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METRIC CONVERSIONS

inches = 25.4 millimeters

feet = 0.305 meters

square inches = 645.1 millimeters squared
square feet = 0.093 meters squared

cubic feet = 0.028 meters cubed

pounds = 0.454 kilograms

poundforce = 4.45 newtons

poundforce per square inch = 6.89 kilopascals

pound per cubic inch = 16.02 kilograms per meters cubed
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EXECUTIVE SUMMARY

Three typical Florida pavement PCC mix designs have been thoroughly evaluated
throughout research phase one. To encompass a certain range of local concrete mixtures,
attention was paid to the constituents and their proportion, with special focus on coarse
aggregates. Two mixes contained dissimilar quantities of limestone while one mixture
was based on granite. Considering the input parameters required for the mechanistic-
empirical analysis procedure according to the new M-E PDG, the concrete engineering
properties were laboratory measured for all essential maturity levels (7, 14, 28, and 90
days). To account for all three hierarchy levels, the characteristics under empirical
evaluation included compressive strength, flexural strength, splitting tensile strength,
Young’s modulus, Poisson’s ratio, (unit weight, air content, cement type, cement content,
water-to-cement ratio), and coefficient of thermal expansion with an emphasis on
concrete’s thermal behavior. One sample per day was tested over a period of 130 days in
accordance with AASHTO TP-60. Attributed to the proportion of constituent, the mix
designs demonstrated distinctive results for all engineering properties with superior
strength characteristics for one of the limestone mixes and beneficial thermal properties
for the granite mixture. The two limestone mix designs showed comparable CTE values
constantly with both mix designs 1 um/m/°C lower than the granite mix. However, the
test results revealed that PCC CTE rises over time. It was shown that the thermal
behavior increases rapidly within the first week and stabilizes subsequently. After 28
days, the CTE swell was considered insignificant as the change in CTE was less than

1/10 pm/m/°C.

To accurately analyze the three typical Florida mix designs by means of the new M-E
PDG, research phase two was initiated through proper generation of computer analysis
models. Traffic loads, environmental conditions, structural parameters, and analysis
criteria were defined on account of local requirements. Due to the introduced data input
quality concept (three different hierarchy levels), nine diverse JPCP models were
established, each reflecting a certain range of numerical results derived from research

phase one to capture typical Florida PCC material properties. The remaining variable,
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PCC layer thickness, was iteratively idealized and the outcomes demonstrated favorable
use of hierarchy level one and a high sensitivity to input parameters for levels two and
three. However, the resultant pavement structures were evaluated based on the predicted
distresses (faulting and cracking) and smoothness (IRI). It was found that cracking is the
critical performance criterion for Florida JPCP according to M-E PDG as the “% slabs
cracked limit” was constantly attained before any other pavement performance became
critical. Moreover, top-down fatigue damage was isolated to be the controlling failure

mechanism because of insignificant faulting response and minor smoothness reduction.

The ensuing CTE sensitivity study was founded on the nine evaluated Florida pavement
models (idealized for PCC layer thickness) and their original CTE values. A sensitivity
matrix was developed to account for PCC’s thermal behavior as a control variable over a
+ 10 % CTE array comprising magnitudes typically expected in Florida. Although the
sub-matrices differed considerably, a method was established to adequately compare the
predicted performance criteria throughout alternating CTE values. Despite wide-ranging
PCC, CTE, and thickness properties, clear resemblances were exposed for all scenarios
under evaluation and distinctive performance envelopes arose for certain criteria. It was
verified that the new Mechanistic-Empirical Rigid Pavement Design Guide is not CTE
sensitive to load transfer efficiency, minimally CTE sensitive to faulting, CTE sensitive
to bottom-up damage (for thin PCC layers), and extremely CTE sensitive to top-down
damage, cracking, and smoothness. Overall, two out of three pavement performance

criteria are highly susceptible to CTE in Florida JPCP structures.
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CHAPTER 1: INTRODUCTION

