwt

AEA 48 ml

HRWRA 6.0 fl 0z./cwt

HRWRA 0 ml

Batch Weights (ft%)

Batch size 3.75 cf
Cement 75.1 Ib
Fly Ash 0.0 Ib
BFS 0.0 Ib
Metakaolin 0.0 Ib
RCA 0.0 Ib
Rock 289.4 Ib
Sand 151.0 Ib
Water 26.7 Ib
AEA 6.7 ml
HRWRA 0.0
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Mixture 3 Batched 4/3/2019

Mix Proportion (SSD) Material Properties
Material Weight Volume (cf) |Volume Check |Unit Cost ($/ton) |Amount ($) Material S.G. A.C
Cement 595.00 3.03 0.112 120 35.70 Cement 3.15 -
Fly Ash 0 0.00 0.000 100 0.00 Fly Ash 2.30 -
BES 0 0.00 0.000 100 0.00 BES 2.89 -
Metakaolin 0 0.00 0.000 100 0.00 Metakaolin 2.60 -
RCA 0 0.00 0.000 18 0.00 RCA 2.46 2.82
Rock 1863.00 11.27 0.417 18 16.77 Rock 2.65 0.49
Sand 1199.93 7.26 0.269 18 10.80 Sand 2.65 1.53
Water 255.85 4.10 0.152 0.6 0.08
Air 0.050 1.35 0.050 - -

27.00 1.00 - -

Total Cost = 63.34

Mix Characteristics
w/c 0.43
Unit Weight (pcf) 145.0
Cementitious material (Ib) 595

Suppl. Cementitious Mat. Percent (%) Weight (Ib)

Fly Ash replacement (%) 0 0
BFS replacement (%) 0 0
Metakaolin Replacement (9 0 0
RCA % 0 0

Moisture Content

sand mc (%) 1.493 mc-ssd -0.00037
rock mc (%) 0.239 mc-ssd -0.00251
RCA mc (%) 1.65 mc-ssd -0.0117
Batch Weights (yd3)

Cement 595 Ib

Fly Ash 0 Ib

BES 0 Ib

Metakaolin 0 Ib

RCA 0 Ib

Rock 1858 Ib

Sand 1199 Ib

Water 261 Ib

AEA 0.7 fl 0z./cwt

AEA 114 ml

HRWRA 6.0 fl 0z./cwt

HRWRA 0 ml

Batch Weights (ft%)

Batch size 3.75 cf
Cement 82.6 Ib
Fly Ash 0.0 Ib
BFS 0.0 Ib
Metakaolin 0.0 Ib
RCA 0.0 Ib
Rock 258.1 Ib
Sand 166.6 Ib
Water 36.2 Ib
AEA 15.9 ml
HRWRA 0.0
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Mixture 4 Batched 4/09/2019

Mix Proportion (SSD) Material Properties
Material Weight Volume (cf) |Volume Check |Unit Cost ($/ton) |Amount ($) Material S.G. A.C
Cement 600.00 3.05 0.113 120 36.00 Cement 3.15 -
Fly Ash 0 0.00 0.000 100 0.00 Fly Ash 2.30 -
BES 0 0.00 0.000 100 0.00 BES 2.89 -
Metakaolin 0 0.00 0.000 100 0.00 Metakaolin 2.60 -
RCA 0 0.00 0.000 18 0.00 RCA 2.46 2.82
Rock 1900.00 11.49 0.426 18 17.10 Rock 2.65 0.49
Sand 1111.75 6.72 0.249 18 10.01 Sand 2.65 1.53
Water 282.00 4.52 0.167 0.6 0.08
Air 0.045 1.22 0.045 - -

27.00 1.00 - -

Total Cost = 63.19

Mix Characteristics
w/c 0.47
Unit Weight (pcf) 144.2
Cementitious material (Ib) 600

Suppl. Cementitious Mat. Percent (%) Weight (Ib)

Fly Ash replacement (%) 0 0
BFS replacement (%) 0 0
Metakaolin Replacement (9 0 0
RCA % 0 0

Moisture Content

sand mc (%) 7 mc-ssd 0.0547
rock mc (%) 0.31 mc-ssd -0.0018
RCA mc (%) 1.65 mc-ssd -0.0117
Batch Weights (yd3)

Cement 600 Ib

Fly Ash 0 Ib

BES 0 Ib

Metakaolin 0 Ib

RCA 0 Ib

Rock 1897 Ib

Sand 1173 Ib

Water 225 Ib

AEA 0.5 fl 0z./cwt

AEA 89 ml

HRWRA 6.0 fl 0z./cwt

HRWRA 0 ml

Batch Weights (ft%)

Batch size 3.75 cf
Cement 83.3 Ib
Fly Ash 0.0 Ib
BFS 0.0 Ib
Metakaolin 0.0 Ib
RCA 0.0 Ib
Rock 263.4 Ib
Sand 162.9 Ib
Water 31.2 Ib
AEA 12.3 ml
HRWRA 0.0
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Mixture 5 Batched 3/11/2019

Mix Proportion (SSD)

Material Properties

Material S.G. A.C
Cement 3.15 -
Fly Ash 2.30 -
BFS 2.89 -
Metakaolin 2.60 -
RCA 2.46 2.82
Rock 2.65 0.49
Sand 2.65 1.53

Material Weight Volume (cf) |Volume Check |Unit Cost ($/ton) |Amount ($)

Cement 508.95 2.59 0.096 120 30.54

Fly Ash 71.05 0.50 0.018 100 3.55

BES 0 0.00 0.000 100 0.00

Metakaolin 0 0.00 0.000 100 0.00

RCA 0 0.00 0.000 18 0.00

Rock 2050.00 12.40 0.459 18 18.45

Sand 923.72 5.59 0.207 18 8.31

Water 285.94 4.58 0.170 0.6 0.09

Air 0.050 1.35 0.050 - -

27.00 1.00 - -

Total Cost = 60.94

Mix Characteristics

w/c 0.49

Unit Weight (pcf) 142.2

Cementitious material (Ib) 580

Suppl. Cementitious Mat. Percent (%) Weight (Ib)

Fly Ash replacement (%) 12.25 71.05

BFS replacement (%) 0 0

Metakaolin Replacement (9 0 0

RCA % 0 0

Moisture Content

sand mc (%) 2.69 mc-ssd 0.0116

rock mc (%) 1.01 mc-ssd 0.0052

RCA mc (%) 1.65 mc-ssd -0.0117

Batch Weights (yd3)

Cement 509 Ib

Fly Ash 71 Ib

BES 0 Ib

Metakaolin 0 Ib

RCA 0 Ib

Rock 2061 Ib

Sand 934 Ib

Water 265 Ib

AEA 1.0 fl 0z./cwt

AEA 172 ml

HRWRA 6.0 fl 0z./cwt

HRWRA 0 ml

Batch Weights (ft%)

Batch size 3.75 cf

Cement 70.7 Ib

Fly Ash 9.9 Ib

BFS 0.0 Ib

Metakaolin 0.0 Ib

RCA 0.0 Ib

Rock 286.2 Ib

Sand 129.8 Ib

Water 36.7 Ib

AEA 23.8 ml

HRWRA 0.0
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Mixture 6 Batched 3/12/2019

Mix Proportion (SSD)

Material Properties

Material S.G. A.C
Cement 3.15 -
Fly Ash 2.30 -
BFS 2.89 -
Metakaolin 2.60 -
RCA 2.46 2.82
Rock 2.65 0.49
Sand 2.65 1.53

Material Weight Volume (cf) |Volume Check |Unit Cost ($/ton) |Amount ($)

Cement 465.74 2.37 0.088 120 27.94

Fly Ash 114.26 0.80 0.029 100 5.71

BES 0 0.00 0.000 100 0.00

Metakaolin 0 0.00 0.000 100 0.00

RCA 0 0.00 0.000 18 0.00

Rock 1908.00 11.54 0.427 18 17.17

Sand 1124.52 6.80 0.252 18 10.12

Water 258.68 4.15 0.154 0.6 0.08

Air 0.050 1.35 0.050 - -

27.00 1.00 - -

Total Cost = 61.03

Mix Characteristics

w/c 0.45

Unit Weight (pcf) 143.4

Cementitious material (Ib) 580

Suppl. Cementitious Mat. Percent (%) Weight (Ib)

Fly Ash replacement (%) 19.7 114.26

BFS replacement (%) 0 0

Metakaolin Replacement (9 0 0

RCA % 0 0

Moisture Content

sand mc (%) 4.16 mc-ssd 0.0263

rock mc (%) 1.24 mc-ssd 0.0075

RCA mc (%) 1.65 mc-ssd -0.0117

Batch Weights (yd3)

Cement 466 Ib

Fly Ash 114 Ib

BES 0 Ib

Metakaolin 0 Ib

RCA 0 Ib

Rock 1922 Ib

Sand 1154 Ib

Water 215 Ib

AEA 1.1 fl oz./cwt

AEA 189 ml

HRWRA 6.0 fl 0z./cwt

HRWRA 0 ml

Batch Weights (ft%)

Batch size 3.75 cf
Cement 64.7 Ib
Fly Ash 15.9 Ib
BFS 0.0 Ib
Metakaolin 0.0 Ib
RCA 0.0 Ib
Rock 267.0 Ib
Sand 160.3 Ib
Water 29.8 Ib
AEA 26.2 ml
HRWRA 0.0
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Mixture 7 Batched 3/19/2019

Mix Proportion (SSD)

Material Properties

Material S.G. A.C
Cement 3.15 -
Fly Ash 2.30 -
BFS 2.89 -
Metakaolin 2.60 -
RCA 2.46 2.82
Rock 2.65 0.49
Sand 2.65 1.53

Material Weight Volume (cf) |Volume Check |Unit Cost ($/ton) |Amount ($)

Cement 459.97 2.34 0.087 120 27.60

Fly Ash 162.031 1.13 0.042 100 8.10

BES 0 0.00 0.000 100 0.00

Metakaolin 0 0.00 0.000 100 0.00

RCA 0 0.00 0.000 18 0.00

Rock 1985.00 12.00 0.445 18 17.87

Sand 1009.58 6.11 0.226 18 9.09

Water 262.48 4.21 0.156 0.6 0.08

Air 0.045 1.22 0.045 - -

27.00 1.00 - -

Total Cost = 62.73

Mix Characteristics

w/c 0.42

Unit Weight (pcf) 143.7

Cementitious material (Ib) 622

Suppl. Cementitious Mat. Percent (%) Weight (Ib)

Fly Ash replacement (%) 26.05 162.031

BFS replacement (%) 0 0

Metakaolin Replacement (9 0 0

RCA % 0 0

Moisture Content

sand mc (%) 2.69 mc-ssd 0.0116

rock mc (%) 0.33 mc-ssd -0.0016

RCA mc (%) 1.65 mc-ssd -0.0117

Batch Weights (yd3)

Cement 460 Ib

Fly Ash 162 Ib

BES 0 Ib

Metakaolin 0 Ib

RCA 0 Ib

Rock 1982 Ib

Sand 1021 Ib

Water 254 Ib

AEA 1.0 fl 0z./cwt

AEA 184 ml

HRWRA 6.0 fl 0z./cwt

HRWRA 0 ml

Batch Weights (ft%)

Batch size 3.75 cf

Cement 63.9 Ib

Fly Ash 22.5 Ib

BFS 0.0 Ib

Metakaolin 0.0 Ib

RCA 0.0 Ib

Rock 275.3 Ib

Sand 141.8 Ib

Water 35.3 Ib

AEA 25.5 ml

HRWRA 0.0
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Mixture 8 Batched 3/26/2019

Mix Proportion (SSD)

Material Properties

Material S.G. A.C
Cement 3.15 -
Fly Ash 2.30 -
BFS 2.89 -
Metakaolin 2.60 -
RCA 2.46 2.82
Rock 2.65 0.49
Sand 2.65 1.53

Material Weight Volume (cf) |Volume Check |Unit Cost ($/ton) |Amount ($)

Cement 479.77 2.44 0.090 120 28.79

Fly Ash 125.235 0.87 0.032 100 6.26

BES 0 0.00 0.000 100 0.00

Metakaolin 0 0.00 0.000 100 0.00

RCA 0 0.00 0.000 18 0.00

Rock 1976.00 11.95 0.443 18 17.78

Sand 1028.18 6.22 0.230 18 9.25

Water 260.15 4.17 0.154 0.6 0.08

Air 0.050 1.35 0.050 - -

27.00 1.00 - -

Total Cost = 62.16

Mix Characteristics

w/c 0.43

Unit Weight (pcf) 143.3

Cementitious material (Ib) 605

Suppl. Cementitious Mat. Percent (%) Weight (Ib)

Fly Ash replacement (%) 20.7 125.235

BFS replacement (%) 0 0

Metakaolin Replacement (9 0 0

RCA % 0 0

Moisture Content

sand mc (%) 5.49 mc-ssd 0.0396

rock mc (%) 0.68 mc-ssd 0.0019

RCA mc (%) 1.65 mc-ssd -0.0117

Batch Weights (yd3)

Cement 480 Ib

Fly Ash 125 Ib

BES 0 Ib

Metakaolin 0 Ib

RCA 0 Ib

Rock 1980 Ib

Sand 1069 Ib

Water 216 Ib

AEA 1.1 fl oz./cwt

AEA 197 ml

HRWRA 6.0 fl 0z./cwt

HRWRA 0 ml

Batch Weights (ft%)

Batch size 3.75 cf
Cement 66.6 Ib
Fly Ash 17.4 Ib
BFS 0.0 Ib
Metakaolin 0.0 Ib
RCA 0.0 Ib
Rock 275.0 Ib
Sand 148.5 Ib
Water 30.0 Ib
AEA 27.3 ml
HRWRA 0.0
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Mixture 9 Batched 3/21/2019

Mix Proportion (SSD)

Material Properties

Material S.G. A.C
Cement 3.15 -
Fly Ash 2.30 -
BFS 2.89 -
Metakaolin 2.60 -
RCA 2.46 2.82
Rock 2.65 0.49
Sand 2.65 1.53

Material Weight Volume (cf) |Volume Check |Unit Cost ($/ton) |Amount ($)

Cement 479.97 2.44 0.090 120 28.80

Fly Ash 110.035 0.77 0.028 100 5.50

BES 0 0.00 0.000 100 0.00

Metakaolin 0 0.00 0.000 100 0.00

RCA 0 0.00 0.000 18 0.00

Rock 1777.00 10.75 0.398 18 15.99

Sand 1249.11 7.55 0.280 18 11.24

Water 258.42 4.14 0.153 0.6 0.08

Air 0.050 1.35 0.050 - -

27.00 1.00 - -

Total Cost = 61.61

Mix Characteristics

w/c 0.44

Unit Weight (pcf) 143.5

Cementitious material (Ib) 590

Suppl. Cementitious Mat. Percent (%) Weight (Ib)

Fly Ash replacement (%) 18.65 110.035

BFS replacement (%) 0 0

Metakaolin Replacement (9 0 0

RCA % 0 0

Moisture Content

sand mc (%) 3.59 mc-ssd 0.0206

rock mc (%) 0.51 mc-ssd 0.0002

RCA mc (%) 1.65 mc-ssd -0.0117

Batch Weights (yd3)

Cement 480 Ib

Fly Ash 110 Ib

BES 0 Ib

Metakaolin 0 Ib

RCA 0 Ib

Rock 1777 Ib

Sand 1275 Ib

Water 232 Ib

AEA 1.1 fl oz./cwt

AEA 192 ml

HRWRA 6.0 fl 0z./cwt

HRWRA 0 ml

Batch Weights (ft%)

Batch size 3.75 cf

Cement 66.7 Ib

Fly Ash 15.3 Ib

BFS 0.0 Ib

Metakaolin 0.0 Ib

RCA 0.0 Ib

Rock 246.9 Ib

Sand 177.1 Ib

Water 32.3 Ib

AEA 26.7 ml

HRWRA 0.0
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Mixture 10 Batched 3/28/2019

Mix Proportion (SSD)

Material Properties

Material S.G. A.C
Cement 3.15 -
Fly Ash 2.30 -
BFS 2.89 -
Metakaolin 2.60 -
RCA 2.46 2.82
Rock 2.65 0.49
Sand 2.65 1.53

Material Weight Volume (cf) |Volume Check |Unit Cost ($/ton) |Amount ($)

Cement 479.97 2.44 0.090 120 28.80

Fly Ash 110.035 0.77 0.028 100 5.50

BES 0 0.00 0.000 100 0.00

Metakaolin 0 0.00 0.000 100 0.00

RCA 0 0.00 0.000 18 0.00

Rock 1777.00 10.75 0.398 18 15.99

Sand 1249.11 7.55 0.280 18 11.24

Water 258.42 4.14 0.153 0.6 0.08

Air 0.050 1.35 0.050 - -

27.00 1.00 - -

Total Cost = 61.61

Mix Characteristics

w/c 0.44

Unit Weight (pcf) 143.5

Cementitious material (Ib) 590

Suppl. Cementitious Mat. Percent (%) Weight (Ib)

Fly Ash replacement (%) 18.65 110.035

BFS replacement (%) 0 0

Metakaolin Replacement (9 0 0

RCA % 0 0

Moisture Content

sand mc (%) 7 mc-ssd 0.0547

rock mc (%) 0.31 mc-ssd -0.0018

RCA mc (%) 1.65 mc-ssd -0.0117

Batch Weights (yd3)

Cement 480 Ib

Fly Ash 110 Ib

BES 0 Ib

Metakaolin 0 Ib

RCA 0 Ib

Rock 1774 Ib

Sand 1317 Ib

Water 193 Ib

AEA 1.1 fl 0z./cwt

AEA 192 ml

HRWRA 6.0 fl 0z./cwt

HRWRA 0 ml

Batch Weights (ft%)

Batch size 3.75 cf

Cement 66.7 Ib

Fly Ash 15.3 Ib

BFS 0.0 Ib

Metakaolin 0.0 Ib

RCA 0.0 Ib

Rock 246.4 Ib

Sand 183.0 Ib

Water 26.8 Ib

AEA 26.7 ml

HRWRA 0.0
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Mixture 11 Batched 4/18/2019

Mix Proportion (SSD)

Material Properties

Material S.G. A.C
Cement 3.15 -
Fly Ash 2.30 -
BFS 2.89 -
Metakaolin 2.60 -
RCA 2.46 2.82
Rock 2.65 0.49
Sand 2.65 1.53

Material Weight Volume (cf) |Volume Check |Unit Cost ($/ton) |Amount ($)
Cement 478.80 2.44 0.090 120 28.73
Fly Ash 121.2 0.84 0.031 100 6.06
BES 0 0.00 0.000 100 0.00
Metakaolin 0 0.00 0.000 100 0.00
RCA 0 0.00 0.000 18 0.00
Rock 1867.00 11.29 0.418 18 16.80
Sand 1129.39 6.83 0.253 18 10.16
Water 282.00 4.52 0.167 0.6 0.08
Air 0.040 1.08 0.040 - -
27.00 1.00 - -
Total Cost = 61.84

Mix Characteristics

w/c 0.47
Unit Weight (pcf) 143.6
Cementitious material (Ib) 600

Suppl. Cementitious Mat. Percent (%) Weight (Ib)

Fly Ash replacement (%) 20.2 121.2
BFS replacement (%) 0 0
Metakaolin Replacement (9 0 0
RCA % 0 0
Moisture Content

sand mc (%) 7.86 mc-ssd 0.0633
rock mc (%) 0.4 mc-ssd -0.0009
RCA mc (%) 1.65 mc-ssd -0.0117
Batch Weights (yd3)

Cement 479 Ib

Fly Ash 121 Ib

BES 0 Ib

Metakaolin 0 Ib

RCA 0 Ib

Rock 1865 Ib

Sand 1201 Ib

Water 212 Ib

AEA 0.8 fl oz./cwt

AEA 142 ml

HRWRA 6.0 fl 0z./cwt

HRWRA 0 ml

Batch Weights (ft%)

Batch size 3.75 cf
Cement 66.5 Ib
Fly Ash 16.8 Ib
BFS 0.0 Ib
Metakaolin 0.0 Ib
RCA 0.0 Ib
Rock 259.1 Ib
Sand 166.8 Ib
Water 29.5 Ib
AEA 19.7 ml
HRWRA 0.0
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Mixture 12 Batched 4/23/2019

Mix Proportion (SSD)

Material Properties

Material S.G. A.C
Cement 3.15 -
Fly Ash 2.30 -
BFS 2.89 -
Metakaolin 2.60 -
RCA 2.46 2.82
Rock 2.65 0.49
Sand 2.65 1.53

Material Weight Volume (cf) |Volume Check |Unit Cost ($/ton) |Amount ($)

Cement 478.80 2.44 0.090 120 28.73

Fly Ash 121.2 0.84 0.031 100 6.06

BES 0 0.00 0.000 100 0.00

Metakaolin 0 0.00 0.000 100 0.00

RCA 0 0.00 0.000 18 0.00

Rock 1867.00 11.29 0.418 18 16.80

Sand 1084.74 6.56 0.243 18 9.76

Water 282.00 4.52 0.167 0.6 0.08

Air 0.050 1.35 0.050 - -

27.00 1.00 - -

Total Cost = 61.44

Mix Characteristics

w/c 0.47

Unit Weight (pcf) 142.0

Cementitious material (Ib) 600

Suppl. Cementitious Mat. Percent (%) Weight (Ib)

Fly Ash replacement (%) 20.2 121.2

BFS replacement (%) 0 0

Metakaolin Replacement (9 0 0

RCA % 0 0

Moisture Content

sand mc (%) | 10.0884681 |mc-ssd 0.085584681

rock mc (%) | 0.30243353 [mc-ssd -0.001875665

RCA mc (%) 1.65 mc-ssd -0.0117

Batch Weights (yd3)

Cement 479 Ib

Fly Ash 121 Ib

BES 0 Ib

Metakaolin 0 Ib

RCA 0 Ib

Rock 1863 Ib

Sand 1178 Ib

Water 193 Ib

AEA 1.1 fl 0z./cwt

AEA 195 ml

HRWRA 6.0 fl 0z./cwt

HRWRA 0 ml

Batch Weights (ft%)

Batch size 3.75 cf

Cement 66.5 Ib

Fly Ash 16.8 Ib

BFS 0.0 Ib

Metakaolin 0.0 Ib

RCA 0.0 Ib

Rock 258.8 Ib

Sand 163.6 Ib

Water 26.8 Ib

AEA 27.1 ml

HRWRA 0.0
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APPENDIX C — SENSITIVITY ANALYSIS PROCESS

Select appropriate
Select appropriate Traffic JBPC/CRCP Design
and Climate data Properties found in table
61.

Change the value for the
mechanical property
input desired and run.

Repeat process
for desired
increments.

Record the predicted
distresses from the
output report.
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Construct appropriate
layers from figures 63 and
64. Use table 62 to input
the values for each of the
layer’s properties.

When analysis has been
run for each increment
use excel to plot a distress
against the varied input




APPENDIX D — PROPOSED STANDARD OPERATING PROCEDURES (SOPS)

Georgia Department of Transportation
Office of Materials and Testing

Proposed Standard Operating Procedure (SOP) — DRAFT
Measurements of Compressive Strength, Modulus of Rupture, Young’s Modulus, Ultimate
Shrinkage, Thermal Conductivity, and Coefficient of Thermal Expansion (CTE)

I. General

The purpose of this Standard Operating Procedure is to outline the methodology for measuring
Compressive Strength, Modulus of Rupture, Modulus of Elasticity, Shrinkage, Thermal
Conductivity, and Coefficient of Thermal Expansion of concrete mixes. Compressive Strength and
Modulus of Rupture are designed to be performed with a compressive testing machine in
accordance with ASTM C39 (AASHTO T22) and ASTM C78 (AASHTO T23), respectively.
Pine’s Coefficient of Thermal Expansion System was used in testing the Concrete’s CTE in
accordance with AASHTO T336. Thermal Conductivity is designed to be performed with a needle
probe through a line source test method in accordance with ASTM D5334-14. The measurement
of mechanical and thermal concrete mixture properties is a very technical process requiring highly
skilled testing personnel, precision testing equipment, and close adherence to design guidelines
and test procedures to assure high-quality mix designs. It is a requirement for lab certification that
the design equipment must meet all requirements and tolerances stated in the test procedures.
Equipment calibration records shall be furnished to OMAT for review prior to initial certification
and shall always be available for inspection. In case commercial laboratories that satisfy the
requirements are not available, research universities in Georgia that have extensive experience in
measuring concrete mechanical and thermal properties should conduct the tests.

I1. Specimen Fabrication

This procedure governs the sampling procedure to fabricate concrete mixtures to measure its
mechanical and thermal properties.

A. Sampling

The sampling, testing, and inspection duties are to be performed by a GDOT engineer:

References: GDOT Specifications

e Section 500 (Concrete Structures)
e Section 800 (Coarse Aggregate)

e Section 801 (Fine Aggregate)

e Section 830 (Portland Cement)

e Section 832 (Curing Agents)
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e Section 880 (Water)

e GDT35

e QPL 10 (Approved Ready-Mix Concrete Plants)
e QPL 13 (Air-Entraining Admixtures)

e QPL 14 (Chemical Admixtures for Concrete)

e QPL 16 (Membrane Curing Compounds)

In case ready-mix concrete is used, the frequency at which materials are sampled and tested should
be as established in the Sampling, Testing, and Inspection Manual. Detailed information can be
found in SOP 10.

B. Standard Procedure for Specimen Fabrication

1. Preparing Specimen Molds

a. All Molds should conform to standard ASTM standards C192-19 for given aggregate
size and testing function, as well as testing devices utilized. The various specimen
dimensions and types for each test are located in table 67.

b. The number of specimens and number of test batches should be in accordance with each
test method and procedure unless otherwise noted. At Least 3 specimens per test age and
condition shall be formed.

c. Cylindrical Specimens

i. The same cylindrical mold dimensions should be used as control specimen
dimensions.

ii. All Cylindrical specimens other than creep shall be molded and cured along the
cylinder axis as the vertical axis.

d. Prismatic Specimens

i. Beams for flexural and shrinkage shall be formed along the long axis as the

horizontal.
Table 67. Specimen dimensions.
Property of Concern Specimen Type Specimen Dimensions
Compressive Strength Cylinder 4x8or6x12 (See GDT 35)
Modulus of Rupture Beam 3x4x160r6x6x22
Youngs Modulus Cylinder 4x8
Ultimate Shrinkage Beam 4x4x10
Thermal Conductivity Cylinder 4x8
Coefficient of Thermal Expansion Cylinder 4x8
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2. Mixing

a. Before mixing concrete materials, bring all material to room temperature of 68-86°F
(20-30°C) unless stipulated.

b. Aggregate weights and moisture content should be calculated following ASTM C566:
Standard Test Method for Total Evaporable Moisture Content of Aggregate by Drying.

c. Mixing procedure should follow ASTM C192: Standard Practice for Making and Curing
Concrete Test Specimens in the Laboratory.

3. Batch Testing

a. After batching concrete, immediately begin fresh concrete property testing for quality
assurance and to confirm the desired properties/behavior of the mixture. The fresh
concrete property standards are listed in table 68.

Table 68. Fresh concrete property standards.

Fresh Concrete Property Test Standard 1D
Temperature AASHTO T309/ASTM C1064
Slump AASHTO T119/ASTM C143
Unit Weight AASHTO T121/ASTM C138
Pressure Meter Air Content AASHTO T152/ASTM C231
4. Molding

a. Placement

i.  When placing concrete within molds, maintain parameters listed in table 69 and
ensure proper consolidation method is utilized.
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Table 69. Concrete placement guide.

Specimen Type and Size Mode of Consolidation ApI:;JoTibrﬁ;t% féﬁg ?D%fpth
Cylinders:
Diameter, inch (mm)
3 or 4 (75-100) Rodding 2
6 (150) Rodding 3
9 (225) Rodding 4
Up to 9 (225) Vibration 2
Prisms and Horizontal Creep Cylinders:
Depth, inch (mm)
Up to 8 (200) Rodding 2
Over 8 (200) Rodding 3 or More
Up to 8 (200) Vibration 1
Over 8 (200) Vibration 2 or More

b. Consolidation

i. Consolidate according to vibratory or tamping rod based off specimen size listed
in table 70.
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Table 70. Consolidation recommendations.

Cylinders
Diameter of Cylinder, in. (mm) | Diameter of Rod, in. (mm) | Number of Strokes/Layer
3 (75) to < 6 (150) 3/8+1/16 (10+2) 25
6 (150) 5/8+1/16 (16+2) 25
8 (200) 5/8+1/16 (16+2) 50
10 (250) 5/8+1/16 (16+2) 75
Beams and Prisms
Top Surfac?nf\zg;ang)f Specimen, Diameter of Rod, in. (mm) Rolt\jlgi?g:/r_g];er
25 (160) or less 3/8+1/16 (10+2) 25
26-49 (165-310) 3/8+1/16 (10+2) One for E?CCSZ rlf;2é2 (7 em’)
50 (320) or more 5/8+1/16 (1622) One for egfzuzr;;‘cz (14 em®)
Horizontal Creep Cylinders
Number of

Diameter of Cylinder, in. (mm)

Diameter of Rod, in. (mm)

Roddings/Layer

6 (150)

5/8+1/16 (16+2)

50 total, 25 along both sides
of axis

5. Curing

a. Initial Curing

i. Upon the completion of placement, cover specimens with impervious material to
prevent water evaporating from concrete specimens.

b. Mold Removal

i. Remove the specimens from the molds 24+8 hours after casting. For concrete with
prolonged setting time, molds shall not be removed until 20+4 hours after final set.
If needed, determine the setting times in accordance with Test Method

C403/403M.

c. Final Cure

i. After mold removal, cure specimens at temperature of 70-77°F (21-25°C) until

the time of testing.

ii. First 48 hours of final cure should be in a vibration-free environment.

iii. For moist curing condition, the entire free surface of the specimen should be
subjected to water, maintained through submerge tank or moisture room in
accordance with ASTM C511-13: Standard Specification for Mixing Rooms, Moist
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Cabinets, Moist Rooms, and Water Storage Tanks Used in the Testing of Hydraulic
Cements and Concretes.

I11. Test Procedures

A. Standard Practice Test Method for Compressive Strength of Cylindrical Concrete

B.

Specimens (AASHTO T22/ ASTM C39)

Place Concrete Specimen upon lower bearing block in accordance with utilized testing
device on the load deck.

Place upper bearing block on top of specimen and fit within the loading deck area.

Seat the loading block onto the upper bearing block and ensure the loading stress is zeroed
to begin the test.

Loading
Loading Speed: 35+7 psi and maintained through the latter half of the testing procedure.

. Continually apply load until the indicator displays a continually lowered stress or

automatic stop has been issued.

Note and record the break type and fracture pattern and its accordance with Typical
Fracture type diagram.

Standard Test Method for Flexural Strength of Concrete (Using Simple Beam with
Third-Point Loading) (AASHTO T23/ ASTM C78)

Manipulate the specimen such that the top casted side is facing upward toward the loading
block.

Center the specimen along both support sides and ensure consistent contact is made across
the specimen.

Bring the loading block to the surface of the specimen and zero the loading device.

Load the specimen with a rate of 125-175 psi/min until rupture or a rapid decrease in
applied load to the specimen, or until automatic stop is applied.

Inspect the specimen to ensure a clean break through several aggregate pieces and not
through the cement line (see figure 90).

Compare the specimen break to the specimen break guide to ensure a proper break to
confirm proper compressive strength test has been conducted.
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Figure 90. Diagrams. Concrete compressive strength fracture types (ASTM C78).

C. Standard Test Method for Fundamental Transverse Resonant Frequencies of Concrete
Specimens (ASTM C215)

1. Testing procedure:

Note: This test only applies to the longitudinal dynamic modulus of rigidity that was used

in RP 18-03.

a. Place Specimen horizontally along two supports that allows the free vibration from

impact of the testing specimen.

b. Dry the surface of the specimen to ensure proper contact between the accelerometer and

the specimen, whereas a wax or glue material can also be used.

c. Prepare the waveform analyzer for testing procedures within given operational guides.

d. After the waveform analyzer is prepped, begin recording the accelerometer and strike the

specimen along the long axis specimens’ axis.

e. Repeat the impact test at least three times per iteration to obtain a representative sample
of the specimen.

D. Standard Test Method for Length Change of Hardened Hydraulic-Cement Mortar and
Concrete (AASHTO T160/ ASTM C157)

1. Storage

a. After the concrete specimen is removed from curing mold, obtain the overall length or

difference of length from a given value.
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b. After initial reading, store specimen in either submerged tank, air dry room, or in
environmental chamber to ensure most consistent humidity and moisture transfer.

2. Testing

a. Rerecord the length or difference of length measurement for each specimen according to
the listed schedule and return to storage condition.

i. Testing days after initial length test: 3, 7 days after initial, then every week for
3 months to determine near-ultimate shrinkage value

E. Standard Test Method for Determination of Thermal Conductivity (ASTM D5334-14)

1. Preparation

a. After the 28-day final curing phase, obtain specimens from each batch and have three
different moisture conditions (oven dry, saturated, and air dried) per batch.

i. Oven Dry — Obtained by placing the concrete specimens in an oven at a
temperature of 100+5°F (38+3°C) for 24+1 hour.

ii. Air Dry — Obtained by placing two cylinders into a controlled environmental
chamber maintaining a temperature of 73+3°F (23£2°C) and a relative humidity
of 50+4 percent. The specimens remain in this chamber for a 24-hour period to
ensure homogeneous temperature and moisture throughout the specimen.

iii. Saturated — After 28 days, move the concrete specimens from the moisture curing
tank to a water tank inside the environmental chamber for a 24-hour period.

b. To prepare the concrete specimen, obtain the mass to 0.01 g, and the length of the
specimen to 0.01 mm.

c. Drill a hole along the central long axis of the specimen to the depth of the probe device
utilized.

2. Testing

a. After placing the probe inside the hole, ensure the probe is fully embedded with the
specimen.

b. Connect the heating probe to the reading device and annotate the test.

c. Conduct several tests (more than five) for each specimen condition with sufficient time
spacing between the heating phases to ensure the specimen has reached an equilibrium
state

d. Rerun the test with the specimens of each condition to obtain the thermal conductivity
values per moisture condition. During the test, a temperature of 73+3°F (234£2°C) and a
relative humidity of 50+4 percent should be maintained.
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F. Standard Method of Test for Coefficient of Thermal Expansion of Hydraulic Cement
Concrete (AASHTO T 336)

1.

2.

Preparation

a. To prepare specimen mold, cut off equal parts on polar ends of cylindrical concrete

specimen to obtain a length of 117.8+2.54 mm (7.0£0.1 inch)

b. Condition specimens to limewater mix tank of 23+2°C (73+4°F) and ensure within a

24-hour period the specimen has an increase of mass by 0.5 percent.

Testing

a. After preparing the specimens, perform CTE testing on concrete cylinders that were

subjected to a uniform increase from 50-122°F (10-50°C) and a decrease of 50—122°F
(10-50°C) in temperature.

Measure the change in length of the specimen in millimeters as the heating and cooling
cycles occur; the average change in length of the concrete specimen per unit change in
temperature is the resulting CTE.

IVV. Maintenance

This list should serve as a guideline for when the mechanical and thermal properties of concrete
mixtures should be re-evaluated:

orwpdPE

Field cores taken for performance evaluation and remaining design life prediction.
Concrete mixtures with new admixtures.

Concrete mixtures with any recycled materials.

Concrete mixtures that use limestone as an aggregate source.

Concrete mixtures in pavements that failed to reach the design life.

If the measured properties don’t meet the following criteria, the mixtures should be re-tested until
the GDOT engineer approves the lab results:

agkrownE

Compressive strength > 4000 psi

Modulus of elasticity < 5,500 ksi

Modulus of rupture > 600 psi for Class 1 and > 700 psi for Class 2 mixtures, respectively.
Coefficient of Thermal Expansion < 5.5 microstrain/°F

Thermal conductivity > 1.0 BTU/hr-ft-°F
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	EXECUTIVE SUMMARY  
	This study batched, tested, and analyzed 12 GDOT-approved concrete mixtures for compressive strength, modulus of rupture (MOR), modulus of elasticity (MOE), Poisson’s ratio, coefficient of thermal expansion (CTE), thermal conductivity, heat capacity, and shrinkage. The 12 mixtures varied in cement content, fly ash percentage, water-to-cement ratio (w/cm), coarse aggregate (CA) type, CA fraction, and air content. The impacts these different mixture variables had on the concrete’s material properties are anal
	MECHANICAL PROPERTY CONCLUSIONS 
	Major findings from the experimental investigation specific to the mechanical properties of the concrete mixtures investigated in this study include: 
	• Compressive strength values ranged from 4,140 psi (28.5 MPa) to 6,650 psi (45.9 MPa) at 28 days of age. Factors influencing compressive strength were w/cm, air content, fly ash replacement, CA type, and CA fraction. It was concluded that higher w/cm and higher air contents had similar effects of lowering concrete compressive strength. Fly ash was found to have no effect on the initial strength of concrete, but it led to higher 90-day strengths when compared to mixtures without fly ash. Granite led to high
	• Compressive strength values ranged from 4,140 psi (28.5 MPa) to 6,650 psi (45.9 MPa) at 28 days of age. Factors influencing compressive strength were w/cm, air content, fly ash replacement, CA type, and CA fraction. It was concluded that higher w/cm and higher air contents had similar effects of lowering concrete compressive strength. Fly ash was found to have no effect on the initial strength of concrete, but it led to higher 90-day strengths when compared to mixtures without fly ash. Granite led to high
	• Compressive strength values ranged from 4,140 psi (28.5 MPa) to 6,650 psi (45.9 MPa) at 28 days of age. Factors influencing compressive strength were w/cm, air content, fly ash replacement, CA type, and CA fraction. It was concluded that higher w/cm and higher air contents had similar effects of lowering concrete compressive strength. Fly ash was found to have no effect on the initial strength of concrete, but it led to higher 90-day strengths when compared to mixtures without fly ash. Granite led to high


	than dolomite mixtures, despite being less angular. Finally, lower CA fractions led to lower compressive strengths. 
	than dolomite mixtures, despite being less angular. Finally, lower CA fractions led to lower compressive strengths. 
	than dolomite mixtures, despite being less angular. Finally, lower CA fractions led to lower compressive strengths. 

	• Modulus of elasticity 28-day measured values ranged from 3,150 to 6,400 ksi (21.7 to 44.1 GPa). Factors influencing MOE were w/cm, fly ash replacement, and CA type. Higher w/cm led to lower MOE values, similar to the compressive strength results. Fly ash was found to lower the MOE in the resulting mixtures by around 1,000 ksi (6.9 GPa). The use of dolomite instead of granite was determined to have the largest effect on MOE. Mixtures using dolomite achieved MOE values around 2,000 ksi (13.8 GPa) higher tha
	• Modulus of elasticity 28-day measured values ranged from 3,150 to 6,400 ksi (21.7 to 44.1 GPa). Factors influencing MOE were w/cm, fly ash replacement, and CA type. Higher w/cm led to lower MOE values, similar to the compressive strength results. Fly ash was found to lower the MOE in the resulting mixtures by around 1,000 ksi (6.9 GPa). The use of dolomite instead of granite was determined to have the largest effect on MOE. Mixtures using dolomite achieved MOE values around 2,000 ksi (13.8 GPa) higher tha

	• Poisson’s ratio did not vary much across mixtures. Mixtures using dolomite, however, resulted in higher values for Poisson’s ratio. 
	• Poisson’s ratio did not vary much across mixtures. Mixtures using dolomite, however, resulted in higher values for Poisson’s ratio. 

	• A linear relationship between 3×4×16-inch (76.2×101.6×406.4-mm) and 6×6×22-inch (152.4×152.4×558.8-mm) modulus of rupture beams was established with an R2 of 0.79. The equation relating large beams and small beams is 6×6×22-inch 𝑀𝑂𝑅(𝑝𝑠𝑖)=0.5439(3×4×16-inch 𝑀𝑂𝑅)+246.9.  
	• A linear relationship between 3×4×16-inch (76.2×101.6×406.4-mm) and 6×6×22-inch (152.4×152.4×558.8-mm) modulus of rupture beams was established with an R2 of 0.79. The equation relating large beams and small beams is 6×6×22-inch 𝑀𝑂𝑅(𝑝𝑠𝑖)=0.5439(3×4×16-inch 𝑀𝑂𝑅)+246.9.  

	• MOR values at 28 days ranged from 620 to 805 psi (4.3 to 5.6 MPa). Air content was determined to have the largest effect on the resulting MOR values. Higher air contents resulted in lower MOR values. 
	• MOR values at 28 days ranged from 620 to 805 psi (4.3 to 5.6 MPa). Air content was determined to have the largest effect on the resulting MOR values. Higher air contents resulted in lower MOR values. 


	THERMAL PROPERTY CONCLUSIONS 
	Major findings from the experimental investigation specific to the thermal properties of the concrete mixtures investigated in this study include: 
	 
	• Aggregate type was identified as the leading factor contributing to the CTE values. Concrete mixtures containing the dolomite aggregate type resulted in relatively higher CTE values than similar mixtures containing granite aggregate type. 
	• Aggregate type was identified as the leading factor contributing to the CTE values. Concrete mixtures containing the dolomite aggregate type resulted in relatively higher CTE values than similar mixtures containing granite aggregate type. 
	• Aggregate type was identified as the leading factor contributing to the CTE values. Concrete mixtures containing the dolomite aggregate type resulted in relatively higher CTE values than similar mixtures containing granite aggregate type. 

	• Shrinkage specimens were observed to experience an initial growth during the first 28 days of age, followed by shrinkage at later days of age. Water-to-cement ratio exhibited the largest effect on shrinkage results. A higher w/cm led to increased shrinkage values. 
	• Shrinkage specimens were observed to experience an initial growth during the first 28 days of age, followed by shrinkage at later days of age. Water-to-cement ratio exhibited the largest effect on shrinkage results. A higher w/cm led to increased shrinkage values. 

	• The density of the concrete mixture impacts the thermal property significantly. A higher density results in a higher thermal conductivity value. Moisture also plays an important role in thermal conductivity test values; specimens with a higher moisture content resulted in a higher thermal conductivity value. Similar to CTE, mixtures containing the dolomite aggregate type exhibited higher thermal conductivity values than similar mixtures containing granite. 
	• The density of the concrete mixture impacts the thermal property significantly. A higher density results in a higher thermal conductivity value. Moisture also plays an important role in thermal conductivity test values; specimens with a higher moisture content resulted in a higher thermal conductivity value. Similar to CTE, mixtures containing the dolomite aggregate type exhibited higher thermal conductivity values than similar mixtures containing granite. 

	• A relationship between CTE and thermal conductivity was established. It is attributed to concrete mixtures with lower thermal conductivity values serving as a better thermal buffer than mixtures with high thermal conductivity test results. This relationship can be utilized to estimate a thermal conductivity value from CTE value when a lab-tested thermal conductivity value is not readily available for the Mechanistic–Empirical Pavement Design Guide (MEPDG). 
	• A relationship between CTE and thermal conductivity was established. It is attributed to concrete mixtures with lower thermal conductivity values serving as a better thermal buffer than mixtures with high thermal conductivity test results. This relationship can be utilized to estimate a thermal conductivity value from CTE value when a lab-tested thermal conductivity value is not readily available for the Mechanistic–Empirical Pavement Design Guide (MEPDG). 

	• During the sensitivity analyses, CTE demonstrated itself to be the most critical thermal property for all pavement predictions in regard to the Pavement ME Design. 
	• During the sensitivity analyses, CTE demonstrated itself to be the most critical thermal property for all pavement predictions in regard to the Pavement ME Design. 


	PAVEMENT PERFORMANCE ANALYSIS  
	Major findings from the pavement performance and sensitivity analysis conducted within this study include: 
	• Jointed plain concrete pavement (JPCP) displayed sensitivity to MOR, compressive strength, unit weight, and Poisson’s ratio. MOR and compressive strength were found to be critical inputs for percent slabs cracked and international roughness index (IRI). Unit weight and Poisson’s ratio were found to be critical for predicting mean joint faulting. 
	• Jointed plain concrete pavement (JPCP) displayed sensitivity to MOR, compressive strength, unit weight, and Poisson’s ratio. MOR and compressive strength were found to be critical inputs for percent slabs cracked and international roughness index (IRI). Unit weight and Poisson’s ratio were found to be critical for predicting mean joint faulting. 
	• Jointed plain concrete pavement (JPCP) displayed sensitivity to MOR, compressive strength, unit weight, and Poisson’s ratio. MOR and compressive strength were found to be critical inputs for percent slabs cracked and international roughness index (IRI). Unit weight and Poisson’s ratio were found to be critical for predicting mean joint faulting. 