1.1.  Introduction

Starting in 1996, the American Association of State Highway and Transportation
Officials (AASHTO) Joint Task Force on Pavements (JTFP) sponsored the development
of mechanistic-empirical design methods for new and rehabilitated pavements. National
Cooperative Highway Research Program (NCHRP) Project 1-37A, the largest project in
the over 40-year history of the program, was recently concluded with the successful
delivery of a recommended Mechanistic-Empirical Pavement Design Guide (M-E PDQG).
The proposed M-E Design Guide was designed to use state-of-the-art methods only. It
predicts distresses (faulting and cracking) and smoothness (IRI) throughout the specified
design life based on given traffic loads, local weather conditions, and the proposed layer
assembly. The M-E PDG is a forward-looking approach in pavement design and an
attractive tool for roadway engineers. If used correctly, it is assumed to prevent
uneconomical pavement design, and therefore attracts the attention of transportation
agencies across the country and explains the research interest developed after the
anticipated software supported Guide was made public in 2004. In fact, the software was
released for testing and evaluation to interested users in the public and private sectors of the
U.S. and worldwide. Therefore, the M-E PDG is still under revision until adopted by
AASHTO.

The M-E methodology introduces a new hierarchical concept to account for different data
quality. Each input parameter has to be assigned using one of the three different hierarchy
levels: level one for highest, level two for medium, and level three for lowest accuracy.
Unlike earlier versions, the M-E Design Guide is not geared towards final pavement
thickness, and it may be thought of as an analysis tool which predicts pavement
performances for any layer arrangement suggested by the design engineer. Due to local
calibration of the numerical mechanistic-empirical computation models and local traffic,
climate, and material conditions, the analysis process and evaluation may differ

significantly from district to district. Hence, the procedure according to the new M-E



PDG describes an iterative process that must be adjusted until the proposed structure

complies with the performance limitations specified by the responsible agency.

1.2.  Problem Statement

To properly activate the mechanistic-empirical analysis procedure, the Design Guide
demands material properties which have never been critical to pavement design before.
Numerous characteristics have been included, each affecting the predicted distresses and
smoothness differently; in particular, the analysis of rigid pavement considers new

Portland cement concrete (PCC) properties for three major levels of materials inputs:

o PCC inputs required for critical response computations
0 Static modulus of elasticity (E) adjusted with time
0 Poisson’s ratio
0 Unit weight
(0]

Coefficient of thermal expansion

o Additional PCC inputs required for distress/transfer functions
0 Modulus of rupture, split tensile strength, compressive strength
0 Cement type, cement content, water-to-cement (w/c) ratio

0 Ultimate shrinkage, amount of reversible shrinkage

o Additional PCC inputs required for climatic modeling
0 Surface shortwave absorptivity
0 Thermal conductivity

0 Heat capacity of PCC

The aforementioned engineering properties of PCC are not generally required for the
rigid pavement design procedures currently used in Florida, except the modulus of

elasticity and the modulus of rupture. For future implementation of the new M-E Rigid



Pavement Design Guide in Florida, the required engineering properties of Florida PCC
mixes will have to be further explored and evaluated for a better understanding of the
materials behavior and the pavement design. Specifically, the coefficient of thermal
expansion (CTE) describes an essential Portland cement concrete property as it is
assumed to affect the performance of rigid pavement significantly [2], [3], [4], [and
others]. Research is urgently needed to evaluate the thermal engineering properties of

typical Florida PCC mixes.

To properly implement the new M-E analysis approach in Florida and to identify the
importance of data quality, the above-mentioned Florida representative material
properties have to be thoroughly examined by means of the proposed M-E PDG.
Research is required to evaluate the performance of Florida PCC in typical local

pavement structures with special focus on the pavement performance due to CTE.

1.3.  Research Objectives

The primary objective of this research is the evaluation of thermal engineering properties

for typical Florida PCC mixtures to study the CTE sensitivity of the new M-E PDG.

The goal is to determine and evaluate the required PCC material properties on three
different quality levels (empirically, calculative, and through literature/database), with a
major focus on experimental measurements in favor of level one, for satisfying the
aforementioned PCC material inputs at all hierarchy levels to fulfill the M-E analysis

requirements.

The research is targeted at typical Florida PCC materials and particularly their
performance in Florida representative pavement structures under local climate conditions
and traffic loads. The intention is to assess the predicted distresses and smoothness

according to the new M-E PDG for the empirically analyzed PCC mixtures.



The CTE sensitivity of the new mechanistic-empirical concept represents the major
purpose of the research. The aim is to study the consequence of interchanging PCC
thermal properties throughout a typical Florida CTE array and the significance for the

predicted distresses and smoothness models.

1.4.  Research Scope

The scope of the study will be divided into two interrelated research segments and an
extensive, preceding literature review to ensure a proper approach throughout the
evaluation. Research phase one will exclusively be aimed at the PCC material properties
whereas, research phase two will be designated to study the mechanistic-empirical

concept.

The literature review will address each research phase separately. To ensure a proper
understanding of the newly introduced design property, the physical meaning of CTE will
be reviewed and its effect on PCC materials and pavement design summarized. This
initiates the review of the recently developed mechanistic-empirical analysis approach.
The concept will be outlined and the M-E PDG rigid pavement section addressed before
the need for implementation will be discussed. The state of the art report will be
concluded by the review of different sensitivity studies completed by other research

groups.

Research phase one will be accomplished on account of M-E PDG required input data
considering all hierarchy levels. The essential PCC engineering properties will be studied
to evaluate their specified standard test procedures or protocols in order to properly
conduct the experimental program. Three different Florida PCC mix designs have to be
assigned to measure and identify their engineering properties. An extensive analysis

follows before the experimental results can be utilized for research phase two.



In research phase two, the software supported M-E Pavement Design Guide will be
thoroughly studied and applied to rigid pavement structures exposed to typical Florida
conditions. On account of research phase one and the introduced hierarchy level concept,
nine different pavement models will be generated to evaluate the three local PCC
mixtures for each input data quality. After the models are examined and analyzed, the
CTE sensitivity study will commence on top of those models. A proper CTE array will be
defined capturing the local range for thermal expansion values to initiate the sensitivity
analysis. Depending on the findings, conclusions will be drawn and recommendations for

the implementation of the new M-E PDG in Florida presented.

1.5.  Report Organization

This report follows the chronological order provided by the research scope. It outlines the
preceding literature review before research phases one and two are addressed
subsequently. The report is designated to review the conducted research, present the

chosen methodologies, and summarize the findings and conclusions.

The introduction to the research is given in Chapter 1, followed by Chapter 2 addressing
the literature review. Thereafter, Chapter 3 initiates the empirical research as it outlines
the methodology of the study. Chapter 4 is exclusively concerned with the material
research, describing the experimental program conducted in the laboratory. Chapter 5 is
designated to present the achieved numerical results of material properties. The analysis
of test results will be summarized in Chapter 6. The following chapter, Chapter 7,
specifically discusses the modeling of the pavement structures and the M-E PDG
experimental program. The results of thickness analysis will be found in Chapter 8, prior
to Chapter 9 which outlines the CTE sensitivity study. Final conclusions and

recommendations will be summarized in Chapter 10.

To account for additional information beyond the scope of the research, two appendices

have been annexed to the main report. Appendix A elucidates the M-E Software Guide



and specifically outlines every required input parameter (and its common range). In
addition, Appendix B briefly summarizes all input parameters (comprehensive list view)

that have been necessary to conduct the M-E PDG research.



CHAPTER 2: STATE OF THE ART
2.1.  Introduction

This chapter presents an overview of selected literature addressing the topics in question.
The following publications discussed were chosen based on their quality, relevance,
content, and information related to the research at hand. The discussion builds the
foundation for this study, as it generates basic and in-depth understanding of the subjects.
The objective is to guide the reader through the material under consideration and to
provide comprehensive knowledge for the research that follows. A successive
organization of the information was chosen which takes the reader from basic to essential

details.

As explained previously, this research focuses on JPCP PCC design by means of the new
AASHTO M-E PDG. Currently, it is believed that concrete’s CTE has one of the most
significant impacts on JPCP PCC performance [4], [6], [9], [11], thus, this chapter is
broken up into two major parts — 2.2 Coefficient of Thermal Expansion and 2.3
Mechanistic-Empirical Pavement Design Guide. First, the material property CTE will
be defined, and its characteristics in civil engineering applications as well as in Portland
cement concrete will be explored in more detail. Afterwards, the new AASHTO TP 60
test procedure, which determines this property, will be outlined and discussed thoroughly
to transit over to CTE in pavement design. This initiates the second major element of this
literature review which outlines the new M-E PDG. Background information on earlier
pavement design guides and the need for improvement are given. Furthermore, the
Mechanistic-Empirical concept will be accentuated and discussed specifically, before the
concrete modeling in the new design procedure will be addressed briefly. Afterwards, the
hierarchy levels proposed by the M-E PDG will be contemplated and comprehensively
explained by means of PCC’s CTE. To be thorough, the M-E Software Design Guide will
be addressed prior to the need for implementation. Finally, various sensitivity studies

done by other researchers will be reviewed and a comparison will be delineated.