	• JPCP displayed sensitivity to MOE at levels 1 and 3. MOE values over 5,500 ksi (39.7 GPa) predicted a drastic increase of distresses. 
	• JPCP displayed sensitivity to MOE at levels 1 and 3. MOE values over 5,500 ksi (39.7 GPa) predicted a drastic increase of distresses. 

	• Continuous reinforced concrete pavement (CRCP) displayed sensitivity to MOR and compressive strength only. These two inputs were found to be critical in predicting punchout and IRI.  
	• Continuous reinforced concrete pavement (CRCP) displayed sensitivity to MOR and compressive strength only. These two inputs were found to be critical in predicting punchout and IRI.  

	• CTE and thermal conductivity were discovered to be controlling properties in mean joint faulting prediction. An increase in CTE resulted in an increase in mean joint faulting, while a decrease in thermal conductivity resulted in an increase in mean joint faulting. This is attributed to concrete mixtures with a lower thermal conductivity acting as a better insulator. Unit weight is also an important factor affecting mean joint faulting. This is most likely attributed to lower unit weight mixtures allowing 
	• CTE and thermal conductivity were discovered to be controlling properties in mean joint faulting prediction. An increase in CTE resulted in an increase in mean joint faulting, while a decrease in thermal conductivity resulted in an increase in mean joint faulting. This is attributed to concrete mixtures with a lower thermal conductivity acting as a better insulator. Unit weight is also an important factor affecting mean joint faulting. This is most likely attributed to lower unit weight mixtures allowing 

	• CTE and MOR were identified as the key factors affecting terminal IRI. An increase in CTE resulted in an increase in terminal IRI, while an increase in MOR resulted in a lower terminal IRI.  
	• CTE and MOR were identified as the key factors affecting terminal IRI. An increase in CTE resulted in an increase in terminal IRI, while an increase in MOR resulted in a lower terminal IRI.  

	• CTE and MOR played a major role in the performance prediction of transverse cracking. An increase in CTE resulted in more transverse cracking, while a higher MOR resulted in less transverse cracking. The PCC layer thickness was also identified as an important factor in JPCP structures in terms of cracking.  
	• CTE and MOR played a major role in the performance prediction of transverse cracking. An increase in CTE resulted in more transverse cracking, while a higher MOR resulted in less transverse cracking. The PCC layer thickness was also identified as an important factor in JPCP structures in terms of cracking.  


	• It should be noted that the design thickness of JPCP does not always increase as the input level goes from 1 to 3. Instead, material properties such as 𝑓𝑐′, MOR, MOE, and CTE significantly affect the thickness design. While level 1 and 3 analyses require the measured MOE as an input value, level 2 estimates the MOE from measured 𝑓𝑐′.  
	• It should be noted that the design thickness of JPCP does not always increase as the input level goes from 1 to 3. Instead, material properties such as 𝑓𝑐′, MOR, MOE, and CTE significantly affect the thickness design. While level 1 and 3 analyses require the measured MOE as an input value, level 2 estimates the MOE from measured 𝑓𝑐′.  
	• It should be noted that the design thickness of JPCP does not always increase as the input level goes from 1 to 3. Instead, material properties such as 𝑓𝑐′, MOR, MOE, and CTE significantly affect the thickness design. While level 1 and 3 analyses require the measured MOE as an input value, level 2 estimates the MOE from measured 𝑓𝑐′.  

	• Initially, the decrease of slab cracking was expected as MOE increases. However, an MOE greater than 5,500 ksi (39.7 GPa) was prone to predict significant percent slab cracking. Thus, caution should be taken when a level 2 input with over 5,500 ksi MOE value is utilized.  
	• Initially, the decrease of slab cracking was expected as MOE increases. However, an MOE greater than 5,500 ksi (39.7 GPa) was prone to predict significant percent slab cracking. Thus, caution should be taken when a level 2 input with over 5,500 ksi MOE value is utilized.  


	  
	CHAPTER 1. INTRODUCTION  
	Traditionally, pavement structures have been designed using equations and design guides formulated from empirical testing. Empirical testing is a method of gaining knowledge from observed failure. The American Association of State and Highway Transportation Officials (AASHTO) first developed these empirical design methods by observing a section of roadway constructed in Illinois in the late 1950s. Historically, the Georgia Department of Transportation (GDOT) has used these guides, specifically the AASHTO 19
	GDOT plans to implement the MEPDG for future critical pavement designs in Georgia. In order to fully incorporate the MEPDG, the development of a material database is necessary. This study aims to develop a concrete materials database for reliable rigid pavement design for GDOT. This includes producing, testing, and analyzing concrete mixtures for compressive strength (𝑓𝑐′), modulus of elasticity (MOE), modulus of rupture (MOR), coefficient of thermal expansion (CTE), thermal conductivity, and ultimate shr
	properties were varied for this study: water-to-cement ratio (w/cm), cementitious content, fly ash content, coarse aggregate (CA) type, coarse aggregate volume fraction, and air content. The variation of these mixture variables creates a wide variety of mixtures that will be included in the database. To ensure these mixtures satisfy GDOT requirements, GDOT-approved mixtures are selected for batching and testing. 
	Additionally, this study investigates which material properties have the most significant impact on rigid pavements. Sensitivity analysis is performed for input levels 1, 2, and 3 for both jointed plain concrete pavement (JPCP) and continuous reinforced concrete pavement (CRCP). Level 3 designs require the least amount of input and, therefore, provide preliminary insight into how sensitive predicted distresses are to each mechanical and thermal property. The results from the input levels are compared and us
	CHAPTER 2. LITERATURE REVIEW 
	TYPES OF RIGID PAVEMENT 
	Pavement structures are typically classified as either flexible pavements, which are road structures constructed using asphaltic materials, or rigid pavements, which are constructed from concrete. Rigid pavements are classified as being either: (1) continuous reinforced concrete pavement, (2) jointed plain concrete pavement, or (3) jointed reinforced concrete pavement (JRCP). This section provides an overview of the design methodology for CRCP and JPCP as it relates to the development of a material input li
	CRCP Overview 
	CRCP is a type of rigid pavement that is typically used for interstate applications where high traffic loads are expected. Reinforcing steel is placed throughout the slab width and length, providing continuous reinforcement. These steel bars are spaced relatively close together to help provide support for transverse cracks, as well as to effectively limit the width of cracks as they form. Images of CRCP construction are shown in 
	CRCP is a type of rigid pavement that is typically used for interstate applications where high traffic loads are expected. Reinforcing steel is placed throughout the slab width and length, providing continuous reinforcement. These steel bars are spaced relatively close together to help provide support for transverse cracks, as well as to effectively limit the width of cracks as they form. Images of CRCP construction are shown in 
	figure 1
	figure 1

	 and 
	figure 2
	figure 2

	. 

	CRCP is expected to develop cracks very early in its life. These cracks are caused by the stresses associated with restricting concrete expansion. The concrete’s tensile strength is often not high enough to resist these strains, thus transverse cracking occurs (
	CRCP is expected to develop cracks very early in its life. These cracks are caused by the stresses associated with restricting concrete expansion. The concrete’s tensile strength is often not high enough to resist these strains, thus transverse cracking occurs (
	Advanced Concrete Pavement Technology 2012
	Advanced Concrete Pavement Technology 2012

	). 
	Figure 3
	Figure 3

	 illustrates narrowly spaced transverse cracking, which is the common cracking associated with CRCPs. 

	 
	Figure
	Figure 1. Photo. Longitudinal bars in CRCP. (
	Figure 1. Photo. Longitudinal bars in CRCP. (
	Advanced Concrete Pavement Technology 2012
	Advanced Concrete Pavement Technology 2012

	) 

	 
	Figure
	Figure 2. Photo. CRCP in construction. (
	Figure 2. Photo. CRCP in construction. (
	Federal Highway Administration 2016
	Federal Highway Administration 2016

	) 

	 
	Figure
	Figure 3. Diagram. Transverse cracking in CRCP. (
	Figure 3. Diagram. Transverse cracking in CRCP. (
	Advanced Concrete Pavement Technology 2012
	Advanced Concrete Pavement Technology 2012

	) 

	Due to the expected cracking in CRCP, it is important to place longitudinal steel reinforcement high enough in the cross section to provide adequate load transfer across the cracks. The Federal Highway Administration (FHWA) recommends the bars be placed between 1/3 and 1/2 the pavement depth with a minimum depth of 3.5 inch (88.9 mm) (
	Due to the expected cracking in CRCP, it is important to place longitudinal steel reinforcement high enough in the cross section to provide adequate load transfer across the cracks. The Federal Highway Administration (FHWA) recommends the bars be placed between 1/3 and 1/2 the pavement depth with a minimum depth of 3.5 inch (88.9 mm) (
	FHWA 2016
	FHWA 2016

	).  

	In Georgia, typical CRCP layers include an 11.0–12.0-inch (279.4–304.8-mm) slab placed over a 3-inch (76.2-mm) asphalt concrete (AC) bond breaker layer, and a minimum 8.0-inch (203.2-mm) thick graded aggregate base (GAB) layer. 
	In Georgia, typical CRCP layers include an 11.0–12.0-inch (279.4–304.8-mm) slab placed over a 3-inch (76.2-mm) asphalt concrete (AC) bond breaker layer, and a minimum 8.0-inch (203.2-mm) thick graded aggregate base (GAB) layer. 
	Figure 4
	Figure 4

	 illustrates this design configuration. Typical steel reinforcement includes a #6 reinforcing bar in the longitudinal direction with a #4 reinforcing bar in the transverse direction to support the longitudinal steel. Steel is placed between 3.50 and 4.25 inch (88.90 to 107.95 mm) below the slab surface to ensure adequate cover while preventing cracks from widening (
	Tsai and Wang 2014
	Tsai and Wang 2014

	).  

	 
	Figure
	Figure 4. Diagram. Typical CRCP layers. (
	Figure 4. Diagram. Typical CRCP layers. (
	Tsai and Wang 2014
	Tsai and Wang 2014

	) 

	There are advantages and disadvantages to using CRCPs. CRCPs, if installed correctly, are virtually maintenance free and have a service life that well exceeds its design life. CRCP sections in California have performed for over 60 years (
	There are advantages and disadvantages to using CRCPs. CRCPs, if installed correctly, are virtually maintenance free and have a service life that well exceeds its design life. CRCP sections in California have performed for over 60 years (
	Advanced Concrete Pavement Technology 2012
	Advanced Concrete Pavement Technology 2012

	). Typically, “CRCP sections can be expected to provide over 40 years of exceptional performance with minimal maintenance when properly designed and constructed” (
	FHWA 2016
	FHWA 2016

	). This pavement type maintains its initial smoothness over its design life. 
	Willis et al. (2015
	Willis et al. (2015

	) outline how rolling resistance increases when pavements are rougher. Rolling resistance is defined as “the mechanical energy converted into heat by a tire moving a unit distance of roadway” (
	Schuring 1977
	Schuring 1977

	). Rolling resistance contributes to fuel efficiency in cars, and the road smoothness may lower gas consumption by as much as 4.5 percent (
	Willis et al. 2015
	Willis et al. 2015

	). Concrete surfaces have the smoothest surfaces with the least amount of rolling resistance. Further, concrete surfaces are maintained longer due to the durability of CRCP. Lastly, CRCP has the lowest life-cycle costs, providing for the most cost-effective pavement when subjected to large loads over its service life. The disadvantages of CRCP include high initial costs, complex construction, and potential threats of punchout distress. 

	JPCP Overview 
	JPCP is a type of rigid pavement without steel reinforcement that is jointed at relatively short intervals, i.e., 10–20 ft (3–6 m), with the option of placing a dowel bar between transverse joints to allow for improved load transfer. In addition, tie bars are used between longitudinal joints (
	JPCP is a type of rigid pavement without steel reinforcement that is jointed at relatively short intervals, i.e., 10–20 ft (3–6 m), with the option of placing a dowel bar between transverse joints to allow for improved load transfer. In addition, tie bars are used between longitudinal joints (
	Caltrans 2015
	Caltrans 2015

	). A schematic of a typical JPCP design is shown in 
	figure 5
	figure 5

	. 

	 
	Figure
	Figure 5. Diagram. JPCP typical layout. (
	Figure 5. Diagram. JPCP typical layout. (
	Caltrans 2015
	Caltrans 2015

	) 

	The advantages of JPCP include appearance, lower initial cost, and a simpler construction compared to its counterpart. One concern of CRCP is that citizens could interpret the closely spaced transverse cracks as a premature concrete failure (
	The advantages of JPCP include appearance, lower initial cost, and a simpler construction compared to its counterpart. One concern of CRCP is that citizens could interpret the closely spaced transverse cracks as a premature concrete failure (
	Chen and Texas Department of Transportation 2013
	Chen and Texas Department of Transportation 2013

	). With JPCP, the transverse cracks are replaced by predetermined joints so the pavement can appear better to the public. JPCP has a lower initial cost than CRCP since it does not utilize steel reinforcement throughout its cross section, with the exception of tie reinforcing bars between slabs. Further, JPCP provides for a more simplistic design than CRCP, allowing for easier and lower-cost construction. JPCP is often utilized in areas where the pavement approaches 

	structures or railways and where traffic loading is not as significant as that expected for CRCPs (
	structures or railways and where traffic loading is not as significant as that expected for CRCPs (
	Chen and Texas Department of Transportation 2013
	Chen and Texas Department of Transportation 2013

	). An image of JPCP during construction is shown in 
	figure 6
	figure 6

	. 
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	Figure 6. Photo. JPCP in construction. (
	Figure 6. Photo. JPCP in construction. (
	Chen and Texas Department of Transportation 2013
	Chen and Texas Department of Transportation 2013

	) 

	Failure Mechanisms and Performance Criteria 
	FHWA published a report discussing the distresses experienced by different pavement types (
	FHWA published a report discussing the distresses experienced by different pavement types (
	Miller and Bellinger 2014
	Miller and Bellinger 2014

	). The distress types that affect pavements and a brief description of each are summarized in 
	table 1
	table 1

	.  

	Table 1. Rigid pavement distress types. (
	Table 1. Rigid pavement distress types. (
	Miller and Bellinger 2014
	Miller and Bellinger 2014

	) 

	Distress Type 
	Distress Type 
	Distress Type 
	Distress Type 
	Distress Type 

	Unit of Measure 
	Unit of Measure 

	JPCP 
	JPCP 

	CRCP 
	CRCP 

	Description 
	Description 



	Corner Breaks 
	Corner Breaks 
	Corner Breaks 
	Corner Breaks 

	Number 
	Number 

	✓ 
	✓ 

	 
	 

	A portion of the slab is separated by a crack, which intersects the adjacent transverse and longitudinal joints, describing approximately a 45-degree angle with the direction of traffic. The length of the sides is from 0.3 m to half the width of the slab on each side of the corner. 
	A portion of the slab is separated by a crack, which intersects the adjacent transverse and longitudinal joints, describing approximately a 45-degree angle with the direction of traffic. The length of the sides is from 0.3 m to half the width of the slab on each side of the corner. 


	Durability (“D” Cracking) 
	Durability (“D” Cracking) 
	Durability (“D” Cracking) 

	Number of slabs, Area affected 
	Number of slabs, Area affected 

	✓ 
	✓ 

	✓ 
	✓ 

	Closely spaced crescent-shaped hairline cracking pattern. Occurs adjacent to joints, cracks, or free edges. Initiates at the intersection (e.g., cracks and a free edge). Dark coloring of the cracking pattern and surrounding area. 
	Closely spaced crescent-shaped hairline cracking pattern. Occurs adjacent to joints, cracks, or free edges. Initiates at the intersection (e.g., cracks and a free edge). Dark coloring of the cracking pattern and surrounding area. 


	Longitudinal Cracking 
	Longitudinal Cracking 
	Longitudinal Cracking 

	Number, Width 
	Number, Width 

	✓ 
	✓ 

	✓ 
	✓ 

	Cracks that are predominantly parallel to the pavement centerline. 
	Cracks that are predominantly parallel to the pavement centerline. 


	Transverse Cracking 
	Transverse Cracking 
	Transverse Cracking 

	Number, Width 
	Number, Width 

	✓ 
	✓ 

	✓ 
	✓ 

	Cracks that are predominantly perpendicular to the pavement centerline. This cracking is expected in a properly functioning CRCP. All transverse cracks that intersect an imaginary longitudinal line at mid-lane and propagate from the pavement edges (centerline joint or the edge joint) shall be counted as individual cracks. Cracks that do not cross the mid-lane are not counted. 
	Cracks that are predominantly perpendicular to the pavement centerline. This cracking is expected in a properly functioning CRCP. All transverse cracks that intersect an imaginary longitudinal line at mid-lane and propagate from the pavement edges (centerline joint or the edge joint) shall be counted as individual cracks. Cracks that do not cross the mid-lane are not counted. 


	Transverse Joint Seal Damage 
	Transverse Joint Seal Damage 
	Transverse Joint Seal Damage 

	Percent of joint 
	Percent of joint 

	✓ 
	✓ 

	 
	 

	Joint seal damage is any condition that enables incompressible materials or a significant amount of water to infiltrate into the joint from the surface. Typical types of joint seal damage include extrusion, hardening, adhesive failure (bonding), cohesive failure (splitting), or complete loss of sealant. 
	Joint seal damage is any condition that enables incompressible materials or a significant amount of water to infiltrate into the joint from the surface. Typical types of joint seal damage include extrusion, hardening, adhesive failure (bonding), cohesive failure (splitting), or complete loss of sealant. 


	Longitudinal Joint Seal Damage 
	Longitudinal Joint Seal Damage 
	Longitudinal Joint Seal Damage 

	Number, Length 
	Number, Length 

	✓ 
	✓ 

	✓ 
	✓ 

	Joint seal damage is any condition that enables incompressible materials or a significant amount of water to infiltrate into the joint from the surface. Typical types of joint seal damage include extrusion, hardening, adhesive failure (bonding), cohesive failure (splitting), or complete loss of sealant. 
	Joint seal damage is any condition that enables incompressible materials or a significant amount of water to infiltrate into the joint from the surface. Typical types of joint seal damage include extrusion, hardening, adhesive failure (bonding), cohesive failure (splitting), or complete loss of sealant. 


	Spalling of Longitudinal Joints 
	Spalling of Longitudinal Joints 
	Spalling of Longitudinal Joints 

	Number, Width 
	Number, Width 

	✓ 
	✓ 

	✓ 
	✓ 

	Cracking, breaking, chipping, or fraying of slab edges within 0.3 m of the longitudinal joint. 
	Cracking, breaking, chipping, or fraying of slab edges within 0.3 m of the longitudinal joint. 


	Transverse Construction Joint Deterioration 
	Transverse Construction Joint Deterioration 
	Transverse Construction Joint Deterioration 

	Number 
	Number 

	 
	 

	✓ 
	✓ 

	A series of closely spaced transverse cracks or a large number of interconnecting cracks occurring near the construction joint. 
	A series of closely spaced transverse cracks or a large number of interconnecting cracks occurring near the construction joint. 


	Spalling of Transverse Joints 
	Spalling of Transverse Joints 
	Spalling of Transverse Joints 

	Number, Width 
	Number, Width 

	✓ 
	✓ 

	 
	 

	Cracking, breaking, chipping, or fraying of slab edges within 0.3 m from the face of the transverse joint. 
	Cracking, breaking, chipping, or fraying of slab edges within 0.3 m from the face of the transverse joint. 




	Distress Type 
	Distress Type 
	Distress Type 
	Distress Type 
	Distress Type 

	Unit of Measure 
	Unit of Measure 

	JPCP 
	JPCP 

	CRCP 
	CRCP 

	Description 
	Description 



	Map Cracking 
	Map Cracking 
	Map Cracking 
	Map Cracking 

	Number, Area affected 
	Number, Area affected 

	✓ 
	✓ 

	✓ 
	✓ 

	A series of cracks that extend only into the upper surface of the slab. Larger cracks frequently are oriented in the longitudinal direction of the pavement and are interconnected by finer transverse or random cracks 
	A series of cracks that extend only into the upper surface of the slab. Larger cracks frequently are oriented in the longitudinal direction of the pavement and are interconnected by finer transverse or random cracks 


	Scaling 
	Scaling 
	Scaling 

	Number, Area affected 
	Number, Area affected 

	✓ 
	✓ 

	✓ 
	✓ 

	Scaling is the deterioration of the upper concrete slab surface, normally 3 to 13 mm, and may occur anywhere over the pavement. 
	Scaling is the deterioration of the upper concrete slab surface, normally 3 to 13 mm, and may occur anywhere over the pavement. 


	Polished Aggregate 
	Polished Aggregate 
	Polished Aggregate 

	Area affected 
	Area affected 

	✓ 
	✓ 

	✓ 
	✓ 

	Surface mortar and texturing worn away to expose coarse aggregate. 
	Surface mortar and texturing worn away to expose coarse aggregate. 


	Popouts 
	Popouts 
	Popouts 

	Not measured 
	Not measured 

	✓ 
	✓ 

	✓ 
	✓ 

	Small pieces of pavement broken loose from the surface, normally ranging in diameter from 25 to 100 mm and in depth from 13 to 50 mm. 
	Small pieces of pavement broken loose from the surface, normally ranging in diameter from 25 to 100 mm and in depth from 13 to 50 mm. 


	Blowups 
	Blowups 
	Blowups 

	Number 
	Number 

	✓ 
	✓ 

	✓ 
	✓ 

	Localized upward movement of the pavement surface at transverse joints or cracks; often accompanied by shattering of the concrete in that area. 
	Localized upward movement of the pavement surface at transverse joints or cracks; often accompanied by shattering of the concrete in that area. 


	Faulting of Transverse Joints and Cracks 
	Faulting of Transverse Joints and Cracks 
	Faulting of Transverse Joints and Cracks 

	Depth 
	Depth 

	✓ 
	✓ 

	✓ 
	✓ 

	Difference in elevation across a joint or crack. 
	Difference in elevation across a joint or crack. 


	Lane-to-Shoulder Dropoff 
	Lane-to-Shoulder Dropoff 
	Lane-to-Shoulder Dropoff 

	Depth 
	Depth 

	✓ 
	✓ 

	✓ 
	✓ 

	Difference in elevation between the edge of slab and outside shoulder; typically occurs when the outside shoulder settles. 
	Difference in elevation between the edge of slab and outside shoulder; typically occurs when the outside shoulder settles. 


	Lane-to-Shoulder Separation 
	Lane-to-Shoulder Separation 
	Lane-to-Shoulder Separation 

	Width 
	Width 

	✓ 
	✓ 

	✓ 
	✓ 

	Widening of the joint between the edge of the slab and the shoulder. 
	Widening of the joint between the edge of the slab and the shoulder. 


	Patch Deterioration 
	Patch Deterioration 
	Patch Deterioration 

	Number, Area affected 
	Number, Area affected 

	✓ 
	✓ 

	✓ 
	✓ 

	A portion greater than or equal to 0.1 m2 or all of an original concrete panel that has been removed and replaced or additional material applied to the pavement after original construction. 
	A portion greater than or equal to 0.1 m2 or all of an original concrete panel that has been removed and replaced or additional material applied to the pavement after original construction. 


	Water Bleeding and Pumping 
	Water Bleeding and Pumping 
	Water Bleeding and Pumping 

	Number, Length affected 
	Number, Length affected 

	✓ 
	✓ 

	✓ 
	✓ 

	Seeping or ejection of water from beneath the pavement through cracks or joints. In some cases, it is detectable by deposits of fine material left on the pavement surface, which were eroded (pumped) from the support layers and have stained the surface. 
	Seeping or ejection of water from beneath the pavement through cracks or joints. In some cases, it is detectable by deposits of fine material left on the pavement surface, which were eroded (pumped) from the support layers and have stained the surface. 


	Punchout 
	Punchout 
	Punchout 

	Number 
	Number 

	 
	 

	✓ 
	✓ 

	The area enclosed by two closely spaced (usually <0.6 m) transverse cracks, a short longitudinal crack, and the edge of the pavement or a longitudinal joint. Also includes “Y” cracks that exhibit spalling, breakup, or faulting. An area that is enclosed by two distressed transverse cracks that are spaced between 0.6 m and 1 m, a short longitudinal crack, and the edge of the pavement or a longitudinal joint is also considered a punchout. 
	The area enclosed by two closely spaced (usually <0.6 m) transverse cracks, a short longitudinal crack, and the edge of the pavement or a longitudinal joint. Also includes “Y” cracks that exhibit spalling, breakup, or faulting. An area that is enclosed by two distressed transverse cracks that are spaced between 0.6 m and 1 m, a short longitudinal crack, and the edge of the pavement or a longitudinal joint is also considered a punchout. 




	The two primary performance criteria addressed in the AASHTOWare Pavement ME Design for CRCP are punchout and international roughness index (IRI). Punchout and IRI are used as the main design criteria because they represent conditions that would incite a major rehabilitation or reconstruction of the pavement (
	The two primary performance criteria addressed in the AASHTOWare Pavement ME Design for CRCP are punchout and international roughness index (IRI). Punchout and IRI are used as the main design criteria because they represent conditions that would incite a major rehabilitation or reconstruction of the pavement (
	ARA 2015
	ARA 2015

	). While punchout and IRI are the main design criteria for CRCP, the other distresses listed in 
	table 1
	table 1

	 will still incite needed maintenance over the pavement’s life. Punchout is a localized failure where a slab portion is broken into several pieces (
	Pavement Interactive
	Pavement Interactive

	 n.d.), which occurs when a longitudinal crack connects two transverse cracks, as shown in 
	figure 7
	figure 7

	. 

	 
	Figure
	Figure 7. Photo. Example of punchout. (
	Figure 7. Photo. Example of punchout. (
	Pavement Interactive
	Pavement Interactive

	 n.d.) 

	IRI is a standard measure of pavement roughness, which is interpreted as the smoothness of the pavement bearing surface (
	IRI is a standard measure of pavement roughness, which is interpreted as the smoothness of the pavement bearing surface (
	Pavement Interactive 2001
	Pavement Interactive 2001

	). For JPCP designs, the amount of faulting and percent slabs cracked are important failure criteria. The GDOT Pavement ME Design User Input Guide has specified threshold values for these failure criteria, which are specifically 

	checked by Pavement ME Design. The threshold values are shown in 
	checked by Pavement ME Design. The threshold values are shown in 
	table 2
	table 2

	, 
	table 3
	table 3

	, 
	table 4
	table 4

	, and 
	table 5
	table 5

	. 

	Table 2. Initial IRI values. (
	Table 2. Initial IRI values. (
	ARA 2015
	ARA 2015

	) 

	Type of Pavement 
	Type of Pavement 
	Type of Pavement 
	Type of Pavement 
	Type of Pavement 

	Type of Wearing Surface 
	Type of Wearing Surface 

	Initial IRI Rating, in./mi 
	Initial IRI Rating, in./mi 



	Rigid 
	Rigid 
	Rigid 
	Rigid 

	JPCP 
	JPCP 

	64 
	64 


	TR
	CRCP 
	CRCP 

	50 
	50 


	 
	 
	 




	Table 3. Terminal IRI values. (
	Table 3. Terminal IRI values. (
	ARA 2015
	ARA 2015

	) 

	Roadway Typea 
	Roadway Typea 
	Roadway Typea 
	Roadway Typea 
	Roadway Typea 

	Pavement Type 
	Pavement Type 



	TBody
	TR
	JPCP 
	JPCP 

	CRCP 
	CRCP 


	TR
	IRI Rating, in./mi 
	IRI Rating, in./mi 

	IRI Rating, in./mi 
	IRI Rating, in./mi 


	Non-Interstate Route 
	Non-Interstate Route 
	Non-Interstate Route 

	2-Lane, State 
	2-Lane, State 

	220 
	220 

	175 
	175 


	TR
	4-Lane Roadway 
	4-Lane Roadway 

	175 
	175 

	175 
	175 


	Interstate Route 
	Interstate Route 
	Interstate Route 

	Rural & Urban 
	Rural & Urban 

	175 
	175 

	175 
	175 


	a Number of lanes are in both directions. 
	a Number of lanes are in both directions. 
	a Number of lanes are in both directions. 




	Table 4. JPCP threshold values. (
	Table 4. JPCP threshold values. (
	ARA 2015
	ARA 2015

	) 

	Roadway Typea 
	Roadway Typea 
	Roadway Typea 
	Roadway Typea 
	Roadway Typea 

	Performance Indicator 
	Performance Indicator 



	TBody
	TR
	Faulting, in. 
	Faulting, in. 

	Slabs Cracked, % 
	Slabs Cracked, % 


	Non-Interstate 
	Non-Interstate 
	Non-Interstate 

	2-Lane, State Route 
	2-Lane, State Route 

	0.20 
	0.20 

	10.0 
	10.0 


	TR
	4-Lane Roadway 
	4-Lane Roadway 

	0.20 
	0.20 

	10.0 
	10.0 


	Interstate 
	Interstate 
	Interstate 

	Rural and Urban 
	Rural and Urban 

	0.125 
	0.125 

	10.0 
	10.0 


	a Number of lanes are in both directions. 
	a Number of lanes are in both directions. 
	a Number of lanes are in both directions. 




	Table 5. CRCP threshold values. (
	Table 5. CRCP threshold values. (
	ARA 2015
	ARA 2015

	) 

	Roadway Typea 
	Roadway Typea 
	Roadway Typea 
	Roadway Typea 
	Roadway Typea 

	Performance Indicator 
	Performance Indicator 



	TBody
	TR
	Number of Punchouts per Mile 
	Number of Punchouts per Mile 


	Non-Interstate 
	Non-Interstate 
	Non-Interstate 

	2-Lane, State Route 
	2-Lane, State Route 

	10 
	10 


	TR
	4-Lane Roadway 
	4-Lane Roadway 

	10 
	10 


	Interstate 
	Interstate 
	Interstate 

	Rural and Urban 
	Rural and Urban 

	5 
	5 


	a Number of lanes are in both directions. 
	a Number of lanes are in both directions. 
	a Number of lanes are in both directions. 




	HISTORY OF PAVEMENT DESIGN 
	The American Association of State Highway Officials (AASHO) was established on December 12, 1914, with the purpose to “study the various materials, methods of construction and maintenance, and other highway problems of the United States for the purpose of conserving the capital invested in highway construction and maintenance by producing the highest possible efficiency” (
	The American Association of State Highway Officials (AASHO) was established on December 12, 1914, with the purpose to “study the various materials, methods of construction and maintenance, and other highway problems of the United States for the purpose of conserving the capital invested in highway construction and maintenance by producing the highest possible efficiency” (
	Weingroff 2014
	Weingroff 2014

	). After its formation, AASHO discovered a growing need for factual data for resolving the problem of increasing traffic loadings’ impact on pavements (
	Highway Research Board 1962
	Highway Research Board 1962

	). In order to meet this demand, a large-scale pavement test was conducted and later became known as the AASHO Road Test. 

	The AASHO Road Test took place near Ottawa, Illinois, from 1958 through 1960. Tests consisted of constructing six test loops, where each segment consisted of a four-lane divided highway. A test section containing both flexible and rigid pavements was specified in each of these loops. Each test section had different pavement layers to help analyze the influence of different structural variables on pavement performance. Variables included surface thickness, base layer thickness, and subgrade thickness. A typi
	The AASHO Road Test took place near Ottawa, Illinois, from 1958 through 1960. Tests consisted of constructing six test loops, where each segment consisted of a four-lane divided highway. A test section containing both flexible and rigid pavements was specified in each of these loops. Each test section had different pavement layers to help analyze the influence of different structural variables on pavement performance. Variables included surface thickness, base layer thickness, and subgrade thickness. A typi
	figure 8
	figure 8

	. 

	 
	Figure
	Figure 8. Diagram. AASHO Road Test, loop 5. (
	Figure 8. Diagram. AASHO Road Test, loop 5. (
	Highway Research Board 1962
	Highway Research Board 1962

	) 

	Tests were conducted for 2 years with varying vehicle types consisting of different axle configurations and weights. These vehicles were routinely driven on the loop during the 25-month test period. A total accumulation of 1,114,000 axle-load applications was obtained by driving either four, six, or eight vehicles in each lane of the test loops. Typical test vehicles and axle configuration for each loop are listed in 
	Tests were conducted for 2 years with varying vehicle types consisting of different axle configurations and weights. These vehicles were routinely driven on the loop during the 25-month test period. A total accumulation of 1,114,000 axle-load applications was obtained by driving either four, six, or eight vehicles in each lane of the test loops. Typical test vehicles and axle configuration for each loop are listed in 
	table 6
	table 6

	.  

	Table 6. AASHO Road Test axle configurations. (
	Table 6. AASHO Road Test axle configurations. (
	Highway Research Board 1962
	Highway Research Board 1962

	) 

	Loop 
	Loop 
	Loop 
	Loop 
	Loop 

	Lane 
	Lane 

	Total Number of Axles 
	Total Number of Axles 

	Front Axle (lb) 
	Front Axle (lb) 

	Load Axle Type 
	Load Axle Type 

	Load Axle (lb) 
	Load Axle (lb) 

	Gross Weight (lb) 
	Gross Weight (lb) 



	2 
	2 
	2 
	2 

	1 
	1 

	2-axle 
	2-axle 

	2,000 
	2,000 

	Single 
	Single 

	2,000 
	2,000 

	4,000 
	4,000 


	TR
	2 
	2 

	2-axle 
	2-axle 

	2,000 
	2,000 

	Single 
	Single 

	6,000 
	6,000 

	8,000 
	8,000 


	3 
	3 
	3 

	1 
	1 

	3-axle 
	3-axle 

	4,000 
	4,000 

	Single 
	Single 

	12,000 
	12,000 

	28,000 
	28,000 


	TR
	2 
	2 

	5-axle 
	5-axle 

	6,000 
	6,000 

	Tandem 
	Tandem 

	24,000 
	24,000 

	54,000 
	54,000 


	4 
	4 
	4 

	1 
	1 

	3-axle 
	3-axle 

	6,000 
	6,000 

	Single 
	Single 

	18,000 
	18,000 

	42,000 
	42,000 


	TR
	2 
	2 

	5-axle 
	5-axle 

	9,000 
	9,000 

	Tandem 
	Tandem 

	32,000 
	32,000 

	73,000 
	73,000 


	5 
	5 
	5 

	1 
	1 

	3-axle 
	3-axle 

	6,000 
	6,000 

	Single 
	Single 

	22,400 
	22,400 

	50,800 
	50,800 


	TR
	2 
	2 

	5-axle 
	5-axle 

	9,000 
	9,000 

	Tandem 
	Tandem 

	40,000 
	40,000 

	89,000 
	89,000 


	6 
	6 
	6 

	1 
	1 

	3-axle 
	3-axle 

	9,000 
	9,000 

	Single 
	Single 

	30,000 
	30,000 

	69,000 
	69,000 


	TR
	2 
	2 

	5-axle 
	5-axle 

	12,000 
	12,000 

	Tandem 
	Tandem 

	48,000 
	48,000 

	108,000 
	108,000 


	 
	 
	 




	Structural sections were continually tested for serviceability and performance as deterioration occurred over the 25-month test period. These data became the basis for future design guides produced by AASHO. AASHO was officially renamed to the American Association of State Highway and Transportation Officials, or AASHTO, on November 13, 1973 (
	Structural sections were continually tested for serviceability and performance as deterioration occurred over the 25-month test period. These data became the basis for future design guides produced by AASHO. AASHO was officially renamed to the American Association of State Highway and Transportation Officials, or AASHTO, on November 13, 1973 (
	Weingroff 2014
	Weingroff 2014

	). 

	AASHTO DESIGN GUIDES 
	Immediately following the AASHO Road Test, the AASHO Interim Guide for the Design of Rigid Pavement Structures (1962) was released. Versions following this initial release included: the AASHO Interim Guide for the Design of Pavements (1972); AASHTO Rigid Pavement Design Revisions (1981); AASHTO Guide for Design of Pavement Structures (1986); AASHTO Guide for Design of Pavement Structures (1993); AASHTO Guide for Design of Pavement Structures, Supplement (1998); NCHRP 1-37A Development of the 2002 Guide for 
	MATERIAL INPUTS FOR THE MECHANISTIC–EMPIRICAL PAVEMENT DESIGN GUIDE 
	The following inputs are required when completing a new rigid pavement design for the concrete layer: 𝑓𝑐′, MOE, MOR, CTE, ultimate shrinkage, and PCC thermal conductivity.  
	Thermal Properties Inputs 
	Portland cement concrete (PCC) mixtures have unique thermal properties, such as CTE, PCC thermal conductivity, and heat capacity, which provide a basic understanding of heat flow inside the material (
	Portland cement concrete (PCC) mixtures have unique thermal properties, such as CTE, PCC thermal conductivity, and heat capacity, which provide a basic understanding of heat flow inside the material (
	Shin and Kodide 2012
	Shin and Kodide 2012

	).  

	Coefficient of Thermal Expansion 
	CTE has traditionally not been included as a design parameter for pavement design. However, this value is important as it directly relates to crack spacing, crack width, and crack load transfer efficiency, which in turn directly affects cracking, punchout, and smoothness (
	CTE has traditionally not been included as a design parameter for pavement design. However, this value is important as it directly relates to crack spacing, crack width, and crack load transfer efficiency, which in turn directly affects cracking, punchout, and smoothness (
	Mallela et al. 2005
	Mallela et al. 2005

	). 

	CTE is a property that is governed by the aggregate type, cement content, water-to-cement ratio, relative humidity, porosity, and degree of paste hydration (
	CTE is a property that is governed by the aggregate type, cement content, water-to-cement ratio, relative humidity, porosity, and degree of paste hydration (
	Kosmatka et al. 2002
	Kosmatka et al. 2002

	). Since the aggregate constitutes a majority of the concrete volume, up to 80 percent, it has shown to have the greatest effect on the CTE value (
	Mallela et al. 2005
	Mallela et al. 2005

	). In Georgia, two different coarse aggregate types, granite and dolomite, are commonly used in concrete mixtures (
	Kim
	Kim

	 2012). 
	Mallela
	Mallela

	 et al. (2005) performed a sensitivity analysis in the MEPDG for CTE to see how varying values affected the performance of JPCP. A trend was observed from their study that showed the higher CTE values led to accelerated pavement deterioration. Their study only varied the aggregate type in order to change CTE values since aggregate was most influential. Further study is required to determine how cement content, w/cm, relative humidity, porosity, and degree of paste hydration would vary the CTE. 
	Table 7
	Table 7

	 shows the different CTE values found for different aggregates. 
	Figure 9
	Figure 9

	a, b, and c show aggregate types’ effect on pavement performance. 

	Table 7. CTE of different aggregates. (
	Table 7. CTE of different aggregates. (
	Mallela et al. 2005
	Mallela et al. 2005

	) 

	 
	Figure
	 
	(c) IRI 
	(c) IRI 
	Figure

	(b) Mean joint faulting 
	(b) Mean joint faulting 
	Figure

	(a) Percent slabs cracked 
	(a) Percent slabs cracked 
	Figure

	Figure
	Figure
	Figure
	Figure 9. Bar graphs. Performance of JPCP with different aggregates: (a) percent slab cracked, (b) mean joint faulting, and (c) IRI. (
	Figure 9. Bar graphs. Performance of JPCP with different aggregates: (a) percent slab cracked, (b) mean joint faulting, and (c) IRI. (
	Mallela et al. 2005
	Mallela et al. 2005

	) 

	PCC Thermal Conductivity 
	Thermal conductivity is the ratio of heat flux to the temperature gradient. This ratio, in a designated sample thickness, indicates the uniform flow of heat from one side of the sample to the other. Heat transfer in concrete is similar to that of metals due to its porous and heterogeneous nature as a solid material. Multiple factors, including aggregate type, temperature and moisture of local environment, cement paste content, coarse and fine aggregate, along with porosity and admixtures, affect the thermal
	Thermal conductivity is the ratio of heat flux to the temperature gradient. This ratio, in a designated sample thickness, indicates the uniform flow of heat from one side of the sample to the other. Heat transfer in concrete is similar to that of metals due to its porous and heterogeneous nature as a solid material. Multiple factors, including aggregate type, temperature and moisture of local environment, cement paste content, coarse and fine aggregate, along with porosity and admixtures, affect the thermal
	Kodide
	Kodide

	 2010). Thermal conductivity can be calculated using equation 
	1
	1

	. 

	 
	 
	 
	 
	 

	𝑘=∆𝑄∗𝑥∆𝑡∗𝐴∗∆𝑇 
	𝑘=∆𝑄∗𝑥∆𝑡∗𝐴∗∆𝑇 

	(1) 
	(1) 




	where, 
	𝑘 = Thermal conductivity 
	∆𝑄 = Change in heat energy between two points 
	𝑥 = Distance between two points  
	∆𝑡= Change in time 
	𝐴= Area of object being measured 
	∆𝑇= Change in temperature that produced the heat flow 
	The primary influencing factors of PCC thermal conductivity are aggregate type, proportion of coarse aggregate, moisture content, and the use of supplementary cementitious materials (SCMs) (
	The primary influencing factors of PCC thermal conductivity are aggregate type, proportion of coarse aggregate, moisture content, and the use of supplementary cementitious materials (SCMs) (
	Shin and Kodide 2012
	Shin and Kodide 2012

	). Notably, the size and shape of the mold has no effect on PCC thermal conductivity (
	Shin and Kodide 2012
	Shin and Kodide 2012

	). It has been found that as thermal conductivity increases, the associated distresses decrease, as shown in 
	figure 10
	figure 10

	. 

	 
	 
	Figure
	Figure 10. Line graph. Thermal conductivity’s effect on distresses. (
	Figure 10. Line graph. Thermal conductivity’s effect on distresses. (
	Kodide 2010
	Kodide 2010

	) 

	The study performed by 
	The study performed by 
	Kodide
	Kodide

	 (2010) used a variety of concrete mixtures that contained different aggregates to identify the relevance that aggregate has on the thermal conductivity of concrete (see 
	table 8
	table 8

	). The mixtures used are shown in 
	table 9
	table 9

	. 

	Table 8.
	Table 8.
	 Heat capacity and thermal conductivity units.
	 (
	Kodide
	Kodide

	 2010)
	 

	Parameters 
	Parameters 
	Parameters 
	Parameters 
	Parameters 

	SIa Unit 
	SIa Unit 

	Conversion Factor 
	Conversion Factor 

	English Unit 
	English Unit 



	Thermal Conductivity 
	Thermal Conductivity 
	Thermal Conductivity 
	Thermal Conductivity 

	1 W/m-K 
	1 W/m-K 

	0.5779 
	0.5779 

	Btu/ft-h-°F 
	Btu/ft-h-°F 


	Heat Capacity 
	Heat Capacity 
	Heat Capacity 

	1 J/m3-K 
	1 J/m3-K 

	1.49×10−5 
	1.49×10−5 

	Btu/ft3-°F 
	Btu/ft3-°F 


	a International System of Units 
	a International System of Units 
	a International System of Units 




	Table 9. Concrete mixture designs for thermal conductivity. (
	Table 9. Concrete mixture designs for thermal conductivity. (
	Kodide 2010
	Kodide 2010

	) 

	 
	Figure
	Thermal conductivity can be measured through a number of means, but this research is primarily focused on the transient heat line approach utilized in the American Society for Testing and Materials (ASTM) D5334-14 test method, Standard Test Method for Determination of Thermal Conductivity of Soil and Soft Rock by Thermal Needle Probe Procedure. A line source of heat is applied by an electrical probe inserted into the concrete specimen. Then, the thermal conductivity is determined by measuring the rate at wh
	In Kodide’s study, the aggregates were determined to play a major role in the thermal conductivity of the concrete mixtures. The mixtures containing the gravel aggregate had a much higher thermal conductivity than the mixtures containing limestone. That study also demonstrated 
	a linear relationship between the increase in thermal conductivity and moisture content. Moisture has proven to be a crucial factor affecting thermal conductivity in concrete specimens. 
	a linear relationship between the increase in thermal conductivity and moisture content. Moisture has proven to be a crucial factor affecting thermal conductivity in concrete specimens. 
	Kodide
	Kodide

	 (2010) also investigated the relevance of thermal conductivity on a pavement section using an MEPDG analysis. The study found that while there was little interaction between thermal conductivity and mean joint faulting, thermal conductivity did have an effect on transverse cracking. A higher thermal conductivity value reduced the temperature difference from the top to the bottom of the pavement structure, which caused a reduction in predicted distresses.  