2.2.  Coefficient of Thermal Expansion

2.2.1. Definition of Coefficient of Thermal Expansion

When temperature is changed in any (most) matter, the average amplitude of atoms’
vibrating changes as well. Usually, additional heat causes higher amplitudes while lower
temperatures slow vibration down'. This in turn changes the separation between
individual atoms, causing the material to expand or contract. As the length change is
similar for all atoms, the total volumetric change depends on the available atoms in each
direction. This makes the length change proportional to length, the area change

proportional to area, and the volumetric change proportional to volume [W 2], [W 5].

If a material does not go through a phase change, the expansion and contraction can
proportionally be related to the change in temperature. The constant of proportionality is
termed the coefficient of thermal expansion, in physics symbolized by the Greek letter

alpha ().

The coefficient of thermal expansion is defined as:

o linear thermal expansion Al = (2.1)
LoAT

o area thermal expansion AA = (2.2)
AoAT

. ) AV

o volumetric thermal expansion = (2.3)
VAT

where:

AL, AA, AV = change in length, area, and volume
Ag, Ag, Vo = initial length, area, and volume

AT = change in temperature

! Some materials, like water, behave differently and expand in decreasing temperature. Such materials are

indicated by a negative coefficient of thermal expansion.
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The volumetric coefficient of thermal expansion can be measured for all substances of
condensed matter (liquids and solid state). The linear thermal expansion can only be

measured in the solid state [W 1].

The three characteristics are closely associated and can be related to each other. For
exactly isotropic materials, the area coefficient of thermal expansion is approximated as
twice the linear coefficient of thermal expansion and the volumetric behavior is nearly

three times that of the linear one [W 3].

AA =2 (2.2a)
AoAT

av =3 (2.3a)
VoAT

1ov 1ol 1(elaL) 1(,,0L) 1L
= = 5|30

e =3— " 23, (2.4)
Vvor LoT LUlaLeT oT L oT

Equation 2.4 is a very close approximation for small differential changes. It is important
to note that the differential change in volume is only valid for small changes in volume;
therefore, the expression is not linear [W 1]. As the change in temperature increases and
the value of linear coefficient of thermal expansion increases, the error in this formula
increases as well. Thus, for non-negligible changes in volume, the reference volume has

to be adjusted according to the following equation:
(L+AL)’ = L +3L°AL + 3LAL® + AL (2.5)

Equation 2.5 contains 3L? as its main term, but also shows a secondary term that scales as
3LAL* =3L°a*AT ?, and this portrays that a large change in temperature can overshadow
a small value for the linear coefficient of thermal expansion. Although the coefficient of

linear thermal expansion can be quite small, when combined with a large change in



temperature, the differential change in length can become large enough that this factor

needs to be considered [W 1].

Considering the facts above, the coefficient of thermal expansion is generally defined as a
fractional increase in measurement per unit change in temperature (parts-per notation).
To describe thermal properties of materials, the linear coefficient of thermal expansion is
mostly used in literature and databases [W 10]. In metric units, this is commonly
expressed as micrometer per meter per degree Celsius or Kelvin (um/m/°C or um/m/°K).
However, English expression typically uses millionths of an inch per inch per degree
Fahrenheit (pin/in/°F or micro strain/°F). Other notations will be found throughout the
literature, yet all notations will refer to a change in length per length per temperature

change.

The exact definition of the coefficient of thermal expansion varies. It depends on whether
it is specified at a precise temperature (termed; true coefficient of thermal expansion) or
stipulated over a temperature range (named; mean coefficient of thermal expansion) [W
4]. The former is related to the slope of the tangent to the length at any point of the
temperature vs. length change plot, while the latter is governed by the slope of the chord
between two points on this curve. Due to the definition and temperature range used,

considerable variations in values may occur as emphasized in Figure 2.1.