	Another study concluded that the porosity of a concrete specimen had a dramatic influence on the thermal conductivity (
	Another study concluded that the porosity of a concrete specimen had a dramatic influence on the thermal conductivity (
	Dos Santos
	Dos Santos

	 2003). The material porosity levels allow for the water to have a large impact due to moisture storage in the specimen itself. Concrete specimens with high porosities allow for a larger absorption of water, which directly relates to a higher thermal conductivity value (
	Dos Santos
	Dos Santos

	 2003). 

	Bentz
	Bentz
	Bentz

	 et al. (2011) from the National Institute of Standards and Technology conducted a study exploring the relationship between density and thermal conductivity in concrete mixtures. Varying amounts of fly ash were substituted for the cement to produce a lower density concrete mixture. The study demonstrated a positive correlation between density and thermal conductivity in the tested specimens. 
	Bentz
	Bentz

	 et al. (2011) concluded that a larger fly ash replacement percentage resulted in a lower density, which produced a lower thermal conductivity. The study went on to discover that lower thermal conductivity values result in lower thermal diffusivity. A lower thermal diffusivity allows concrete to serve as a thermal buffer and be less affected by changes in environmental temperature.  

	Heat Capacity 
	Heat capacity (Cp) is also a thermal property required for an MEPDG approach. It is simply the ability of a mixture to store its internal energy while being subjected to temperature change and remaining in the same physical state. Therefore, it is the actual amount of heat energy required to change the temperature of a unit mass by a single degree (
	Heat capacity (Cp) is also a thermal property required for an MEPDG approach. It is simply the ability of a mixture to store its internal energy while being subjected to temperature change and remaining in the same physical state. Therefore, it is the actual amount of heat energy required to change the temperature of a unit mass by a single degree (
	Chintakunta
	Chintakunta

	 2007). The heat capacity of a substance is mainly dependent on a mixture’s mass and the size of its constituents. Heat capacity differs from thermal conductivity in this manner. The thermal conductivity values for coarse and fine aggregates are the same; however, the heat capacity of fine aggregate would be much lower than that of coarse aggregate due to its reliance on mass and size. For concrete mixtures, the water content, along with porosity, will also play a role in heat capacity (
	Kodide
	Kodide

	 2010). Heat capacity demonstrated an inverse relationship with a linear decrease in heat capacity as the moisture increased. 

	Fly ash has been proven to have little impact on specific heat capacity test results in concrete mixtures. 
	Fly ash has been proven to have little impact on specific heat capacity test results in concrete mixtures. 
	Bentz
	Bentz

	 et al. (2011) concluded that water content was the key factor affecting the specific heat capacity of concrete. 
	Table 10
	Table 10

	 illustrates the varying specific heat capacity values for materials in a concrete mixture. These data illustrate that water’s specific heat value of 4.18 J/(g K) is significantly higher than that of other materials and provides an explanation for water playing the largest role in specific heat capacity values for concrete mixtures. 

	Table 10.
	Table 10.
	 
	Specific heat values of concrete mixture materials. (
	Bentz
	Bentz

	 et al. 2011) 

	Material 
	Material 
	Material 
	Material 
	Material 

	Specific Heat Capacity (J/(g K)) 
	Specific Heat Capacity (J/(g K)) 



	Water 
	Water 
	Water 
	Water 

	4.18 
	4.18 


	Cement (Type IP) 
	Cement (Type IP) 
	Cement (Type IP) 

	0.76 
	0.76 


	Fly Ash (Class F) 
	Fly Ash (Class F) 
	Fly Ash (Class F) 

	0.72 
	0.72 


	Limestone Sand 
	Limestone Sand 
	Limestone Sand 

	0.76 
	0.76 


	 
	 
	 




	The study performed by 
	The study performed by 
	Chintakunta
	Chintakunta

	 (2007) explored the sensitivity of thermal properties of pavement materials using the MEPDG. That study performed sensitivity analyses to help identify the general behavior of the thermal properties in the MEPDG models. The research outcomes are as follows: 

	• The transverse cracking in JPCP was proven to be sensitive to both thermal conductivity and CTE, and the faulting model was similarly sensitive to thermal conductivity and CTE, as well as dowels and surface shortwave absorptivity (SSA). International roughness index exhibited sensitivity with respect to CTE, SSA, and thermal conductivity. These analyses proved the obvious correlations between thermal properties and common pavement distresses. 
	• The transverse cracking in JPCP was proven to be sensitive to both thermal conductivity and CTE, and the faulting model was similarly sensitive to thermal conductivity and CTE, as well as dowels and surface shortwave absorptivity (SSA). International roughness index exhibited sensitivity with respect to CTE, SSA, and thermal conductivity. These analyses proved the obvious correlations between thermal properties and common pavement distresses. 
	• The transverse cracking in JPCP was proven to be sensitive to both thermal conductivity and CTE, and the faulting model was similarly sensitive to thermal conductivity and CTE, as well as dowels and surface shortwave absorptivity (SSA). International roughness index exhibited sensitivity with respect to CTE, SSA, and thermal conductivity. These analyses proved the obvious correlations between thermal properties and common pavement distresses. 

	• CTE proved to be the most critical input for IRI and punchouts, while crack spacing, ultimate shrinkage strain, SSA, thermal conductivity, and climate also played a role in punchouts for CRCP structures. 
	• CTE proved to be the most critical input for IRI and punchouts, while crack spacing, ultimate shrinkage strain, SSA, thermal conductivity, and climate also played a role in punchouts for CRCP structures. 

	• Cracking in JPCP structures is most affected by thermal conductivity, heat capacity, SSA, and CTE. 
	• Cracking in JPCP structures is most affected by thermal conductivity, heat capacity, SSA, and CTE. 

	• Punchouts in CRCP structures are most affected by thermal conductivity, ultimate shrinkage, heat capacity, SSA, and CTE. 
	• Punchouts in CRCP structures are most affected by thermal conductivity, ultimate shrinkage, heat capacity, SSA, and CTE. 


	Volume Stability Inputs 
	Drying shrinkage is a mixture input of particular interest to this thesis. Due to varying moisture throughout the concrete slab, differential shrinkage may occur, causing warping, high cracking potential, and faulting. Drying shrinkage is caused by moisture changes within the concrete after it has hardened (
	Drying shrinkage is a mixture input of particular interest to this thesis. Due to varying moisture throughout the concrete slab, differential shrinkage may occur, causing warping, high cracking potential, and faulting. Drying shrinkage is caused by moisture changes within the concrete after it has hardened (
	Kosmatka and Wilson 2016
	Kosmatka and Wilson 2016

	). The moisture changes that occur are usually a result 

	of humidity changes in the air surrounding the concrete or from the evaporation of water trapped within the concrete during the mixing operation. This cycle of concrete swelling and shrinking with changes in moisture content is shown in 
	of humidity changes in the air surrounding the concrete or from the evaporation of water trapped within the concrete during the mixing operation. This cycle of concrete swelling and shrinking with changes in moisture content is shown in 
	figure 11
	figure 11

	. 

	 
	Figure
	Figure 11. Graph. Shrinkage of concrete as a result of varying moisture content. (
	Figure 11. Graph. Shrinkage of concrete as a result of varying moisture content. (
	Kosmatka and Wilson 2016
	Kosmatka and Wilson 2016

	) 

	Within pavement structures, stresses that are developed because of drying shrinkage lead to tensile cracks within the pavement. The tensile stresses are due to the pavement being restrained. Unable to freely move, tensile stresses will exceed the capacity of the concrete and crack. This restraint and cracking of the slab is shown in 
	Within pavement structures, stresses that are developed because of drying shrinkage lead to tensile cracks within the pavement. The tensile stresses are due to the pavement being restrained. Unable to freely move, tensile stresses will exceed the capacity of the concrete and crack. This restraint and cracking of the slab is shown in 
	figure 12
	figure 12

	. 

	 
	Figure
	Figure 12. Diagram. Cracking due to restrained drying shrinkage. (
	Figure 12. Diagram. Cracking due to restrained drying shrinkage. (
	Kosmatka and Wilson 2016
	Kosmatka and Wilson 2016

	) 

	Reinforced concrete structures, such as CRCP, will have less drying shrinkage than plain, unreinforced structures due to the reinforcing steel restricting the shrinkage (
	Reinforced concrete structures, such as CRCP, will have less drying shrinkage than plain, unreinforced structures due to the reinforcing steel restricting the shrinkage (
	Kosmatka and Wilson 2016
	Kosmatka and Wilson 2016

	). Since JPCP has no reinforcement, shrinkage is viewed as a more critical input for JPCP than for CRCP. 

	The best method to limit drying shrinkage is to control the amount of water per unit concrete (
	The best method to limit drying shrinkage is to control the amount of water per unit concrete (
	Kosmatka and Wilson 2016
	Kosmatka and Wilson 2016

	). Mixtures with less water have less potential for volume change due to drying shrinkage, as a result of a smaller water volume that must be evaporated. Since drying shrinkage is a paste property, it is possible to reduce the shrinkage by the appropriate selection of aggregate type and quantity, causing an increase in the hardened concrete density (
	Kosmatka and Wilson 2016
	Kosmatka and Wilson 2016

	). A higher volume of aggregate instead of paste reduces the amount of shrinkage potential. In addition, curing methods provide a way to reduce the shrinkage of mixtures. When moisture is trapped inside hardened concrete for a long period of time, the shrinkage after curing is much less (
	Kosmatka and Wilson 2016
	Kosmatka and Wilson 2016

	). Therefore, methods—such as spraying compounds, wet burlap wrapping, and fogging—that trap water in the mixture for a longer period during the cement hydration process may help reduce long-term shrinkage. 

	Mechanical Properties Inputs 
	Mechanical properties of concrete pavement have a significant influence on the pavement performance. Properties considered influential are compressive strength, Young’s modulus, and MOR. 
	Compressive strength, denoted by 𝑓𝑐′, is usually considered to reach its peak value at 28 days. However, cement inside the concrete will continue to hydrate and gain strength as long as heat and moisture are present (
	Compressive strength, denoted by 𝑓𝑐′, is usually considered to reach its peak value at 28 days. However, cement inside the concrete will continue to hydrate and gain strength as long as heat and moisture are present (
	Kosmatka and Wilson 2016
	Kosmatka and Wilson 2016

	). Additionally, with the use of SCMs, such as fly ash, concrete will continue to gain strength at a similar rate for a longer period. Fly ash has a delayed effect on concrete strength as a result of the pozzolanic reaction. The primary chemical reaction for concrete strength is shown in equation 
	2
	2

	, using the abbreviated cement chemistry notation. 

	 
	 
	 
	 
	 

	𝐶𝑆+𝑤𝑎𝑡𝑒𝑟→𝐶𝑆𝐻+𝐶𝐻 
	𝐶𝑆+𝑤𝑎𝑡𝑒𝑟→𝐶𝑆𝐻+𝐶𝐻 

	(2) 
	(2) 




	Calcium silicate hydrate (CSH) is the main contributor to concrete strength (
	Calcium silicate hydrate (CSH) is the main contributor to concrete strength (
	Kosmatka and Wilson 2016
	Kosmatka and Wilson 2016

	). When pozzolans, such as fly ash, are present in a concrete mixture, a secondary reaction occurs, as presented in equation 
	3
	3

	. 

	 
	 
	 
	 
	 

	𝐶𝐻+𝑝𝑜𝑧𝑧𝑜𝑙𝑎𝑛→𝐶𝑆𝐻 
	𝐶𝐻+𝑝𝑜𝑧𝑧𝑜𝑙𝑎𝑛→𝐶𝑆𝐻 

	(3) 
	(3) 




	The calcium hydroxide (CH) produced from the primary reaction of water and the calcium silicates within the cement from equation 
	The calcium hydroxide (CH) produced from the primary reaction of water and the calcium silicates within the cement from equation 
	2
	2

	 will react with the silica derived from the pozzolan to create more CSH (
	Kosmatka and Wilson 2016
	Kosmatka and Wilson 2016

	). This is the reason for the delayed strength gain associated with fly ash. The reaction cannot occur until the hydration of cement has produced enough CH to 

	react with the pozzolan. It is for this reason that the MEPDG requires strength inputs measured at 7, 14, 28, and 90 days of age. 
	Many factors affect the compressive strength of a concrete mixture, including cement content, water content, air content, aggregate gradation, aggregate shape, and curing methods. Lower w/cm, lower air content, and high cement content typically lead to higher concrete strength. The aggregate gradation has been found to influence concrete performance (
	Many factors affect the compressive strength of a concrete mixture, including cement content, water content, air content, aggregate gradation, aggregate shape, and curing methods. Lower w/cm, lower air content, and high cement content typically lead to higher concrete strength. The aggregate gradation has been found to influence concrete performance (
	Taylor et al. 2014
	Taylor et al. 2014

	). A dense aggregate graduation that creates less voids will result in higher compressive strength. Further, aggregates with a rougher angular shape will result in higher compressive strength. This is due to better bonding between aggregates and paste, as well as the shape, leading to improved aggregate stability within the matrix, increasing the compressive strength (
	Taylor et al. 2014
	Taylor et al. 2014

	).  

	Young’s modulus or the modulus of elasticity, denoted by 𝐸𝑐, is a measure of the hardened concrete stiffness. Values for Young’s modulus are estimated from the concrete compressive strength because of the linear relationship that exists in the early portion of concrete’s stress–strain curve. The modulus is estimated for normal weight concrete using equation 
	Young’s modulus or the modulus of elasticity, denoted by 𝐸𝑐, is a measure of the hardened concrete stiffness. Values for Young’s modulus are estimated from the concrete compressive strength because of the linear relationship that exists in the early portion of concrete’s stress–strain curve. The modulus is estimated for normal weight concrete using equation 
	4
	4

	 (
	Kosmatka and Wilson 2016
	Kosmatka and Wilson 2016

	). 

	 
	 
	 
	 
	 

	𝐸𝑐=57,000√𝑓𝑐′(𝑝𝑠𝑖) 
	𝐸𝑐=57,000√𝑓𝑐′(𝑝𝑠𝑖) 

	(4) 
	(4) 




	Alternatively, a laboratory test can be performed to measure the value of Young’s modulus. An increase in the stiffness of concrete pavements leads to a proportional decrease in the distresses experienced (
	Alternatively, a laboratory test can be performed to measure the value of Young’s modulus. An increase in the stiffness of concrete pavements leads to a proportional decrease in the distresses experienced (
	Sabih and Tarefder 2016
	Sabih and Tarefder 2016

	). Since the stiffness is related to the concrete strength, techniques used to increase the compressive strength will increase the MOE. There are two main tests for MOE: static and dynamic. Dynamic tests will yield higher results, which have exhibited 

	a linear relationship in previous studies (
	a linear relationship in previous studies (
	Salman and Al-Amawee 2006
	Salman and Al-Amawee 2006

	). This relationship is shown in equation 
	5
	5

	. 

	 
	 
	 
	 
	 

	𝐸𝑆𝑡𝑎𝑡𝑖𝑐=0.83∗𝐸𝐷𝑦𝑎𝑛𝑎𝑚𝑖𝑐 
	𝐸𝑆𝑡𝑎𝑡𝑖𝑐=0.83∗𝐸𝐷𝑦𝑎𝑛𝑎𝑚𝑖𝑐 

	(5) 
	(5) 




	MOR is a measure of the flexural strength of concrete. MOR is an important design value because of the different flexural stresses that pavements experience over their service life. For example, when a pavement section is subjected to curling, a cantilevered section is formed, resulting in flexural stress within the pavement as the wheel load passes over the slab. This flexural stress is shown in 
	MOR is a measure of the flexural strength of concrete. MOR is an important design value because of the different flexural stresses that pavements experience over their service life. For example, when a pavement section is subjected to curling, a cantilevered section is formed, resulting in flexural stress within the pavement as the wheel load passes over the slab. This flexural stress is shown in 
	figure 13
	figure 13

	. Since concrete is known to be weak in tension, this is the limiting factor in flexural strength. This is because when a load is applied to a beam or slab, both compressive and tensile stresses are created. To illustrate, imagine a simply-supported beam. The beam is subject to a point load, which produces bending stresses. The top half of the beam’s cross section will experience compressive stresses, while the bottom half will experience tensile stresses. The area of concrete subject to tensile stresses wi

	 
	Figure
	Figure 13. Diagram. Flexural stress caused by curling. (
	Figure 13. Diagram. Flexural stress caused by curling. (
	Kosmatka and Wilson 2016
	Kosmatka and Wilson 2016

	) 

	MOR is a value that can be estimated from compressive strength or found through beam testing. MOR is usually estimated to be 8–12 percent of the concrete compressive strength (
	MOR is a value that can be estimated from compressive strength or found through beam testing. MOR is usually estimated to be 8–12 percent of the concrete compressive strength (
	Kosmatka and Wilson 2016
	Kosmatka and Wilson 2016

	). If MOR cannot be measured in the laboratory, it is often estimated using the American Concrete Institute (ACI) empirical equation 
	6
	6

	. 

	 
	 
	 
	 
	 

	𝑀𝑂𝑅=7.5∗√𝑓𝑐′(𝑝𝑠𝑖) 
	𝑀𝑂𝑅=7.5∗√𝑓𝑐′(𝑝𝑠𝑖) 

	(6) 
	(6) 




	Values for MOR found from laboratory testing may vary depending on specimen size. It has been documented that larger MOR specimens will typically have lower MOR values than the same mixture tested using smaller beams (
	Values for MOR found from laboratory testing may vary depending on specimen size. It has been documented that larger MOR specimens will typically have lower MOR values than the same mixture tested using smaller beams (
	Tanesi et al. 2013
	Tanesi et al. 2013

	). Research has been performed to develop a linear regression equation to relate different sizes of beams (
	Tanesi et al. 2013
	Tanesi et al. 2013

	). 

	Aggregate Type 
	AASHTOWare Pavement ME Design allows for the input of different types of coarse aggregate. In Georgia, the two most common coarse aggregates used in concrete mixtures are granite and dolomite. Granite and dolomite will display different physical properties; thus, it is important to understand the key differences between these two types of coarse aggregates. Specifically, the differences between compressive strength and MOE values between the two rock types are discussed. 
	One particular study analyzed the impact that aggregate type had on MOE and concrete compressive strength. That study found that dolomite was a denser material than granite, with a relative density of 2.81, as opposed to the density of granite at 2.65 (
	One particular study analyzed the impact that aggregate type had on MOE and concrete compressive strength. That study found that dolomite was a denser material than granite, with a relative density of 2.81, as opposed to the density of granite at 2.65 (
	Alexander and Milne 1995
	Alexander and Milne 1995

	). When comparing similar mixtures, the mixtures using dolomite exhibited MOE values approximately 2200–2900 ksi (15–20 GPa) higher, on average, than the same granite mixtures 

	(
	(
	Alexander and Milne 1995
	Alexander and Milne 1995

	). However, no significant difference was found between the compressive strengths of these mixtures. Another study obtained very similar results, concluding that concrete mixtures with dolomite are stiffer than those with granite (
	Rashid et al. 2002
	Rashid et al. 2002

	).  

	The aggregate amount used in mixtures will impact MOE and compressive strength. When lower coarse aggregate fractions are used, the resulting compressive strength is lower than mixtures with higher CA fractions (
	The aggregate amount used in mixtures will impact MOE and compressive strength. When lower coarse aggregate fractions are used, the resulting compressive strength is lower than mixtures with higher CA fractions (
	Kim 2012
	Kim 2012

	). The MOE values are proportional to the compressive strength; lower coarse aggregate fractions will produce lower MOE values, while higher coarse aggregate fractions produce higher MOE values (
	Meddah et al. 2010
	Meddah et al. 2010

	). The shape and surface texture of the aggregate will affect the compressive strength, as well. Generally, more angular aggregates will produce higher compressive strengths due to the improved interlocking between the aggregate and paste (
	Taylor et al. 2014
	Taylor et al. 2014

	).  

	Input Levels 
	AASHTOWare Pavement ME software has varying design levels that are constructed based on site-specific knowledge. These levels are described simply as level 1, level 2, and level 3. Level 3 designs are based on the designer having access to the least amount of information. In this design level, many national default values are used to fill information gaps. Designs using a level 3 analysis are considered the least reliable, although they have the potential to produce results similar to the higher levels. Lev
	AASHTOWare Pavement ME software has varying design levels that are constructed based on site-specific knowledge. These levels are described simply as level 1, level 2, and level 3. Level 3 designs are based on the designer having access to the least amount of information. In this design level, many national default values are used to fill information gaps. Designs using a level 3 analysis are considered the least reliable, although they have the potential to produce results similar to the higher levels. Lev
	ARA 2015
	ARA 2015

	). Level 1 input values are those that are site-specific. For a level 1 design, a comprehensive laboratory investigation is performed where the design inputs are measured, thereby providing the highest level of accuracy for the pavement design. In addition, level 1 designs are the costliest since they involve significantly more data collection and laboratory 

	testing. In general, level 2 designs are recommended for routine pavement designs, as they are more accurate than level 3 and more cost-effective than level 1. 
	testing. In general, level 2 designs are recommended for routine pavement designs, as they are more accurate than level 3 and more cost-effective than level 1. 
	Table 11
	Table 11

	 provides a summary of the AASHTOWare Pavement ME Design input levels and a general outline of when to use each. 

	Table 11. Input levels in MEPDG. (
	Table 11. Input levels in MEPDG. (
	ARA 2015
	ARA 2015

	) 

	Input Level 
	Input Level 
	Input Level 
	Input Level 
	Input Level 

	Definition of the Level 
	Definition of the Level 



	1 
	1 
	1 
	1 

	Input parameter based on site-specific data and information. Level 1 represents the case when the user has the greatest knowledge about the input parameter for the specific project. This input level has the highest level of testing (data collection costs) for determining the input value. Input level 1 is recommended for projects having unusual site features and/or considering the use of new materials. 
	Input parameter based on site-specific data and information. Level 1 represents the case when the user has the greatest knowledge about the input parameter for the specific project. This input level has the highest level of testing (data collection costs) for determining the input value. Input level 1 is recommended for projects having unusual site features and/or considering the use of new materials. 


	2 
	2 
	2 

	Regression equations are used to determine the input value. The data collection and testing for this input level is simpler and less costly. Input level 2 is recommended for use for routine pavement designs and standard materials. 
	Regression equations are used to determine the input value. The data collection and testing for this input level is simpler and less costly. Input level 2 is recommended for use for routine pavement designs and standard materials. 


	3 
	3 
	3 

	Level 3 inputs are based on “best-guessed” (default) values. The level 3 inputs are based on global or regional default values. This input level requires the minimum amount of testing, and as such, results in the least knowledge about the input parameter for the specific project. Input level 3 is recommended for use when the other input levels are unavailable. 
	Level 3 inputs are based on “best-guessed” (default) values. The level 3 inputs are based on global or regional default values. This input level requires the minimum amount of testing, and as such, results in the least knowledge about the input parameter for the specific project. Input level 3 is recommended for use when the other input levels are unavailable. 


	 
	 
	 




	In many cases, designs will not have every input value available for the target design level. For example, if the target design level is level 2 but there are missing values, the designer may be forced to use the national default values. This is allowed and is to be expected. AASHTOWare Pavement ME Design will use the same equations and distress models for each input level, such that a combination of input value levels may be used. For this reason, it is recommended to use the highest level of input accurac
	In many cases, designs will not have every input value available for the target design level. For example, if the target design level is level 2 but there are missing values, the designer may be forced to use the national default values. This is allowed and is to be expected. AASHTOWare Pavement ME Design will use the same equations and distress models for each input level, such that a combination of input value levels may be used. For this reason, it is recommended to use the highest level of input accurac
	Table 12
	Table 12

	 lists the concrete materials properties expected at each input level. The strength inputs are the most critical in reaching a level 1 design. The other inputs stay consistent for all design levels. 

	Table 12. Values needed for each input level in AASHTOWare Pavement ME Design. 
	Category 
	Category 
	Category 
	Category 
	Category 

	Level 1 
	Level 1 

	Level 2 
	Level 2 

	Level 3 
	Level 3 



	PCC 
	PCC 
	PCC 
	PCC 

	• Poisson’s Ratio 
	• Poisson’s Ratio 
	• Poisson’s Ratio 
	• Poisson’s Ratio 

	• Unit Weight (UW) 
	• Unit Weight (UW) 




	Thermal 
	Thermal 
	Thermal 

	• PCC CTE 
	• PCC CTE 
	• PCC CTE 
	• PCC CTE 

	• PCC Heat Capacity  
	• PCC Heat Capacity  

	• PCC Thermal Conductivity 
	• PCC Thermal Conductivity 




	Mixture 
	Mixture 
	Mixture 

	• Aggregate Type 
	• Aggregate Type 
	• Aggregate Type 
	• Aggregate Type 

	• Cementitious Material Content 
	• Cementitious Material Content 

	• Cement Type (I/II) 
	• Cement Type (I/II) 

	• Water-to-cement Ratio (w/cm) 
	• Water-to-cement Ratio (w/cm) 

	• Reversible Shrinkage (%) 
	• Reversible Shrinkage (%) 

	• PCC Zero-stress Temperature 
	• PCC Zero-stress Temperature 

	• Time to Develop 50% of Ultimate Shrinkage 
	• Time to Develop 50% of Ultimate Shrinkage 

	• Ultimate Shrinkage 
	• Ultimate Shrinkage 




	Strength 
	Strength 
	Strength 

	• MOR and MOE at 7, 14, 28, and 90 days 
	• MOR and MOE at 7, 14, 28, and 90 days 
	• MOR and MOE at 7, 14, 28, and 90 days 
	• MOR and MOE at 7, 14, 28, and 90 days 



	• 𝑓𝑐′ at 7, 14, 28, and 90 days 
	• 𝑓𝑐′ at 7, 14, 28, and 90 days 
	• 𝑓𝑐′ at 7, 14, 28, and 90 days 
	• 𝑓𝑐′ at 7, 14, 28, and 90 days 



	• 28-day MOR or 𝑓𝑐′ 
	• 28-day MOR or 𝑓𝑐′ 
	• 28-day MOR or 𝑓𝑐′ 
	• 28-day MOR or 𝑓𝑐′ 




	TR
	• Estimated MOR and MOE Ratio of 20-year to 28-day 
	• Estimated MOR and MOE Ratio of 20-year to 28-day 
	• Estimated MOR and MOE Ratio of 20-year to 28-day 
	• Estimated MOR and MOE Ratio of 20-year to 28-day 



	• Estimated 𝑓𝑐′ Ratio of 20-year to 28-day 
	• Estimated 𝑓𝑐′ Ratio of 20-year to 28-day 
	• Estimated 𝑓𝑐′ Ratio of 20-year to 28-day 
	• Estimated 𝑓𝑐′ Ratio of 20-year to 28-day 



	• 28-day MOE 
	• 28-day MOE 
	• 28-day MOE 
	• 28-day MOE 




	 
	 
	 




	Sensitivity to Inputs 
	Extensive research has been conducted on the sensitivity of design inputs in the MEPDG. One particular study published by Iowa State University investigates the impact design parameters of JPCP and CRCP and ranks their sensitivity levels as hypersensitive, very sensitive, or sensitive (
	Extensive research has been conducted on the sensitivity of design inputs in the MEPDG. One particular study published by Iowa State University investigates the impact design parameters of JPCP and CRCP and ranks their sensitivity levels as hypersensitive, very sensitive, or sensitive (
	Schwartz et al. 2011
	Schwartz et al. 2011

	). Their study looked at all design parameters, but the discussion that follows focuses on the material properties inputs they used. 

	The study concluded that the two most sensitive material properties for JPCP are unit weight and CTE. These two inputs were classified as very sensitive for all predicted distresses: faulting, transverse cracking, and IRI. MOR was the most sensitive value for transverse cracking. The sensitivity results for JPCP are presented in 
	The study concluded that the two most sensitive material properties for JPCP are unit weight and CTE. These two inputs were classified as very sensitive for all predicted distresses: faulting, transverse cracking, and IRI. MOR was the most sensitive value for transverse cracking. The sensitivity results for JPCP are presented in 
	table 13
	table 13

	. 

	Table 13. JPCP sensitive inputs. (
	Table 13. JPCP sensitive inputs. (
	Schwartz et al. 2011
	Schwartz et al. 2011

	) 

	 
	Distress 
	Distress 
	Distress 
	Distress 
	Distress 

	Input Category 
	Input Category 

	Hypersensitive 
	Hypersensitive 

	Very Sensitive 
	Very Sensitive 

	Sensitive 
	Sensitive 


	Faulting 
	Faulting 
	Faulting 

	PCC Properties 
	PCC Properties 

	 
	 

	• UW  
	• UW  
	• UW  
	• UW  

	• CTE  
	• CTE  



	• 28-day MOR 
	• 28-day MOR 
	• 28-day MOR 
	• 28-day MOR 

	• Surface Shortwave Absorptivity 
	• Surface Shortwave Absorptivity 

	• W/cm 
	• W/cm 

	• Thickness 
	• Thickness 

	• 20-year to 28-day MOR 
	• 20-year to 28-day MOR 

	• Cement Content 
	• Cement Content 

	• Poisson’s Ratio 
	• Poisson’s Ratio 

	• 28-day MOE 
	• 28-day MOE 

	• -Thermal Conductivity 
	• -Thermal Conductivity 




	TR
	Aggregate Base Properties 
	Aggregate Base Properties 

	 
	 

	 
	 

	• Resilient Modulus 
	• Resilient Modulus 
	• Resilient Modulus 
	• Resilient Modulus 

	• Erodibility Index 
	• Erodibility Index 

	• Thickness 
	• Thickness 

	• Edge Support LTE 
	• Edge Support LTE 




	TR
	Subgrade Properties 
	Subgrade Properties 

	 
	 

	 
	 

	• Resilient Modulus 
	• Resilient Modulus 
	• Resilient Modulus 
	• Resilient Modulus 




	TR
	Other Properties 
	Other Properties 

	• Slab Width 
	• Slab Width 
	• Slab Width 
	• Slab Width 



	• Design Lane Width  
	• Design Lane Width  
	• Design Lane Width  
	• Design Lane Width  



	• Joint Spacing 
	• Joint Spacing 
	• Joint Spacing 
	• Joint Spacing 

	• Dowel Diameter 
	• Dowel Diameter 

	• Traffic Volume 
	• Traffic Volume 

	• Construction Month (+0.1) 
	• Construction Month (+0.1) 




	Transverse 
	Transverse 
	Transverse 
	Cracking 
	 

	PCC Properties 
	PCC Properties 

	 
	 

	• 28-day MOR 
	• 28-day MOR 
	• 28-day MOR 
	• 28-day MOR 

	• Thickness 
	• Thickness 

	• UW 
	• UW 

	• CTE  
	• CTE  

	• 20-year to 28-day MOR 
	• 20-year to 28-day MOR 

	• 28-day MOE 
	• 28-day MOE 

	• Surface Shortwave Absorptivity  
	• Surface Shortwave Absorptivity  

	• W/cm 
	• W/cm 

	• Thermal Conductivity  
	• Thermal Conductivity  



	• Poisson’s Ratio 
	• Poisson’s Ratio 
	• Poisson’s Ratio 
	• Poisson’s Ratio 

	• Cement Content 
	• Cement Content 




	TR
	Base Properties 
	Base Properties 

	 
	 

	 
	 

	• Thickness 
	• Thickness 
	• Thickness 
	• Thickness 

	• Resilient Modulus 
	• Resilient Modulus 

	• Erodibility Index 
	• Erodibility Index 

	• Loss of Friction 
	• Loss of Friction 




	TR
	Subgrade Properties 
	Subgrade Properties 

	 
	 

	 
	 

	• Groundwater Depth 
	• Groundwater Depth 
	• Groundwater Depth 
	• Groundwater Depth 

	• Resilient Modulus 
	• Resilient Modulus 






	Distress 
	Distress 
	Distress 
	Distress 
	Distress 

	Input Category 
	Input Category 

	Hypersensitive 
	Hypersensitive 

	Very Sensitive 
	Very Sensitive 

	Sensitive 
	Sensitive 


	TR
	Other Properties 
	Other Properties 

	• Slab Width 
	• Slab Width 
	• Slab Width 
	• Slab Width 



	• Design Lane Width  
	• Design Lane Width  
	• Design Lane Width  
	• Design Lane Width  

	• Joint Spacing 
	• Joint Spacing 



	• Dowel Diameter 
	• Dowel Diameter 
	• Dowel Diameter 
	• Dowel Diameter 

	• Traffic Volume 
	• Traffic Volume 

	• Edge Support LTE 
	• Edge Support LTE 

	• Construction Month 
	• Construction Month 




	IRI 
	IRI 
	IRI 

	PCC Properties 
	PCC Properties 

	 
	 

	• CTE  
	• CTE  
	• CTE  
	• CTE  

	• UW  
	• UW  



	• W/cm 
	• W/cm 
	• W/cm 
	• W/cm 

	• PCC 28-day MOR 
	• PCC 28-day MOR 

	• Surface Shortwave Absorptivity 
	• Surface Shortwave Absorptivity 

	• Thickness 
	• Thickness 

	• 28-day MOE 
	• 28-day MOE 

	• 20-year to 28-day MOR 
	• 20-year to 28-day MOR 

	• Thermal Conductivity 
	• Thermal Conductivity 

	• Poisson’s Ratio 
	• Poisson’s Ratio 

	• Cement Content 
	• Cement Content 




	TR
	Base Properties 
	Base Properties 

	 
	 

	 
	 

	• Resilient Modulus 
	• Resilient Modulus 
	• Resilient Modulus 
	• Resilient Modulus 

	• Erodibility Index 
	• Erodibility Index 




	TR
	Subgrade Properties 
	Subgrade Properties 

	 
	 

	 
	 

	• Resilient Modulus 
	• Resilient Modulus 
	• Resilient Modulus 
	• Resilient Modulus 




	TR
	Other Properties 
	Other Properties 

	• Slab Width 
	• Slab Width 
	• Slab Width 
	• Slab Width 



	 
	 

	• Design Lane Width 
	• Design Lane Width 
	• Design Lane Width 
	• Design Lane Width 

	• Joint Spacing 
	• Joint Spacing 

	• Dowel Diameter 
	• Dowel Diameter 

	• Traffic Volume 
	• Traffic Volume 




	 
	 
	 




	CRCP designs were found to be hypersensitive to a variety of inputs. PCC strength and stiffness properties were consistently in this hypersensitive category. As a general note, CRCP designs seem to be much more sensitive to inputs when compared to JPCP designs. The CRCP sensitivity results are listed in 
	CRCP designs were found to be hypersensitive to a variety of inputs. PCC strength and stiffness properties were consistently in this hypersensitive category. As a general note, CRCP designs seem to be much more sensitive to inputs when compared to JPCP designs. The CRCP sensitivity results are listed in 
	table 14
	table 14

	. 

	Table 14. CRCP sensitive inputs. (
	Table 14. CRCP sensitive inputs. (
	Schwartz et al. 2011
	Schwartz et al. 2011

	) 

	 
	Distress 
	Distress 
	Distress 
	Distress 
	Distress 

	Input 
	Input 

	Hypersensitive 
	Hypersensitive 

	Very Sensitive 
	Very Sensitive 

	Sensitive 
	Sensitive 


	Punchout 
	Punchout 
	Punchout 
	 

	PCC/Steel 
	PCC/Steel 
	Properties 

	• Thickness 
	• Thickness 
	• Thickness 
	• Thickness 

	• 28-day MOR 
	• 28-day MOR 

	• 20-year to 28-day MOR 
	• 20-year to 28-day MOR 

	• UW 
	• UW 

	• Percent Steel 
	• Percent Steel 

	• 28-day Indirect Tensile Strength  
	• 28-day Indirect Tensile Strength  

	• 28-day MOE 
	• 28-day MOE 

	• W/cm 
	• W/cm 

	• Cement Content 
	• Cement Content 

	• CTE  
	• CTE  



	• Surface Shortwave Absorptivity 
	• Surface Shortwave Absorptivity 
	• Surface Shortwave Absorptivity 
	• Surface Shortwave Absorptivity 

	• Poisson’s Ratio  
	• Poisson’s Ratio  

	• 20-year to 28-day Indirect Tensile Strength  
	• 20-year to 28-day Indirect Tensile Strength  



	 
	 


	TR
	Base Properties 
	Base Properties 

	• Resilient Modulus 
	• Resilient Modulus 
	• Resilient Modulus 
	• Resilient Modulus 



	• Base Slab Friction 
	• Base Slab Friction 
	• Base Slab Friction 
	• Base Slab Friction 

	• Thickness 
	• Thickness 



	 
	 


	TR
	Subgrade Properties 
	Subgrade Properties 

	 
	 

	• Resilient Modulus 
	• Resilient Modulus 
	• Resilient Modulus 
	• Resilient Modulus 



	• Groundwater Depth 
	• Groundwater Depth 
	• Groundwater Depth 
	• Groundwater Depth 




	TR
	Other Properties 
	Other Properties 

	• Bar Diameter 
	• Bar Diameter 
	• Bar Diameter 
	• Bar Diameter 

	• Traffic Volume 
	• Traffic Volume 

	• Steel Depth 
	• Steel Depth 



	• Edge Support LTE 
	• Edge Support LTE 
	• Edge Support LTE 
	• Edge Support LTE 

	• Construction Month 
	• Construction Month 



	 
	 




	Distress 
	Distress 
	Distress 
	Distress 
	Distress 

	Input 
	Input 

	Hypersensitive 
	Hypersensitive 

	Very Sensitive 
	Very Sensitive 

	Sensitive 
	Sensitive 


	Crack 
	Crack 
	Crack 
	Width 

	PCC/Steel 
	PCC/Steel 
	Properties 

	• 28-day Indirect Tensile Strength  
	• 28-day Indirect Tensile Strength  
	• 28-day Indirect Tensile Strength  
	• 28-day Indirect Tensile Strength  

	• 28-day MOR 
	• 28-day MOR 

	• UW 
	• UW 

	• W/cm 
	• W/cm 

	• Cement Content 
	• Cement Content 

	• Percent Steel 
	• Percent Steel 

	• 28-day MOE 
	• 28-day MOE 

	• Thickness 
	• Thickness 

	• 20-year to 28-day MOR 
	• 20-year to 28-day MOR 

	• 20-year to 28-day Indirect Tensile Strength 
	• 20-year to 28-day Indirect Tensile Strength 

	• CTE 
	• CTE 

	• Surface Shortwave Absorptivity 
	• Surface Shortwave Absorptivity 



	• Poisson’s Ratio  
	• Poisson’s Ratio  
	• Poisson’s Ratio  
	• Poisson’s Ratio  



	 
	 


	TR
	Base Properties 
	Base Properties 

	• Base Slab Friction 
	• Base Slab Friction 
	• Base Slab Friction 
	• Base Slab Friction 



	• Resilient Modulus 
	• Resilient Modulus 
	• Resilient Modulus 
	• Resilient Modulus 

	• Thickness 
	• Thickness 



	 
	 


	TR
	Subgrade Properties 
	Subgrade Properties 

	 
	 

	• Resilient Modulus 
	• Resilient Modulus 
	• Resilient Modulus 
	• Resilient Modulus 

	• Groundwater Depth 
	• Groundwater Depth 



	 
	 


	TR
	Other Properties 
	Other Properties 

	• Bar Diameter 
	• Bar Diameter 
	• Bar Diameter 
	• Bar Diameter 

	• Steel Depth 
	• Steel Depth 



	• Construction Month 
	• Construction Month 
	• Construction Month 
	• Construction Month 

	• Edge Support LTE 
	• Edge Support LTE 

	• Traffic Volume 
	• Traffic Volume 



	 
	 


	Crack 
	Crack 
	Crack 
	LTE 

	PCC/Steel 
	PCC/Steel 
	Properties 

	 
	 

	• 28-day MOR 
	• 28-day MOR 
	• 28-day MOR 
	• 28-day MOR 

	• Thickness 
	• Thickness 

	• 28-day Indirect Tensile Strength 
	• 28-day Indirect Tensile Strength 

	• Percent Steel 
	• Percent Steel 



	• W/cm 
	• W/cm 
	• W/cm 
	• W/cm 

	• Cement Content 
	• Cement Content 

	• 28-day MOE 
	• 28-day MOE 

	• UW 
	• UW 

	• 20-year to 28-day MOR 
	• 20-year to 28-day MOR 

	• Surface Shortwave Absorptivity 
	• Surface Shortwave Absorptivity 

	• 20-year to 28-day Indirect Tensile Strength 
	• 20-year to 28-day Indirect Tensile Strength 






	Distress 
	Distress 
	Distress 
	Distress 
	Distress 

	Input 
	Input 

	Hypersensitive 
	Hypersensitive 

	Very Sensitive 
	Very Sensitive 

	Sensitive 
	Sensitive 


	TR
	Base Properties 
	Base Properties 

	 
	 

	 
	 

	• Base Slab Friction 
	• Base Slab Friction 
	• Base Slab Friction 
	• Base Slab Friction 

	• Resilient Modulus 
	• Resilient Modulus 

	• Thickness 
	• Thickness 




	TR
	Subgrade Properties 
	Subgrade Properties 

	 
	 

	 
	 

	 
	 


	TR
	Other Properties 
	Other Properties 

	 
	 

	• Bar Diameter 
	• Bar Diameter 
	• Bar Diameter 
	• Bar Diameter 



	• Steel Depth  
	• Steel Depth  
	• Steel Depth  
	• Steel Depth  

	• Traffic Volume 
	• Traffic Volume 

	• Edge Support LTE 
	• Edge Support LTE 




	IRI 
	IRI 
	IRI 

	PCC/Steel 
	PCC/Steel 
	Properties 

	• Thickness  
	• Thickness  
	• Thickness  
	• Thickness  

	• 28-day MOR 
	• 28-day MOR 



	• 20-year to 28-day MOR 
	• 20-year to 28-day MOR 
	• 20-year to 28-day MOR 
	• 20-year to 28-day MOR 

	• UW 
	• UW 

	• Percent Steel  
	• Percent Steel  

	• 28-day Indirect Tensile Strength 
	• 28-day Indirect Tensile Strength 

	• 28-day MOE 
	• 28-day MOE 

	• W/cm 
	• W/cm 

	• Cement Content 
	• Cement Content 

	• CTE 
	• CTE 



	• Surface Shortwave Absorptivity  
	• Surface Shortwave Absorptivity  
	• Surface Shortwave Absorptivity  
	• Surface Shortwave Absorptivity  

	• Poisson’s Ratio 
	• Poisson’s Ratio 

	• 20-year to 28-day Indirect Tensile Strength 
	• 20-year to 28-day Indirect Tensile Strength 




	TR
	Base Properties 
	Base Properties 

	 
	 

	• Resilient Modulus 
	• Resilient Modulus 
	• Resilient Modulus 
	• Resilient Modulus 



	• Base Slab Friction  
	• Base Slab Friction  
	• Base Slab Friction  
	• Base Slab Friction  

	• Thickness 
	• Thickness 




	TR
	Subgrade Properties 
	Subgrade Properties 

	 
	 

	• Resilient Modulus 
	• Resilient Modulus 
	• Resilient Modulus 
	• Resilient Modulus 



	 
	 


	TR
	Other Properties 
	Other Properties 

	 
	 

	• Bar Diameter  
	• Bar Diameter  
	• Bar Diameter  
	• Bar Diameter  

	• Traffic Volume  
	• Traffic Volume  

	• Steel Depth 
	• Steel Depth 



	• Edge Support LTE 
	• Edge Support LTE 
	• Edge Support LTE 
	• Edge Support LTE 

	• Construction Month 
	• Construction Month 






	Based on that research, it was recommended that for high-value projects, level 1 inputs would need to be found through laboratory testing (
	Based on that research, it was recommended that for high-value projects, level 1 inputs would need to be found through laboratory testing (
	Schwartz et al. 2011
	Schwartz et al. 2011

	). This is especially true for CRCP pavements because of the hypersensitive nature of the material properties. 