Coefficient of Thermal Expansion

6.0E-05
True CTE at 29K

4.0E-05
t
E
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]
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Mean CTE at from 15K to 29K
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Kelvin
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Figure 2.1: Temperature vs. length change
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2.2.2. Coefficient of Thermal Expansion in Civil Engineering

The thermal behavior in civil engineering materials is mostly described via the more
imprecise value — the mean coefficient of thermal expansion. Since relatively small
temperature differences are expected throughout the design life of most structures, this
value generally is sufficient enough. However, thermal expansion (or contraction) can be
a dominant factor in design because tolerances due to dimension changes have to be
guaranteed. It should be understood that thermal expansion can cause significant stress in
a component if the design does not allow for expansion or contraction of components.
The phenomena of thermal expansion can be challenging when designing bridges,

buildings, pavements, and other structures, but it can be put to beneficial use.

The following table provides an overview of different materials used in construction to
roughly outline the variation of coefficients of thermal expansion. Note that the values in

Table 2.1 are not precise; they merely represent an average of common values.

Table 2.1: Coefficient of thermal expansion for
common materials [W 1], [W 10]

Material pm/m/°C | pin/in/°F
Lead 29.0 16.1
Aluminum 23.0 12.8
Brass 19.0 10.6
Stainless Steel 17.3 9.6
Copper 17.0 9.4
Nickel 13.0 7.2
Concrete 12.0 6.7
Steel 12.0 6.7
Iron 11.1 6.2
Carbon Steel 10.8 6.0
Platinum 9.0 5.0
Glass 8.5 4.7
Glass, Pyrex 3.3 1.8
Silicon 3.0 1.7
Invar 1.2 0.7
Diamond 1.0 0.6

In engineering the Greek letter alpha is rarely used; instead the coefficient of thermal

expansion is mostly termed CTE — especially in concrete applications.
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2.2.3. Coefficient of Thermal Expansion in Portland Cement Concrete Pavement

The coefficient of thermal expansion (CTE) is a fundamental property of Portland cement
concrete (PCC). The magnitude of temperature-related pavement deformations is directly
proportional to the CTE-value during pavement’s design life. The property has long been
known to have an effect on joint openings/closings, crack formations and
openings/closings in continuously reinforced concrete pavement (CRCP), curling
stresses, and thermal deformation in slabs [6]. For example, in pavement concrete the
deformations, in combination with restraint offered by the base layer and slab weight,
affect the resulting curling stress and axial stresses in the hardened slab. Consequently,

PCC CTE is a very important factor in concrete pavement performance.

The CTE magnitude of PCC depends both on the composition of the mix and the
hydrated state at the time of temperature change [1]. PCC CTE is highly affected by the
constituents of the concrete mixture since the main elements (aggregates and hydrated
cement paste) have dissimilar coefficients of thermal expansion and the CTE-value of the

mixture is a resultant of those elements.

The CTE value of concrete aggregates ranges from 4 to 13 um/m/°C [W 6] and is largely
affected by its quartz content, whereas the linear CTE of hydrated cement paste varies
between 11 and 20 um/m/°C and is therefore higher than that of concrete aggregates [1].
Nevertheless, the CTE-value of aggregate has a much higher weight than the CTE of
cement paste. This can be explained based on the fact that the CTE of concrete is a
weighted average value of the constituents, and also that the aggregates form the bulk
volume of the concrete since the aggregates account for about 60 to 80 % of the PCC

volume.

CTE test results for PCC have been presented in various reports and textbooks for many
years, despite the fact that there has not been a standardized test method available until
fairly recently. Values in the range of about 6 to 13 pum/m/°C are reported in literature,

and a value of 10 um/m/°C is commonly used in pavement design so far [6]. The range of
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CTE values of different concretes reflects the variation in CTE of concrete’s component

material.

It could be established that the coefficient of thermal expansion in PCC is largely affected
by the type of aggregate [X 16], [1], [13]. There are many other factors influencing PCC
properties, specifically the coefficient of thermal expansion (e.g. cement type, water-to-
cement ratio, cement paste, surround temperature, maturity of the concrete, moisture
condition, etc.). Nevertheless, it became obvious that the type of aggregate used in
concrete plays the most significant role. This phenomenon can well be explained by the
fact that the aggregates in plain concrete occupy the bulk of the volume. Mallela [6]
reports that aggregate from igneous sources generally has a lower CTE than aggregate
from sedimentary origin. Similar findings were also discovered by other researchers [X
16], [11, [4], [8], [X 18], [W 6]. Based on this knowledge, a follow-up evaluation was
conducted by Mukhopadhyay [8]. The basic mineralogical properties of concrete
constituents were studied and a new mineralogical approach to predict aggregate and
concrete CTE was presented. An extensive study was done by the Portland Cement
Association resulting in a summary table for CTE of aggregates used in concrete design

across the US [X 16]. These values are illustrated in the following Table.