	Similarly, a study was performed looking at the impact of CTE, MOE, MOR, and compressive strength on predicted performance of JPCP using AASHTOWare Pavement ME Design. It was concluded that for an increase in CTE, the associated distresses will increase (
	Similarly, a study was performed looking at the impact of CTE, MOE, MOR, and compressive strength on predicted performance of JPCP using AASHTOWare Pavement ME Design. It was concluded that for an increase in CTE, the associated distresses will increase (
	Sabih and Tarefder 2016
	Sabih and Tarefder 2016

	). This adverse effect of CTE on predicted performance is illustrated in 
	figure 14
	figure 14

	. In the same study, the predicted distresses decreased as the MOE, MOR, and compressive strength increased in value. One would expect a stiffer and stronger pavement structure to deteriorate at a slower rate than a weaker pavement. The impact of increased MOE on predicted distress is presented in 
	figure 15
	figure 15

	; the graphs for MOR and compressive strength show a similar trend. 

	 
	Figure
	Figure 14. Graph. CTE’s effect on IRI. (
	Figure 14. Graph. CTE’s effect on IRI. (
	Sabih and Tarefder 2016
	Sabih and Tarefder 2016

	) 

	 
	Figure
	Figure 15. Graph. MOE’s effect on IRI. (
	Figure 15. Graph. MOE’s effect on IRI. (
	Sabih and Tarefder 2016
	Sabih and Tarefder 2016

	) 

	  
	CHAPTER 3. MOVEMENT TOWARD MEPDG 
	According to an MEPDG national user group meeting that took place in December 2016, 13 states have implemented the MEDPG for concrete pavements and 32 states have plans to implement the MEPDG for concrete pavements. These states are shown in 
	According to an MEPDG national user group meeting that took place in December 2016, 13 states have implemented the MEDPG for concrete pavements and 32 states have plans to implement the MEPDG for concrete pavements. These states are shown in 
	figure 16
	figure 16

	. States such as Tennessee, North Carolina, South Carolina, and Alabama with similar geographic location as Georgia are planning to implement MEPDG. These states are in a preliminary stage of this process, completing projects related to traffic, climate, and local calibration of the transfer functions. Because of the preliminary nature of their studies, they are not included in this chapter. Studies from Florida and Mississippi are discussed in further detail, along with Georgia. 

	 
	Figure
	Figure 16. Map. State status on MEPDG use for concrete pavements. (
	Figure 16. Map. State status on MEPDG use for concrete pavements. (
	Merine 2018
	Merine 2018

	) 

	GEORGIA DOT 
	Since 2010, GDOT has started moving toward using the MEPDG for rigid pavement design. As a first step, GDOT has begun to establish a concrete material library to utilize the AASHTOWare Pavement ME Design, which uses mechanistic–empirical design principles. 
	Significant work has been conducted to develop an initial material input library for concrete pavement design in Georgia. 
	Significant work has been conducted to develop an initial material input library for concrete pavement design in Georgia. 
	Kim (2012)
	Kim (2012)

	 developed a coefficient of thermal expansion database for granite, dolomite, and limestone materials. That study examined seven different material variables that affect CTE values and ultimately determined the significance of each. The material variables included: coarse aggregate type, coarse aggregate content, fine aggregate type, fly ash type, fly ash percent content, w/cm, and air content. A total of 68 batches with 5 replicates were produced, varying the concrete mixture attributes, and tested for CTE
	table 15
	table 15

	.

	Table 15. Concrete mixture design for CTE testing. (
	Table 15. Concrete mixture design for CTE testing. (
	Kim 2012
	Kim 2012

	) 

	CTE 
	CTE 
	CTE 
	CTE 
	CTE 
	No. 

	Batch 
	Batch 
	No. 

	Granite CA 
	Granite CA 
	(lb/yd3) 

	Dolomite CA 
	Dolomite CA 
	(lb/yd3)) 

	Limestone CA 
	Limestone CA 
	(lb/yd3)) 

	MS 
	MS 
	(lb/yd3)) 

	NS 
	NS 
	(lb/yd3)) 

	C-Ash 
	C-Ash 
	(lb/yd3)) 

	F-Ash 
	F-Ash 
	(lb/yd3)) 

	Cement 
	Cement 
	(lb/yd3)) 

	Air 
	Air 
	Content (%) 

	Slump (in.) 
	Slump (in.) 


	1 
	1 
	1 

	1 
	1 

	2100 
	2100 

	0 
	0 

	0 
	0 

	950 
	950 

	0 
	0 

	20 
	20 

	0 
	0 

	530 
	530 

	3 
	3 

	2 
	2 


	2 
	2 
	2 

	2 
	2 

	2100 
	2100 

	0 
	0 

	0 
	0 

	950 
	950 

	0 
	0 

	20 
	20 

	0 
	0 

	530 
	530 

	6 
	6 

	2 
	2 


	3 
	3 
	3 

	17 
	17 

	2100 
	2100 

	0 
	0 

	0 
	0 

	950 
	950 

	0 
	0 

	160 
	160 

	0 
	0 

	460 
	460 

	3 
	3 

	2 
	2 


	4 
	4 
	4 

	18 
	18 

	2100 
	2100 

	0 
	0 

	0 
	0 

	950 
	950 

	0 
	0 

	160 
	160 

	0 
	0 

	460 
	460 

	6 
	6 

	2 
	2 


	5 
	5 
	5 

	33 
	33 

	2100 
	2100 

	0 
	0 

	0 
	0 

	950 
	950 

	0 
	0 

	0 
	0 

	20 
	20 

	530 
	530 

	3 
	3 

	2 
	2 


	6 
	6 
	6 

	34 
	34 

	2100 
	2100 

	0 
	0 

	0 
	0 

	950 
	950 

	0 
	0 

	0 
	0 

	20 
	20 

	530 
	530 

	6 
	6 

	2 
	2 


	7 
	7 
	7 

	49 
	49 

	2100 
	2100 

	0 
	0 

	0 
	0 

	950 
	950 

	0 
	0 

	0 
	0 

	160 
	160 

	460 
	460 

	3 
	3 

	2 
	2 


	8 
	8 
	8 

	50 
	50 

	2100 
	2100 

	0 
	0 

	0 
	0 

	950 
	950 

	0 
	0 

	0 
	0 

	160 
	160 

	460 
	460 

	6 
	6 

	2 
	2 


	9 
	9 
	9 

	5 
	5 

	2100 
	2100 

	0 
	0 

	0 
	0 

	0 
	0 

	950 
	950 

	20 
	20 

	0 
	0 

	530 
	530 

	3 
	3 

	2 
	2 


	10 
	10 
	10 

	6 
	6 

	2100 
	2100 

	0 
	0 

	0 
	0 

	0 
	0 

	950 
	950 

	20 
	20 

	0 
	0 

	530 
	530 

	6 
	6 

	2 
	2 


	11 
	11 
	11 

	21 
	21 

	2100 
	2100 

	0 
	0 

	0 
	0 

	0 
	0 

	950 
	950 

	160 
	160 

	0 
	0 

	460 
	460 

	3 
	3 

	2 
	2 


	12 
	12 
	12 

	22 
	22 

	2100 
	2100 

	0 
	0 

	0 
	0 

	0 
	0 

	950 
	950 

	160 
	160 

	0 
	0 

	460 
	460 

	6 
	6 

	2 
	2 


	13 
	13 
	13 

	37 
	37 

	2100 
	2100 

	0 
	0 

	0 
	0 

	0 
	0 

	950 
	950 

	0 
	0 

	20 
	20 

	530 
	530 

	3 
	3 

	2 
	2 


	14 
	14 
	14 

	38 
	38 

	2100 
	2100 

	0 
	0 

	0 
	0 

	0 
	0 

	950 
	950 

	0 
	0 

	20 
	20 

	530 
	530 

	6 
	6 

	2 
	2 


	15 
	15 
	15 

	53 
	53 

	2100 
	2100 

	0 
	0 

	0 
	0 

	0 
	0 

	950 
	950 

	0 
	0 

	160 
	160 

	460 
	460 

	3 
	3 

	2 
	2 


	16 
	16 
	16 

	54 
	54 

	2100 
	2100 

	0 
	0 

	0 
	0 

	0 
	0 

	950 
	950 

	0 
	0 

	160 
	160 

	460 
	460 

	6 
	6 

	2 
	2 


	17 
	17 
	17 

	3 
	3 

	1150 
	1150 

	0 
	0 

	0 
	0 

	1900 
	1900 

	0 
	0 

	20 
	20 

	0 
	0 

	530 
	530 

	3 
	3 

	2 
	2 


	18 
	18 
	18 

	4 
	4 

	1150 
	1150 

	0 
	0 

	0 
	0 

	1900 
	1900 

	0 
	0 

	20 
	20 

	0 
	0 

	530 
	530 

	6 
	6 

	2 
	2 


	19 
	19 
	19 

	19 
	19 

	1150 
	1150 

	0 
	0 

	0 
	0 

	1900 
	1900 

	0 
	0 

	160 
	160 

	0 
	0 

	460 
	460 

	3 
	3 

	2 
	2 


	20 
	20 
	20 

	20 
	20 

	1150 
	1150 

	0 
	0 

	0 
	0 

	1900 
	1900 

	0 
	0 

	160 
	160 

	0 
	0 

	460 
	460 

	6 
	6 

	2 
	2 


	21 
	21 
	21 

	35 
	35 

	1150 
	1150 

	0 
	0 

	0 
	0 

	1900 
	1900 

	0 
	0 

	0 
	0 

	20 
	20 

	530 
	530 

	3 
	3 

	2 
	2 


	22 
	22 
	22 

	36 
	36 

	1150 
	1150 

	0 
	0 

	0 
	0 

	1900 
	1900 

	0 
	0 

	0 
	0 

	20 
	20 

	530 
	530 

	6 
	6 

	2 
	2 


	23 
	23 
	23 

	51 
	51 

	1150 
	1150 

	0 
	0 

	0 
	0 

	1900 
	1900 

	0 
	0 

	0 
	0 

	160 
	160 

	460 
	460 

	3 
	3 

	2 
	2 


	24 
	24 
	24 

	52 
	52 

	1150 
	1150 

	0 
	0 

	0 
	0 

	1900 
	1900 

	0 
	0 

	0 
	0 

	160 
	160 

	460 
	460 

	6 
	6 

	2 
	2 


	25 
	25 
	25 

	7 
	7 

	1150 
	1150 

	0 
	0 

	0 
	0 

	0 
	0 

	1900 
	1900 

	20 
	20 

	0 
	0 

	530 
	530 

	3 
	3 

	2 
	2 


	26 
	26 
	26 

	8 
	8 

	1150 
	1150 

	0 
	0 

	0 
	0 

	0 
	0 

	1900 
	1900 

	20 
	20 

	0 
	0 

	530 
	530 

	6 
	6 

	2 
	2 


	27 
	27 
	27 

	23 
	23 

	1150 
	1150 

	0 
	0 

	0 
	0 

	0 
	0 

	1900 
	1900 

	160 
	160 

	0 
	0 

	460 
	460 

	3 
	3 

	2 
	2 


	28 
	28 
	28 

	24 
	24 

	1150 
	1150 

	0 
	0 

	0 
	0 

	0 
	0 

	1900 
	1900 

	160 
	160 

	0 
	0 

	460 
	460 

	6 
	6 

	2 
	2 


	29 
	29 
	29 

	39 
	39 

	1150 
	1150 

	0 
	0 

	0 
	0 

	0 
	0 

	1900 
	1900 

	0 
	0 

	20 
	20 

	530 
	530 

	3 
	3 

	2 
	2 


	30 
	30 
	30 

	40 
	40 

	1150 
	1150 

	0 
	0 

	0 
	0 

	0 
	0 

	1900 
	1900 

	0 
	0 

	20 
	20 

	530 
	530 

	6 
	6 

	2 
	2 


	31 
	31 
	31 

	55 
	55 

	1150 
	1150 

	0 
	0 

	0 
	0 

	0 
	0 

	1900 
	1900 

	0 
	0 

	160 
	160 

	460 
	460 

	3 
	3 

	2 
	2 


	32 
	32 
	32 

	56 
	56 

	1150 
	1150 

	0 
	0 

	0 
	0 

	0 
	0 

	1900 
	1900 

	0 
	0 

	160 
	160 

	460 
	460 

	6 
	6 

	2 
	2 


	33 
	33 
	33 

	9 
	9 

	0 
	0 

	2100 
	2100 

	0 
	0 

	950 
	950 

	0 
	0 

	20 
	20 

	0 
	0 

	530 
	530 

	3 
	3 

	2 
	2 


	34 
	34 
	34 

	10 
	10 

	0 
	0 

	2100 
	2100 

	0 
	0 

	950 
	950 

	0 
	0 

	20 
	20 

	0 
	0 

	530 
	530 

	6 
	6 

	2 
	2 


	35 
	35 
	35 

	25 
	25 

	0 
	0 

	2100 
	2100 

	0 
	0 

	950 
	950 

	0 
	0 

	160 
	160 

	0 
	0 

	460 
	460 

	3 
	3 

	2 
	2 


	36 
	36 
	36 

	26 
	26 

	0 
	0 

	2100 
	2100 

	0 
	0 

	950 
	950 

	0 
	0 

	160 
	160 

	0 
	0 

	460 
	460 

	6 
	6 

	2 
	2 


	37 
	37 
	37 

	41 
	41 

	0 
	0 

	2100 
	2100 

	0 
	0 

	950 
	950 

	0 
	0 

	0 
	0 

	20 
	20 

	530 
	530 

	3 
	3 

	2 
	2 




	CTE 
	CTE 
	CTE 
	CTE 
	CTE 
	No. 

	Batch 
	Batch 
	No. 

	Granite CA 
	Granite CA 
	(lb/yd3) 

	Dolomite CA 
	Dolomite CA 
	(lb/yd3)) 

	Limestone CA 
	Limestone CA 
	(lb/yd3)) 

	MS 
	MS 
	(lb/yd3)) 

	NS 
	NS 
	(lb/yd3)) 

	C-Ash 
	C-Ash 
	(lb/yd3)) 

	F-Ash 
	F-Ash 
	(lb/yd3)) 

	Cement 
	Cement 
	(lb/yd3)) 

	Air 
	Air 
	Content (%) 

	Slump (in.) 
	Slump (in.) 


	38 
	38 
	38 

	42 
	42 

	0 
	0 

	2100 
	2100 

	0 
	0 

	950 
	950 

	0 
	0 

	0 
	0 

	20 
	20 

	530 
	530 

	6 
	6 

	2 
	2 


	39 
	39 
	39 

	57 
	57 

	0 
	0 

	2100 
	2100 

	0 
	0 

	950 
	950 

	0 
	0 

	0 
	0 

	160 
	160 

	460 
	460 

	3 
	3 

	2 
	2 


	40 
	40 
	40 

	58 
	58 

	0 
	0 

	2100 
	2100 

	0 
	0 

	950 
	950 

	0 
	0 

	0 
	0 

	160 
	160 

	460 
	460 

	6 
	6 

	2 
	2 


	41 
	41 
	41 

	13 
	13 

	0 
	0 

	2100 
	2100 

	0 
	0 

	0 
	0 

	950 
	950 

	20 
	20 

	0 
	0 

	530 
	530 

	3 
	3 

	2 
	2 


	42 
	42 
	42 

	14 
	14 

	0 
	0 

	2100 
	2100 

	0 
	0 

	0 
	0 

	950 
	950 

	20 
	20 

	0 
	0 

	530 
	530 

	6 
	6 

	2 
	2 


	43 
	43 
	43 

	29 
	29 

	0 
	0 

	2100 
	2100 

	0 
	0 

	0 
	0 

	950 
	950 

	160 
	160 

	0 
	0 

	430 
	430 

	3 
	3 

	2 
	2 


	44 
	44 
	44 

	30 
	30 

	0 
	0 

	2100 
	2100 

	0 
	0 

	0 
	0 

	950 
	950 

	160 
	160 

	0 
	0 

	430 
	430 

	6 
	6 

	2 
	2 


	45 
	45 
	45 

	45 
	45 

	0 
	0 

	2100 
	2100 

	0 
	0 

	0 
	0 

	950 
	950 

	0 
	0 

	20 
	20 

	530 
	530 

	3 
	3 

	2 
	2 


	46 
	46 
	46 

	46 
	46 

	0 
	0 

	2100 
	2100 

	0 
	0 

	0 
	0 

	950 
	950 

	0 
	0 

	20 
	20 

	530 
	530 

	6 
	6 

	2 
	2 


	47 
	47 
	47 

	61 
	61 

	0 
	0 

	2100 
	2100 

	0 
	0 

	0 
	0 

	950 
	950 

	0 
	0 

	160 
	160 

	460 
	460 

	3 
	3 

	2 
	2 


	48 
	48 
	48 

	62 
	62 

	0 
	0 

	2100 
	2100 

	0 
	0 

	0 
	0 

	950 
	950 

	0 
	0 

	160 
	160 

	460 
	460 

	6 
	6 

	2 
	2 


	49 
	49 
	49 

	11 
	11 

	0 
	0 

	1150 
	1150 

	0 
	0 

	1900 
	1900 

	0 
	0 

	20 
	20 

	0 
	0 

	530 
	530 

	3 
	3 

	2 
	2 


	50 
	50 
	50 

	12 
	12 

	0 
	0 

	1150 
	1150 

	0 
	0 

	1900 
	1900 

	0 
	0 

	20 
	20 

	0 
	0 

	530 
	530 

	6 
	6 

	2 
	2 


	51 
	51 
	51 

	27 
	27 

	0 
	0 

	1150 
	1150 

	0 
	0 

	1900 
	1900 

	0 
	0 

	160 
	160 

	0 
	0 

	460 
	460 

	3 
	3 

	2 
	2 


	52 
	52 
	52 

	28 
	28 

	0 
	0 

	1150 
	1150 

	0 
	0 

	1900 
	1900 

	0 
	0 

	160 
	160 

	0 
	0 

	460 
	460 

	6 
	6 

	2 
	2 


	53 
	53 
	53 

	43 
	43 

	0 
	0 

	1150 
	1150 

	0 
	0 

	1900 
	1900 

	0 
	0 

	0 
	0 

	20 
	20 

	530 
	530 

	3 
	3 

	2 
	2 


	54 
	54 
	54 

	44 
	44 

	0 
	0 

	1150 
	1150 

	0 
	0 

	1900 
	1900 

	0 
	0 

	0 
	0 

	20 
	20 

	530 
	530 

	6 
	6 

	2 
	2 


	55 
	55 
	55 

	59 
	59 

	0 
	0 

	1150 
	1150 

	0 
	0 

	1900 
	1900 

	0 
	0 

	0 
	0 

	160 
	160 

	460 
	460 

	3 
	3 

	2 
	2 


	56 
	56 
	56 

	60 
	60 

	0 
	0 

	1150 
	1150 

	0 
	0 

	1900 
	1900 

	0 
	0 

	0 
	0 

	160 
	160 

	460 
	460 

	6 
	6 

	2 
	2 


	57 
	57 
	57 

	15 
	15 

	0 
	0 

	1150 
	1150 

	0 
	0 

	0 
	0 

	1900 
	1900 

	20 
	20 

	0 
	0 

	530 
	530 

	3 
	3 

	2 
	2 


	58 
	58 
	58 

	16 
	16 

	0 
	0 

	1150 
	1150 

	0 
	0 

	0 
	0 

	1900 
	1900 

	20 
	20 

	0 
	0 

	530 
	530 

	6 
	6 

	2 
	2 


	59 
	59 
	59 

	31 
	31 

	0 
	0 

	1150 
	1150 

	0 
	0 

	0 
	0 

	1900 
	1900 

	160 
	160 

	0 
	0 

	460 
	460 

	3 
	3 

	2 
	2 


	60 
	60 
	60 

	32 
	32 

	0 
	0 

	1150 
	1150 

	0 
	0 

	0 
	0 

	1900 
	1900 

	160 
	160 

	0 
	0 

	460 
	460 

	6 
	6 

	2 
	2 


	61 
	61 
	61 

	47 
	47 

	0 
	0 

	1150 
	1150 

	0 
	0 

	0 
	0 

	1900 
	1900 

	0 
	0 

	20 
	20 

	530 
	530 

	3 
	3 

	2 
	2 


	62 
	62 
	62 

	48 
	48 

	0 
	0 

	1150 
	1150 

	0 
	0 

	0 
	0 

	1900 
	1900 

	0 
	0 

	20 
	20 

	530 
	530 

	6 
	6 

	2 
	2 


	63 
	63 
	63 

	63 
	63 

	0 
	0 

	1150 
	1150 

	0 
	0 

	0 
	0 

	1900 
	1900 

	0 
	0 

	160 
	160 

	460 
	460 

	3 
	3 

	2 
	2 


	64 
	64 
	64 

	64 
	64 

	0 
	0 

	1150 
	1150 

	0 
	0 

	0 
	0 

	1900 
	1900 

	0 
	0 

	160 
	160 

	460 
	460 

	6 
	6 

	2 
	2 


	65 
	65 
	65 

	65 
	65 

	0 
	0 

	0 
	0 

	2100 
	2100 

	950 
	950 

	0 
	0 

	160 
	160 

	0 
	0 

	460 
	460 

	3 
	3 

	2 
	2 


	66 
	66 
	66 

	66 
	66 

	0 
	0 

	0 
	0 

	1150 
	1150 

	1900 
	1900 

	0 
	0 

	160 
	160 

	0 
	0 

	460 
	460 

	3 
	3 

	2 
	2 


	67 
	67 
	67 

	67 
	67 

	0 
	0 

	0 
	0 

	2100 
	2100 

	0 
	0 

	950 
	950 

	160 
	160 

	0 
	0 

	460 
	460 

	3 
	3 

	2 
	2 


	68 
	68 
	68 

	68 
	68 

	0 
	0 

	0 
	0 

	1150 
	1150 

	0 
	0 

	1900 
	1900 

	160 
	160 

	0 
	0 

	460 
	460 

	3 
	3 

	2 
	2 


	 
	 
	 




	Several conclusions were made after analyzing the test results from the 68 mixtures:  
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	• The most significant factors affecting CTE in order of magnitude are: aggregate type, stone volume, and sand type. The aggregate content of concrete mixtures can be as high as 80 percent by volume. Due to this higher volume, it has more impact on the thermal properties of the mixture. 
	• The most significant factors affecting CTE in order of magnitude are: aggregate type, stone volume, and sand type. The aggregate content of concrete mixtures can be as high as 80 percent by volume. Due to this higher volume, it has more impact on the thermal properties of the mixture. 
	• The most significant factors affecting CTE in order of magnitude are: aggregate type, stone volume, and sand type. The aggregate content of concrete mixtures can be as high as 80 percent by volume. Due to this higher volume, it has more impact on the thermal properties of the mixture. 

	• The impact of each variable is different due to the varying volume of each in concrete mixtures.  
	• The impact of each variable is different due to the varying volume of each in concrete mixtures.  

	• Limestone was discovered during this study to have considerably lower CTE values than granite and dolomite mixtures, with dolomite and granite mixtures having similar CTE values, as shown in 
	• Limestone was discovered during this study to have considerably lower CTE values than granite and dolomite mixtures, with dolomite and granite mixtures having similar CTE values, as shown in 
	• Limestone was discovered during this study to have considerably lower CTE values than granite and dolomite mixtures, with dolomite and granite mixtures having similar CTE values, as shown in 
	table 16
	table 16

	.  


	• Relatively higher CTE values were also observed when natural sand (NS) was used in mixtures compared to the mixtures with manufactured sand (MS). The effects of aggregate proportion on CTE are shown in 
	• Relatively higher CTE values were also observed when natural sand (NS) was used in mixtures compared to the mixtures with manufactured sand (MS). The effects of aggregate proportion on CTE are shown in 
	• Relatively higher CTE values were also observed when natural sand (NS) was used in mixtures compared to the mixtures with manufactured sand (MS). The effects of aggregate proportion on CTE are shown in 
	table 17
	table 17

	.  


	• When high fly ash contents were used in mixtures, class C–fly ash mixtures were observed to have significantly higher CTE values than mixtures containing class F–fly ash. The results of fly ash type are shown in 
	• When high fly ash contents were used in mixtures, class C–fly ash mixtures were observed to have significantly higher CTE values than mixtures containing class F–fly ash. The results of fly ash type are shown in 
	• When high fly ash contents were used in mixtures, class C–fly ash mixtures were observed to have significantly higher CTE values than mixtures containing class F–fly ash. The results of fly ash type are shown in 
	table 18
	table 18

	. 



	It was recommended by that study that more quarries be tested in order to develop a complete database for CTE values in the state of Georgia (
	It was recommended by that study that more quarries be tested in order to develop a complete database for CTE values in the state of Georgia (
	Kim 2012
	Kim 2012

	). In addition, it was recommended that the laboratory-tested values be compared and validated with in situ pavement conditions. 

	  
	Table 16. Aggregate type effect on CTE. (
	Table 16. Aggregate type effect on CTE. (
	Kim 2012
	Kim 2012

	) 
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	Table 17. Aggregate proportion effect on CTE. (
	Table 17. Aggregate proportion effect on CTE. (
	Kim 2012
	Kim 2012

	) 
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	Table 18. Fly ash type effect on CTE. (
	Table 18. Fly ash type effect on CTE. (
	Kim 2012
	Kim 2012

	) 

	 
	Figure
	Kim
	Kim
	Kim

	 et al. (2015) investigated the effect of age and materials on CTE of concrete paving mixtures at 28 and 120 days (Kim et al. 2015). Multiple mixtures that were examined for this study contained different types of aggregate and underwent scanning electron microscopy, allowing for the observation of the microstructures of these varying mixtures. The understanding of these microstructures would offer insight regarding the relationship between volume change in concrete and the formation of microcracks. 
	Kim
	Kim

	 et al. (2015) used statistical analyses, as shown in 
	table 19
	table 19

	, to illustrate the CTE values of the specimens measured at 120 days were significantly lower than the values measured at 28 days. Their study observed that age does affect the coefficient of thermal expansion values in concrete specimens.  

	Table 19. Statistics of CTE at 28 and 120 days. (
	Table 19. Statistics of CTE at 28 and 120 days. (
	Kim
	Kim

	 et al. 2015) 

	 
	Figure
	GDOT’s efforts involve calibrating the distress transfer functions inside the AASHTOWare Pavement ME Design. In a report submitted by Applied Research Associates (ARA), the efforts taken to calibrate the software are detailed (
	GDOT’s efforts involve calibrating the distress transfer functions inside the AASHTOWare Pavement ME Design. In a report submitted by Applied Research Associates (ARA), the efforts taken to calibrate the software are detailed (
	Quintus et al. 2015
	Quintus et al. 2015

	). Using the AASHTO Guide for the Local Calibration of the Mechanistic–Empirical Pavement Design Guide, GDOT looked at the Long Term Pavement Performance Program (LTPP) to accurately represent the performance of Georgia roadways (
	Quintus et al. 2015
	Quintus et al. 2015

	). The study examined the calibration of the software for both flexible and rigid pavements. Focusing on rigid pavements, there were 11 LTPP sections for JPCP and 2 for CRCP. Due to changes in GDOT’s standard design for JPCP 

	pavements, non-LTPP test sections were included as samples to encompass newer design features, such as an AC interlayer between the GAB layer and the PCC layer. The locations of these test sections are shown in 
	pavements, non-LTPP test sections were included as samples to encompass newer design features, such as an AC interlayer between the GAB layer and the PCC layer. The locations of these test sections are shown in 
	figure 17
	figure 17

	. 

	 
	Figure
	Figure 17. Map. Rigid test sections. (
	Figure 17. Map. Rigid test sections. (
	Quintus et al. 2015
	Quintus et al. 2015

	) 

	When using global transfer functions, significant differences were found between LTPP and non-LTPP data when comparing their distresses with predicted distresses from AASHTOWare Pavement ME Design. Transfer functions predict distresses such as faulting and fatigue cracking, which directly relate to pavement smoothness (
	When using global transfer functions, significant differences were found between LTPP and non-LTPP data when comparing their distresses with predicted distresses from AASHTOWare Pavement ME Design. Transfer functions predict distresses such as faulting and fatigue cracking, which directly relate to pavement smoothness (
	Quintus et al. 2015
	Quintus et al. 2015

	). After data comparison, the transfer function coefficients were modified from the global values, as shown in 
	table 20
	table 20

	. After calibrating the transfer functions for Georgia, ARA developed an input guide for GDOT engineers to use when designing pavement structures, The GDOT Pavement ME Design User Input Guide 

	(
	(
	Quintus et al. 2015
	Quintus et al. 2015

	). This guide outlines the procedure, using a checklist to guide engineers to select input values for each variable of pavement design. The GDOT Pavement ME Design User Input Guide has been updated in 2020 (
	Kim
	Kim

	 et al. 2020). 

	Table 20. Transfer function coefficients. (
	Table 20. Transfer function coefficients. (
	Quintus et al. 2015
	Quintus et al. 2015

	) 

	 
	Figure
	FLORIDA DOT 
	A project similar to this study of material properties and their impact on AASHTOWare Pavement ME Design’s predicted performance was completed by the Florida Department of Transportation (FDOT) in 2008. This project tested three different concrete mixtures for MEPDG design input level mechanical and thermal properties for rigid pavement designs. The mixture specifics and tests performed are provided in 
	A project similar to this study of material properties and their impact on AASHTOWare Pavement ME Design’s predicted performance was completed by the Florida Department of Transportation (FDOT) in 2008. This project tested three different concrete mixtures for MEPDG design input level mechanical and thermal properties for rigid pavement designs. The mixture specifics and tests performed are provided in 
	table 21
	table 21

	 and 
	table 22
	table 22

	, respectively. 

	This project specifically investigated how different MEPDG input levels would affect the pavement design thickness. The material properties for each design input are listed in 
	This project specifically investigated how different MEPDG input levels would affect the pavement design thickness. The material properties for each design input are listed in 
	table 23
	table 23

	, 
	table 24
	table 24

	, and 
	table 25
	table 25

	. These material properties for the three mixtures were used as inputs to determine the optimized concrete layer thickness. The resulting optimized slab thicknesses are presented in 
	table 26
	table 26

	. 

	Table 21. Mixture design by Florida State. (
	Table 21. Mixture design by Florida State. (
	Ping 2008
	Ping 2008

	) 

	 
	 
	 
	 
	 

	Mixture 1 
	Mixture 1 

	Mixture 2 
	Mixture 2 

	Mixture 3 
	Mixture 3 



	Cement 
	Cement 
	Cement 
	Cement 

	511 lb 
	511 lb 

	415 lb 
	415 lb 

	470 lb 
	470 lb 


	Fly Ash 
	Fly Ash 
	Fly Ash 

	132 lb 
	132 lb 

	105 lb 
	105 lb 

	– 
	– 


	Coarse Aggregate 
	Coarse Aggregate 
	Coarse Aggregate 

	1,750 lb 
	1,750 lb 

	1,900 lb 
	1,900 lb 

	1,921 lb 
	1,921 lb 


	Fine Aggregate 
	Fine Aggregate 
	Fine Aggregate 

	1,191 lb 
	1,191 lb 

	1,278 lb 
	1,278 lb 

	1,235 lb 
	1,235 lb 


	Water 
	Water 
	Water 

	279.1 lb 
	279.1 lb 

	258 lb 
	258 lb 

	267 lb 
	267 lb 


	Target Strength 
	Target Strength 
	Target Strength 

	4,500 psi 
	4,500 psi 

	3,000 psi 
	3,000 psi 

	3,000 psi 
	3,000 psi 


	Target Slump 
	Target Slump 
	Target Slump 

	1.5–4.5 in. 
	1.5–4.5 in. 

	2.0–4.0 in. 
	2.0–4.0 in. 

	3.0–5.0 in 
	3.0–5.0 in 


	Target Air 
	Target Air 
	Target Air 

	1.0–6.0% 
	1.0–6.0% 

	3.0–6.0% 
	3.0–6.0% 

	3.0–6.0% 
	3.0–6.0% 


	Target Unit Weight 
	Target Unit Weight 
	Target Unit Weight 

	143.1 pcf 
	143.1 pcf 

	146.6 pcf 
	146.6 pcf 

	144.2 pcf 
	144.2 pcf 


	W/C Ratio 
	W/C Ratio 
	W/C Ratio 

	0.43 
	0.43 

	0.50 
	0.50 

	0.57 
	0.57 


	– No data 
	– No data 
	– No data 




	Table 22. Tests performed by Florida State. (
	Table 22. Tests performed by Florida State. (
	Ping 2008
	Ping 2008

	) 

	Property Tested 
	Property Tested 
	Property Tested 
	Property Tested 
	Property Tested 

	Test Interval 
	Test Interval 



	Slump 
	Slump 
	Slump 
	Slump 

	Batching day 
	Batching day 


	Temperature 
	Temperature 
	Temperature 

	Batching day 
	Batching day 


	Air Content 
	Air Content 
	Air Content 

	Batching day 
	Batching day 


	Compressive Strength 
	Compressive Strength 
	Compressive Strength 

	7 ,14, 28, 90 days of age 
	7 ,14, 28, 90 days of age 


	Splitting Tensile Strength 
	Splitting Tensile Strength 
	Splitting Tensile Strength 

	28, 90 days of age 
	28, 90 days of age 


	Modulus of Elasticity 
	Modulus of Elasticity 
	Modulus of Elasticity 

	7, 14, 28, 49, 70, 90 days of age 
	7, 14, 28, 49, 70, 90 days of age 


	Poisson’s Ratio 
	Poisson’s Ratio 
	Poisson’s Ratio 

	7, 14, 28, 49, 70, 90 days of age 
	7, 14, 28, 49, 70, 90 days of age 


	Coefficient of Thermal Expansion 
	Coefficient of Thermal Expansion 
	Coefficient of Thermal Expansion 

	7, 28, 90 days of age 
	7, 28, 90 days of age 


	 
	 
	 




	Table 23. Input values level 1, Florida State. (
	Table 23. Input values level 1, Florida State. (
	Ping 2008
	Ping 2008

	) 

	 
	 
	 
	 
	 

	Unit 
	Unit 

	MIX-01 
	MIX-01 

	MIX-02 
	MIX-02 

	 MIX-03 
	 MIX-03 



	CTE 
	CTE 
	CTE 
	CTE 

	µin/in./°F 
	µin/in./°F 

	6.79 
	6.79 

	6.84 
	6.84 

	5.99 
	5.99 


	Poisson’s Ratio 
	Poisson’s Ratio 
	Poisson’s Ratio 

	– 
	– 

	0.23 
	0.23 

	0.27 
	0.27 

	0.21 
	0.21 


	MOE (7-day) 
	MOE (7-day) 
	MOE (7-day) 

	psi 
	psi 

	4,370,000 
	4,370,000 

	4,530,000 
	4,530,000 

	3,290,000 
	3,290,000 


	MOE (14-day) 
	MOE (14-day) 
	MOE (14-day) 

	psi 
	psi 

	4,590,000 
	4,590,000 

	4,590,000 
	4,590,000 

	3,470,000 
	3,470,000 


	MOE (28-day) 
	MOE (28-day) 
	MOE (28-day) 

	psi 
	psi 

	4,420,000 
	4,420,000 

	4,360,000 
	4,360,000 

	3,680,000 
	3,680,000 


	MOE (90-day) 
	MOE (90-day) 
	MOE (90-day) 

	psi 
	psi 

	4,180,000 
	4,180,000 

	4,905,000 
	4,905,000 

	4,020,000 
	4,020,000 


	20-year/28-day Ratio  
	20-year/28-day Ratio  
	20-year/28-day Ratio  

	– 
	– 

	1.2 
	1.2 


	MOR (7-day) 
	MOR (7-day) 
	MOR (7-day) 

	psi 
	psi 

	714 
	714 

	777 
	777 

	545 
	545 


	MOR (14-day) 
	MOR (14-day) 
	MOR (14-day) 

	psi 
	psi 

	745♦ 
	745♦ 

	825♦ 
	825♦ 

	604♦ 
	604♦ 


	MOR (28-day) 
	MOR (28-day) 
	MOR (28-day) 

	psi 
	psi 

	776 
	776 

	873 
	873 

	662 
	662 


	MOR (90-day) 
	MOR (90-day) 
	MOR (90-day) 

	psi 
	psi 

	844 
	844 

	831 
	831 

	707 
	707 


	20-year/28-day Ratio  
	20-year/28-day Ratio  
	20-year/28-day Ratio  

	– 
	– 

	1.2 
	1.2 


	♦ Denotes where tested values are different from expected ranges. Averages of all tests are used instead in these cases. 
	♦ Denotes where tested values are different from expected ranges. Averages of all tests are used instead in these cases. 
	♦ Denotes where tested values are different from expected ranges. Averages of all tests are used instead in these cases. 
	– No data 




	Table 24. Input values level 2, Florida State. (
	Table 24. Input values level 2, Florida State. (
	Ping 2008
	Ping 2008

	) 

	 
	 
	 
	 
	 

	Unit 
	Unit 

	MIX-01 
	MIX-01 

	MIX-02 
	MIX-02 

	MIX-03 
	MIX-03 



	CTE 
	CTE 
	CTE 
	CTE 

	µin/in./°F 
	µin/in./°F 

	6.44 
	6.44 

	6.67 
	6.67 

	6.92 
	6.92 


	Poisson’s Ratio 
	Poisson’s Ratio 
	Poisson’s Ratio 

	– 
	– 

	0.23 
	0.23 

	0.27 
	0.27 

	0.21 
	0.21 


	Compressive Strength (7-day) 
	Compressive Strength (7-day) 
	Compressive Strength (7-day) 

	psi 
	psi 

	4,832 
	4,832 

	6,183 
	6,183 

	3,489 
	3,489 


	Compressive Strength (14-day) 
	Compressive Strength (14-day) 
	Compressive Strength (14-day) 

	psi 
	psi 

	6,067 
	6,067 

	7,442 
	7,442 

	4,225 
	4,225 


	Compressive Strength (28-day) 
	Compressive Strength (28-day) 
	Compressive Strength (28-day) 

	psi 
	psi 

	6,908 
	6,908 

	8,256 
	8,256 

	4,883 
	4,883 


	Compressive Strength (90-day) 
	Compressive Strength (90-day) 
	Compressive Strength (90-day) 

	psi 
	psi 

	7,856 
	7,856 

	9,188 
	9,188 

	5,794 
	5,794 


	20-year/28-day Ratio  
	20-year/28-day Ratio  
	20-year/28-day Ratio  

	– 
	– 

	1.2 
	1.2 


	– No data 
	– No data 
	– No data 




	Table 25. Input values level 3, Florida State. (
	Table 25. Input values level 3, Florida State. (
	Ping 2008
	Ping 2008

	) 

	 
	 
	 
	 
	 

	Unit 
	Unit 

	MIX-01 
	MIX-01 

	MIX-02 
	MIX-02 

	MIX-03 
	MIX-03 



	CTE 
	CTE 
	CTE 
	CTE 

	µin/in./°F 
	µin/in./°F 

	7 
	7 


	Poisson’s Ratio 
	Poisson’s Ratio 
	Poisson’s Ratio 

	– 
	– 
	 

	0.25 
	0.25 


	MOR (28-day) 
	MOR (28-day) 
	MOR (28-day) 

	psi 
	psi 

	776 
	776 

	873 
	873 

	662 
	662 


	MOE (28-day) 
	MOE (28-day) 
	MOE (28-day) 

	psi 
	psi 

	4,420,000 
	4,420,000 

	4,360,000 
	4,360,000 

	3,680,000 
	3,680,000 


	– No data 
	– No data 
	– No data 




	Table 26. Optimized thicknesses, Florida State. (
	Table 26. Optimized thicknesses, Florida State. (
	Ping 2008
	Ping 2008

	) 

	 
	 
	 
	 
	 
	 

	Unit 
	Unit 

	Mix-01 
	Mix-01 

	Mix-02 
	Mix-02 

	Mix-03 
	Mix-03 


	Level-1 thickness (h) 
	Level-1 thickness (h) 
	Level-1 thickness (h) 

	in. 
	in. 

	8.75 
	8.75 

	8.25 
	8.25 

	9.00 
	9.00 


	Level-2 thickness (h) 
	Level-2 thickness (h) 
	Level-2 thickness (h) 

	in. 
	in. 

	10.25 
	10.25 

	10.75 
	10.75 

	13.50 
	13.50 


	Level-3 thickness (h) 
	Level-3 thickness (h) 
	Level-3 thickness (h) 

	in. 
	in. 

	10.50 
	10.50 

	7.50 
	7.50 

	12.00 
	12.00 


	 
	 
	 




	One would expect the optimized thickness to increase as the input level goes from 1 to 3. This is because level 3 is the most conservative input level, which should yield the largest slab 
	thicknesses. Only Mix-01 displays the expected increase in optimized layer thickness. The unexpected results of the other two mixtures are explained when comparing flexural and compressive strength data. For level 2 designs, compressive strength values are used for 7, 14, 28, and 90 days of age, which AASHTOWare Pavement ME Design then uses to estimate the MOR. For Mix-02, the 28-day MOR value is unexpectedly high, and the value predicted in the level 2 analysis is much lower, resulting in a larger slab thi
	thicknesses. Only Mix-01 displays the expected increase in optimized layer thickness. The unexpected results of the other two mixtures are explained when comparing flexural and compressive strength data. For level 2 designs, compressive strength values are used for 7, 14, 28, and 90 days of age, which AASHTOWare Pavement ME Design then uses to estimate the MOR. For Mix-02, the 28-day MOR value is unexpectedly high, and the value predicted in the level 2 analysis is much lower, resulting in a larger slab thi
	figure 18
	figure 18

	 and 
	figure 19
	figure 19

	, respectively. This Florida DOT study highlights the sensitive nature of AASHTOWare Pavement ME Design to MOR inputs. The equation used to estimate MOR from compressive strength was proven to be inaccurate in two out of the three mixtures, resulting in inconsistent design thicknesses. 

	 
	Figure
	Figure 18. Line graph. Compressive strength of Mix-01, -02, and -03, Florida State. (
	Figure 18. Line graph. Compressive strength of Mix-01, -02, and -03, Florida State. (
	Ping 2008
	Ping 2008

	) 

	 
	Figure
	Figure 19. Line graph. Flexural strength of Mix-01, 02, and 03, Florida State. (
	Figure 19. Line graph. Flexural strength of Mix-01, 02, and 03, Florida State. (
	Ping 2008
	Ping 2008

	) 

	MISSISSIPPI DOT 
	A study was performed for the Mississippi Department of Transportation (MDOT) that analyzed 20 different concrete mixtures and tested for PCC material properties required by AASHTOWare Pavement ME Design. Properties that were examined included: MOR, compressive strength, MOE, Poisson’s ratio, CTE, and shrinkage (
	A study was performed for the Mississippi Department of Transportation (MDOT) that analyzed 20 different concrete mixtures and tested for PCC material properties required by AASHTOWare Pavement ME Design. Properties that were examined included: MOR, compressive strength, MOE, Poisson’s ratio, CTE, and shrinkage (
	Rao 2014
	Rao 2014

	). Additionally, the study created statistical models to estimate 90-day data from 28-day values to be used for level 2 designs. In addition, this study included concrete mixtures with five different coarse aggregates and four different cementitious material blends. The mixtures tested are listed in 
	table 27
	table 27

	. Averages from the 28-day test results are presented in 
	table 28
	table 28

	. Values were all above MDOT-required minimums for rigid pavements. 

	Table 27. MDOT mixtures. (
	Table 27. MDOT mixtures. (
	Rao 2014
	Rao 2014

	) 

	Figure
	Table 28. MDOT 28-day test averages. (
	Table 28. MDOT 28-day test averages. (
	Rao 2014
	Rao 2014

	) 

	MIX ID 
	MIX ID 
	MIX ID 
	MIX ID 
	MIX ID 

	Age (days) 
	Age (days) 

	Compressive Strength (psi) 
	Compressive Strength (psi) 

	MOR (psi) 
	MOR (psi) 

	MOE (psi) 
	MOE (psi) 

	Poisson’s Ratio 
	Poisson’s Ratio 

	Unit Weight 
	Unit Weight 
	(lb/ft3) 


	1 
	1 
	1 

	28 
	28 

	6,648 
	6,648 

	786 
	786 

	5,883,333 
	5,883,333 

	0.17 
	0.17 

	142.2 
	142.2 


	2 
	2 
	2 

	28 
	28 

	5,756 
	5,756 

	752 
	752 

	5,233,333 
	5,233,333 

	0.16 
	0.16 

	141.2 
	141.2 


	3 
	3 
	3 

	28 
	28 

	7,133 
	7,133 

	783 
	783 

	6,333,333 
	6,333,333 

	0.14 
	0.14 

	143.8 
	143.8 


	4 
	4 
	4 

	28 
	28 

	7,020 
	7,020 

	843 
	843 

	5,933,333 
	5,933,333 

	0.15 
	0.15 

	143.4 
	143.4 


	5 
	5 
	5 

	28 
	28 

	6,365 
	6,365 

	736 
	736 

	5,483,333 
	5,483,333 

	0.19 
	0.19 

	144.4 
	144.4 


	6 
	6 
	6 

	28 
	28 

	5,968 
	5,968 

	721 
	721 

	5,400,000 
	5,400,000 

	0.20 
	0.20 

	144.5 
	144.5 


	7 
	7 
	7 

	28 
	28 

	7,973 
	7,973 

	816 
	816 

	6,366,667 
	6,366,667 

	0.23 
	0.23 

	145.7 
	145.7 


	8 
	8 
	8 

	28 
	28 

	8,041 
	8,041 

	913 
	913 

	5,416,667 
	5,416,667 

	0.19 
	0.19 

	146.1 
	146.1 


	9 
	9 
	9 

	28 
	28 

	7,316 
	7,316 

	928 
	928 

	6,683,333 
	6,683,333 

	0.21 
	0.21 

	149.3 
	149.3 


	10 
	10 
	10 

	28 
	28 

	6,812 
	6,812 

	933 
	933 

	6,583,333 
	6,583,333 

	0.22 
	0.22 

	148.6 
	148.6 


	11 
	11 
	11 

	28 
	28 

	7,296 
	7,296 

	973 
	973 

	6,650,000 
	6,650,000 

	0.21 
	0.21 

	147.7 
	147.7 


	12 
	12 
	12 

	28 
	28 

	7,268 
	7,268 

	1,047 
	1,047 

	6,550,000 
	6,550,000 

	0.23 
	0.23 

	147.04 
	147.04 


	13 
	13 
	13 

	28 
	28 

	6,878 
	6,878 

	858 
	858 

	6,583,333 
	6,583,333 

	0.17 
	0.17 

	146.4 
	146.4 


	14 
	14 
	14 

	28 
	28 

	6,715 
	6,715 

	850 
	850 

	6,566,667 
	6,566,667 

	0.14 
	0.14 

	144.3 
	144.3 


	15 
	15 
	15 

	28 
	28 

	7,617 
	7,617 

	901 
	901 

	6,666,667 
	6,666,667 

	0.18 
	0.18 

	145.6 
	145.6 


	16 
	16 
	16 

	28 
	28 

	7,270 
	7,270 

	1,004 
	1,004 

	7,533,333 
	7,533,333 

	0.15 
	0.15 

	145.66 
	145.66 


	17 
	17 
	17 

	28 
	28 

	7,217 
	7,217 

	811 
	811 

	5,833,333 
	5,833,333 

	0.14 
	0.14 

	143.0 
	143.0 


	18 
	18 
	18 

	28 
	28 

	6,631 
	6,631 

	764 
	764 

	5,700,000 
	5,700,000 

	0.15 
	0.15 

	141.0 
	141.0 


	19 
	19 
	19 

	28 
	28 

	8,237 
	8,237 

	844 
	844 

	6,250,000 
	6,250,000 

	0.15 
	0.15 

	144.5 
	144.5 


	20 
	20 
	20 

	28 
	28 

	7,908 
	7,908 

	928 
	928 

	5,816,667 
	5,816,667 

	0.15 
	0.15 

	144.4 
	144.4 


	 
	 
	 




	Using material properties from the 20 mixtures, models were developed in order to predict 90-day values using 28-day data. These models have different regression coefficients depending upon the type of coarse aggregate. For flexural strength, it was recommended to use either MDOT Model 3 or 4; the regression coefficients are presented in 
	Using material properties from the 20 mixtures, models were developed in order to predict 90-day values using 28-day data. These models have different regression coefficients depending upon the type of coarse aggregate. For flexural strength, it was recommended to use either MDOT Model 3 or 4; the regression coefficients are presented in 
	table 29
	table 29

	. For MOE, it was recommended to use MDOT Model 9. The regression coefficients for MDOT Model 9 are listed in 
	table 30
	table 30

	. 

	 
	 
	 
	 
	 

	𝑀𝑅=𝑎∗𝑓𝑐′0.5(𝑝𝑠𝑖) 
	𝑀𝑅=𝑎∗𝑓𝑐′0.5(𝑝𝑠𝑖) 

	(MDOT Model 3) 
	(MDOT Model 3) 




	 
	 
	 
	 
	 

	𝑀𝑅=𝑎∗𝑓𝑐′𝑏(𝑝𝑠𝑖) 
	𝑀𝑅=𝑎∗𝑓𝑐′𝑏(𝑝𝑠𝑖) 

	(MDOT Model 4) 
	(MDOT Model 4) 


	 
	 
	 

	𝐸=𝑎∗𝑓𝑐′𝑏(𝑝𝑠𝑖) 
	𝐸=𝑎∗𝑓𝑐′𝑏(𝑝𝑠𝑖) 

	(MDOT Model 9) 
	(MDOT Model 9) 




	Table 29. Flexural model coefficients. (
	Table 29. Flexural model coefficients. (
	Rao 2014
	Rao 2014

	) 

	Model 
	Model 
	Model 
	Model 
	Model 

	CA_ID 
	CA_ID 

	a 
	a 

	b 
	b 



	3 
	3 
	3 
	3 

	1 
	1 

	9.7816 
	9.7816 

	– 
	– 


	TR
	2 
	2 

	9.4012 
	9.4012 

	– 
	– 


	TR
	3 
	3 

	11.028 
	11.028 

	– 
	– 


	TR
	4 
	4 

	10.805 
	10.805 

	– 
	– 


	TR
	5 
	5 

	9.6891 
	9.6891 

	– 
	– 


	4 
	4 
	4 

	1 
	1 

	7.5366 
	7.5366 

	0.5297 
	0.5297 


	TR
	2 
	2 

	7.6295 
	7.6295 

	0.5235 
	0.5235 


	TR
	3 
	3 

	2.2333 
	2.2333 

	0.6801 
	0.6801 


	TR
	4 
	4 

	1.7049 
	1.7049 

	0.709 
	0.709 


	TR
	5 
	5 

	6.9302 
	6.9302 

	0.5376 
	0.5376 


	 
	 
	 




	Table 30. MDOT Model 9 regression coefficients. (
	Table 30. MDOT Model 9 regression coefficients. (
	Rao 2014
	Rao 2014

	) 

	Model 
	Model 
	Model 
	Model 
	Model 

	CA_ID 
	CA_ID 

	a 
	a 

	b 
	b 



	9 
	9 
	9 
	9 

	1 
	1 

	229467 
	229467 

	0.3652 
	0.3652 


	TR
	2 
	2 

	523594 
	523594 

	0.2693 
	0.2693 


	TR
	3 
	3 

	2000000 
	2000000 

	0.1585 
	0.1585 


	TR
	4 
	4 

	654322 
	654322 

	0.2627 
	0.2627 


	TR
	5 
	5 

	203805 
	203805 

	0.3768 
	0.3768 


	 
	 
	 




	  
	CHAPTER 4. PROBLEM STATEMENT 
	Traditionally, pavements in the United States were designed using manuals derived from empirical relationships based on the observed failure of pavements. In 2002, the National Cooperative Highway Research Program (NCHRP) produced the NCHRP Project 1-37A: Development of the 2002 Guide for the Design of New and Rehabilitated Pavement Structures (1998–2004), which proposed implementing the use of a mechanistic understanding of materials to aid in pavement design. Since then, design manuals have been produced 
	GDOT is in the process of implementing the use of the MEPDG. In 2015, with the aid of the ARA, GDOT produced an input guide to aid designers in using the MEPDG for Georgia pavements. In addition, GDOT has funded numerous research projects to calibrate the software to Georgia pavement mixtures. In one study, the CTEs for certain mixtures in Georgia were tested for future use in the MEPDG. However, a need remains for additional design inputs to be studied in greater detail and expanded to include additional m
	The overall goal of this research is to establish a database of values for pavement designers to use when designing with the MEPDG. This database will allow engineers to complete level 1, 2, and 3 designs using AASHTOWare Pavement ME Design for a variety of mixtures used in rigid pavements. This database will include laboratory-tested values for compressive strength, Young’s modulus, MOR, CTE, thermal conductivity, ultimate shrinkage, and heat capacity. Additionally, 
	this report aims to look at which of these values are the most critical for input into AASHTOWare Pavement ME Design. Sensitivity tests are conducted for each of the variables mentioned, using the materials tested and reported for the MEPDG database. Recommendations are provided for each of the design levels and their inputs. 
	With the completion of this concrete materials database, GDOT engineers will be able to confidently complete level 1, 2, and 3 designs for rigid pavements. Along with the completion of the concrete materials database, this study aims to use a statistical analysis and a machine-learning approach to provide an in-depth understanding of a concrete mixture’s inputs and characteristics and the role that they play in the mechanical and thermal properties of the concrete. 
	  
	CHAPTER 5. MATERIALS 
	This study was designed to test how different mixture design variables affect concrete material properties and to analyze their effect on pavement performance. To understand the various impacts of the mixture variables, the properties of the materials used in this study are documented here. 
	AGGREGATES 
	To obtain a representative sample of the aggregates used in Georgia’s pavements, the research team selected four different quarries for coarse aggregate and one quarry for fine aggregate. Only one quarry was selected for fine aggregate since material properties are fairly consistent for natural sands. Additionally, NS are more commonly used in Georgia due to their availability and superior finishing qualities when compared to manufactured sands. It was deemed that a representative sample of coarse aggregate
	To obtain a representative sample of the aggregates used in Georgia’s pavements, the research team selected four different quarries for coarse aggregate and one quarry for fine aggregate. Only one quarry was selected for fine aggregate since material properties are fairly consistent for natural sands. Additionally, NS are more commonly used in Georgia due to their availability and superior finishing qualities when compared to manufactured sands. It was deemed that a representative sample of coarse aggregate
	table 31
	table 31

	, followed by a map in 
	figure 20
	figure 20

	. 

	Table 31. Quarries used. 
	Location 
	Location 
	Location 
	Location 
	Location 

	Company 
	Company 

	Quarry Number 
	Quarry Number 

	Rock Type 
	Rock Type 

	Mixtures Using Quarry 
	Mixtures Using Quarry 

	Times Used in Study 
	Times Used in Study 


	Metro 
	Metro 
	Metro 

	Vulcan 
	Vulcan 

	Kennesaw 46C 
	Kennesaw 46C 

	Meta-quartz Diorite, Group II 
	Meta-quartz Diorite, Group II 

	3,4 
	3,4 

	2 
	2 


	TR
	Vulcan 
	Vulcan 

	Stockbridge 50C 
	Stockbridge 50C 

	Granite Gneiss, Group II 
	Granite Gneiss, Group II 

	5,6,7,9 
	5,6,7,9 

	4 
	4 


	North 
	North 
	North 

	Vulcan 
	Vulcan 

	Adairsville 120C 
	Adairsville 120C 

	Dolomite, Group I 
	Dolomite, Group I 

	8,10 
	8,10 

	2 
	2 


	Mid State 
	Mid State 
	Mid State 

	Martin Marietta 
	Martin Marietta 

	Ruby 054C 
	Ruby 054C 

	Gneiss/Amphibolite, Group II 
	Gneiss/Amphibolite, Group II 

	1,2,11,12 
	1,2,11,12 

	4 
	4 


	Mid State 
	Mid State 
	Mid State 

	Atlanta Sand 
	Atlanta Sand 

	Roberta 002F 
	Roberta 002F 

	Alluvial/Marine Sand 
	Alluvial/Marine Sand 

	1–12 
	1–12 

	12 
	12 


	 
	 
	 




	 
	Figure
	Figure 20. Map. Quarry locations. (
	Figure 20. Map. Quarry locations. (
	Google 2019
	Google 2019

	) 

	A #57 stone gradation was used for all coarse aggregates, as specified in GDOT Section 800. The specific gravity (SG) and absorption capacity for the coarse aggregates are provided in 
	A #57 stone gradation was used for all coarse aggregates, as specified in GDOT Section 800. The specific gravity (SG) and absorption capacity for the coarse aggregates are provided in 
	table 32
	table 32

	. Further, the ASTM C33 limits for #57 stone are shown in 
	table 33
	table 33

	. The gradation of the coarse aggregates was almost identical, as shown in 
	figure 21
	figure 21

	. The material data sheets for each quarry are found in appendix 
	A
	A

	. 

	Table 32. Specific gravity and absorption of aggregates. 
	Quarry 
	Quarry 
	Quarry 
	Quarry 
	Quarry 

	Specific Gravity (SSDa) 
	Specific Gravity (SSDa) 

	Absorption Capacity (%) 
	Absorption Capacity (%) 



	Adairsville 120C 
	Adairsville 120C 
	Adairsville 120C 
	Adairsville 120C 

	2.847 
	2.847 

	0.08 
	0.08 


	Kennesaw 46C 
	Kennesaw 46C 
	Kennesaw 46C 

	2.763 
	2.763 

	0.65 
	0.65 


	Stockbridge 50C 
	Stockbridge 50C 
	Stockbridge 50C 

	2.625 
	2.625 

	0.60 
	0.60 


	Ruby 054C 
	Ruby 054C 
	Ruby 054C 

	2.732 
	2.732 

	0.50 
	0.50 


	a Saturated surface dry 
	a Saturated surface dry 
	a Saturated surface dry 




	Table 33. Coarse Aggregate Gradation Limits #57 ASTM C33 
	Sieve Size 
	Sieve Size 
	Sieve Size 
	Sieve Size 
	Sieve Size 

	Percent Passing 
	Percent Passing 



	US  
	US  
	US  
	US  
	(in.) 

	Metric (mm) 
	Metric (mm) 

	(%) 
	(%) 


	1.5 
	1.5 
	1.5 

	37.5 
	37.5 

	100 
	100 


	1 
	1 
	1 

	25 
	25 

	95–100 
	95–100 


	0.5 
	0.5 
	0.5 

	12.5 
	12.5 

	25–60 
	25–60 


	4 
	4 
	4 

	4.74 
	4.74 

	0–10 
	0–10 


	8 
	8 
	8 

	2.36 
	2.36 

	0–5 
	0–5 
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	Figure 21. Line graph. Coarse aggregate gradation. 
	The fine aggregate gradation follows the requirements outlined in GDOT Section 801 instead of ASTM C33. The percent passing requirements for this gradation are listed in 
	The fine aggregate gradation follows the requirements outlined in GDOT Section 801 instead of ASTM C33. The percent passing requirements for this gradation are listed in 
	table 34
	table 34

	 and the fine aggregate gradation, along with the upper and lower limit requirements, are shown in 
	figure 22
	figure 22

	. The sand had a fineness modulus of 2.297. The material data sheet for the fine aggregate is located in appendix 
	A
	A

	. 

	Table 34. Fine aggregate gradation limits, GDOT Section 801. 
	Sieve Size 
	Sieve Size 
	Sieve Size 
	Sieve Size 
	Sieve Size 

	Percent Passing 
	Percent Passing 



	US 
	US 
	US 
	US 
	(in.) 

	Metric 
	Metric 
	(mm) 

	(%) 
	(%) 


	0.375 
	0.375 
	0.375 

	9.5 
	9.5 

	100 
	100 


	4 
	4 
	4 

	4.75 
	4.75 

	95–100 
	95–100 


	16 
	16 
	16 

	1.18 
	1.18 

	45–95 
	45–95 


	30 
	30 
	30 

	0.3 
	0.3 

	8–30 
	8–30 


	100 
	100 
	100 

	0.15 
	0.15 

	1–10 
	1–10 


	200 
	200 
	200 

	0.075 
	0.075 

	0–3 
	0–3 
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	Figure 22. Line graph. Fine aggregate gradation. 
	The texture and angularity of two of the coarse aggregates were compared: Stockbridge and Adairsville. This analysis was performed in order to compare mixtures using granite and dolomite. Angularity is a major factor affecting concrete compressive and flexural strength; 
	therefore, it was important to be able to quantify differences in the aggregate’s shapes. The angularities of the two aggregates were measured using an image analyzer from the University of Illinois. It was determined that the dolomite from the Adairsville quarry was more angular than the granite from the Stockbridge quarry. The mean angularity of Adairsville dolomite was 427.41, while the mean angularity of Stockbridge was 346.13. One would expect the dolomite to exhibit higher compressive strength values 
	therefore, it was important to be able to quantify differences in the aggregate’s shapes. The angularities of the two aggregates were measured using an image analyzer from the University of Illinois. It was determined that the dolomite from the Adairsville quarry was more angular than the granite from the Stockbridge quarry. The mean angularity of Adairsville dolomite was 427.41, while the mean angularity of Stockbridge was 346.13. One would expect the dolomite to exhibit higher compressive strength values 
	figure 23
	figure 23

	 and 
	figure 24
	figure 24

	. 

	 
	Figure
	Figure 23. Images. Stockbridge granite rock. 
	 
	Figure
	Figure 24. Images. Adairsville dolomite rock. 
	CEMENT 
	Type I/II cement was used for this study and provided by Argos from their Calera, Alabama, cement plant. The specific gravity of the cement was 3.13. The chemical and physical properties are listed in 
	Type I/II cement was used for this study and provided by Argos from their Calera, Alabama, cement plant. The specific gravity of the cement was 3.13. The chemical and physical properties are listed in 
	table 35
	table 35

	 and 
	table 36
	table 36

	, respectfully. The material certification report is in appendix 
	A
	A

	. 

	Table 35. Cement chemical properties. 
	Chemical Analysis 
	Chemical Analysis 
	Chemical Analysis 
	Chemical Analysis 
	Chemical Analysis 



	Item 
	Item 
	Item 
	Item 

	Spec Limit 
	Spec Limit 

	Test Result 
	Test Result 


	Rapid Method, X-Ray (C114) 
	Rapid Method, X-Ray (C114) 
	Rapid Method, X-Ray (C114) 


	SiO2 (%) 
	SiO2 (%) 
	SiO2 (%) 

	– 
	– 

	19.8 
	19.8 


	Al2O3 (%) 
	Al2O3 (%) 
	Al2O3 (%) 

	– 
	– 

	4.7 
	4.7 


	Fe2O3 (%) 
	Fe2O3 (%) 
	Fe2O3 (%) 

	– 
	– 

	3.2 
	3.2 


	CaO (%) 
	CaO (%) 
	CaO (%) 

	– 
	– 

	62.8 
	62.8 


	MgO (%) 
	MgO (%) 
	MgO (%) 

	6.0 max 
	6.0 max 

	3.0 
	3.0 


	SO3 (%) 
	SO3 (%) 
	SO3 (%) 

	3.0 max 
	3.0 max 

	3.0 
	3.0 


	Loss on Ignition (%) 
	Loss on Ignition (%) 
	Loss on Ignition (%) 

	3.5 max 
	3.5 max 

	2.7 
	2.7 


	Insoluble Residue (%) 
	Insoluble Residue (%) 
	Insoluble Residue (%) 

	1.5 max 
	1.5 max 

	0.51 
	0.51 


	CO2 (%) 
	CO2 (%) 
	CO2 (%) 

	– 
	– 

	1.7 
	1.7 


	Limestone (%) 
	Limestone (%) 
	Limestone (%) 

	5.0 max 
	5.0 max 

	2.3 
	2.3 


	CaCO3 in Limestone (%) 
	CaCO3 in Limestone (%) 
	CaCO3 in Limestone (%) 

	70 min 
	70 min 

	99 
	99 


	Inorganic Process addition (Baghouse Dust) 
	Inorganic Process addition (Baghouse Dust) 
	Inorganic Process addition (Baghouse Dust) 

	5.0 max 
	5.0 max 

	2.0 
	2.0 


	Adjusted Potential Phase Composition (C150) 
	Adjusted Potential Phase Composition (C150) 
	Adjusted Potential Phase Composition (C150) 


	C3S (%) 
	C3S (%) 
	C3S (%) 

	– 
	– 

	54 
	54 


	C2S (%) 
	C2S (%) 
	C2S (%) 

	– 
	– 

	15 
	15 


	C3A (%) 
	C3A (%) 
	C3A (%) 

	– 
	– 

	7 
	7 


	C4AF (%) 
	C4AF (%) 
	C4AF (%) 

	– 
	– 

	10 
	10 


	NaEq 
	NaEq 
	NaEq 

	0.6 max 
	0.6 max 

	0.36 
	0.36 


	– No data 
	– No data 
	– No data 




	Table 36. Cement physical properties. 
	Physical Analysis 
	Physical Analysis 
	Physical Analysis 
	Physical Analysis 
	Physical Analysis 



	Item 
	Item 
	Item 
	Item 

	Spec Limit 
	Spec Limit 

	Test Result 
	Test Result 


	Air Content of Mortar (%) (C185) 
	Air Content of Mortar (%) (C185) 
	Air Content of Mortar (%) (C185) 

	12 max 
	12 max 

	7 
	7 


	Blaine Fineness (m2/kg) (C204) 
	Blaine Fineness (m2/kg) (C204) 
	Blaine Fineness (m2/kg) (C204) 

	260 
	260 

	396 
	396 


	0.325 (%) (C430) 
	0.325 (%) (C430) 
	0.325 (%) (C430) 

	– 
	– 

	97.2 
	97.2 


	Autoclave expansion (%) (C151) 
	Autoclave expansion (%) (C151) 
	Autoclave expansion (%) (C151) 

	0.80 max 
	0.80 max 

	0.08 
	0.08 


	Compressive Strength (psi,[Mpa]) (C109) 
	Compressive Strength (psi,[Mpa]) (C109) 
	Compressive Strength (psi,[Mpa]) (C109) 


	1 day 
	1 day 
	1 day 

	– 
	– 

	2090 [14.4] 
	2090 [14.4] 


	3 days 
	3 days 
	3 days 

	1740 [12.0] min 
	1740 [12.0] min 

	3910 [27.0] 
	3910 [27.0] 


	7 days 
	7 days 
	7 days 

	2760 [19.0] min 
	2760 [19.0] min 

	4892 [33.7] 
	4892 [33.7] 


	28 days 
	28 days 
	28 days 

	– 
	– 

	6420 [44.3] 
	6420 [44.3] 


	Time of Setting (minutes) 
	Time of Setting (minutes) 
	Time of Setting (minutes) 


	Vicat Initial (C191) 
	Vicat Initial (C191) 
	Vicat Initial (C191) 

	45–375 
	45–375 

	101 
	101 


	Heat of Hydration (kj/kg) (C1702) 3 days 
	Heat of Hydration (kj/kg) (C1702) 3 days 
	Heat of Hydration (kj/kg) (C1702) 3 days 

	– 
	– 

	298 
	298 


	Mortar Bar Expansion (%) (C1038) 
	Mortar Bar Expansion (%) (C1038) 
	Mortar Bar Expansion (%) (C1038) 

	0.020 max 
	0.020 max 

	0.003 
	0.003 


	Specific Gravity (C188) 
	Specific Gravity (C188) 
	Specific Gravity (C188) 

	– 
	– 

	3.13 
	3.13 


	– No data 
	– No data 
	– No data 




	FLY ASH 
	Fly ash for this study was provided by Boral MC from Plant Bowen in Cartersville, Georgia. The fly ash was class F with a specific gravity of 2.47. Chemical properties are listed in 
	Fly ash for this study was provided by Boral MC from Plant Bowen in Cartersville, Georgia. The fly ash was class F with a specific gravity of 2.47. Chemical properties are listed in 
	table 37
	table 37

	, and the physical properties are provided in 
	table 38
	table 38

	. The complete material testing datasheet is included in appendix 
	A
	A

	. 

	Table 37. Fly ash chemical analysis. 
	Chemical Analysis 
	Chemical Analysis 
	Chemical Analysis 
	Chemical Analysis 
	Chemical Analysis 



	Item 
	Item 
	Item 
	Item 

	Result (%) 
	Result (%) 

	AASHTO Limit 
	AASHTO Limit 


	SiO2 
	SiO2 
	SiO2 

	47.49 
	47.49 

	– 
	– 


	AL2O3 
	AL2O3 
	AL2O3 

	21.3 
	21.3 

	– 
	– 


	Fe2O3 
	Fe2O3 
	Fe2O3 

	18.08 
	18.08 

	– 
	– 


	Sum(SiO2+Al2O3+Fe2O3) 
	Sum(SiO2+Al2O3+Fe2O3) 
	Sum(SiO2+Al2O3+Fe2O3) 

	86.87 
	86.87 

	70 min 
	70 min 


	SO3 
	SO3 
	SO3 

	2.07 
	2.07 

	5.0 max 
	5.0 max 


	CaO 
	CaO 
	CaO 

	4.26 
	4.26 

	– 
	– 


	MgO 
	MgO 
	MgO 

	1.19 
	1.19 

	– 
	– 


	Na2O 
	Na2O 
	Na2O 

	0.99 
	0.99 

	– 
	– 


	K2O 
	K2O 
	K2O 

	2.32 
	2.32 

	– 
	– 


	Na2O+0.658K2O 
	Na2O+0.658K2O 
	Na2O+0.658K2O 

	2.52 
	2.52 

	– 
	– 


	Moisture 
	Moisture 
	Moisture 

	0.14 
	0.14 

	3.0 max 
	3.0 max 


	Loss on Ignition 
	Loss on Ignition 
	Loss on Ignition 

	1.23 
	1.23 

	5.0 max 
	5.0 max 


	Available Alkalies, as Na2Oe 
	Available Alkalies, as Na2Oe 
	Available Alkalies, as Na2Oe 

	1.03 
	1.03 

	1.5 max 
	1.5 max 


	– No data 
	– No data 
	– No data 




	Table 38. Fly ash physical analysis. 
	Physical Analysis 
	Physical Analysis 
	Physical Analysis 
	Physical Analysis 
	Physical Analysis 



	Item 
	Item 
	Item 
	Item 

	Result 
	Result 

	AASHTO Limit 
	AASHTO Limit 


	Fineness, % retained on a 45-μm sieve 
	Fineness, % retained on a 45-μm sieve 
	Fineness, % retained on a 45-μm sieve 

	14.48% 
	14.48% 

	34 max 
	34 max 


	Strength Activity Index 
	Strength Activity Index 
	Strength Activity Index 


	7 day, % of control 
	7 day, % of control 
	7 day, % of control 

	82% 
	82% 

	75 min 
	75 min 


	28 day, % of control 
	28 day, % of control 
	28 day, % of control 

	82% 
	82% 

	75 min 
	75 min 


	Water Requirement, % control 
	Water Requirement, % control 
	Water Requirement, % control 

	98% 
	98% 

	105 max 
	105 max 


	Autoclave Soundness 
	Autoclave Soundness 
	Autoclave Soundness 

	0.01% 
	0.01% 

	0.8 max 
	0.8 max 


	Specific Gravity 
	Specific Gravity 
	Specific Gravity 

	2.47 
	2.47 

	– 
	– 


	– No data 
	– No data 
	– No data 




	CHEMICAL ADMIXTURES 
	This study utilized only air entraining admixture as a chemical admixture. The AEA dosage varied for targeted air levels, as well as fly ash percentage. Mixtures with fly ash required higher amounts 
	of AEA to achieve the same air content as mixtures without fly ash. Darex II AEA was used in this study. The manufacturer’s recommended dosage is 0.5 to 5 fl oz per 100 lb of cement. Dosage rates used for this study ranged from 0.3 to 1.1 fl oz per 100 lb of cement. 
	Air entraining admixture is the only chemical admixture selected in this study. This admixture helps contractors better control the concrete’s air levels and is commonly known for its ability to improve concrete’s workability. The AEA dosage varied from mixture to mixture, primarily because of its interaction with the mineral admixture fly ash. Mixtures that embody fly ash require a higher AEA dosage to attain the typical 3.0–6.0 percent GDOT target air content, as compared to a mixture without the use of f
	CHAPTER 6. EXPERIMENTAL DESIGN 
	DESIGN PLAN 
	This study looks to effectively develop a database of input values needed to implement the MEPDG for critical rigid pavement designs in Georgia. In order to accomplish this task, various tests must be performed on GDOT-approved concrete mixtures. The values to be determined from these tests include: compressive strength, Young’s modulus, MOR, CTE, shrinkage, thermal capacity, and heat capacity. In addition to these values, fresh concrete properties are recorded for each mixture, including slump, air content
	CONCRETE MIXTURES TESTING MATRIX 
	A concrete testing matrix was established that was composed of 12 different concrete mixtures. These mixtures varied cementitious content, fly ash content, coarse aggregate type, coarse aggregate volume fraction, and air content. The goal of altering these properties throughout the 12 mixtures was to isolate certain variables of pavement design in order to observe effects on concrete’s properties and performance. This concrete mixture matrix is presented in 
	A concrete testing matrix was established that was composed of 12 different concrete mixtures. These mixtures varied cementitious content, fly ash content, coarse aggregate type, coarse aggregate volume fraction, and air content. The goal of altering these properties throughout the 12 mixtures was to isolate certain variables of pavement design in order to observe effects on concrete’s properties and performance. This concrete mixture matrix is presented in 
	table 39
	table 39

	. Mixtures were assigned different quarries based on the different material properties to be isolated. For example, if the variable to be isolated was w/cm, then two mixtures would use the same quarry and one would have a high w/cm and one would have a low w/cm. This process was followed for 

	each of the 12 mixtures to better compare desired values by removing the variable of differing aggregates. The mixtures paired for the same quarry, as well as the variable changing between them, are presented in 
	each of the 12 mixtures to better compare desired values by removing the variable of differing aggregates. The mixtures paired for the same quarry, as well as the variable changing between them, are presented in 
	table 39
	table 39

	. 

	Table 39. Concrete mixture matrix. 
	 
	Figure
	EXPERIMENTAL PROCEDURES 
	Batching 
	The batching procedures used in this study were driven by ASTM C192: Stand Practice for Making and Curing Concrete Test Specimens in the Laboratory. Before mixing, materials were weighed in specified amounts, placed inside 5-gallon buckets, and set aside in the same climate-controlled mixing room. The cementitious materials were weighed into buckets that contained lids to ensure a moisture-free environment before mixing. Water and admixture amounts were weighed just before mixing. As mentioned previously, o
	Mixing Process 
	The mixing procedure followed the requirements specified in ASTM C192: Standard Practice for Making and Curing Concrete Test Specimens in the Laboratory. Before mixing, the concrete mixer was sprayed with water and then excess water was removed. After the mixer was dampened, all coarse and fine aggregates were added to the mixer and allowed to mix thoroughly for approximately 5 minutes. Then, a portion of the cementitious material was added to the mixer and allowed to blend with the aggregates for a few rot
	was then added to the mixture slowly in small amounts. The remaining cementitious material and water was added in an alternating fashion between cementitious material and water to ensure even distribution of materials throughout the mixer and prevent clumped material. If, during the process, concrete became stuck on the mixer side, the rotation was stopped and the concrete was scraped from the sides to ensure all materials were thoroughly integrated into the mixture. When mixing was complete, the concrete w
	Curing Process 
	The specimens were removed from the molds approximately 24 hours after placement. All specimens were then cured in water tanks that conformed to ASTM C511-13: Standard Specification for Mixing Rooms, Moist Cabinets, Moist Rooms, and Water Storage Tanks Used in the Testing of Hydraulic Cements and Concretes. The water temperature was closely monitored and kept within 23±2°C or 73.4±3.5°F. Per the standards, CaOH powder was added to prevent the leaching of calcium from the specimens. Finally, a circulatory pu
	Testing Procedures 
	Fresh and hardened concrete properties were tested for each of the 12 mixtures. ASTM standards and AASHTO standards were followed during the testing procedures of this study. The fresh concrete properties tests took place immediately following the batching of the mixture, while the hardened properties were tested at AASHTO-recommended intervals.  
	Fresh Concrete Properties Tests 
	Fresh concrete properties tests describe the behavior of the mixture during construction, as well as provide important insight into the final composition of the mixture. 
	Fresh concrete properties tests describe the behavior of the mixture during construction, as well as provide important insight into the final composition of the mixture. 
	Table 40
	Table 40

	 indicates the fresh properties tests performed, the standard associated with each test, and the testing interval. 

	Table 40. Fresh concrete properties testing matrix. 
	Fresh Concrete Property Test 
	Fresh Concrete Property Test 
	Fresh Concrete Property Test 
	Fresh Concrete Property Test 
	Fresh Concrete Property Test 

	Standard Identification 
	Standard Identification 

	Test Interval 
	Test Interval 



	Slump 
	Slump 
	Slump 
	Slump 

	ASTM C143/AASHTO T119 
	ASTM C143/AASHTO T119 

	Batching Day 
	Batching Day 


	Temperature 
	Temperature 
	Temperature 

	ASTM C1064/AASHTO T309 
	ASTM C1064/AASHTO T309 

	Batching Day 
	Batching Day 


	Pressure Meter Air Content 
	Pressure Meter Air Content 
	Pressure Meter Air Content 

	ASTM C231/AASHTO T152 
	ASTM C231/AASHTO T152 

	Batching Day 
	Batching Day 


	Unit Weight 
	Unit Weight 
	Unit Weight 

	ASTM C138/AASHTO T121 
	ASTM C138/AASHTO T121 

	Batching Day 
	Batching Day 


	 
	 
	 




	Hardened Concrete Properties Tests  
	The hardened concrete properties give indications for the long-term performance of the concrete. These are of special interest to this study as they are direct inputs into the MEPDG. These properties follow a testing schedule as outlined in 
	The hardened concrete properties give indications for the long-term performance of the concrete. These are of special interest to this study as they are direct inputs into the MEPDG. These properties follow a testing schedule as outlined in 
	table 41
	table 41

	. 

	Table 41. Hardened concrete properties testing matrix. 
	Hardened Concrete Property Test 
	Hardened Concrete Property Test 
	Hardened Concrete Property Test 
	Hardened Concrete Property Test 
	Hardened Concrete Property Test 

	Standard Identification 
	Standard Identification 

	Test Interval 
	Test Interval 



	Ultimate Shrinkage 
	Ultimate Shrinkage 
	Ultimate Shrinkage 
	Ultimate Shrinkage 

	ASTM C157/AASHTO T160 
	ASTM C157/AASHTO T160 

	0, 3, 7, 14, 28, 35, 42, 56, 84, 140, 252 days  
	0, 3, 7, 14, 28, 35, 42, 56, 84, 140, 252 days  


	Compressive Strength 
	Compressive Strength 
	Compressive Strength 

	ASTM C39/AASHTO T22 
	ASTM C39/AASHTO T22 

	7, 14, 28, 90 days 
	7, 14, 28, 90 days 


	Static Modulus of Elasticity 
	Static Modulus of Elasticity 
	Static Modulus of Elasticity 

	ASTM C49 
	ASTM C49 

	7, 14, 28, 90 days 
	7, 14, 28, 90 days 


	Dynamic Modulus of Elasticity 
	Dynamic Modulus of Elasticity 
	Dynamic Modulus of Elasticity 

	ASTM C215 
	ASTM C215 

	7, 14, 28, 90 days 
	7, 14, 28, 90 days 


	Modulus of Rupture 
	Modulus of Rupture 
	Modulus of Rupture 

	ASTM C78/AASHTO T23 
	ASTM C78/AASHTO T23 

	7, 14, 28, 90 days 
	7, 14, 28, 90 days 


	Density and Void Content 
	Density and Void Content 
	Density and Void Content 

	ASTM C1754 
	ASTM C1754 

	28 days 
	28 days 


	Coefficient of Thermal Expansion 
	Coefficient of Thermal Expansion 
	Coefficient of Thermal Expansion 

	AASHTO T336 
	AASHTO T336 

	28 days 
	28 days 


	Thermal Conductivity 
	Thermal Conductivity 
	Thermal Conductivity 

	ASTM D5334-14 
	ASTM D5334-14 

	28 days 
	28 days 


	 
	 
	 




	For each day of testing—7, 14, 28, and 90 days of age—three rounds of tests were performed for each of the hardened properties. This was to ensure that a reliable average was determined from each test. If there was a clear outlier from one of the three tests, then the average was taken from only two specimens. An outlier, as defined by ASTM E178, is extreme in either direction that appears to deviate markedly from the other members in the sample. For example, the 90-day tests for MOE of mixture 8 resulted i
	For each day of testing—7, 14, 28, and 90 days of age—three rounds of tests were performed for each of the hardened properties. This was to ensure that a reliable average was determined from each test. If there was a clear outlier from one of the three tests, then the average was taken from only two specimens. An outlier, as defined by ASTM E178, is extreme in either direction that appears to deviate markedly from the other members in the sample. For example, the 90-day tests for MOE of mixture 8 resulted i
	table 42
	table 42

	. 

	Table 42. Specimen sizes. 
	Hardened Concrete Property Test 
	Hardened Concrete Property Test 
	Hardened Concrete Property Test 
	Hardened Concrete Property Test 
	Hardened Concrete Property Test 

	Specimen Size (in.) and Shape 
	Specimen Size (in.) and Shape 

	Number Per Batch 
	Number Per Batch 



	Compressive Strength 
	Compressive Strength 
	Compressive Strength 
	Compressive Strength 

	4×8 Cylinder 
	4×8 Cylinder 

	12 
	12 


	TR
	Young’s Modulus (Static and Dynamic) 
	Young’s Modulus (Static and Dynamic) 


	TR
	Poisson’s Ratio 
	Poisson’s Ratio 


	TR
	Coefficient of Thermal Expansion 
	Coefficient of Thermal Expansion 


	Modulus of Rupture 
	Modulus of Rupture 
	Modulus of Rupture 

	3×4×16 Beam 
	3×4×16 Beam 

	12 
	12 


	TR
	6×6×22 Beam 
	6×6×22 Beam 

	12 
	12 


	Shrinkage 
	Shrinkage 
	Shrinkage 

	4×4×10 Beam 
	4×4×10 Beam 

	3 
	3 


	 
	 
	 




	The size of beams used for MOR testing has the potential to influence the overall measured values. Specifically, smaller beams typically yield higher values. Because of this expected difference in values, additional mixtures were made for comparing different beam sizes. Three 6×6×22-inch (152.4×152.4×558.8-mm) beams were also cast, along with three 3×4×16-inch (76.2×101.6×406.4-mm) beams, and tested at 28 days. The data from these tests were compared and used to develop a regression model to adjust the skew
	Two different tests were performed for MOE: static and dynamic. Static testing requires more specialized equipment and is more complex than the dynamic test. Both tests were performed in order to see if the values found from dynamic MOE can be used to find static MOE values using equation 
	Two different tests were performed for MOE: static and dynamic. Static testing requires more specialized equipment and is more complex than the dynamic test. Both tests were performed in order to see if the values found from dynamic MOE can be used to find static MOE values using equation 
	6
	6

	. A statistical hypothesis test was performed to determine if the use of this equation is valid for these 12 mixtures. This was conducted to determine whether the dynamic testing may be used in the future because of the simplistic nature of the test. Specifically, one mean hypothesis test was used to determine whether or not the static testing value could be determined using equation 
	5
	5

	, 𝐸𝑆𝑡𝑎𝑡𝑖𝑐=𝐸𝐷𝑦𝑛𝑎𝑚𝑖𝑐∗0.83. The ratios between static MOE values and dynamic MOE 

	values were compared to 0.83. Two conditions needed to be satisfied in order to perform this test: independence and normality. 
	Two rounds of thermal conductivity testing were conducted using a needle probe through a line source test method. A known current and voltage are issued by the probe, and the temperature increase of the specimen with respect to time was measured. After the probe ceased providing heat to the specimen, the temperature decay of the specimen was measured. The thermal conductivity was then obtained by analyzing the time and temperature relationship between these heat and cooling cycles. The first round of testin
	The second round of thermal conductivity testing was performed on six concrete cylinders for all 12 mixtures, after a 28-day curing period. This round of testing was conducted to determine the impact that density, moisture, and air content have on thermal conductivity in concrete. Each concrete mixture had an extra cylinder that was tested for density following the ASTM C1754 test method after the 28-day curing period. The six cylinders were tested in three different conditions (i.e., dry, normal, and satur
	mixture into a controlled environmental chamber, maintaining a temperature of 73±3°F (23±2°C) and a relative humidity of 50±4 percent. The specimens remained in this chamber for a 24-hour period to ensure homogeneous temperature and moisture throughout the specimen. After this 24-hour period, the specimens were tested. The final condition was a saturated condition. After 28 days, the concrete specimens were moved from the moisture curing tank to a water tank inside the environmental chamber for a 24-hour pe
	  
	CHAPTER 7. EXPERIMENTAL RESULTS 
	CONCRETE MIXTURES 
	Using the concrete mixture matrix presented in 
	Using the concrete mixture matrix presented in 
	table 39
	table 39

	, GDOT-approved mixtures were selected from previous projects that had similar design characteristics. These GDOT mixtures and their GDOT project numbers are listed in 
	table 43
	table 43

	. These mixtures have been used in past GDOT pavement projects, and thus would allow the potential to compare the in-situ material properties and performance compared to laboratory results from this research. Batch weights and the moisture content before mixing are found in appendix 
	B
	B

	. 

	Mixture IDs were created for easy reference of mixture attributes and ingredients. These IDs describe the cementitious content, fly ash replacement, w/cm, CA type, CA fraction, and resulting air content of the 12 mixtures. The identification for mixture 1 is (541/0FA/0.431/11.91G/4.9). The first number, 541, represents the cementitious content of the concrete mixture. The second number, 0FA, represents the percent of cement replaced by fly ash. The third number, 0.431, represents the w/cm of the concrete mi
	Mixture IDs were created for easy reference of mixture attributes and ingredients. These IDs describe the cementitious content, fly ash replacement, w/cm, CA type, CA fraction, and resulting air content of the 12 mixtures. The identification for mixture 1 is (541/0FA/0.431/11.91G/4.9). The first number, 541, represents the cementitious content of the concrete mixture. The second number, 0FA, represents the percent of cement replaced by fly ash. The third number, 0.431, represents the w/cm of the concrete mi
	table 44
	table 44

	. 