Table 2.2: CTE ranges for PCC components according to [X 16] and [W 6]

Coefficient of Thermal Expansion
Aggregate Type Hm/m/°C Hin/in/°F
Cement Paste 18 - 20 10-11
Quartzite 11-13 6.1-7.2
Sandstone 11-12 6.1-6.7
Dolomite 7-10 4-55
Granite 7-9 4-6
Basalt 6-8 3.3-44
Limestone 6 3.3
Marble 4-7 22-4

It should be noted that rocks with high quartz content, such as quartzite and sandstone,
have the highest coefficient. Aggregates containing little or no quartz, such as limestone,

have the lowest CTE. As previously mentioned, the most important influence on
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concrete’s CTE results from the utilized aggregate. This consequently leads to an
estimation of CTE for PCC made from different types of aggregate. The Federal
Highway Administration (FHWA) published the typical coefficient of thermal expansion
range for common PCC components on their webpage [W 6]. The results as posted are
congruent to those published by the Portland Cement Association (PCA) [X 16]. The

results are summarized in Table 2.3.

Table 2.3: Concrete CTE depending on aggregate type according to [X 16]

Coefficient of Thermal Expansion
Aggregate Type Hm/m/°C Hin/in/°F
Quartz 11.9 6.6
Sandstone 11.7 6.5
Gravel 10.8 6.0
Granite 9.5 5.3
Basalt 8.6 4.8
Limestone 6.8 3.8

The CTE for concrete fluctuates because the coefficient of aggregate varies widely.
However, it is generally agreed that the CTE increases as the quartz content increases.
Since this holds true for aggregates, it also applies to concrete made of the aggregate with
low or respectively high quartz percentage (subject to the condition that all other factors

remain constant, which is theoretically impossible).

2.2.4. AASHTO TP 60 Procedure

Much research has been conducted in order to find a proper way to determine the
magnitude of CTE in hydraulic cement concrete. Different approaches were developed
throughout the past years; some of the developed procedures are more accurate than
others and some are more complex and difficult to perform. However, by introducing the
new Empirical-Mechanistic Pavement Design Guide (E-M PDG), a single procedure was
finally adopted by the American Association of State Highway and Transportation
Officials (AASHTO). The procedure was developed in the late 1990s, was adopted and
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approved by AASHTO in 2000, and is now defined through test protocol AASHTO TP
60.

Since it is known that the degree of saturation of concrete influences its measured CTE,
the moisture condition of the concrete specimens must be controlled. In this test
procedure, (typically) cores or cylinders with a diameter of 4 inches are tested in their
saturated condition. A rigid support frame provides the reference for an attached linear
differential variable transformer (LDVT) during length change measurement of the
specimen. The frame should be designed to have minimal influence on the length change
measurements obtained during the test and also to support the specimen such that the
specimen is permitted to freely adjust to any change in temperature. A suitable support

frame and test setup according to AASHTO’s TP 60 procedure is shown in Figure 2.2.

Base plate dia 10" / \

I-fr 3 I 72N
O)

\_/ ]
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o

Top view
Spring loaded LVDT

.,

e

Frame height 10"

4" Dia. Concrete core shown

d 3 Semi—spherical support
buttons equally spaced
L about 2" dia. circle
Front view

Figure 2.2: Test setup for test procedure TP 60 [X 14]
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The frame containing the specimen is submerged in a temperature controlled water bath.
After reaching a constant temperature, the test is conducted by changing the temperature
of the water bath successively and recording the length change of the specimen. The
unrestrained length change is typically calculated over a temperature range from 10°C to
50°C. The test is repeated until two successive measurements provide similar results.
Depending on the size of the water bath and the effectiveness of the heaters and chillers,

this may take a day or more.

Certainly, the LVDT measurement needs to be corrected as the supporting frame is
affected by the same temperature gradient as the test specimen. TP 60 assumes linear
length change of test frame with temperature and postulates a calibration specimen with a
very well known CTE value. As a result, the measured length change (LVDT reading)
can be subtracted from the known displacement of the calibration specimen to obtain the
length change of measuring apparatus during temperature change. If frame and
calibration specimen are made of the same material, this value represents the movement
between LVDT mounting point and top surface of the calibration specimen. To obtain the
calibration factor Cy, the length change of the frame is related to the initial length of the

calibration specimen and the difference in temperature.

= ALf _ ALa - ALm _ Lcs X CTEcs X AT — ALm (2 6)
Les x AT Les x AT Les x AT ’

where:
Cr = correction factor for frame movement

AL¢  =length change of test frame

Les = measured length of calibration specimen
AT  =temperature difference
AL, = actual length change of calibration specimen

AL, = measured length change (LVDT movement)
CTE = CTE of calibration specimen
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After the correction factor is defined, the frame can be used to measure the CTE of other

materials. The linear coefficient of thermal expansion is determined according to

equation II.1 by dividing the corrected length change by the product of the temperature

gradient and the initial length of the specimen.

where:

Ala _ALm-i-ALf _ALm+Cf x Lo x AT

CTE = =
Lox AT Lox AT Lox AT

2.7)

CTE = CTE of concrete specimen

AL, = actual length change of calibration specimen
Lo = measured length of concrete specimen
AT = temperature difference

AL, = measured length change (LVDT movement)
AL¢ = length change of test frame

Cr = correction factor for frame movement

The AASHTO TP 60 Procedure can be summarized as follows:

Submerge the test frame, including the concrete specimen, in water for no less
than 48 hours prior to the testing.

Measure the length of the specimen to the nearest 0.1 mm and place the test frame
in the water bath with the LVDT setup.

Set the temperature of the water bath to 10 + 1°C. Maintain this temperature until
three successive readings of LVDT, taken every 10 minutes, are within 0.00025
mm (0.25 um) of one another (initial reading).

Set the temperature of the water bath to 50 + 1°C. Maintain this temperature until
three successive readings of LVDT, taken every 10 minutes, are within 0.00025
mm (0.25 pm) of one another. Record temperature to the nearest 0.1°C and LVDT
readings to the nearest 0.00025 mm (0.25 um) (second reading).

Set the temperature of the water bath to 10 + 1°C. Maintain this temperature until

three consecutive readings of LVDT, taken every 10 minutes, are within 0.00025
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mm (0.25 pm) of one another. Record temperature to the nearest 0.1°C and LVDT
readings to the nearest 0.00025 mm (0.25 pm) (final reading).

o From the LVDT reading at 10°C and 50°C, compute CTE; during heating (from
initial to second reading) and CTE¢ during cooling (from second to final reading).
If the difference between these two values is less than 0.5 um/m/°C, the average
of these two values is the CTE. If this is not the case, complete one or more
segments until the CTEs of two segments are within 0.5 um/m/°C of one another

and CTE computes.

It is evident that AASHTO TP 60 relates the length change in the material to two distinct
temperature points. Consequently, it is the measurement of the mean linear coefficient of

thermal expansion for hydraulic cement concrete.

2.2.5. Shortcomings of TP 60 Procedure

The method is theoretically sound; however, the accuracy and reliability of this test
method depends to a great extent on the stability and accuracy of the displacement
readings at 10°C and 50°C. Even though the test protocol TP 60 was recently adopted by
AASHTO, it still has a few shortcomings. Some of these limitations were scientifically
proven and have been evaluated [6], [13]. These deficiencies can be summarized as

follows:

o CTE is sensitive to the moisture condition of the test specimen during testing. The
thermal coefficient varies with internal relative humidity (RH). The value at 100
% RH 1s 20 to 25 % less than the maximum. However, the fully saturated
condition was considered most practical from a testing standpoint. Furthermore,
since pavement in the field has an internal RH of 80 % or more (except the region

near the surface [1 to 2 top inches]) this may not be of great consequence.
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o Temperature and displacement readings during the temperature change are not
utilized for the evaluation of CTE — these do not yield the true coefficient of
thermal expansion.