	Table 43. GDOT-approved mixtures. 
	Mixture Number 
	Mixture Number 
	Mixture Number 
	Mixture Number 
	Mixture Number 

	Cementitious Content 
	Cementitious Content 

	Fly Ash (%) 
	Fly Ash (%) 

	W/cm 
	W/cm 

	CA Type 
	CA Type 

	CA Fraction 
	CA Fraction 

	Air Content (%) 
	Air Content (%) 

	GDOT Project Number 
	GDOT Project Number 



	1 
	1 
	1 
	1 

	541 
	541 

	0 
	0 

	0.431 
	0.431 

	Granite 
	Granite 

	11.91 
	11.91 

	3.0–6.5 
	3.0–6.5 

	IM-185-1(326)01 
	IM-185-1(326)01 


	2 
	2 
	2 

	541 
	541 

	0 
	0 

	0.524 
	0.524 

	Granite 
	Granite 

	12.75 
	12.75 

	3.0–6.5 
	3.0–6.5 

	NH-IM-20-2(145)01 
	NH-IM-20-2(145)01 


	3 
	3 
	3 

	595 
	595 

	0 
	0 

	0.43 
	0.43 

	Granite 
	Granite 

	11.40 
	11.40 

	3.0–6.5 
	3.0–6.5 

	EDS00-0072-00(039) 
	EDS00-0072-00(039) 


	4 
	4 
	4 

	600 
	600 

	0 
	0 

	0.47 
	0.47 

	Granite 
	Granite 

	11.62 
	11.62 

	3.0–6.5 
	3.0–6.5 

	NHS00-0005-00(320) 
	NHS00-0005-00(320) 


	5 
	5 
	5 

	580 
	580 

	12.20 
	12.20 

	0.493 
	0.493 

	Granite 
	Granite 

	12.54 
	12.54 

	3.0–6.5 
	3.0–6.5 

	NH-IM-20-2(145)01 
	NH-IM-20-2(145)01 


	6 
	6 
	6 

	579 
	579 

	19.69 
	19.69 

	0.446 
	0.446 

	Granite 
	Granite 

	11.67 
	11.67 

	3.0–6.5 
	3.0–6.5 

	CSNHS-M002-00(965)01 
	CSNHS-M002-00(965)01 


	7 
	7 
	7 

	622 
	622 

	26.00 
	26.00 

	0.422 
	0.422 

	Granite 
	Granite 

	12.14 
	12.14 

	3.0–6.5 
	3.0–6.5 

	NHS-M002-00(434)01 
	NHS-M002-00(434)01 


	8 
	8 
	8 

	605 
	605 

	20.66 
	20.66 

	0.43 
	0.43 

	Dolomite 
	Dolomite 

	12.09 
	12.09 

	3.0–6.5 
	3.0–6.5 

	NHSTP-0075-03(203) 
	NHSTP-0075-03(203) 


	9 
	9 
	9 

	590 
	590 

	18.64 
	18.64 

	0.438 
	0.438 

	Granite 
	Granite 

	10.87 
	10.87 

	3.0–6.5 
	3.0–6.5 

	CSSTP-0007-00(239)01 
	CSSTP-0007-00(239)01 


	10 
	10 
	10 

	590 
	590 

	18.64 
	18.64 

	0.43 
	0.43 

	Dolomite 
	Dolomite 

	10.87 
	10.87 

	3.0–6.5 
	3.0–6.5 

	CSSTP-0007-00(239)01 
	CSSTP-0007-00(239)01 


	11 
	11 
	11 

	600 
	600 

	20.16 
	20.16 

	0.47 
	0.47 

	Granite 
	Granite 

	11.42 
	11.42 

	3.0 
	3.0 

	IMNH0-0075-01(227) 
	IMNH0-0075-01(227) 


	12 
	12 
	12 

	600 
	600 

	20.16 
	20.16 

	0.47 
	0.47 

	Granite 
	Granite 

	11.42 
	11.42 

	6.5 
	6.5 

	IMNH0-0075-01(227) 
	IMNH0-0075-01(227) 




	Table 44. Mixture identification. 
	Figure
	TEST RESULTS 
	After carefully adhering to the testing procedures outlined in chapter 
	After carefully adhering to the testing procedures outlined in chapter 
	6
	6

	, the concrete material properties were measured. In this section, the data are reported and analyzed as they pertain to their use in rigid pavements. Currently, GDOT has certain design acceptance requirements (DAR) for concrete mixtures used in rigid pavements. Before a mixture’s approval, trial batches must meet certain threshold values for compressive and flexural strength, outlined in GDOT Section 430–Portland Cement Concrete Pavement (
	GDOT
	GDOT

	 2013). For class 1 mixtures, compressive and flexural strength should reach minimum values of 3,000 psi (20.7 MPa) and 600 psi (4.1 MPa), respectively. For class 2 mixtures, compressive and flexural strength should reach minimum values of 3,500 psi (24.1 MPa) and 700 psi (4.8 MPa), respectively. 

	Fresh Properties 
	The mixtures had fresh properties consistent with expectations. The fresh properties for each of the mixtures are shown in 
	The mixtures had fresh properties consistent with expectations. The fresh properties for each of the mixtures are shown in 
	table 45
	table 45

	.  

	The temperature of the mixtures varied mainly due to the dates batched, which occurred over a 2-month period between March and April. Unit weights are within a reasonable range with values measured between 143.0 to 149.0 pcf (2,290.6 to 2,386.8 kg/m3), as shown in 
	The temperature of the mixtures varied mainly due to the dates batched, which occurred over a 2-month period between March and April. Unit weights are within a reasonable range with values measured between 143.0 to 149.0 pcf (2,290.6 to 2,386.8 kg/m3), as shown in 
	figure 25
	figure 25

	. The air contents of each of the mixtures fits within the allowed tolerance of 3.00–6.50 percent, as specified by GDOT-approved mixtures. Some variability of the air content occurred due to the variation in each of the mixture’s constituents, as shown in 
	figure 26
	figure 26

	. The greatest variability of the mixtures’ fresh concrete properties occurred with slump, which has a maximum value of 3.50 inch (88.9 mm) for pavements. Most of this variability is explained by the different w/cm used for the mixtures. Additionally, mixtures using fly ash are typically expected to be more workable than mixtures without (
	Kosmatka and Wilson 2016
	Kosmatka and Wilson 2016

	). As seen in 
	figure 27
	figure 27

	, five of the 

	mixtures were above the acceptable limit on slump. These mixtures are, however, GDOT-approved mixtures with no modifications except for AEA dosage (dosage amounts not provided in specifications). Since slump is only a measure of workability and does not provide insight into strength or the rigidity of the concrete, it is acceptable for these five mixtures to have a higher slump for the purposes of this study, so long as the required mechanical properties are met.  
	Table 45. Fresh properties. 
	Mixture 
	Mixture 
	Mixture 
	Mixture 
	Mixture 

	Temperature (°F) 
	Temperature (°F) 

	Slump (in.) 
	Slump (in.) 

	Air (%) 
	Air (%) 

	Unit Weight (lb/ft3) 
	Unit Weight (lb/ft3) 



	1 
	1 
	1 
	1 

	82.4 
	82.4 

	0.50 
	0.50 

	4.9 
	4.9 

	147.2 
	147.2 


	2 
	2 
	2 

	83.4 
	83.4 

	2.25 
	2.25 

	4 
	4 

	147.4 
	147.4 


	3 
	3 
	3 

	73.7 
	73.7 

	3.00 
	3.00 

	6.2 
	6.2 

	144.4 
	144.4 


	4 
	4 
	4 

	79.3 
	79.3 

	8.50 
	8.50 

	6.1 
	6.1 

	143 
	143 


	5 
	5 
	5 

	62.1 
	62.1 

	7.00 
	7.00 

	4.5 
	4.5 

	143.4 
	143.4 


	6 
	6 
	6 

	74.1 
	74.1 

	6.50 
	6.50 

	5.5 
	5.5 

	141.6 
	141.6 


	7 
	7 
	7 

	58.6 
	58.6 

	4.25 
	4.25 

	3.1 
	3.1 

	145.2 
	145.2 


	8 
	8 
	8 

	64.4 
	64.4 

	5.00 
	5.00 

	5 
	5 

	148.8 
	148.8 


	9 
	9 
	9 

	66.2 
	66.2 

	0.50 
	0.50 

	4.9 
	4.9 

	145.8 
	145.8 


	10 
	10 
	10 

	75.4 
	75.4 

	2.50 
	2.50 

	5.9 
	5.9 

	147.2 
	147.2 


	11 
	11 
	11 

	70.5 
	70.5 

	2.75 
	2.75 

	3.6 
	3.6 

	146.6 
	146.6 


	12 
	12 
	12 

	85.8 
	85.8 

	2.75 
	2.75 

	4.7 
	4.7 

	146.4 
	146.4 
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	Figure 25. Bar graph. Unit weight results. 
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	Figure 26. Bar graph. Air content results. 
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	Figure 27. Bar graph. Slump results. 
	To ensure the consistent results of the fresh properties, two additional 4×8-inch cylinders were batched for every mixture that would later be tested for their CTE. 
	To ensure the consistent results of the fresh properties, two additional 4×8-inch cylinders were batched for every mixture that would later be tested for their CTE. 
	Table 46
	Table 46

	 provides the fresh properties for the first round of thermal conductivity testing. 
	Table 47
	Table 47

	 and 
	table 48
	table 48

	 are the fresh properties measured from the mechanical property mixtures for MOR and 𝑓𝑐′, and the second round of thermal conductivity batches, respectively.  

	Table 46. Fresh concrete properties for first round of thermal conductivity. 
	  
	Figure
	Table 47. Fresh concrete properties for MOR and 𝒇𝒄′ testing. 
	 
	Figure
	Table 48. Fresh concrete properties for second round of thermal conductivity. 
	  
	Figure
	During all three trials, the concrete batches displayed good slump values. GDOT recommends for pavements to remain below 3.50 inch (88.9 mm). None of the mixtures batched during this study exceeded this maximum value. A slight variation exists between the temperatures of the mixtures, ranging from 64.0°F to 83.4°F. This variation can be best explained by examining the “Date Batched” column. Georgia is known for its quick transition in seasons, and the mixtures batched in February and September had much lowe
	During all three trials, the concrete batches displayed good slump values. GDOT recommends for pavements to remain below 3.50 inch (88.9 mm). None of the mixtures batched during this study exceeded this maximum value. A slight variation exists between the temperatures of the mixtures, ranging from 64.0°F to 83.4°F. This variation can be best explained by examining the “Date Batched” column. Georgia is known for its quick transition in seasons, and the mixtures batched in February and September had much lowe
	table 46
	table 46

	). This may be attributed to a malfunction of the air meter. With a newly purchased air meter, accurate air contents were measured for the more recent mixtures. The unit weights of these mixtures displayed higher values than expected. For concrete mixtures, a typical unit weight range includes 143.0 to 149.0 pcf (2,290.6 to 2,386.8 kg/m3). Some of the unit weight tests exceeded this 149.0 pcf (2,386.8 8 kg/m3), however the difference was negligible, and the typical value used in GDOT’s pavement design is 15

	Figure 28
	Figure 28
	Figure 28

	, 
	figure 29
	figure 29

	, and 
	figure 30
	figure 30

	 illustrate the concrete fresh property test results of the three different trials used in this study. Trial 1 refers to the properties shown in 
	table 46
	table 46

	; CTE specimens were batched during this trial. The second trial of concrete mixtures (
	table 47
	table 47

	) was used for the ultimate shrinkage and MOR testing. The third trial of concrete mixtures (
	table 48
	table 48

	) was batched for thermal conductivity testing. The three trials are plotted to demonstrate homogeneity across the various concrete mixing trials used in this study.  

	 
	Figure
	Figure 28. Bar graph. Air content comparison for different mixture trials. 
	 
	Figure
	Figure 29. Bar graph. Slump comparison for different mixture trials. 
	 
	Figure
	Figure 30. Bar graph. Unit weight comparison for different mixture trials. 
	The three different trials displayed fairly similar fresh concrete property results that provided quality assurance for the research team. 
	The three different trials displayed fairly similar fresh concrete property results that provided quality assurance for the research team. 
	Figure 28
	Figure 28

	 proved that most of the concrete air content measurements were in the desired range of 3.0–6.0 percent. The concrete mixtures were desired to maintain slump values below 3.50 inch (88.9 mm). None of the mixtures in the second and third trials exceeded this maximum value. In some cases, trial 1 demonstrated a slight variation from the other two trials. During this initial batching process, fresh air content measurements were lower than expected. Higher dosages of air-entraining admixture were used to combat
	figure 28
	figure 28

	 and 
	figure 29
	figure 29

	. 

	Compressive Strength 
	Examining the compressive strength values of the mixtures, all 12 satisfied the DAR for class 2 mixtures of 3,500 psi (24.1 MPa). Mixture 6 (579/19.69FA/0.446/11.67G/5.5) had the lowest 28-day compressive strength value at 4,140 psi (28.5 MPa), while mixture 9 (590/18.64FA/0.438/10.87G/4.9) achieved the highest 28-day strength at 6,650 psi (45.9 MPa). The average 28-day strength across all mixtures is 5,400 psi (37.2 MPa). Compressive strengths for all mixtures for each testing age are shown in 
	Examining the compressive strength values of the mixtures, all 12 satisfied the DAR for class 2 mixtures of 3,500 psi (24.1 MPa). Mixture 6 (579/19.69FA/0.446/11.67G/5.5) had the lowest 28-day compressive strength value at 4,140 psi (28.5 MPa), while mixture 9 (590/18.64FA/0.438/10.87G/4.9) achieved the highest 28-day strength at 6,650 psi (45.9 MPa). The average 28-day strength across all mixtures is 5,400 psi (37.2 MPa). Compressive strengths for all mixtures for each testing age are shown in 
	table 49
	table 49

	. As shown in 
	table 39
	table 39

	, mixtures have “companion mixtures,” where only one property changed from mixture to mixture. These companion mixtures were plotted to show differences in strength gain as well as final strengths and are presented in 
	figure 31
	figure 31

	, 
	figure 32
	figure 32

	, 
	figure 33
	figure 33

	, 
	figure 34
	figure 34

	, and 
	figure 35
	figure 35

	. 

	Table 49. Compressive strength values. 
	  
	  
	  
	  
	  

	Age of Specimen (days) 
	Age of Specimen (days) 



	TBody
	TR
	7 
	7 

	14 
	14 

	28 
	28 

	90 
	90 


	Mix Number 
	Mix Number 
	Mix Number 

	Mixture ID 
	Mixture ID 

	Compressive Strength (psi) 
	Compressive Strength (psi) 


	1 
	1 
	1 

	541/0FA/0.431/11.91G/4.9 
	541/0FA/0.431/11.91G/4.9 

	4,680 
	4,680 

	5,420 
	5,420 

	6,370 
	6,370 

	6,240 
	6,240 


	2 
	2 
	2 

	541/0FA/0.524/12.75G/4.0 
	541/0FA/0.524/12.75G/4.0 

	4,810 
	4,810 

	5,440 
	5,440 

	6,300 
	6,300 

	6,680 
	6,680 


	3 
	3 
	3 

	595/0FA/0.43/11.4G/6.2 
	595/0FA/0.43/11.4G/6.2 

	4,410 
	4,410 

	4,870 
	4,870 

	5,350 
	5,350 

	5,780 
	5,780 


	4 
	4 
	4 

	600/0FA/0.47/11.62G/6.1 
	600/0FA/0.47/11.62G/6.1 

	3,130 
	3,130 

	3,820 
	3,820 

	4,280 
	4,280 

	4,490 
	4,490 


	5 
	5 
	5 

	580/12.2FA/0.493/12.54G/4.5 
	580/12.2FA/0.493/12.54G/4.5 

	3,190 
	3,190 

	3,700 
	3,700 

	4,390 
	4,390 

	5,340 
	5,340 


	6 
	6 
	6 

	579/19.69FA/0.446/11.67G/5.5 
	579/19.69FA/0.446/11.67G/5.5 

	3,090 
	3,090 

	3,580 
	3,580 

	4,140 
	4,140 

	5,420 
	5,420 


	7 
	7 
	7 

	622/26FA/0.422/12.14G/3.1 
	622/26FA/0.422/12.14G/3.1 

	4,080 
	4,080 

	4,610 
	4,610 

	5,420 
	5,420 

	6,650 
	6,650 


	8 
	8 
	8 

	605/20.66FA/0.43/12.09D/5.0 
	605/20.66FA/0.43/12.09D/5.0 

	4,240 
	4,240 

	4,920 
	4,920 

	5,700 
	5,700 

	7,450 
	7,450 


	9 
	9 
	9 

	590/18.64FA/0.438/10.87G/4.9 
	590/18.64FA/0.438/10.87G/4.9 

	4,980 
	4,980 

	5,980 
	5,980 

	6,650 
	6,650 

	7,940 
	7,940 


	10 
	10 
	10 

	590/18.64FA/0.439/10.87D/5.9 
	590/18.64FA/0.439/10.87D/5.9 

	4,150 
	4,150 

	4,450 
	4,450 

	5,220 
	5,220 

	6,570 
	6,570 


	11 
	11 
	11 

	600/20.16FA/0.47/11.42G/3.6 
	600/20.16FA/0.47/11.42G/3.6 

	4,930 
	4,930 

	5,640 
	5,640 

	6,020 
	6,020 

	8,130 
	8,130 


	12 
	12 
	12 

	600/20.16FA/0.47/11.42G/4.7 
	600/20.16FA/0.47/11.42G/4.7 

	3,820 
	3,820 

	4,520 
	4,520 

	5,190 
	5,190 

	6,950 
	6,950 


	 
	 
	 




	Comparing mixtures 1 (541/0FA/0.431/11.91G/4.9) and 2 (541/0FA/0.524/12.75G/4.0), there is almost no difference in strength, as shown in 
	Comparing mixtures 1 (541/0FA/0.431/11.91G/4.9) and 2 (541/0FA/0.524/12.75G/4.0), there is almost no difference in strength, as shown in 
	figure 31
	figure 31

	. Since mixture 1 had a lower w/cm, 

	it is expected to have higher compressive strength values, similar to what is shown in 
	it is expected to have higher compressive strength values, similar to what is shown in 
	figure 32
	figure 32

	 between mixtures 3 (595/0FA/0.43/11.4G/6.2) and 4 (600/0FA/0.47/11.62G/6.1). As part of the MOR testing, new 28-day strengths were obtained for mixtures 1 and 2. Mixture 1 had a 28-day strength of 6,540 psi (45.1 MPa) and mixture 2 had a 28-day strength of 4,930 psi (40.0 MPa) when rebatched. This difference is much more in line with expectations.  
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	Figure 31. Line graph. Compressive strength vs. age, mixtures 1 and 2, w/cm change. 
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	Figure 32. Line graph. Compressive strength vs. age, mixtures 3 and 4, w/cm change. 
	Comparing mixtures 4 (600/0FA/0.47/11.62G/6.1), 5 (580/12.2FA/0.493/12.54G/4.5), 6 (579/19.69FA/0.446/11.67G/5.5), and 7 (622/26FA/0.422/12.14G/3.1) in 
	Comparing mixtures 4 (600/0FA/0.47/11.62G/6.1), 5 (580/12.2FA/0.493/12.54G/4.5), 6 (579/19.69FA/0.446/11.67G/5.5), and 7 (622/26FA/0.422/12.14G/3.1) in 
	figure 33
	figure 33

	, mixtures 4, 5, and 6 performed very similarly while mixture 7 achieved the highest strength. Mixture 4 strengths were almost identical despite having 0.00 percent fly ash replacement. This is probably a result of increased air and w/cm lowering its strength, as well as similar cement contents producing calcium silicate hydrate at similar rates. After 28 days, the mixtures with fly ash continued producing CSH at high rates, while mixture 4’s production declined, allowing the mixtures with fly ash to achiev

	the highest fly ash replacement due to its high cement content, as well as having the lowest w/cm of the three mixtures. 
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	Figure 33. Line graph. Compressive strength vs. age; mixtures 4, 5, 6, and 7; FA percentage change. 
	Figure 34
	Figure 34
	Figure 34

	 displays mixtures 7 (622/26FA/0.422/12.14G/3.1) and 9 (590/18.64FA/0.438/10.87G/4.9), whose main difference is coarse aggregate content. Previous studies have found that lower coarse aggregate content leads to lower compressive strength values (
	Kim 2012
	Kim 2012

	). The opposite was observed in 
	figure 34
	figure 34

	, likely due to fly ash percent replacement differences between the mixtures. Mixtures 8 (605/20.66FA/0.43/12.09D/5.0) and 10 (590/18.64FA/0.439/10.87D/5.9) display the expected trend of lower CA content, leading to the lower strengths presented in 
	figure 35
	figure 35

	.  
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	Figure 34. Line graph. Compressive strength vs. age, mixtures 7 and 9, CA volume change. 
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	Figure 35. Line graph. Compressive strength vs. age, mixtures 8 and 10, CA volume change. 
	Figure 36
	Figure 36
	Figure 36

	 displays mixtures 9 (590/18.64FA/0.438/10.87G/4.9) and 10 (590/18.64FA/0.439/10.87D/5.9), which are the same, except one was made with granite and the other with dolomite. Mixture 9, produced with granite, exhibited higher strengths by providing a better bond between the paste and aggregate and subsequently higher strengths. Since this is a limited sample size, additional mixtures should be analyzed in order to support this trend as it may not support the actual difference between granite and dolomite mixt
	figure 37
	figure 37

	, display a variation in air content. As expected, mixture 11 achieved higher strengths due to a lower air content. 
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	Figure 36. Line graph. Compressive strength vs. age, mixtures 9 and 10, CA type change. 
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	Figure 37. Line graph. Compressive strength vs. age, mixtures 11 and 12, air content change. 
	Modulus of Elasticity 
	When examining the MOE test results, the 28-day measured values ranged from 3,150 to 6,400 ksi (21.7 to 44.1 GPa). The average 28-day MOE was 4,700 ksi (32.4 GPa) across all mixtures. The test results for static MOE are shown in 
	When examining the MOE test results, the 28-day measured values ranged from 3,150 to 6,400 ksi (21.7 to 44.1 GPa). The average 28-day MOE was 4,700 ksi (32.4 GPa) across all mixtures. The test results for static MOE are shown in 
	table 50
	table 50

	. Companion mixtures plotted against time are shown in 
	figure 38
	figure 38

	 (mixtures 1 and 2), 
	figure 39
	figure 39

	 (mixtures 3 and 4), 
	figure 40
	figure 40

	 (mixtures 4, 5, 6, and 7), 
	figure 41
	figure 41

	 (mixtures 7 and 9), 
	figure 42
	figure 42

	 (mixtures 8 and 10), 
	figure 43
	figure 43

	 (mixtures 9 and 10), and 
	figure 44
	figure 44

	 (mixtures 11 and 12). 

	Table 50. Static MOE results. 
	Mixtures 
	Mixtures 
	Mixtures 
	Mixtures 
	Mixtures 

	Age of Specimen (days) 
	Age of Specimen (days) 



	TBody
	TR
	7 
	7 

	14 
	14 

	28 
	28 

	90 
	90 


	Mixture Number 
	Mixture Number 
	Mixture Number 

	Mixture ID 
	Mixture ID 

	Static MOE (ksi) 
	Static MOE (ksi) 


	1 
	1 
	1 

	541/0FA/0.431/11.91G/4.9 
	541/0FA/0.431/11.91G/4.9 

	5,100 
	5,100 

	5,150 
	5,150 

	5,350 
	5,350 

	5,650 
	5,650 


	2 
	2 
	2 

	541/0FA/0.524/12.75G/4.0 
	541/0FA/0.524/12.75G/4.0 

	4,750 
	4,750 

	5,100 
	5,100 

	5,600 
	5,600 

	5,850 
	5,850 


	3 
	3 
	3 

	595/0FA/0.43/11.4G/6.2 
	595/0FA/0.43/11.4G/6.2 

	4,350 
	4,350 

	4,450 
	4,450 

	4,600 
	4,600 

	5,100 
	5,100 


	4 
	4 
	4 

	600/0FA/0.47/11.62G/6.1 
	600/0FA/0.47/11.62G/6.1 

	3,650 
	3,650 

	3,850 
	3,850 

	4,100 
	4,100 

	4,400 
	4,400 


	5 
	5 
	5 

	580/12.2FA/0.493/12.54G/4.5 
	580/12.2FA/0.493/12.54G/4.5 

	2,650 
	2,650 

	2,950 
	2,950 

	3,150 
	3,150 

	3,700 
	3,700 


	6 
	6 
	6 

	579/19.69FA/0.446/11.67G/5.5 
	579/19.69FA/0.446/11.67G/5.5 

	2,900 
	2,900 

	2,950 
	2,950 

	3,200 
	3,200 

	3,650 
	3,650 


	7 
	7 
	7 

	622/26FA/0.422/12.14G/3.1 
	622/26FA/0.422/12.14G/3.1 

	3,150 
	3,150 

	3,350 
	3,350 

	3,550 
	3,550 

	4,250 
	4,250 


	8 
	8 
	8 

	605/20.66FA/0.43/12.09D/5.0 
	605/20.66FA/0.43/12.09D/5.0 

	5,500 
	5,500 

	5,950 
	5,950 

	6,400 
	6,400 

	6,600 
	6,600 


	9 
	9 
	9 

	590/18.64FA/0.438/10.87G/4.9 
	590/18.64FA/0.438/10.87G/4.9 

	3,550 
	3,550 

	3,900 
	3,900 

	4,150 
	4,150 

	4,600 
	4,600 


	10 
	10 
	10 

	590/18.64FA/0.439/10.87D/5.9 
	590/18.64FA/0.439/10.87D/5.9 

	5,400 
	5,400 

	5,550 
	5,550 

	6,050 
	6,050 

	7,150 
	7,150 


	11 
	11 
	11 

	600/20.16FA/0.47/11.42G/3.6 
	600/20.16FA/0.47/11.42G/3.6 

	4,950 
	4,950 

	5,050 
	5,050 

	5,350 
	5,350 

	5,950 
	5,950 


	12 
	12 
	12 

	600/20.16FA/0.47/11.42G/4.7 
	600/20.16FA/0.47/11.42G/4.7 

	4,350 
	4,350 

	4,850 
	4,850 

	5,250 
	5,250 

	5,650 
	5,650 


	 
	 
	 




	Factors that appear to affect the MOE of mixtures are w/cm, fly ash content, and rock type. Mixtures with higher w/cm have a lower MOE than the similar mixtures with a lower w/cm, as displayed in 
	Factors that appear to affect the MOE of mixtures are w/cm, fly ash content, and rock type. Mixtures with higher w/cm have a lower MOE than the similar mixtures with a lower w/cm, as displayed in 
	figure 38
	figure 38

	 and 
	figure 39
	figure 39

	. Similarly, fly ash content results in lower MOE values than mixtures without fly ash. 
	Figure 40
	Figure 40

	 shows three mixtures using fly ash that have much lower MOE values when compared to mixture 4 (600/0FA/0.47/11.62G/6.1), which has a similar composition without fly ash. Mixtures with fly ash achieved MOE values of approximately 1,000 ksi (6.9 GPa) less than mixture 4. The type of coarse aggregate was observed to have the largest impact on the MOE of the mixtures. Mixtures using dolomite exhibited MOE values much higher than similar mixtures using granite. 
	Figure 41
	Figure 41

	 shows the same mixture made once with granite and once with dolomite. The resulting dolomite mixture had MOE values almost 2,000 ksi (13.8 MPa) greater than the granite mixture. Similarly, 
	figure 42
	figure 42

	 shows granite mixtures and 
	figure 43
	figure 43

	 shows dolomite mixtures with similar constituents. The same trend is observed when comparing these figures, dolomite mixtures result in higher MOE values. This trend is opposite of expectations since dolomite mixtures resulted in lower compressive strength values as previously shown in 
	figure 36
	figure 36

	. The SG of the dolomite can provide insight to why MOE is higher for dolomite mixtures. The SG of dolomite is 2.847 and the SG of granite is 2.625. This difference in SG shows dolomite is a stiffer material than granite, even though it resulted in lower compressive strengths. The effect of air content on MOE is shown in 
	figure 44
	figure 44

	. 
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	Figure 38. Line graph. MOE vs. age, mixtures 1 and 2, w/cm change. 
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	Figure 39. Line graph. MOE vs. age, mixtures 3 and 4, w/cm change. 
	  
	Chart
	Span
	0
	0
	0


	1000
	1000
	1000


	2000
	2000
	2000


	3000
	3000
	3000


	4000
	4000
	4000


	5000
	5000
	5000


	6000
	6000
	6000


	7000
	7000
	7000


	0
	0
	0


	10
	10
	10


	20
	20
	20


	30
	30
	30


	40
	40
	40


	50
	50
	50


	60
	60
	60


	70
	70
	70


	80
	80
	80


	90
	90
	90


	MOE (ksi)
	MOE (ksi)
	MOE (ksi)


	Age (days)
	Age (days)
	Age (days)


	Span
	600/0FA/0.47/11.62G/6.1
	600/0FA/0.47/11.62G/6.1
	600/0FA/0.47/11.62G/6.1


	Span
	580/12.2FA/0.493/12.54G/4.5
	580/12.2FA/0.493/12.54G/4.5
	580/12.2FA/0.493/12.54G/4.5


	Span
	579/19.69FA/0.446/11.67G/5.5
	579/19.69FA/0.446/11.67G/5.5
	579/19.69FA/0.446/11.67G/5.5


	Span
	622/26FA/0.422/12.14G/3.1
	622/26FA/0.422/12.14G/3.1
	622/26FA/0.422/12.14G/3.1


	Span

	Figure 40. Line graph. MOE vs. age; mixtures 4, 5, 6, and 7; fly ash percentage change. 
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	Figure 41. Line graph. MOE vs. age, mixtures 7 and 9, CA volume change. 
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	Figure 42. Line graph. MOE vs. age, mixtures 8 and 10, CA volume change. 
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	Figure 43. Line graph. MOE vs. age, mixtures 9 and 10, CA type change. 
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	Figure 44. Line graph. MOE vs. age, mixtures 11 and 12, air content change. 
	As part of MOE testing, the static test method was compared with the dynamic test method. A one-mean hypothesis test was used to determine whether or not the static testing value could be determined using equation 
	As part of MOE testing, the static test method was compared with the dynamic test method. A one-mean hypothesis test was used to determine whether or not the static testing value could be determined using equation 
	5
	5

	, 𝐸𝑆𝑡𝑎𝑡𝑖𝑐=𝐸𝐷𝑦𝑛𝑎𝑚𝑖𝑐∗0.83. The cylinders from 7, 14, and 28 days of age were compared, creating a sample size of 108 readings. The ratio of static MOE to dynamic MOE was analyzed for normality and had to be transformed by taking the square root in order to obtain a normal distribution. The null and alternative hypotheses are presented as equations 
	7
	7

	 and 
	8
	8

	. An alpha value of 0.05 was specified for this test.  

	 
	 
	 
	 
	 

	𝑯𝑶: √𝑴𝑶𝑬𝑺𝒕𝒂𝒕𝒊𝒄𝑴𝑶𝑬𝑫𝒚𝒂𝒏𝒂𝒎𝒊𝒄= √𝟎.𝟖𝟑 
	𝑯𝑶: √𝑴𝑶𝑬𝑺𝒕𝒂𝒕𝒊𝒄𝑴𝑶𝑬𝑫𝒚𝒂𝒏𝒂𝒎𝒊𝒄= √𝟎.𝟖𝟑 

	(7) 
	(7) 




	 
	 
	 
	 
	 

	𝑯𝒂:√𝑴𝑶𝑬𝑺𝒕𝒂𝒕𝒊𝒄𝑴𝑶𝑬𝑫𝒚𝒂𝒏𝒂𝒎𝒊𝒄≠ √𝟎.𝟖𝟑  
	𝑯𝒂:√𝑴𝑶𝑬𝑺𝒕𝒂𝒕𝒊𝒄𝑴𝑶𝑬𝑫𝒚𝒂𝒏𝒂𝒎𝒊𝒄≠ √𝟎.𝟖𝟑  

	(8) 
	(8) 




	After conducting the hypothesis test, a test statistic of 1.983 and a p-value of 0.0035 were obtained. Since the p-value was smaller than alpha of 0.05, the null hypothesis should be rejected. In the context of this study, this means that using the proposed transformation in equation 
	After conducting the hypothesis test, a test statistic of 1.983 and a p-value of 0.0035 were obtained. Since the p-value was smaller than alpha of 0.05, the null hypothesis should be rejected. In the context of this study, this means that using the proposed transformation in equation 
	5
	5

	 is not acceptable. This is shown in 
	figure 45
	figure 45

	, when the static and dynamic values are plotted together. It is clear that a pattern is not established; rather, the ratio is inconsistent between tests. When examining 
	figure 45
	figure 45

	, the dynamic MOE value stays almost constant across the 12 mixtures. This is another sign that the static MOE is more accurate, since it changes as the concrete constituents and subsequent mechanical properties change. The static MOE should be the value used in AASHTOWare Pavement ME Design since a clear transformation has not been found for the dynamic value. This conclusion is consistent with NCHRP’s recommendation to use static testing methods instead of dynamic tests (
	NCHRP 2004
	NCHRP 2004

	). 
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	Figure 45. Bar graph. Static MOE vs. dynamic MOE. 
	Poisson’s Ratio 
	Each mixture was either equal to or higher than the default value of 0.20 for Poisson’s ratio, with nine mixtures exhibiting Poisson’s ratio values above that. For these mixtures, the predicted lateral strain is lower than what is experienced by the pavement. As a result, AASHTOWare Pavement ME Design will underpredict distresses for these mixtures if the default Poisson’s ratio is used. The mixtures with the highest Poisson’s ratio include the two using dolomite as the coarse aggregate, while other mixture
	Each mixture was either equal to or higher than the default value of 0.20 for Poisson’s ratio, with nine mixtures exhibiting Poisson’s ratio values above that. For these mixtures, the predicted lateral strain is lower than what is experienced by the pavement. As a result, AASHTOWare Pavement ME Design will underpredict distresses for these mixtures if the default Poisson’s ratio is used. The mixtures with the highest Poisson’s ratio include the two using dolomite as the coarse aggregate, while other mixture
	table 51
	table 51

	, are likely a result of human or machine error. Similar studies did not see a variation in 

	Poisson’s ratio with age (
	Poisson’s ratio with age (
	Rao 2014
	Rao 2014

	). A plot of the 28-day values is shown in 
	figure 46
	figure 46

	; 28-day values are used for AASHTOWare Pavement ME Design input at all levels. 

	Table 51. Poisson’s ratio results. 
	Mixtures 
	Mixtures 
	Mixtures 
	Mixtures 
	Mixtures 

	Age of Specimen (days) 
	Age of Specimen (days) 



	TBody
	TR
	7 
	7 

	14 
	14 

	28 
	28 

	90 
	90 


	Mixture Number 
	Mixture Number 
	Mixture Number 

	Mix ID 
	Mix ID 

	Poisson’s Ratio 
	Poisson’s Ratio 


	1 
	1 
	1 

	541/0FA/0.431/11.91G/4.9 
	541/0FA/0.431/11.91G/4.9 

	0.21 
	0.21 

	0.22 
	0.22 

	0.22 
	0.22 

	0.23 
	0.23 


	2 
	2 
	2 

	541/0FA/0.524/12.75G/4.0 
	541/0FA/0.524/12.75G/4.0 

	0.22 
	0.22 

	0.22 
	0.22 

	0.22 
	0.22 

	0.23 
	0.23 


	3 
	3 
	3 

	595/0FA/0.43/11.4G/6.2 
	595/0FA/0.43/11.4G/6.2 

	0.21 
	0.21 

	0.21 
	0.21 

	0.23 
	0.23 

	0.24 
	0.24 


	4 
	4 
	4 

	600/0FA/0.47/11.62G/6.1 
	600/0FA/0.47/11.62G/6.1 

	0.22 
	0.22 

	0.21 
	0.21 

	0.22 
	0.22 

	0.23 
	0.23 


	5 
	5 
	5 

	580/12.2FA/0.493/12.54G/4.5 
	580/12.2FA/0.493/12.54G/4.5 

	0.17 
	0.17 

	0.21 
	0.21 

	0.21 
	0.21 

	0.26 
	0.26 


	6 
	6 
	6 

	579/19.69FA/0.446/11.67G/5.5 
	579/19.69FA/0.446/11.67G/5.5 

	0.18 
	0.18 

	0.21 
	0.21 

	0.20 
	0.20 

	0.24 
	0.24 


	7 
	7 
	7 

	622/26FA/0.422/12.14G/3.1 
	622/26FA/0.422/12.14G/3.1 

	0.19 
	0.19 

	0.18 
	0.18 

	0.20 
	0.20 

	0.25 
	0.25 


	8 
	8 
	8 

	605/20.66FA/0.43/12.09D/5.0 
	605/20.66FA/0.43/12.09D/5.0 

	0.25 
	0.25 

	0.25 
	0.25 

	0.26 
	0.26 

	0.27 
	0.27 


	9 
	9 
	9 

	590/18.64FA/0.438/10.87G/4.9 
	590/18.64FA/0.438/10.87G/4.9 

	0.17 
	0.17 

	0.20 
	0.20 

	0.20 
	0.20 

	0.20 
	0.20 


	10 
	10 
	10 

	590/18.64FA/0.439/10.87D/5.9 
	590/18.64FA/0.439/10.87D/5.9 

	0.20 
	0.20 

	0.24 
	0.24 

	0.25 
	0.25 

	0.27 
	0.27 


	11 
	11 
	11 

	600/20.16FA/0.47/11.42G/3.6 
	600/20.16FA/0.47/11.42G/3.6 

	0.20 
	0.20 

	0.22 
	0.22 

	0.21 
	0.21 

	0.23 
	0.23 


	12 
	12 
	12 

	600/20.16FA/0.47/11.42G/4.7 
	600/20.16FA/0.47/11.42G/4.7 

	0.22 
	0.22 

	0.21 
	0.21 

	0.22 
	0.22 

	0.23 
	0.23 
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	Figure 46. Bar graph. 28-day Poisson’s ratio values. 
	Modulus of Rupture 
	Since the beams used to test MOR were 3×4×16-inch (76.2×101.6×406.4 mm), larger 6×6×22-inch (152.4×152.4×558.8-mm) beams were cast along with the smaller beams for comparison. This was necessary since smaller beams are known to produce larger MOR values when compared with the standard larger beams. In total, six of the study mixtures were rebatched, producing three small beams, three large beams, and three cylinders for each. At 28 days of age, the specimens were tested for MOR and compressive strength. Usi
	Since the beams used to test MOR were 3×4×16-inch (76.2×101.6×406.4 mm), larger 6×6×22-inch (152.4×152.4×558.8-mm) beams were cast along with the smaller beams for comparison. This was necessary since smaller beams are known to produce larger MOR values when compared with the standard larger beams. In total, six of the study mixtures were rebatched, producing three small beams, three large beams, and three cylinders for each. At 28 days of age, the specimens were tested for MOR and compressive strength. Usi
	table 52
	table 52

	. The results from mixture 1 were determined to be an outlier to the data and removed from the linear regression model. A plot of the remaining points is shown in 
	figure 47
	figure 47

	, as well as the resulting 

	linear regression equation. The R2 value of the resulting equation is 0.79, which is considered to be a strong relationship (
	linear regression equation. The R2 value of the resulting equation is 0.79, which is considered to be a strong relationship (
	Peck and Devore 1986
	Peck and Devore 1986

	). All MOR values were then adjusted using this equation, lowering them to more expected values. The values presented in this study are altered using the equation displayed in 
	figure 47
	figure 47

	. These altered values are input to AASHTOWare Pavement ME Design in the subsequent sensitivity analyses and are presented in 
	table 53
	table 53

	.  

	Table 52. MOR beam size comparison. 
	Mixture 
	Mixture 
	Mixture 
	Mixture 
	Mixture 

	Small Beam MOR (psi) 
	Small Beam MOR (psi) 

	Large Beam MOR (psi) 
	Large Beam MOR (psi) 

	Compressive Strength (psi) 
	Compressive Strength (psi) 



	1 
	1 
	1 
	1 

	914 
	914 

	815 
	815 

	6,540 
	6,540 


	2 
	2 
	2 

	850 
	850 

	718 
	718 

	4,930 
	4,930 


	8 
	8 
	8 

	955 
	955 

	776 
	776 

	5,520 
	5,520 


	10 
	10 
	10 

	947 
	947 

	753 
	753 

	5,310 
	5,310 


	11 
	11 
	11 

	849 
	849 

	722 
	722 

	5,170 
	5,170 


	12 
	12 
	12 

	856 
	856 

	690 
	690 

	5,150 
	5,150 


	 
	 
	 




	 
	Chart
	Span
	y = 0.5439x + 246.9
	y = 0.5439x + 246.9
	y = 0.5439x + 246.9
	R² = 0.7944


	500
	500
	500


	550
	550
	550


	600
	600
	600


	650
	650
	650


	700
	700
	700


	750
	750
	750


	800
	800
	800


	800
	800
	800


	820
	820
	820


	840
	840
	840


	860
	860
	860


	880
	880
	880


	900
	900
	900


	920
	920
	920


	940
	940
	940


	960
	960
	960


	980
	980
	980


	Large Beam MOR (psi)
	Large Beam MOR (psi)
	Large Beam MOR (psi)


	Small Beam MOR (psi)
	Small Beam MOR (psi)
	Small Beam MOR (psi)


	Span
	MOR Averages
	MOR Averages
	MOR Averages


	Span
	Linear (MOR Averages)
	Linear (MOR Averages)
	Linear (MOR Averages)


	Span

	Figure 47. Graph. MOR linear regression adjustment. 
	By 28 days of age, half of the mixtures met the GDOT design acceptance requirement for class 1 mixtures with minimum values of 600 psi (4.1 MPa) and half met the DAR for class 2 mixtures with minimum values of 700 psi (4.8 MPa). An observed trend from the MOR results is the specimens developed most of their flexural strength within the first 7 days of age. There was a 3.84 percent difference between the 7-day MOR and the 14-day MOR, on average. Between 7 and 28 days, the MOR value increased by 9.30 percent,
	By 28 days of age, half of the mixtures met the GDOT design acceptance requirement for class 1 mixtures with minimum values of 600 psi (4.1 MPa) and half met the DAR for class 2 mixtures with minimum values of 700 psi (4.8 MPa). An observed trend from the MOR results is the specimens developed most of their flexural strength within the first 7 days of age. There was a 3.84 percent difference between the 7-day MOR and the 14-day MOR, on average. Between 7 and 28 days, the MOR value increased by 9.30 percent,
	figure 48
	figure 48

	 (mixtures 1 and 2), 
	figure 49
	figure 49

	 (mixtures 3 and 4), 
	figure 50
	figure 50

	 (mixtures 4, 5, 6, and 7), 
	figure 51
	figure 51

	 (mixtures 7 and 9), 
	figure 52
	figure 52

	 (mixtures 8 and 10), 
	figure 53
	figure 53

	 (mixtures 9 and 10), and 
	figure 54
	figure 54

	 (mixtures 11 and 12). 

	Table 53. MOR results. 
	Mixtures 
	Mixtures 
	Mixtures 
	Mixtures 
	Mixtures 

	Age of Specimen (days) 
	Age of Specimen (days) 



	TBody
	TR
	7 
	7 

	14 
	14 

	28 
	28 

	90 
	90 


	Mixture Number 
	Mixture Number 
	Mixture Number 

	Mixture ID 
	Mixture ID 

	MOR (psi) 
	MOR (psi) 


	1 
	1 
	1 

	541/0FA/0.431/11.91G/4.9 
	541/0FA/0.431/11.91G/4.9 

	685 
	685 

	705 
	705 

	710 
	710 

	730 
	730 


	2 
	2 
	2 

	541/0FA/0.524/12.75G/4.0 
	541/0FA/0.524/12.75G/4.0 

	640 
	640 

	695 
	695 

	725 
	725 

	730 
	730 


	3 
	3 
	3 

	595/0FA/0.43/11.4G/6.2 
	595/0FA/0.43/11.4G/6.2 

	670 
	670 

	665 
	665 

	805 
	805 

	690 
	690 


	4 
	4 
	4 

	600/0FA/0.47/11.62G/6.1 
	600/0FA/0.47/11.62G/6.1 

	630 
	630 

	630 
	630 

	665 
	665 

	665 
	665 


	5 
	5 
	5 

	580/12.2FA/0.493/12.54G/4.5 
	580/12.2FA/0.493/12.54G/4.5 

	595 
	595 

	640 
	640 

	650 
	650 

	720 
	720 


	6 
	6 
	6 

	579/19.69FA/0.446/11.67G/5.5 
	579/19.69FA/0.446/11.67G/5.5 

	615 
	615 

	600 
	600 

	620 
	620 

	730 
	730 


	7 
	7 
	7 

	622/26FA/0.422/12.14G/3.1 
	622/26FA/0.422/12.14G/3.1 

	600 
	600 

	640 
	640 

	670 
	670 

	720 
	720 


	8 
	8 
	8 

	605/20.66FA/0.43/12.09D/5.0 
	605/20.66FA/0.43/12.09D/5.0 

	615 
	615 

	630 
	630 

	660 
	660 

	765 
	765 


	9 
	9 
	9 

	590/18.64FA/0.438/10.87G/4.9 
	590/18.64FA/0.438/10.87G/4.9 

	700 
	700 

	700 
	700 

	700 
	700 

	755 
	755 


	10 
	10 
	10 

	590/18.64FA/0.439/10.87D/5.9 
	590/18.64FA/0.439/10.87D/5.9 

	615 
	615 

	645 
	645 

	635 
	635 

	765 
	765 


	11 
	11 
	11 

	600/20.16FA/0.47/11.42G/3.6 
	600/20.16FA/0.47/11.42G/3.6 

	620 
	620 

	730 
	730 

	785 
	785 

	755 
	755 


	12 
	12 
	12 

	600/20.16FA/0.47/11.42G/4.7 
	600/20.16FA/0.47/11.42G/4.7 

	650 
	650 

	640 
	640 

	715 
	715 

	740 
	740 
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	Figure 48. Line graph. MOR vs. age, mixtures 1 and 2, w/cm change. 
	  
	Chart
	Span
	0
	0
	0


	100
	100
	100


	200
	200
	200


	300
	300
	300


	400
	400
	400


	500
	500
	500


	600
	600
	600


	700
	700
	700


	800
	800
	800


	900
	900
	900


	0
	0
	0


	10
	10
	10


	20
	20
	20


	30
	30
	30


	40
	40
	40


	50
	50
	50


	60
	60
	60


	70
	70
	70


	80
	80
	80


	90
	90
	90


	MOR (psi)
	MOR (psi)
	MOR (psi)


	Age (days)
	Age (days)
	Age (days)


	Span
	595/0FA/0.43/11.4G/6.2
	595/0FA/0.43/11.4G/6.2
	595/0FA/0.43/11.4G/6.2


	Span
	600/0FA/0.47/11.62G/6.1
	600/0FA/0.47/11.62G/6.1
	600/0FA/0.47/11.62G/6.1


	Span

	Figure 49. Line graph. MOR vs. age, mixtures 3 and 4, w/cm change. 
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	Figure 50. Line graph. MOR vs. age; mixtures 4, 5, 6, and 7; fly ash percentage change. 
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	Figure 51. Line graph. MOR vs. age, mixtures 7 and 9, CA volume change. 
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	Figure 52. Line graph. MOR vs. age, mixtures 8 and 10, CA volume change. 
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	Figure 53. Line graph. MOR vs. age, mixtures 9 and 10, CA type change. 
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	Figure 54. Line graph. MOR vs. age, mixtures 11 and 12, air content change. 
	The measured MOR results are observed to remain fairly consistent for most companion mixtures. 
	The measured MOR results are observed to remain fairly consistent for most companion mixtures. 
	Figure 53
	Figure 53

	 and 
	figure 54
	figure 54

	 show more noticeable differences between the mixtures being compared. In both cases, the lower MOR values correspond to mixtures with a higher air content. Because of the higher air content, there is a decreased distance between voids within the concrete. When tension cracks form, less energy is required for cracks to travel between voids due to this decreased distance, resulting in lower flexural strengths. From these data, air seems to be the most determining factor in the MOR values of mixtures used in 

	It is important to note that AASHTOWare Pavement ME Design does not use equation 
	It is important to note that AASHTOWare Pavement ME Design does not use equation 
	6
	6

	 from ACI to estimate MOR values; rather, it uses 9.5∗√𝑓𝑐′ as the prediction equation. As shown in 
	figure 55
	figure 55

	, AASHTOWare Pavement ME Design’s estimations of MOR values are higher than values predicted by the ACI equation. Laboratory-tested values from 28 days of age were plotted 

	for comparison; the values fit very closely with the equation used in Pavement ME Design. This graph helps validate the equation used in Pavement ME Design, as tested values are similar to predictions from compressive strength. Statistical analysis was performed to see if there was a significant difference in predicted distresses using MOR or compressive strength. As a result of the test, it was determined that there was not a significant difference in using MOR versus compressive strength at level 3. 
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	Figure 55. Line graph. AASHTOWare Pavement ME Design estimated MOR, ACI estimated MOR, and measured values. 
	Effect of size of beam on MOR was also investigated. Small beams and a few large beams were tested for MOR values and then a linear regression model was used to validate the MOR test results. The 12 GDOT-approved mixtures were batched to produce cylinders and large beams to relate the mixtures to a previous study using the same mixtures. Each mixture had two large beams 
	to compare to the previous data at the 28- and 90-day testing periods. The 28- and 90-day MOR test results with different sizes of the beam are shown in 
	to compare to the previous data at the 28- and 90-day testing periods. The 28- and 90-day MOR test results with different sizes of the beam are shown in 
	figure 56
	figure 56

	.  

	While the results are fairly similar, the MOR test values only contain the test value of one large beam specimen. Any variance between the specimens is likely due to only one large beam specimen being tested during the recent comparison results.  
	 
	Figure
	Figure 56. Bar graph. MOR test results comparison. 
	Shrinkage 
	The length change-up to 90 days of age was measured. The specimens prepared in this study were continually measured at the appropriate ages. Generally, shrinkage specimens from this study experienced growth in the first 28 days, denoted by a positive percentage difference from the original length. Sometime between 28 and 90 days of age, the specimens began to shrink, denoted by a decrease in the percent difference from the original length. This initial growth is due to the 
	cement hydration reaction producing the hydration products, which have a larger volume than the original reactants. The percent difference in length of the 12 mixtures is displayed in 
	cement hydration reaction producing the hydration products, which have a larger volume than the original reactants. The percent difference in length of the 12 mixtures is displayed in 
	table 54
	table 54

	. 

	Table 54. Shrinkage results. 
	Mixtures 
	Mixtures 
	Mixtures 
	Mixtures 
	Mixtures 

	Age of Specimen (days) 
	Age of Specimen (days) 



	TBody
	TR
	1 
	1 

	7 
	7 

	14 
	14 

	28 
	28 

	90 
	90 


	Mixture 
	Mixture 
	Mixture 

	Mix ID 
	Mix ID 

	Difference from original length (%) 
	Difference from original length (%) 


	1 
	1 
	1 

	541/0FA/0.431/11.91G/4.9 
	541/0FA/0.431/11.91G/4.9 

	0.00 
	0.00 

	−1.82 
	−1.82 

	−3.92 
	−3.92 

	−0.89 
	−0.89 

	−0.62 
	−0.62 


	2 
	2 
	2 

	541/0FA/0.524/12.75G/4.0 
	541/0FA/0.524/12.75G/4.0 

	0.00 
	0.00 

	−6.01 
	−6.01 

	−7.17 
	−7.17 

	−6.52 
	−6.52 

	−4.60 
	−4.60 


	3 
	3 
	3 

	595/0FA/0.43/11.4G/6.2 
	595/0FA/0.43/11.4G/6.2 

	0.00 
	0.00 

	0.51 
	0.51 

	0.42 
	0.42 

	0.26 
	0.26 

	0.90 
	0.90 


	4 
	4 
	4 

	600/0FA/0.47/11.62G/6.1 
	600/0FA/0.47/11.62G/6.1 

	0.00 
	0.00 

	0.73 
	0.73 

	1.17 
	1.17 

	0.76 
	0.76 

	1.52 
	1.52 


	5 
	5 
	5 

	580/12.2FA/0.493/12.54G/4.5 
	580/12.2FA/0.493/12.54G/4.5 

	0.00 
	0.00 

	3.71 
	3.71 

	7.32 
	7.32 

	9.68 
	9.68 

	7.20 
	7.20 


	6 
	6 
	6 

	579/19.69FA/0.446/11.67G/5.5 
	579/19.69FA/0.446/11.67G/5.5 

	0.00 
	0.00 

	2.37 
	2.37 

	2.66 
	2.66 

	2.87 
	2.87 

	2.86 
	2.86 


	7 
	7 
	7 

	622/26FA/0.422/12.14G/3.1 
	622/26FA/0.422/12.14G/3.1 

	0.00 
	0.00 

	−0.38 
	−0.38 

	1.28 
	1.28 

	−0.06 
	−0.06 

	0.70 
	0.70 


	8 
	8 
	8 

	605/20.66FA/0.43/12.09D/5.0 
	605/20.66FA/0.43/12.09D/5.0 

	– 
	– 

	0.00 
	0.00 

	0.78 
	0.78 

	0.49 
	0.49 

	0.33 
	0.33 


	9 
	9 
	9 

	590/18.64FA/0.438/10.87G/4.9 
	590/18.64FA/0.438/10.87G/4.9 

	0.00 
	0.00 

	−1.32 
	−1.32 

	0.16 
	0.16 

	0.97 
	0.97 

	0.24 
	0.24 


	10 
	10 
	10 

	590/18.64FA/0.439/10.87D/5.9 
	590/18.64FA/0.439/10.87D/5.9 

	0.00 
	0.00 

	−0.66 
	−0.66 

	−0.66 
	−0.66 

	−0.51 
	−0.51 

	−0.57 
	−0.57 


	11 
	11 
	11 

	600/20.16FA/0.47/11.42G/3.6 
	600/20.16FA/0.47/11.42G/3.6 

	0.00 
	0.00 

	−0.20 
	−0.20 

	1.10 
	1.10 

	3.26 
	3.26 

	8.92 
	8.92 


	12 
	12 
	12 

	600/20.16FA/0.47/11.42G/4.7 
	600/20.16FA/0.47/11.42G/4.7 

	0.00 
	0.00 

	0.55 
	0.55 

	0.74 
	0.74 

	1.24 
	1.24 

	3.49 
	3.49 


	*Mixture 8 length is referenced from day 7 instead of day 1. – No data 
	*Mixture 8 length is referenced from day 7 instead of day 1. – No data 
	*Mixture 8 length is referenced from day 7 instead of day 1. – No data 




	The only factor observed to have a noticeable impact on shrinkage values was w/cm. High w/cm resulted in the largest percentage differences in a specimen’s length. In some cases, this length change was positive and, in some cases, negative, as shown by 
	The only factor observed to have a noticeable impact on shrinkage values was w/cm. High w/cm resulted in the largest percentage differences in a specimen’s length. In some cases, this length change was positive and, in some cases, negative, as shown by 
	figure 57
	figure 57

	 and 
	figure 58
	figure 58

	. 
	Figure 59
	Figure 59

	 shows all the mixtures plotted together for shrinkage, except for mixtures 1, 2, and 5, which were removed since their percent change was much larger than the other mixtures. As shown in 
	figure 59
	figure 59

	, mixtures 6 (579/19.69FA/0.446/11.67G/5.5) and 11 (600/20.16FA/0.47/11.42G/3.6) experienced the largest growth of approximately 3.0 percent. The remaining mixtures displayed in 
	figure 57
	figure 57

	 experienced around a 1.0 percent growth or less. No clear trends are established from the shrinkage results of these mixtures, as shown in 
	figure 59
	figure 59

	. 
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	Figure 57. Line graph. Shrinkage, mixtures 1 and 2, w/cm change. 
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	Figure 58. Line graph. Shrinkage, mixtures 3 and 4, w/cm change. 
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	Figure 59. Line graph. Shrinkage, all mixtures (except mixtures 1, 2, and 5). 
	To investigate the meaningful outcomes, additional shrinkage tests were conducted. The additional ultimate shrinkage test results are listed in 
	To investigate the meaningful outcomes, additional shrinkage tests were conducted. The additional ultimate shrinkage test results are listed in 
	table 55
	table 55

	. Ultimate shrinkage is either calculated or user-defined in level 2 and 3 designs in AASHTOWare Pavement ME Design, and a user-defined input for a level 1 design is required. Due to specimen sensitivity, the specimens were stored in an environmental chamber that maintained a temperature of 73±3°F (23±2°C) and relative humidity of 50±4 percent. The shrinkage specimens were wet cured for the first 28-day period in this controlled environment and then removed from the curing tanks, where they continued to age

	Table 55. Ultimate shrinkage test results. 
	 
	Figure
	The results contained the average of three shrinkage specimens tested following ASTM C157. The test results successfully passed the precision and bias criteria of water-stored shrinkage requirements. None of the specimens exceeded a maximum range of 0.0266 percent, while the means between the same mixtures’ specimens did not exceed 0.0074 percent in 95 percent of the results. A visualization of the shrinkage results up to the 77-day mark is provided in 
	The results contained the average of three shrinkage specimens tested following ASTM C157. The test results successfully passed the precision and bias criteria of water-stored shrinkage requirements. None of the specimens exceeded a maximum range of 0.0266 percent, while the means between the same mixtures’ specimens did not exceed 0.0074 percent in 95 percent of the results. A visualization of the shrinkage results up to the 77-day mark is provided in 
	figure 60
	figure 60

	. 

	 
	Figure
	Figure 60. Line graph. Ultimate shrinkage plot. 
	A majority of the shrinkage specimens demonstrated an expected initial expansion during the first 14 days of the moisture-curing process. At the 28-day mark, specimens illustrated a shrinking trend. Mixtures containing fly ash had not fully cured at the 28-day mark and have slightly different shrinkage rates than the mixtures without fly ash.  
	Thermal Properties Test Results 
	The thermal properties test results are the primary focus of this study. The 12 GDOT-approved mixtures were batched multiple times to achieve accurate lab-tested values that can be used for an MEPDG approach. The thermal properties of concern in this section are the coefficient of thermal expansion and thermal conductivity. These properties were tested following the procedures mentioned in chapter 
	The thermal properties test results are the primary focus of this study. The 12 GDOT-approved mixtures were batched multiple times to achieve accurate lab-tested values that can be used for an MEPDG approach. The thermal properties of concern in this section are the coefficient of thermal expansion and thermal conductivity. These properties were tested following the procedures mentioned in chapter 
	6
	6

	. CTE test results are listed in 
	table 56
	table 56

	. 

	Table 56. CTE test results. 
	 
	Figure
	These results demonstrate expected trends between the concrete mixtures and typical characteristics of the thermal property. Previous research (
	These results demonstrate expected trends between the concrete mixtures and typical characteristics of the thermal property. Previous research (
	Kim 2012
	Kim 2012

	) concluded that the main factors affecting CTE were based on aggregates, mainly because of the amount of volume the mixture composed of the aggregate. Concrete mixtures containing dolomite, in particular, were proven to exhibit a higher CTE value than mixtures containing granite. Aggregate type displayed an obvious role in the test results, as shown in 
	table 56
	table 56

	. The two mixtures that contained dolomite, mixtures 8 (605/20.66FA/0.43/12.09D/5.0) and 10 (590/18.64FA/0.439/10.87D/5.9), resulted in the two highest CTE values, emphasizing the impact of the aggregate type on a concrete mixture’s thermal properties. CTE immediately provided accurate test results because the concrete cylinders 

	for this property are tested in water in a saturated condition. During the initial thermal conductivity testing, variation in the test results occurred due to the test specimens’ varying moisture levels. As mentioned in chapter 
	for this property are tested in water in a saturated condition. During the initial thermal conductivity testing, variation in the test results occurred due to the test specimens’ varying moisture levels. As mentioned in chapter 
	6
	6

	, the 12 mixtures were batched again and tested in three different moisture conditions. The thermal conductivity test results are located in 
	table 57
	table 57

	. 

	These results demonstrate an expected trend between moisture and thermal conductivity. The two have a direct relationship with each other; as the moisture increases, so does the thermal conductivity test value. The oven-dry specimens provided the lowest test results because of the complete lack of moisture in the concrete cylinder undergoing the test. Similarly, the saturated specimens had the highest thermal conductivity results due to the specimens’ high moisture content during testing. To provide the mos
	These results demonstrate an expected trend between moisture and thermal conductivity. The two have a direct relationship with each other; as the moisture increases, so does the thermal conductivity test value. The oven-dry specimens provided the lowest test results because of the complete lack of moisture in the concrete cylinder undergoing the test. Similarly, the saturated specimens had the highest thermal conductivity results due to the specimens’ high moisture content during testing. To provide the mos
	Table 58
	Table 58

	 contains the lab-tested density values for each mixture.  

	Table 57. Thermal conductivity test results. 
	 
	Figure
	Table 58. Density measurements. 
	 
	Figure
	Figure 61
	Figure 61
	Figure 61

	 illustrates the role that density has on thermal conductivity in concrete. Concrete mixtures are expected to demonstrate an increase in thermal conductivity test results as the mixture’s density increases. Density exemplified an obvious effect on the thermal conductivity test results. Density has been proven to have a direct impact on thermal conductivity. 
	Figure 61
	Figure 61

	 generally supported this expected trend by displaying that a higher density generally resulted in a higher thermal conductivity test value. Importantly, dolomite continues to show an effect on the thermal property test results. Concrete mixtures containing the dolomite aggregate reflected a higher thermal conductivity similar to its higher CTE values. Since a higher thermal conductivity value correlates with a better insulating material, it is important to highlight that dolomite’s impact on thermal conduc
	Figure 62
	Figure 62

	 illustrates the relationship between thermal conductivity and CTE. As shown in 
	figure 62
	figure 62

	, an increase in CTE increased thermal conductivity, with the two 

	dolomite mixtures on the figure’s far right side portraying the extreme thermal values. Since thermal conductivity is not yet a commonly performed test, GDOT engineers could refer to this plot when looking for the best estimate option for a thermal conductivity test value based on CTE when using the MEPDG approach. 
	 
	Figure
	Figure 61. Scatterplot. Effect of density on thermal conductivity. 
	 
	Figure
	Figure 62. Scatterplot. CTE and thermal conductivity plot. 
	  
	CHAPTER 8. SENSITIVITY ANALYSIS 
	A summary of mechanical inputs required for each input level is listed in 
	A summary of mechanical inputs required for each input level is listed in 
	table 59
	table 59

	. For mechanical properties, level 3 designs require either the 28-day compressive strength or the 28-day MOR value. The 28-day MOE value can be input or left blank and AASHTOWare Pavement ME Design will calculate a value using compressive strength or MOR values. Poisson’s ratio can either be set at a default value of 0.2 or specified if the value has been tested. Level 2 requires compressive strength values at 7, 14, 28, and 90 days of age. MOR and MOE values are not required at level 2. Level 1 designs re

	A number of other inputs are required in order to complete the sensitivity analyses. In this chapter, inputs such as traffic and climate were kept the same for all three levels. Traffic inputs were kept as the default values with a truck traffic classification (TTC) 4, as shown in 
	A number of other inputs are required in order to complete the sensitivity analyses. In this chapter, inputs such as traffic and climate were kept the same for all three levels. Traffic inputs were kept as the default values with a truck traffic classification (TTC) 4, as shown in 
	table 60
	table 60

	. Climate data were set to a climate station located in Athens, Georgia (ATHENS_NARR_GRIDPOINT,GA[13873]). 

	Table 59. Mechanical inputs by level. 
	Design Level 
	Design Level 
	Design Level 
	Design Level 
	Design Level 

	Mechanical Property 
	Mechanical Property 

	Required inputs 
	Required inputs 



	3 
	3 
	3 
	3 

	Compressive Strength 
	Compressive Strength 

	28-day value or MOR 28-day 
	28-day value or MOR 28-day 


	TR
	Modulus of Rupture 
	Modulus of Rupture 

	28-day value or Compressive 28-day 
	28-day value or Compressive 28-day 


	TR
	Modulus of Elasticity 
	Modulus of Elasticity 

	28-day value or Calculated estimate 
	28-day value or Calculated estimate 


	TR
	Ultimate Shrinkage 
	Ultimate Shrinkage 

	Calculated or User defined 
	Calculated or User defined 


	TR
	Poisson’s Ratio 
	Poisson’s Ratio 

	0.2 or User defined 
	0.2 or User defined 


	2 
	2 
	2 

	Compressive Strength 
	Compressive Strength 

	7, 14, 28, 90-day value 
	7, 14, 28, 90-day value 


	TR
	Modulus of Rupture 
	Modulus of Rupture 

	None 
	None 


	TR
	Modulus of Elasticity 
	Modulus of Elasticity 

	None 
	None 


	TR
	Ultimate Shrinkage 
	Ultimate Shrinkage 

	Calculated or User defined 
	Calculated or User defined 


	TR
	Poisson’s Ratio 
	Poisson’s Ratio 

	0.2 or User defined 
	0.2 or User defined 


	1 
	1 
	1 

	Compressive Strength 
	Compressive Strength 

	None 
	None 


	TR
	Modulus of Rupture 
	Modulus of Rupture 

	7, 14, 28, 90-day value 
	7, 14, 28, 90-day value 


	TR
	Split Tensile Strength 
	Split Tensile Strength 

	28-day value for required for CRCP 
	28-day value for required for CRCP 


	TR
	Modulus of Elasticity 
	Modulus of Elasticity 

	7, 14, 28, 90-day value 
	7, 14, 28, 90-day value 


	TR
	Ultimate Shrinkage 
	Ultimate Shrinkage 

	User defined 
	User defined 


	TR
	Poisson’s Ratio 
	Poisson’s Ratio 

	User defined 
	User defined 


	 
	 
	 




	The different design-specific properties for rigid pavement are listed in 
	The different design-specific properties for rigid pavement are listed in 
	table 61
	table 61

	. Material layers vary between JPCP and CRCP designs. Standard GDOT JPCP and CRCP design layers were used in this project. The layers used in the JPCP and CRCP design are displayed in 
	figure 63
	figure 63

	 and 
	figure 64
	figure 64

	. The GAB layer was set as crushed gravel, while the subgrade was set to A-7-6. The properties for the layers used in the design are shown in 
	table 62
	table 62

	. 

	Table 60. Traffic inputs. 
	Item 
	Item 
	Item 
	Item 
	Item 

	Input 
	Input 



	Design life 
	Design life 
	Design life 
	Design life 

	20 years 
	20 years 


	Construction month 
	Construction month 
	Construction month 

	June 2021 
	June 2021 


	Vehicle class distribution and growth 
	Vehicle class distribution and growth 
	Vehicle class distribution and growth 

	TTC 4 
	TTC 4 


	Two-way AADTT 
	Two-way AADTT 
	Two-way AADTT 

	4000 
	4000 


	Number of lanes 
	Number of lanes 
	Number of lanes 

	2 
	2 


	Percent trucks in design direction 
	Percent trucks in design direction 
	Percent trucks in design direction 

	50 
	50 


	Percent trucks in design lane 
	Percent trucks in design lane 
	Percent trucks in design lane 

	95 
	95 


	Operational speed (mph) 
	Operational speed (mph) 
	Operational speed (mph) 

	60 
	60 


	Traffic capacity cap 
	Traffic capacity cap 
	Traffic capacity cap 

	Not enforced 
	Not enforced 


	Average axle width (ft) 
	Average axle width (ft) 
	Average axle width (ft) 

	8.5 
	8.5 


	Tandem axle spacing (inch) 
	Tandem axle spacing (inch) 
	Tandem axle spacing (inch) 

	51.6 
	51.6 


	Dual tire spacing (inch) 
	Dual tire spacing (inch) 
	Dual tire spacing (inch) 

	12 
	12 


	Quad axle spacing (inch) 
	Quad axle spacing (inch) 
	Quad axle spacing (inch) 

	49.2 
	49.2 


	Tire pressure (psi) 
	Tire pressure (psi) 
	Tire pressure (psi) 

	120 
	120 


	Tridem axle spacing (inch) 
	Tridem axle spacing (inch) 
	Tridem axle spacing (inch) 

	49.2 
	49.2 


	Design lane width (ft) 
	Design lane width (ft) 
	Design lane width (ft) 

	12 
	12 


	Mean wheel location (inch) 
	Mean wheel location (inch) 
	Mean wheel location (inch) 

	18 
	18 


	Traffic wander standard deviation 
	Traffic wander standard deviation 
	Traffic wander standard deviation 

	10 
	10 


	Average spacing of long axles 
	Average spacing of long axles 
	Average spacing of long axles 

	18 
	18 


	Average spacing of medium axles 
	Average spacing of medium axles 
	Average spacing of medium axles 

	15 
	15 


	Percent trucks with long axles 
	Percent trucks with long axles 
	Percent trucks with long axles 

	61 
	61 


	Percent trucks with medium axles 
	Percent trucks with medium axles 
	Percent trucks with medium axles 

	22 
	22 


	Percent trucks with short axles 
	Percent trucks with short axles 
	Percent trucks with short axles 

	17 
	17 


	Average spacing of short axles 
	Average spacing of short axles 
	Average spacing of short axles 

	12 
	12 


	 
	 
	 




	Table 61. JPCP and CRCP design properties. 
	  
	  
	  
	  
	  

	Value 
	Value 



	JPCP 
	JPCP 
	JPCP 
	JPCP 

	Surface shortwave absorptivity 
	Surface shortwave absorptivity 

	0.85 
	0.85 


	TR
	Doweled joints 
	Doweled joints 

	Spacing 12, Diameter 1.25 
	Spacing 12, Diameter 1.25 


	TR
	Erodibility index 
	Erodibility index 

	Very erodible 
	Very erodible 


	TR
	Base contact friction 
	Base contact friction 

	Full friction with friction loss at 240 months 
	Full friction with friction loss at 240 months 


	TR
	Joint spacing (ft) 
	Joint spacing (ft) 

	15 
	15 


	TR
	Permanent curl/warp effective temperature difference (°F) 
	Permanent curl/warp effective temperature difference (°F) 

	−10 
	−10 


	TR
	Sealant type 
	Sealant type 

	Preformed 
	Preformed 


	TR
	Tied shoulders 
	Tied shoulders 

	Not tied 
	Not tied 


	TR
	Widened slab 
	Widened slab 

	Widened (12) 
	Widened (12) 


	CRCP 
	CRCP 
	CRCP 

	Surface shortwave absorptivity 
	Surface shortwave absorptivity 

	0.85 
	0.85 


	TR
	Bar diameter 
	Bar diameter 

	0.75 
	0.75 


	TR
	Base/slab friction coefficient 
	Base/slab friction coefficient 

	8.3 
	8.3 


	TR
	Crack spacing 
	Crack spacing 

	Generate using prediction model 
	Generate using prediction model 


	TR
	Steel (%) 
	Steel (%) 

	0.725 
	0.725 


	TR
	Permanent curl/warp effective temperature difference (°F) 
	Permanent curl/warp effective temperature difference (°F) 

	−10 
	−10 


	TR
	Shoulder type 
	Shoulder type 

	Asphalt 
	Asphalt 


	TR
	Steel depth (inch) 
	Steel depth (inch) 

	4 
	4 


	 
	 
	 




	 
	Figure
	Figure 63. Diagram. JPCP layers used in sensitivity analysis. 
	 
	 
	Figure

	  
	Figure
	Figure 64. Diagram. CRCP layers used in sensitivity analysis. 
	Table 62. Layer properties. 
	 
	 
	 
	 
	 

	Value 
	Value 



	Concrete Properties 
	Concrete Properties 
	Concrete Properties 
	Concrete Properties 

	Poisson's ratio 
	Poisson's ratio 

	0.2 
	0.2 


	TR
	Thickness (inch) 
	Thickness (inch) 

	10 
	10 


	TR
	Unit weight (pcf) 
	Unit weight (pcf) 

	150 
	150 


	TR
	CTE (in/in/°F×10−6) 
	CTE (in/in/°F×10−6) 

	5.1 
	5.1 


	TR
	Heat capacity (BTU/lb-°F) 
	Heat capacity (BTU/lb-°F) 

	0.28 
	0.28 


	TR
	Thermal conductivity (BTU/hr-ft-°F) 
	Thermal conductivity (BTU/hr-ft-°F) 

	1.25 
	1.25 


	TR
	Aggregate type 
	Aggregate type 

	Granite (3) 
	Granite (3) 


	TR
	Cementitious content (lb/yd3) 
	Cementitious content (lb/yd3) 

	600 
	600 


	TR
	Cement type 
	Cement type 

	Type I 
	Type I 


	TR
	W/C ratio 
	W/C ratio 

	0.42 
	0.42 


	TR
	Curing method 
	Curing method 

	Curing Compound 
	Curing Compound 


	TR
	Reversable shrinkage (%) 
	Reversable shrinkage (%) 

	50 
	50 


	TR
	Zero-stress temperature (°F) 
	Zero-stress temperature (°F) 

	Calculated 
	Calculated 


	TR
	Time to develop 50% of ultimate shrinkage (days) 
	Time to develop 50% of ultimate shrinkage (days) 

	35 
	35 


	TR
	Ultimate shrinkage 
	Ultimate shrinkage 

	Calculated 
	Calculated 


	Asphalt Properties 
	Asphalt Properties 
	Asphalt Properties 

	Air voids (%) 
	Air voids (%) 

	7 
	7 


	TR
	Effective binder content (%) 
	Effective binder content (%) 

	11.6 
	11.6 


	TR
	Poisson's ratio 
	Poisson's ratio 

	0.35 
	0.35 


	TR
	Unit weight (pcf) 
	Unit weight (pcf) 

	150 
	150 


	TR
	Asphalt binder 
	Asphalt binder 

	SuperPave:64-22 
	SuperPave:64-22 


	TR
	Creep compliance (1/psi) 
	Creep compliance (1/psi) 

	Input level:3 
	Input level:3 


	TR
	Dynamic modulus 
	Dynamic modulus 

	Input level:3 
	Input level:3 


	TR
	HMA Estar predictive model 
	HMA Estar predictive model 

	Viscosity based model 
	Viscosity based model 


	TR
	Reference temperature (°F) 
	Reference temperature (°F) 

	70 
	70 


	TR
	Indirect tensile strength at 14°F (psi) 
	Indirect tensile strength at 14°F (psi) 

	Input level:3 
	Input level:3 


	TR
	Heat capacity (BTU/lb-°F) 
	Heat capacity (BTU/lb-°F) 

	0.23 
	0.23 


	TR
	Thermal conductivity (BTU/hr-ft-°F) 
	Thermal conductivity (BTU/hr-ft-°F) 

	0.67 
	0.67 


	TR
	Thermal contraction 
	Thermal contraction 

	Calculated 
	Calculated 


	Crushed Gravel Properties 
	Crushed Gravel Properties 
	Crushed Gravel Properties 

	Coefficient of lateral earth pressure (k0) 
	Coefficient of lateral earth pressure (k0) 

	0.5 
	0.5 


	TR
	Poisson's ratio 
	Poisson's ratio 

	0.35 
	0.35 


	TR
	Resilient modulus (psi) 
	Resilient modulus (psi) 

	25,000 
	25,000 


	TR
	Gradation 
	Gradation 

	A-1-a 
	A-1-a 


	Subgrade A-7-6 Properties 
	Subgrade A-7-6 Properties 
	Subgrade A-7-6 Properties 

	Coefficient of lateral earth pressure (k0) 
	Coefficient of lateral earth pressure (k0) 

	0.5 
	0.5 


	TR
	Poisson's ratio 
	Poisson's ratio 

	0.35 
	0.35 


	TR
	Resilient modulus (psi) 
	Resilient modulus (psi) 

	13000 
	13000 


	TR
	Gradation 
	Gradation 

	A-7-6 
	A-7-6 




	 
	SENSITIVITY TO MECHANICAL PROPERTIES 
	An analysis was performed at a level 3 using Georgia calibration factors, as listed in 
	An analysis was performed at a level 3 using Georgia calibration factors, as listed in 
	table 20
	table 20

	, in order to determine the sensitivity of the inputs to the predicted distresses. AASHTOWare Pavement ME Design assigns default values for these design parameters if values are not specified. For each input, a range was created that included typical values of the material property. For each input, a predicted IRI, mean joint faulting, and percent slabs cracked after a 20-year design life was generated for the specified range. The default values and the ranges used in this sensitivity analysis are listed in
	table 63
	table 63

	. A flow chart of this process is found in appendix 
	C
	C

	. 

	A similar analysis was performed for CRCP pavements using the layers shown in 
	A similar analysis was performed for CRCP pavements using the layers shown in 
	figure 64
	figure 64

	. Additional default inputs are required to be specified for the CRCP sensitivity. A steel reinforcement ratio of 0.73 was used, which is based on typical values ranging from 0.65 to 0.80 (
	ARA 2015
	ARA 2015

	). The bar diameter was set at 0.75, corresponding to the use of a #6 reinforcing bar. Finally, the steel depth was set to 4-inch (101.6 mm). The depth was chosen based on recommendations that the steel be placed at one third of the slab thickness (
	Durham et al. 2018
	Durham et al. 2018

	). The default values and ranges used in the sensitivity for CRCP are presented in 
	table 64
	table 64

	. 

	Table 63. Default values and sensitivity ranges for JPCP. 
	  
	  
	  
	  
	  

	Compressive Strength (psi) 
	Compressive Strength (psi) 

	MOE (ksi) 
	MOE (ksi) 

	MOR (psi) 
	MOR (psi) 

	Poisson’s Ratio 
	Poisson’s Ratio 

	IRI (in./mi) 
	IRI (in./mi) 

	Mean Joint Faulting 
	Mean Joint Faulting 

	Percent Slabs Cracked (%) 
	Percent Slabs Cracked (%) 



	Default Values 
	Default Values 
	Default Values 
	Default Values 

	5,275 
	5,275 

	4,200 
	4,200 

	690 
	690 

	0.2 
	0.2 

	151.56 
	151.56 

	0.12 
	0.12 

	2.37 
	2.37 


	Range 
	Range 
	Range 

	2,000–7,000 
	2,000–7,000 

	3,000–6,500 
	3,000–6,500 

	250–750 
	250–750 

	0.1–0.26 
	0.1–0.26 

	– 
	– 

	– 
	– 

	– 
	– 


	Increment 
	Increment 
	Increment 

	500 
	500 

	500 
	500 

	12.5 
	12.5 

	0.02 
	0.02 

	– 
	– 

	– 
	– 

	– 
	– 


	– No data 
	– No data 
	– No data 




	Table 64. Default values and sensitivity ranges for CRCP. 
	  
	  
	  
	  
	  

	Compressive Strength (psi) 
	Compressive Strength (psi) 

	MOE (ksi) 
	MOE (ksi) 

	MOR (psi) 
	MOR (psi) 

	Poisson’s Ratio 
	Poisson’s Ratio 

	IRI (in./mi) 
	IRI (in./mi) 

	Punchout (#/Mile) 
	Punchout (#/Mile) 



	Default Values 
	Default Values 
	Default Values 
	Default Values 

	5,275 
	5,275 

	4,200 
	4,200 

	690 
	690 

	0.2 
	0.2 

	73.69 
	73.69 

	0.1 
	0.1 


	Range 
	Range 
	Range 

	2,000–7,000 
	2,000–7,000 

	2,500–6,500 
	2,500–6,500 

	250–750 
	250–750 

	0.1–0.26 
	0.1–0.26 

	– 
	– 

	– 
	– 


	Increment 
	Increment 
	Increment 

	500 
	500 

	500 
	500 

	12.5 
	12.5 

	0.02 
	0.02 

	– 
	– 

	– 
	– 




	 
	The general trend observed was that the stronger the concrete layer, the less distress the pavement experienced. As the concrete compressive strength and MOR increased, the predicted distresses decreased (see 
	The general trend observed was that the stronger the concrete layer, the less distress the pavement experienced. As the concrete compressive strength and MOR increased, the predicted distresses decreased (see 
	figure 65
	figure 65

	 and 
	figure 66
	figure 66

	). In contrast to this trend, as MOE increased, the predicted distresses increased. Thus, the pavement was predicted to crack more as the concrete stiffness increased. As seen in 
	figure 67
	figure 67

	, the increased stiffness did not result in pavement failure until it reached approximately 5,500 ksi (37.9 GPa). Three of the mixtures tested in this study reached MOE values of over 5,500 ksi (37.9 GPa). It is important to note that cracking is a function of many properties, such as climate data and thermal inputs. Therefore, this analysis likely produced these results due to a stiffer material cracking from thermal expansion. In addition, pavement design is often governed by the relative stiffness of the
	figure 68
	figure 68

	 and 
	figure 69
	figure 69

	, the exception to this was for Poisson’s ratios above 0.24 and shrinkage of 1,000 microstrains. For these cases, the mean joint faulting value was 0.13, exceeding the limit of 0.125. 
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	Figure 65. Line graph. Compressive strength vs. percent slabs cracked, JPCP. 
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	Figure 66. Line graph. MOR vs. percent slabs cracked, JPCP. 
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	Figure 67. Line graph. MOE vs. percent slabs cracked, JPCP. 
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	Figure 68. Line graph. Poisson’s ratio vs. percent slabs cracked, JPCP. 
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	Figure 69. Line graph. Ultimate shrinkage vs. percent slabs cracked, JPCP. 
	From these figures, there are some clear threshold values that should be established for JPCP pavements. Based on 
	From these figures, there are some clear threshold values that should be established for JPCP pavements. Based on 
	figure 65
	figure 65

	, compressive strength should have a minimum DAR value of 4,500 psi (31.0 MPa) for JPCP. Only three of the mixtures batched for this study did not reach a compressive strength value of 4,500 psi (31.0 MPa) by 28 days. 
	Figure 66
	Figure 66

	 indicates that DAR of 600 psi (4.1 MPa) is an acceptable minimum for MOR for mixtures used in JPCP. All 12 mixtures achieved MOR values above this threshold. 

	In addition, the sensitivity of predicted distresses to unit weight was analyzed. It was found that mean joint faulting was extremely sensitive to this input value. If the unit weight of the mixture was below 149 pcf (2386.8 kg/m3), then mean joint faulting was predicted above the failure threshold of 0.125, as shown in 
	In addition, the sensitivity of predicted distresses to unit weight was analyzed. It was found that mean joint faulting was extremely sensitive to this input value. If the unit weight of the mixture was below 149 pcf (2386.8 kg/m3), then mean joint faulting was predicted above the failure threshold of 0.125, as shown in 
	figure 70
	figure 70

	. Similarly, the 28-day compressive strength, MOR, MOE, and unit weights were input at level 3 and analyzed. The resulting distresses all predicted 

	failure of mean joint faulting regardless of strength, since the measured unit weights were below 149 pcf (2386.8 kg/m3). This is believed to occur as a result of the increased curling deflection caused by lower unit weights (
	failure of mean joint faulting regardless of strength, since the measured unit weights were below 149 pcf (2386.8 kg/m3). This is believed to occur as a result of the increased curling deflection caused by lower unit weights (
	Ceylan et al. 2012
	Ceylan et al. 2012

	). More research is needed to determine if unit weight has a significant impact on faulting, since faulting is traditionally believed to be a function of pavement foundation properties. Foundation properties that lead to curling of slab are ejection of materials from beneath the concrete slab, temperature variations, and moisture change. As the curling of slab is also influenced by unit weight of concrete, it is warranted to study the effect of unit weight of concrete on faulting. 
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	Figure 70. Line graph. Unit weight vs. mean joint faulting, JPCP. 
	SENSITIVITY ANALYSES FOR THERMAL PROPERTIES 
	CTE has previously been proven to be the most impactful thermal property input. During these analyses, the base values of heat capacity and thermal conductivity were used as 0.28 BTU/lb-°F 
	and 1.25 BTU/hr-ft-°F, respectively. Two additional analyses were performed using the extreme lab-tested thermal conductivity values of 0.464 and 2.249 BTU/hr-ft-°F as base values. The analyses used a 0.4 /°F increment for CTE values ranging from 4.70 to 8.0 /°F. The lower value was selected because it was close to the lowest lab-tested CTE value, and the higher value of 8.0 /°F was selected to clearly demonstrate the trend between CTE and the performance indicator of concern. 
	Figure 71
	Figure 71
	Figure 71

	 illustrates an expected relationship between CTE and terminal IRI. A higher CTE value is typically correlated to an IRI increase due to the higher cracking and faulting. The analyses containing the extreme lab-tested thermal conductivity values showed a dramatic effect on pavement performance prediction. A higher thermal conductivity value is expected to provide less pavement distress due to its ability to insulate the PCC layer better. The test containing the higher thermal conductivity base value of 2.24

	 
	 
	Figure
	Figure 71. Line graph. CTE’s effect on terminal IRI. 
	Figure 72
	Figure 72
	Figure 72

	 provides important insight into the impact CTE plays in the faulting of a pavement structure. A study performed by Mallela et al. (2005) highlighted the impact that CTE has on mean joint faulting. These analyses supported that higher CTE values are expected to result in an increased mean joint faulting. The increasing trend of mean joint faulting is accelerated when the lower thermal capacity is combined. Once again, the analysis using the high thermal conductivity base value displayed less predicted distr

	 
	Figure
	Figure 72. Line graph. CTE’s effect on mean joint faulting. 
	Figure 73
	Figure 73
	Figure 73

	 proves that higher CTE values affected the transverse cracking of the pavement structure. Field studies have proven higher CTE values allow for an increase in transverse cracking primarily because of the PCC mixture’s curling behavior. This curling occurs primarily due to temperature variation throughout the concrete layer, which increases along with an increase in CTE. It is important to note the behavior of the analysis using a low thermal conductivity base value. This analysis exhibited a dramatic incre
	Figure 74
	Figure 74

	 proves that both thermal conductivity and CTE played a critical role in transverse cracking prediction in the MEPDG. 

	 
	Figure
	Figure 73. Line graph. CTE’s effect on transverse cracking. 
	Sensitivity Analyses for Thermal Conductivity 
	The sensitivity analyses conducted for thermal conductivity ranged from 0.44 to 2.30 BTU/hr-ft-°F. These values were selected based on lab-tested values for the 12 GDOT-approved mixtures. For these analyses, the default values of 5.1 /°F and 0.28 BTU/lb-°F were used for CTE and heat capacity, respectively. Two additional analyses were performed for each pavement distress using the extreme lab-tested CTE values of 4.66 and 5.45 /°F as base values. 
	 
	Figure
	Figure 74. Line graph. Thermal conductivity’s effect on terminal IRI. 
	Figure 75
	Figure 75
	Figure 75

	 and 
	figure 76
	figure 76

	 demonstrated little interaction between the predicted distresses and change of thermal conductivity values. The lower thermal conductivity values resulted in higher predicted distresses; however, CTE exhibited a more impactful effect in the distress prediction process. 
	Figure 76
	Figure 76

	 illustrated that a lower thermal conductivity value created a higher predicted transverse cracking percentage. This supported that a decrease in thermal conductivity reduces the concrete’s ability to insulate temperature changes and, in return, prevents the structure’s ability to release heat flow efficiently. Due to this interaction between the heat and pavement, a lower thermal conductivity resulted in more distresses, specifically transverse cracking. While thermal conductivity in the PCC layer decrease

	 
	Figure
	Figure 75. Line graph. Thermal conductivity’s effect on mean joint faulting. 
	 
	Figure
	Figure 76. Line graph. Thermal conductivity’s effect on transverse cracking. 
	Sensitivity Analyses for Heat Capacity 
	Heat capacity was a thermal property to undergo inspection with AASHTOWare Pavement ME Design’s predicted distresses. The heat capacity values ranged from 0.20 to 0.32 BTU/lb-°F. These values were selected based on typical PCC heat capacity values, with the default value for heat capacity in the MEPDG. For these analyses, the default values of 5.1 /°F and 1.25 BTU/hr-ft-°F were used for CTE and thermal conductivity, respectively. Extreme base values for CTE and thermal conductivity were investigated; howe
	Figure 77
	Figure 77
	Figure 77

	, 
	figure 78
	figure 78

	, and 
	figure 79
	figure 79

	 demonstrated little interaction between this heat capacity and the pavement performance predictions. Previous studies similarly determined this thermal property to have minimal impact on the distress predictions. Due to its limited role in the MEPDG prediction process, the recommended heat capacity value of 0.28 BTU/lb-°F should continue to be used as the default input for this thermal property. 

	 
	Figure
	Figure 77. Line graph. Heat capacity’s effect on terminal IRI. 
	 
	Figure
	Figure 78. Line graph. Heat capacity’s effect on mean joint faulting. 
	 
	Figure
	Figure 79. Line graph. Heat capacity’s effect on transverse cracking. 
	CRCP RESULTS 
	CRCP displayed sensitivity to only two of the mechanical properties for which it was analyzed—MOR and compressive strength. These sensitivities followed the same trend as JPCP; the stronger the mixture, the less distress was predicted. The mechanical properties were plotted against punchout, as this is the distress that typically reached failure first. For compressive strength, the failure threshold was never reached even at the minimum allowable input of 2,500 psi (17.2 MPa), as shown in 
	CRCP displayed sensitivity to only two of the mechanical properties for which it was analyzed—MOR and compressive strength. These sensitivities followed the same trend as JPCP; the stronger the mixture, the less distress was predicted. The mechanical properties were plotted against punchout, as this is the distress that typically reached failure first. For compressive strength, the failure threshold was never reached even at the minimum allowable input of 2,500 psi (17.2 MPa), as shown in 
	Figure 80
	Figure 80

	. Since failure was not incited, the DAR of 3,000 psi (20.7 MPa) is an acceptable design requirement for CRCP pavements. All 12 mixtures batched in this study exceeded this DAR, with a minimum tested 28-day compressive strength of 4,140 psi (28.5 MPa). For MOR, the section experienced rapid deterioration below 500 psi (3.4 MPa) with failure occurring around 450 psi (3.1 MPa), as shown in 
	Figure 81
	Figure 81

	. The current DAR of 600 psi (4.1 MPa) is acceptable for CRCP designs. All 12 mixtures exceeded this DAR with a minimum tested MOR 

	value of 620 psi (4.3 MPa). The other mechanical properties analyzed showed no sensitivity in the CRCP design. The results for each property (i.e., MOE, Poisson’s ratio, shrinkage, and unit weight) are shown in 
	value of 620 psi (4.3 MPa). The other mechanical properties analyzed showed no sensitivity in the CRCP design. The results for each property (i.e., MOE, Poisson’s ratio, shrinkage, and unit weight) are shown in 
	figure 82
	figure 82

	, 
	figure 83
	figure 83

	, 
	figure 84
	figure 84

	, and 
	figure 85
	figure 85

	, respectively. 
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	Figure 80. Line graph. Compressive strength vs. punchout, CRCP. 
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	Figure 81. Line graph. MOR vs. punchout, CRCP. 
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	Figure 82. Line graph. MOE vs. punchout, CRCP. 
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	Figure 83. Line graph. Poisson’s ratio vs. punchout, CRCP. 
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	Figure 84. Line graph. Ultimate shrinkage vs. punchout, CRCP. 
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	Figure 85. Line graph. Unit weight vs. punchout, CRCP. 
	SENSITIVITY TO INPUT LEVELS 
	The laboratory-tested values were used to evaluate predicted performance at levels 1, 2, and 3 in AASHTOWare Pavement ME Design. Comparisons were made between design levels for each input to determine key differences in design levels. Recommendations are given based on the analysis for JPCP. These recommendations provide essential guidelines for which input level should be used in future designs. Additionally, guidelines on which mechanical inputs need to be tested up to 90 days for AASHTOWare Pavement ME D
	The sensitivity analyses were performed on the structure displayed in 
	The sensitivity analyses were performed on the structure displayed in 
	figure 86
	figure 86

	. All of the inputs used in this sensitivity analysis followed the recommended input values for a JPCP structure 

	by The GDOT Pavement ME Design User Input Guide (
	by The GDOT Pavement ME Design User Input Guide (
	ARA 2015
	ARA 2015

	), excluding the thermal property being analyzed. The structure contained five separate layers that would most represent a typical GDOT design. The top layer was a 10-inch PCC layer using the recommended concrete property values. The second layer contained a 3-inch asphalt concrete interlayer using SuperPave 64-22. Underneath the interlayer, a 10-inch crushed gravel layer acted as the non-stabilized base. The structure then contained two subgrade A-7-6 sections at the bottom. A 12-inch compacted subgrade la

	 
	Figure
	Figure 86. Diagram. JPCP structure used in sensitivity analyses. 
	The values from all 12 mixtures were used to complete level 1, 2, and 3 analyses and find predicted distresses and optimized thicknesses. To find optimized thicknesses, the concrete layer was varied by 0.25-inch (6.4-mm) intervals starting at 7-inch (177.8 mm) until the predicted distresses were below failure thresholds. Mean joint faulting was not considered in the thickness 
	analysis since all 12 mixtures experienced failure in this threshold due to low unit weight values. Predicted distresses and thicknesses were expected to decrease as the inputs transitioned from level 3 to level 1, since level 3 is the most conservative design level. In this study, more conservative refers to the design level that predicts the highest distress and has the largest optimized thickness. As seen in a previous study by Ping (
	analysis since all 12 mixtures experienced failure in this threshold due to low unit weight values. Predicted distresses and thicknesses were expected to decrease as the inputs transitioned from level 3 to level 1, since level 3 is the most conservative design level. In this study, more conservative refers to the design level that predicts the highest distress and has the largest optimized thickness. As seen in a previous study by Ping (
	2008
	2008

	), this expectation is not always met. Due to differences in inputs between levels, mainly between using compressive strength or MOR values, level 1 designs may actually be more conservative than level 2 designs. Comparisons between input levels and their associated distress are shown in 
	figure 87
	figure 87

	. For clarity, the same figure is shown below the failure threshold in 
	figure 88
	figure 88

	 to illustrate differences between levels for mixtures that did not experience predicted failure. 

	As shown in 
	As shown in 
	figure 88
	figure 88

	, half of the mixtures predicted more distress for level 1 designs compared to the level 2 designs; however, these differences are insignificant in most cases. For mixtures 8 and 10, the underprediction by the level 2 design results in a pavement that fails at every other input level, while passing at level 2. Similarly, when comparing optimized thicknesses in 
	figure 89
	figure 89

	, mixtures 8 and 10 result in significantly thinner pavements sections. Based on this analysis, caution should be used when conducting level 2 designs for new JPCP. It is unclear if the predicted distress and thickness from level 2 provide an accurate representation of the field pavement distress or whether it is highly influenced by a material property input since field validation was not performed. However, it can be inferred that the key differences between levels that is likely causing these discrepanci
	Schwartz et al. 2011
	Schwartz et al. 2011

	). 
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	Figure 87. Bar graph. Design levels compared for JPCP distresses. 
	 
	Chart
	Span
	0
	0
	0


	1
	1
	1


	2
	2
	2


	3
	3
	3


	4
	4
	4


	5
	5
	5


	6
	6
	6


	7
	7
	7


	8
	8
	8


	9
	9
	9


	10
	10
	10


	1
	1
	1


	2
	2
	2


	3
	3
	3


	4
	4
	4


	5
	5
	5


	6
	6
	6


	7
	7
	7


	8
	8
	8


	9
	9
	9


	10
	10
	10


	11
	11
	11


	12
	12
	12


	Percent Slabs Cracked (%)
	Percent Slabs Cracked (%)
	Percent Slabs Cracked (%)


	Mixture Number
	Mixture Number
	Mixture Number


	Span
	Level 1
	Level 1
	Level 1


	Span
	Level 2
	Level 2
	Level 2


	Span
	Level 3_f'c
	Level 3_f'c
	Level 3_f'c


	Span
	Level 3_MOR
	Level 3_MOR
	Level 3_MOR


	Span
	Failure
	Failure
	Failure


	Span

	Figure 88. Bar graph. Design levels compared for JPCP distresses below failure. 
	 
	 
	Chart
	Span
	0.00
	0.00
	0.00


	2.00
	2.00
	2.00


	4.00
	4.00
	4.00


	6.00
	6.00
	6.00


	8.00
	8.00
	8.00


	10.00
	10.00
	10.00


	12.00
	12.00
	12.00


	14.00
	14.00
	14.00


	1
	1
	1


	2
	2
	2


	3
	3
	3


	4
	4
	4


	5
	5
	5


	6
	6
	6


	7
	7
	7


	8
	8
	8


	9
	9
	9


	10
	10
	10


	11
	11
	11


	12
	12
	12


	Optimized Thickness (in)
	Optimized Thickness (in)
	Optimized Thickness (in)


	Mixture Number
	Mixture Number
	Mixture Number


	Span
	Level 1
	Level 1
	Level 1


	Span
	Level 2
	Level 2
	Level 2


	Span
	Level 3_f'c
	Level 3_f'c
	Level 3_f'c


	Span
	Level 3_MOR
	Level 3_MOR
	Level 3_MOR


	Span

	Figure 89. Bar graph. Optimized thicknesses by level for JPCP. 
	STATISTICAL ANALYSIS 
	Using laboratory-tested values for all 12 mixtures, a statistical analysis was performed. The predicted distresses for each mixture were analyzed for their impact on predicted distresses. Using a least squares regression model, the effect of each design input was determined to be statistically significant or not. For JPCP, four inputs were found to have a significant impact on predicted distresses: MOR, compressive strength, unit weight, and Poisson’s ratio. Specifically, for IRI and percent slabs crack, MO
	Using laboratory-tested values for all 12 mixtures, a statistical analysis was performed. The predicted distresses for each mixture were analyzed for their impact on predicted distresses. Using a least squares regression model, the effect of each design input was determined to be statistically significant or not. For JPCP, four inputs were found to have a significant impact on predicted distresses: MOR, compressive strength, unit weight, and Poisson’s ratio. Specifically, for IRI and percent slabs crack, MO
	table 65
	table 65

	. A p-value lower than 0.05 means that the input is statistically impactful on predicted distresses. The 

	conclusions from the preliminary sensitivity analysis were confirmed by the results of this effect test. 
	Table 65. Input effect test, JPCP. 
	Source 
	Source 
	Source 
	Source 
	Source 

	LogWorth 
	LogWorth 

	P-value 
	P-value 


	MOR 
	MOR 
	MOR 

	1.757 
	1.757 

	0.01751 
	0.01751 


	Unit Weight 
	Unit Weight 
	Unit Weight 

	1.556 
	1.556 

	0.02778 
	0.02778 


	Poisson’s Ratio 
	Poisson’s Ratio 
	Poisson’s Ratio 

	1.359 
	1.359 

	0.04378 
	0.04378 


	Cement Content 
	Cement Content 
	Cement Content 

	0.396 
	0.396 

	0.40173 
	0.40173 


	W/cm 
	W/cm 
	W/cm 

	0.262 
	0.262 

	0.54660 
	0.54660 


	MOE 
	MOE 
	MOE 

	0.242 
	0.242 

	0.57292 
	0.57292 


	Bold = statistically significant 
	Bold = statistically significant 
	Bold = statistically significant 




	The same process was performed for CRCP. Only compressive strength and MOR impacted predicted distresses in a statistically significant manner. MOR and compressive strength were impactful on both IRI and punchout. The results of the least squares regression model for CRCP and each of the inputs’ effects on the model are shown in 
	The same process was performed for CRCP. Only compressive strength and MOR impacted predicted distresses in a statistically significant manner. MOR and compressive strength were impactful on both IRI and punchout. The results of the least squares regression model for CRCP and each of the inputs’ effects on the model are shown in 
	table 66
	table 66

	. 

	Table 66. Input effect test, CRCP. 
	Source 
	Source 
	Source 
	Source 
	Source 

	LogWorth 
	LogWorth 

	P-value 
	P-value 


	MOR 
	MOR 
	MOR 

	2.298 
	2.298 

	0.00503 
	0.00503 


	MOE 
	MOE 
	MOE 

	0.468 
	0.468 

	0.34012 
	0.34012 


	Unit Weight 
	Unit Weight 
	Unit Weight 

	0.434 
	0.434 

	0.36804 
	0.36804 


	Poisson’s Ratio 
	Poisson’s Ratio 
	Poisson’s Ratio 

	0.401 
	0.401 

	0.39751 
	0.39751 


	W/cm 
	W/cm 
	W/cm 

	0.327 
	0.327 

	0.47138 
	0.47138 


	Cement Content 
	Cement Content 
	Cement Content 

	0.027 
	0.027 

	0.93925 
	0.93925 


	 
	 
	 




	  
	CHAPTER 9. CONCLUSIONS AND RECOMMENDATIONS 
	This study aims to develop the aforementioned concrete materials database specific to Georgia’s rigid pavements. Twelve (12) GDOT-approved concrete mixtures using Georgia-specific concrete materials were batched, tested, and analyzed for these properties. Through this study, the key inputs database for rigid pavement design in the MEPDG were developed. The materials library includes compressive strength (𝑓𝑐′), modulus of elasticity and modulus of rupture, coefficient of thermal expansion, portland cement 
	Based on the results from this study, there are three main recommendations: (1) the GDOT DAR for compressive strength of JPCP is suggested to be changed to 4,000 psi (27.6 MPa); (2) the GDOT DAR for MOR is acceptable for rigid pavements; and (3) static MOE testing should be used when performing laboratory tests for AASHTOWare Pavement ME Design inputs. Currently, GDOT’s DAR for compressive strength is 3,000 psi (20.7 MPa) and 3,500 psi (24.1 MPa) for class 1 and 2 mixtures, respectively. Based on the sensit
	It should be noted that the design thickness of JPCP does not always increase as the input level goes from 1 to 3. Instead, properties such as 𝑓𝑐′, MOR, MOE, and CTE significantly affect the thickness design. Other design factors, such as joint spacing and dowel diameter, will also affect thickness. While levels 1 and 3 analyses require the measured MOE as input value, level 2 estimates the MOE from measured 𝑓𝑐′. Since MOE greater than 5,500 ksi (39.7 GPa) is prone to predict significant percent slab cr
	When the MEPDG faulting model is available, future work should investigate the impact of unit weight on faulting. Also, study of the impact of large MOE values on pavement performance is recommended. It was determined that unit weight was critical to the predicted faulting in AAASHTOWare Pavement ME Design. This was attributed to the prediction model in AASHTOWare Pavement ME Design incorporating curling deflections into its calculations. Further research is necessary to determine if unit weight is this imp
	Based on the input level analysis, caution should be used when conducting level 2 designs for new JPCP. It is unclear if the predicted distress and thickness from level 2 provide an accurate representation of the field performance of rigid pavement. The research team recommends verification of the field performance with the Calibration Assessment Tool (CAT). With the GDOT local calibration setting in PMED V2.6 using CAT with transferred distress data format 
	from past decades, the field validation can be completed and the results will allow GDOT to select the final input level that reflects the field rigid pavement performance.  
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	Figure
	 
	Figure
	 
	Figure
	 
	Figure
	 
	Figure
	 
	Figure
	 
	Figure
	APPENDIX B – MIXTURE DESIGNS 
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	APPENDIX C – SENSITIVITY ANALYSIS PROCESS  
	Figure
	APPENDIX D – PROPOSED STANDARD OPERATING PROCEDURES (SOPS) 
	 
	Georgia Department of Transportation 
	Office of Materials and Testing 
	 
	Proposed Standard Operating Procedure (SOP) – DRAFT Measurements of Compressive Strength, Modulus of Rupture, Young’s Modulus, Ultimate Shrinkage, Thermal Conductivity, and Coefficient of Thermal Expansion (CTE) 
	 
	 
	 
	 
	 
	 




	I. General 
	I. General 
	I. General 


	The purpose of this Standard Operating Procedure is to outline the methodology for measuring Compressive Strength, Modulus of Rupture, Modulus of Elasticity, Shrinkage, Thermal Conductivity, and Coefficient of Thermal Expansion of concrete mixes. Compressive Strength and Modulus of Rupture are designed to be performed with a compressive testing machine in accordance with ASTM C39 (AASHTO T22) and ASTM C78 (AASHTO T23), respectively. Pine’s Coefficient of Thermal Expansion System was used in testing the Conc
	 
	II. Specimen Fabrication 
	This procedure governs the sampling procedure to fabricate concrete mixtures to measure its mechanical and thermal properties. 
	A. Sampling 
	The sampling, testing, and inspection duties are to be performed by a GDOT engineer: 
	 
	References: GDOT Specifications 
	• Section 500 (Concrete Structures) 
	• Section 500 (Concrete Structures) 
	• Section 500 (Concrete Structures) 

	• Section 800 (Coarse Aggregate)  
	• Section 800 (Coarse Aggregate)  

	• Section 801 (Fine Aggregate) 
	• Section 801 (Fine Aggregate) 

	• Section 830 (Portland Cement) 
	• Section 830 (Portland Cement) 

	• Section 832 (Curing Agents) 
	• Section 832 (Curing Agents) 


	• Section 880 (Water) 
	• Section 880 (Water) 
	• Section 880 (Water) 

	• GDT 35 
	• GDT 35 

	• QPL 10 (Approved Ready-Mix Concrete Plants) 
	• QPL 10 (Approved Ready-Mix Concrete Plants) 

	• QPL 13 (Air-Entraining Admixtures) 
	• QPL 13 (Air-Entraining Admixtures) 

	• QPL 14 (Chemical Admixtures for Concrete) 
	• QPL 14 (Chemical Admixtures for Concrete) 

	• QPL 16 (Membrane Curing Compounds) 
	• QPL 16 (Membrane Curing Compounds) 
	• QPL 16 (Membrane Curing Compounds) 
	1. Preparing Specimen Molds 
	1. Preparing Specimen Molds 
	1. Preparing Specimen Molds 
	1. Preparing Specimen Molds 
	a. All Molds should conform to standard ASTM standards C192-19 for given aggregate size and testing function, as well as testing devices utilized. The various specimen dimensions and types for each test are located in 
	a. All Molds should conform to standard ASTM standards C192-19 for given aggregate size and testing function, as well as testing devices utilized. The various specimen dimensions and types for each test are located in 
	a. All Molds should conform to standard ASTM standards C192-19 for given aggregate size and testing function, as well as testing devices utilized. The various specimen dimensions and types for each test are located in 
	a. All Molds should conform to standard ASTM standards C192-19 for given aggregate size and testing function, as well as testing devices utilized. The various specimen dimensions and types for each test are located in 
	table 67
	table 67

	. 


	b. The number of specimens and number of test batches should be in accordance with each test method and procedure unless otherwise noted. At Least 3 specimens per test age and condition shall be formed. 
	b. The number of specimens and number of test batches should be in accordance with each test method and procedure unless otherwise noted. At Least 3 specimens per test age and condition shall be formed. 

	c. Cylindrical Specimens 
	c. Cylindrical Specimens 
	c. Cylindrical Specimens 
	i. The same cylindrical mold dimensions should be used as control specimen dimensions. 
	i. The same cylindrical mold dimensions should be used as control specimen dimensions. 
	i. The same cylindrical mold dimensions should be used as control specimen dimensions. 

	ii. All Cylindrical specimens other than creep shall be molded and cured along the cylinder axis as the vertical axis. 
	ii. All Cylindrical specimens other than creep shall be molded and cured along the cylinder axis as the vertical axis. 




	d. Prismatic Specimens 
	d. Prismatic Specimens 
	d. Prismatic Specimens 
	i. Beams for flexural and shrinkage shall be formed along the long axis as the horizontal. 
	i. Beams for flexural and shrinkage shall be formed along the long axis as the horizontal. 
	i. Beams for flexural and shrinkage shall be formed along the long axis as the horizontal. 







	2. Mixing 
	2. Mixing 
	2. Mixing 
	a. Before mixing concrete materials, bring all material to room temperature of 68–86°F (20–30°C) unless stipulated. 
	a. Before mixing concrete materials, bring all material to room temperature of 68–86°F (20–30°C) unless stipulated. 
	a. Before mixing concrete materials, bring all material to room temperature of 68–86°F (20–30°C) unless stipulated. 

	b. Aggregate weights and moisture content should be calculated following ASTM C566: Standard Test Method for Total Evaporable Moisture Content of Aggregate by Drying.  
	b. Aggregate weights and moisture content should be calculated following ASTM C566: Standard Test Method for Total Evaporable Moisture Content of Aggregate by Drying.  

	c. Mixing procedure should follow ASTM C192: Standard Practice for Making and Curing Concrete Test Specimens in the Laboratory. 
	c. Mixing procedure should follow ASTM C192: Standard Practice for Making and Curing Concrete Test Specimens in the Laboratory. 




	3. Batch Testing 
	3. Batch Testing 
	3. Batch Testing 
	a. After batching concrete, immediately begin fresh concrete property testing for quality assurance and to confirm the desired properties/behavior of the mixture. The fresh concrete property standards are listed in 
	a. After batching concrete, immediately begin fresh concrete property testing for quality assurance and to confirm the desired properties/behavior of the mixture. The fresh concrete property standards are listed in 
	a. After batching concrete, immediately begin fresh concrete property testing for quality assurance and to confirm the desired properties/behavior of the mixture. The fresh concrete property standards are listed in 
	a. After batching concrete, immediately begin fresh concrete property testing for quality assurance and to confirm the desired properties/behavior of the mixture. The fresh concrete property standards are listed in 
	table 68
	table 68

	. 





	4. Molding 
	4. Molding 
	4. Molding 
	a. Placement 
	a. Placement 
	a. Placement 
	a. Placement 
	i. When placing concrete within molds, maintain parameters listed in 
	i. When placing concrete within molds, maintain parameters listed in 
	i. When placing concrete within molds, maintain parameters listed in 
	i. When placing concrete within molds, maintain parameters listed in 
	table 69
	table 69

	 and ensure proper consolidation method is utilized. 





	b. Consolidation 
	b. Consolidation 
	b. Consolidation 
	i. Consolidate according to vibratory or tamping rod based off specimen size listed in 
	i. Consolidate according to vibratory or tamping rod based off specimen size listed in 
	i. Consolidate according to vibratory or tamping rod based off specimen size listed in 
	i. Consolidate according to vibratory or tamping rod based off specimen size listed in 
	table 70
	table 70

	. 








	5. Curing 
	5. Curing 
	5. Curing 
	a. Initial Curing 
	a. Initial Curing 
	a. Initial Curing 
	a. Initial Curing 
	i. Upon the completion of placement, cover specimens with impervious material to prevent water evaporating from concrete specimens. 
	i. Upon the completion of placement, cover specimens with impervious material to prevent water evaporating from concrete specimens. 
	i. Upon the completion of placement, cover specimens with impervious material to prevent water evaporating from concrete specimens. 




	b. Mold Removal 
	b. Mold Removal 
	b. Mold Removal 
	i. Remove the specimens from the molds 24±8 hours after casting. For concrete with prolonged setting time, molds shall not be removed until 20±4 hours after final set. If needed, determine the setting times in accordance with Test Method C403/403M. 
	i. Remove the specimens from the molds 24±8 hours after casting. For concrete with prolonged setting time, molds shall not be removed until 20±4 hours after final set. If needed, determine the setting times in accordance with Test Method C403/403M. 
	i. Remove the specimens from the molds 24±8 hours after casting. For concrete with prolonged setting time, molds shall not be removed until 20±4 hours after final set. If needed, determine the setting times in accordance with Test Method C403/403M. 




	c. Final Cure 
	c. Final Cure 
	c. Final Cure 
	i. After mold removal, cure specimens at temperature of 70–77°F (21–25°C) until the time of testing. 
	i. After mold removal, cure specimens at temperature of 70–77°F (21–25°C) until the time of testing. 
	i. After mold removal, cure specimens at temperature of 70–77°F (21–25°C) until the time of testing. 

	ii. First 48 hours of final cure should be in a vibration-free environment. 
	ii. First 48 hours of final cure should be in a vibration-free environment. 

	iii. For moist curing condition, the entire free surface of the specimen should be subjected to water, maintained through submerge tank or moisture room in accordance with ASTM C511-13: Standard Specification for Mixing Rooms, Moist 
	iii. For moist curing condition, the entire free surface of the specimen should be subjected to water, maintained through submerge tank or moisture room in accordance with ASTM C511-13: Standard Specification for Mixing Rooms, Moist 

	Cabinets, Moist Rooms, and Water Storage Tanks Used in the Testing of Hydraulic Cements and Concretes. 
	Cabinets, Moist Rooms, and Water Storage Tanks Used in the Testing of Hydraulic Cements and Concretes. 











	In case ready-mix concrete is used, the frequency at which materials are sampled and tested should be as established in the Sampling, Testing, and Inspection Manual. Detailed information can be found in SOP 10.  
	B. Standard Procedure for Specimen Fabrication 
	Table 67. Specimen dimensions. 
	Property of Concern 
	Property of Concern 
	Property of Concern 
	Property of Concern 
	Property of Concern 

	Specimen Type 
	Specimen Type 

	Specimen Dimensions 
	Specimen Dimensions 



	Compressive Strength 
	Compressive Strength 
	Compressive Strength 
	Compressive Strength 

	Cylinder 
	Cylinder 

	4 x 8 or 6 x 12 (See GDT 35) 
	4 x 8 or 6 x 12 (See GDT 35) 


	Modulus of Rupture 
	Modulus of Rupture 
	Modulus of Rupture 

	Beam 
	Beam 

	3 x 4 x 16 or 6 x 6 x 22  
	3 x 4 x 16 or 6 x 6 x 22  


	Youngs Modulus 
	Youngs Modulus 
	Youngs Modulus 

	Cylinder 
	Cylinder 

	4 x 8 
	4 x 8 


	Ultimate Shrinkage 
	Ultimate Shrinkage 
	Ultimate Shrinkage 

	Beam 
	Beam 

	4 x 4 x 10 
	4 x 4 x 10 


	Thermal Conductivity 
	Thermal Conductivity 
	Thermal Conductivity 

	Cylinder 
	Cylinder 

	4 x 8 
	4 x 8 


	Coefficient of Thermal Expansion 
	Coefficient of Thermal Expansion 
	Coefficient of Thermal Expansion 

	Cylinder 
	Cylinder 

	4 x 8 
	4 x 8 


	 
	 
	 




	Table 68. Fresh concrete property standards. 
	Fresh Concrete Property 
	Fresh Concrete Property 
	Fresh Concrete Property 
	Fresh Concrete Property 
	Fresh Concrete Property 

	Test Standard ID 
	Test Standard ID 



	Temperature 
	Temperature 
	Temperature 
	Temperature 

	AASHTO T309/ASTM C1064 
	AASHTO T309/ASTM C1064 


	Slump 
	Slump 
	Slump 

	AASHTO T119/ASTM C143 
	AASHTO T119/ASTM C143 


	Unit Weight 
	Unit Weight 
	Unit Weight 

	AASHTO T121/ASTM C138 
	AASHTO T121/ASTM C138 


	Pressure Meter Air Content 
	Pressure Meter Air Content 
	Pressure Meter Air Content 

	AASHTO T152/ASTM C231 
	AASHTO T152/ASTM C231 


	 
	 
	 




	Table 69. Concrete placement guide. 
	Specimen Type and Size 
	Specimen Type and Size 
	Specimen Type and Size 
	Specimen Type and Size 
	Specimen Type and Size 

	Mode of Consolidation 
	Mode of Consolidation 

	Number of Layers of Approximate Equal Depth 
	Number of Layers of Approximate Equal Depth 


	Cylinders: 
	Cylinders: 
	Cylinders: 
	Diameter, inch (mm) 



	3 or 4 (75–100) 
	3 or 4 (75–100) 
	3 or 4 (75–100) 
	3 or 4 (75–100) 

	Rodding 
	Rodding 

	2 
	2 


	6 (150) 
	6 (150) 
	6 (150) 

	Rodding 
	Rodding 

	3 
	3 


	9 (225) 
	9 (225) 
	9 (225) 

	Rodding 
	Rodding 

	4 
	4 


	Up to 9 (225) 
	Up to 9 (225) 
	Up to 9 (225) 

	Vibration 
	Vibration 

	2 
	2 


	Prisms and Horizontal Creep Cylinders: 
	Prisms and Horizontal Creep Cylinders: 
	Prisms and Horizontal Creep Cylinders: 
	Depth, inch (mm) 


	Up to 8 (200) 
	Up to 8 (200) 
	Up to 8 (200) 

	Rodding 
	Rodding 

	2 
	2 


	Over 8 (200) 
	Over 8 (200) 
	Over 8 (200) 

	Rodding 
	Rodding 

	3 or More 
	3 or More 


	Up to 8 (200) 
	Up to 8 (200) 
	Up to 8 (200) 

	Vibration 
	Vibration 

	1 
	1 


	Over 8 (200) 
	Over 8 (200) 
	Over 8 (200) 

	Vibration 
	Vibration 

	2 or More 
	2 or More 


	 
	 
	 




	Table 70. Consolidation recommendations. 
	Cylinders 
	Cylinders 
	Cylinders 
	Cylinders 
	Cylinders 



	Diameter of Cylinder, in. (mm) 
	Diameter of Cylinder, in. (mm) 
	Diameter of Cylinder, in. (mm) 
	Diameter of Cylinder, in. (mm) 

	Diameter of Rod, in. (mm) 
	Diameter of Rod, in. (mm) 

	Number of Strokes/Layer 
	Number of Strokes/Layer 


	3 (75) to < 6 (150) 
	3 (75) to < 6 (150) 
	3 (75) to < 6 (150) 

	3/8±1/16 (10±2) 
	3/8±1/16 (10±2) 

	25 
	25 


	6 (150) 
	6 (150) 
	6 (150) 

	5/8±1/16 (16±2) 
	5/8±1/16 (16±2) 

	25 
	25 


	8 (200) 
	8 (200) 
	8 (200) 

	5/8±1/16 (16±2) 
	5/8±1/16 (16±2) 

	50 
	50 


	10 (250) 
	10 (250) 
	10 (250) 

	5/8±1/16 (16±2) 
	5/8±1/16 (16±2) 

	75 
	75 


	Beams and Prisms 
	Beams and Prisms 
	Beams and Prisms 


	Top Surface Area of Specimen, in2 (cm2) 
	Top Surface Area of Specimen, in2 (cm2) 
	Top Surface Area of Specimen, in2 (cm2) 

	Diameter of Rod, in. (mm) 
	Diameter of Rod, in. (mm) 

	Number of Roddings/Layer 
	Number of Roddings/Layer 


	25 (160) or less 
	25 (160) or less 
	25 (160) or less 

	3/8±1/16 (10±2) 
	3/8±1/16 (10±2) 

	25 
	25 


	26–49 (165–310) 
	26–49 (165–310) 
	26–49 (165–310) 

	3/8±1/16 (10±2) 
	3/8±1/16 (10±2) 

	One for each 1 in.2 (7 cm2) of surface 
	One for each 1 in.2 (7 cm2) of surface 


	50 (320) or more 
	50 (320) or more 
	50 (320) or more 

	5/8±1/16 (16±2) 
	5/8±1/16 (16±2) 

	One for each 2 in.2 (14 cm2) of surface 
	One for each 2 in.2 (14 cm2) of surface 


	Horizontal Creep Cylinders 
	Horizontal Creep Cylinders 
	Horizontal Creep Cylinders 


	Diameter of Cylinder, in. (mm) 
	Diameter of Cylinder, in. (mm) 
	Diameter of Cylinder, in. (mm) 

	Diameter of Rod, in. (mm) 
	Diameter of Rod, in. (mm) 

	Number of Roddings/Layer 
	Number of Roddings/Layer 


	6 (150) 
	6 (150) 
	6 (150) 

	5/8±1/16 (16±2) 
	5/8±1/16 (16±2) 

	50 total, 25 along both sides of axis 
	50 total, 25 along both sides of axis 


	 
	 
	 

	 
	 

	 
	 




	 
	III. Test Procedures 
	A. Standard Practice Test Method for Compressive Strength of Cylindrical Concrete Specimens (AASHTO T22 / ASTM C39) 
	A. Standard Practice Test Method for Compressive Strength of Cylindrical Concrete Specimens (AASHTO T22 / ASTM C39) 
	A. Standard Practice Test Method for Compressive Strength of Cylindrical Concrete Specimens (AASHTO T22 / ASTM C39) 
	A. Standard Practice Test Method for Compressive Strength of Cylindrical Concrete Specimens (AASHTO T22 / ASTM C39) 
	1. Place Concrete Specimen upon lower bearing block in accordance with utilized testing device on the load deck. 
	1. Place Concrete Specimen upon lower bearing block in accordance with utilized testing device on the load deck. 
	1. Place Concrete Specimen upon lower bearing block in accordance with utilized testing device on the load deck. 

	2. Place upper bearing block on top of specimen and fit within the loading deck area. 
	2. Place upper bearing block on top of specimen and fit within the loading deck area. 

	3. Seat the loading block onto the upper bearing block and ensure the loading stress is zeroed to begin the test. 
	3. Seat the loading block onto the upper bearing block and ensure the loading stress is zeroed to begin the test. 

	4. Loading 
	4. Loading 
	4. Loading 
	a. Loading Speed: 35±7 psi and maintained through the latter half of the testing procedure. 
	a. Loading Speed: 35±7 psi and maintained through the latter half of the testing procedure. 
	a. Loading Speed: 35±7 psi and maintained through the latter half of the testing procedure. 

	b. Continually apply load until the indicator displays a continually lowered stress or automatic stop has been issued. 
	b. Continually apply load until the indicator displays a continually lowered stress or automatic stop has been issued. 

	c. Note and record the break type and fracture pattern and its accordance with Typical Fracture type diagram. 
	c. Note and record the break type and fracture pattern and its accordance with Typical Fracture type diagram. 







	B. Standard Test Method for Flexural Strength of Concrete (Using Simple Beam with Third-Point Loading) (AASHTO T23 / ASTM C78) 
	B. Standard Test Method for Flexural Strength of Concrete (Using Simple Beam with Third-Point Loading) (AASHTO T23 / ASTM C78) 
	B. Standard Test Method for Flexural Strength of Concrete (Using Simple Beam with Third-Point Loading) (AASHTO T23 / ASTM C78) 
	1. Manipulate the specimen such that the top casted side is facing upward toward the loading block. 
	1. Manipulate the specimen such that the top casted side is facing upward toward the loading block. 
	1. Manipulate the specimen such that the top casted side is facing upward toward the loading block. 

	2. Center the specimen along both support sides and ensure consistent contact is made across the specimen. 
	2. Center the specimen along both support sides and ensure consistent contact is made across the specimen. 

	3. Bring the loading block to the surface of the specimen and zero the loading device. 
	3. Bring the loading block to the surface of the specimen and zero the loading device. 

	4. Load the specimen with a rate of 125–175 psi/min until rupture or a rapid decrease in applied load to the specimen, or until automatic stop is applied. 
	4. Load the specimen with a rate of 125–175 psi/min until rupture or a rapid decrease in applied load to the specimen, or until automatic stop is applied. 

	5. Inspect the specimen to ensure a clean break through several aggregate pieces and not through the cement line (see 
	5. Inspect the specimen to ensure a clean break through several aggregate pieces and not through the cement line (see 
	5. Inspect the specimen to ensure a clean break through several aggregate pieces and not through the cement line (see 
	figure 90
	figure 90

	). 


	6. Compare the specimen break to the specimen break guide to ensure a proper break to confirm proper compressive strength test has been conducted. 
	6. Compare the specimen break to the specimen break guide to ensure a proper break to confirm proper compressive strength test has been conducted. 





	 
	Figure
	Figure 90. Diagrams. Concrete compressive strength fracture types (ASTM C78). 
	C. Standard Test Method for Fundamental Transverse Resonant Frequencies of Concrete Specimens (ASTM C215) 
	C. Standard Test Method for Fundamental Transverse Resonant Frequencies of Concrete Specimens (ASTM C215) 
	C. Standard Test Method for Fundamental Transverse Resonant Frequencies of Concrete Specimens (ASTM C215) 
	C. Standard Test Method for Fundamental Transverse Resonant Frequencies of Concrete Specimens (ASTM C215) 
	1. Testing procedure:  
	1. Testing procedure:  
	1. Testing procedure:  
	1. Testing procedure:  
	a. Place Specimen horizontally along two supports that allows the free vibration from impact of the testing specimen. 
	a. Place Specimen horizontally along two supports that allows the free vibration from impact of the testing specimen. 
	a. Place Specimen horizontally along two supports that allows the free vibration from impact of the testing specimen. 

	b. Dry the surface of the specimen to ensure proper contact between the accelerometer and the specimen, whereas a wax or glue material can also be used. 
	b. Dry the surface of the specimen to ensure proper contact between the accelerometer and the specimen, whereas a wax or glue material can also be used. 

	c. Prepare the waveform analyzer for testing procedures within given operational guides. 
	c. Prepare the waveform analyzer for testing procedures within given operational guides. 

	d. After the waveform analyzer is prepped, begin recording the accelerometer and strike the specimen along the long axis specimens’ axis. 
	d. After the waveform analyzer is prepped, begin recording the accelerometer and strike the specimen along the long axis specimens’ axis. 

	e. Repeat the impact test at least three times per iteration to obtain a representative sample of the specimen. 
	e. Repeat the impact test at least three times per iteration to obtain a representative sample of the specimen. 




	1. Storage 
	1. Storage 
	1. Storage 
	a. After the concrete specimen is removed from curing mold, obtain the overall length or difference of length from a given value. 
	a. After the concrete specimen is removed from curing mold, obtain the overall length or difference of length from a given value. 
	a. After the concrete specimen is removed from curing mold, obtain the overall length or difference of length from a given value. 

	b. After initial reading, store specimen in either submerged tank, air dry room, or in environmental chamber to ensure most consistent humidity and moisture transfer. 
	b. After initial reading, store specimen in either submerged tank, air dry room, or in environmental chamber to ensure most consistent humidity and moisture transfer. 




	2. Testing 
	2. Testing 
	2. Testing 
	a. Rerecord the length or difference of length measurement for each specimen according to the listed schedule and return to storage condition. 
	a. Rerecord the length or difference of length measurement for each specimen according to the listed schedule and return to storage condition. 
	a. Rerecord the length or difference of length measurement for each specimen according to the listed schedule and return to storage condition. 
	a. Rerecord the length or difference of length measurement for each specimen according to the listed schedule and return to storage condition. 
	i. Testing days after initial length test: 3, 7 days after initial, then every week for 3 months to determine near-ultimate shrinkage value 
	i. Testing days after initial length test: 3, 7 days after initial, then every week for 3 months to determine near-ultimate shrinkage value 
	i. Testing days after initial length test: 3, 7 days after initial, then every week for 3 months to determine near-ultimate shrinkage value 







	1. Preparation 
	1. Preparation 
	1. Preparation 
	a. After the 28-day final curing phase, obtain specimens from each batch and have three different moisture conditions (oven dry, saturated, and air dried) per batch. 
	a. After the 28-day final curing phase, obtain specimens from each batch and have three different moisture conditions (oven dry, saturated, and air dried) per batch. 
	a. After the 28-day final curing phase, obtain specimens from each batch and have three different moisture conditions (oven dry, saturated, and air dried) per batch. 
	a. After the 28-day final curing phase, obtain specimens from each batch and have three different moisture conditions (oven dry, saturated, and air dried) per batch. 
	i. Oven Dry – Obtained by placing the concrete specimens in an oven at a temperature of 100±5℉ (38±3℃) for 24±1 hour. 
	i. Oven Dry – Obtained by placing the concrete specimens in an oven at a temperature of 100±5℉ (38±3℃) for 24±1 hour. 
	i. Oven Dry – Obtained by placing the concrete specimens in an oven at a temperature of 100±5℉ (38±3℃) for 24±1 hour. 

	ii. Air Dry – Obtained by placing two cylinders into a controlled environmental chamber maintaining a temperature of 73±3℉ (23±2℃) and a relative humidity of 50±4 percent. The specimens remain in this chamber for a 24-hour period to ensure homogeneous temperature and moisture throughout the specimen. 
	ii. Air Dry – Obtained by placing two cylinders into a controlled environmental chamber maintaining a temperature of 73±3℉ (23±2℃) and a relative humidity of 50±4 percent. The specimens remain in this chamber for a 24-hour period to ensure homogeneous temperature and moisture throughout the specimen. 

	iii. Saturated – After 28 days, move the concrete specimens from the moisture curing tank to a water tank inside the environmental chamber for a 24-hour period. 
	iii. Saturated – After 28 days, move the concrete specimens from the moisture curing tank to a water tank inside the environmental chamber for a 24-hour period. 




	b. To prepare the concrete specimen, obtain the mass to 0.01 g, and the length of the specimen to 0.01 mm. 
	b. To prepare the concrete specimen, obtain the mass to 0.01 g, and the length of the specimen to 0.01 mm. 

	c. Drill a hole along the central long axis of the specimen to the depth of the probe device utilized. 
	c. Drill a hole along the central long axis of the specimen to the depth of the probe device utilized. 




	2. Testing 
	2. Testing 
	2. Testing 
	a. After placing the probe inside the hole, ensure the probe is fully embedded with the specimen. 
	a. After placing the probe inside the hole, ensure the probe is fully embedded with the specimen. 
	a. After placing the probe inside the hole, ensure the probe is fully embedded with the specimen. 

	b. Connect the heating probe to the reading device and annotate the test. 
	b. Connect the heating probe to the reading device and annotate the test. 

	c. Conduct several tests (more than five) for each specimen condition with sufficient time spacing between the heating phases to ensure the specimen has reached an equilibrium state 
	c. Conduct several tests (more than five) for each specimen condition with sufficient time spacing between the heating phases to ensure the specimen has reached an equilibrium state 

	d. Rerun the test with the specimens of each condition to obtain the thermal conductivity values per moisture condition. During the test, a temperature of 73±3℉ (23±2℃) and a relative humidity of 50±4 percent should be maintained. 
	d. Rerun the test with the specimens of each condition to obtain the thermal conductivity values per moisture condition. During the test, a temperature of 73±3℉ (23±2℃) and a relative humidity of 50±4 percent should be maintained. 








	Note: This test only applies to the longitudinal dynamic modulus of rigidity that was used in RP 18-03. 
	D. Standard Test Method for Length Change of Hardened Hydraulic-Cement Mortar and Concrete (AASHTO T160 / ASTM C157) 
	D. Standard Test Method for Length Change of Hardened Hydraulic-Cement Mortar and Concrete (AASHTO T160 / ASTM C157) 
	D. Standard Test Method for Length Change of Hardened Hydraulic-Cement Mortar and Concrete (AASHTO T160 / ASTM C157) 


	E. Standard Test Method for Determination of Thermal Conductivity (ASTM D5334-14) 
	E. Standard Test Method for Determination of Thermal Conductivity (ASTM D5334-14) 
	E. Standard Test Method for Determination of Thermal Conductivity (ASTM D5334-14) 


	F. Standard Method of Test for Coefficient of Thermal Expansion of Hydraulic Cement Concrete (AASHTO T 336) 
	F. Standard Method of Test for Coefficient of Thermal Expansion of Hydraulic Cement Concrete (AASHTO T 336) 
	F. Standard Method of Test for Coefficient of Thermal Expansion of Hydraulic Cement Concrete (AASHTO T 336) 
	F. Standard Method of Test for Coefficient of Thermal Expansion of Hydraulic Cement Concrete (AASHTO T 336) 
	1. Preparation 
	1. Preparation 
	1. Preparation 
	1. Preparation 
	a. To prepare specimen mold, cut off equal parts on polar ends of cylindrical concrete specimen to obtain a length of 117.8±2.54 mm (7.0±0.1 inch) 
	a. To prepare specimen mold, cut off equal parts on polar ends of cylindrical concrete specimen to obtain a length of 117.8±2.54 mm (7.0±0.1 inch) 
	a. To prepare specimen mold, cut off equal parts on polar ends of cylindrical concrete specimen to obtain a length of 117.8±2.54 mm (7.0±0.1 inch) 

	b. Condition specimens to limewater mix tank of 23±2°C (73±4°F) and ensure within a 24-hour period the specimen has an increase of mass by 0.5 percent. 
	b. Condition specimens to limewater mix tank of 23±2°C (73±4°F) and ensure within a 24-hour period the specimen has an increase of mass by 0.5 percent. 




	2. Testing 
	2. Testing 
	2. Testing 
	a. After preparing the specimens, perform CTE testing on concrete cylinders that were subjected to a uniform increase from 50–122℉ (10–50°C) and a decrease of 50–122℉ (10–50°C) in temperature. 
	a. After preparing the specimens, perform CTE testing on concrete cylinders that were subjected to a uniform increase from 50–122℉ (10–50°C) and a decrease of 50–122℉ (10–50°C) in temperature. 
	a. After preparing the specimens, perform CTE testing on concrete cylinders that were subjected to a uniform increase from 50–122℉ (10–50°C) and a decrease of 50–122℉ (10–50°C) in temperature. 

	b. Measure the change in length of the specimen in millimeters as the heating and cooling cycles occur; the average change in length of the concrete specimen per unit change in temperature is the resulting CTE.  
	b. Measure the change in length of the specimen in millimeters as the heating and cooling cycles occur; the average change in length of the concrete specimen per unit change in temperature is the resulting CTE.  








	 
	IV. Maintenance 
	 
	This list should serve as a guideline for when the mechanical and thermal properties of concrete mixtures should be re-evaluated:  
	1. Field cores taken for performance evaluation and remaining design life prediction. 
	1. Field cores taken for performance evaluation and remaining design life prediction. 
	1. Field cores taken for performance evaluation and remaining design life prediction. 

	2. Concrete mixtures with new admixtures. 
	2. Concrete mixtures with new admixtures. 

	3. Concrete mixtures with any recycled materials. 
	3. Concrete mixtures with any recycled materials. 

	4. Concrete mixtures that use limestone as an aggregate source. 
	4. Concrete mixtures that use limestone as an aggregate source. 

	5. Concrete mixtures in pavements that failed to reach the design life. 
	5. Concrete mixtures in pavements that failed to reach the design life. 


	 
	If the measured properties don’t meet the following criteria, the mixtures should be re-tested until the GDOT engineer approves the lab results: 
	 
	1. Compressive strength ≥ 4000 psi 
	1. Compressive strength ≥ 4000 psi 
	1. Compressive strength ≥ 4000 psi 

	2. Modulus of elasticity ≤ 5,500 ksi  
	2. Modulus of elasticity ≤ 5,500 ksi  

	3. Modulus of rupture ≥ 600 psi for Class 1 and ≥ 700 psi for Class 2 mixtures, respectively. 
	3. Modulus of rupture ≥ 600 psi for Class 1 and ≥ 700 psi for Class 2 mixtures, respectively. 

	4. Coefficient of Thermal Expansion ≤ 5.5 microstrain/oF 
	4. Coefficient of Thermal Expansion ≤ 5.5 microstrain/oF 

	5. Thermal conductivity ≥ 1.0 BTU/hr-ft-°F 
	5. Thermal conductivity ≥ 1.0 BTU/hr-ft-°F 
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