. Even if the temperature maintains a relatively constant value, the concrete
displacement tends to vary. (The exact behavior of thermal expansion in concrete

has not been completely described thus far.)

o The temperature distribution inside the specimen is not considered by the TP 60
test method.
° The tolerance between two successive CTEs of less than 0.5 micro strain/°C is not

small enough for some DOTs to implement CTE requirements for actual paving
projects [13].
o It was noted on several occasions that either the results of the TP 60 procedure

could not be repeated or the procedure took too long to complete [13].

2.2.6. Coefficient of Thermal Expansion in Pavement Design

A large-scale research project was conducted in [6]. It presents CTE results from
hundreds of cores taken from the Long Term Pavement Performance (LTPP) study
throughout the United States and tested by FHWA’s Turner Fairbanks Highway Research
Center (TFHRC) Laboratory, using TP 60 procedure. The CTE, again, was found to vary
widely depending on the predominant aggregate type used in the concrete. The test data
were used to conduct a sensitivity analysis that showed the CTE to have a very
significant effect on slab cracking and, to a lesser degree, on joint faulting. Its overall
effect on smoothness (IRI) was also significant in this study (which is in contrast to [4]).
The general range of CTE values was found to fall between 9 to 13 um/m/°C, and is
therefore in the range of values generally found in the literature. The analysis also agreed

with the CTE values reported in the M-E PDG for level 3 use.

Besides the utilized aggregates, as mentioned above, the CTE magnitude is a function of

other important PCC mixture factors and boundary conditions, such as cement type,
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water-to-cement ratio, cement paste, surround temperature, maturity of the concrete,
moisture condition, etc. An inappropriate choice of these parameters could lead to a
highly variable pavement performance [6]. Some studies have already utilized the
measured CTEs as input data for the newly developed E-M PDG (level 1). They build
models based on determined concrete properties and assumed boundary conditions. In
general, it is difficult to compare the different studies and their results because a high
quantity of input data is needed and the studies differ significantly. Some research shows
opposite findings and therefore makes contradictory recommendations. Nevertheless, the
most important factors impacted by the CTE value could be narrowed down to the

following [1],[4], [6], [9], and [X 18]:

o Early-age or premature random cracking.

J Higher mid-panel transverse and longitudinal fatigue cracking (i.e. cracking in
perpendicular and parallel direction to traffic, respectively) due to higher curling
stresses.

o Higher rate of faulting due to great loss of slab support at the time of construction
(i.e., initial slab loft up during daytime construction), larger joint openings during

adverse seasons, and greater corner deflection from curling.

o Joint spalling due to failures of joint sealant as a result of extensive joint
movement.
o Crack spacing, and more importantly, crack width in continuously reinforced

concrete pavements (CRCP) over the entire design life. This factor has a major

effect on the crack load transfer efficiency and, hence, punchouts.

As such, the CTE has been recognized to be important and has been used for many years
in finite element models (FEM) of concrete pavement to calculate those factors which are
known to be critical to performance. In the previous AASHTO Design Guide, the CTE-
value is used to calculate the opening/closing of transverse joints to proper sealant
reservoir dimensions and also in the longitudinal reinforcement design. However, it is
interesting to note that a factor so critical to concrete pavement performance has not been

included as a direct input to structural design procedure for concrete pavements in the
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past. The parameter has been overlooked for such a long time partly because (1) there is a
general lack of guidance on the selection of PCC CTE based on components, (2) there is
a lack of understanding of its impact on design, and (3) prior to TP-60 [X 14], there was a
lack of standard protocol available to highway and airfield pavement designers to test for
this property in a quick and practical manner [6]. But lately, the PCC CTE has been
identified to be a critical parameter by the Mechanistic-Empirical Pavement Design
Guide (M-E PDG). Due to its effect on critical PCC slab stresses and joint and crack
openings as well as on some other factors, the CTE is included in the newly developed

design procedure for the first time.

2.3.  Mechanistic-Empirical Pavement Design Guide

2.3.1. Background

Since December 1914, pavement design in the United States is affiliated with rules and
guidelines established by the American Association of State Highway Transportation
Organizations (AASHTO). Numerous regulations have been released, improved, and
adjusted ever since. Today, pavement design for practical applications is typically based
on the 1993 AASHTO Guide for the Design of Pavement Structures (1993 Guide) and its
modifications for individual states®. The methods and calculations in the 1993 Guide
were derived from empirical relationships established during the AASHTO Road Test
conducted from 1958 to 1961 [3]. This Design Guide and its precedents served well for

many decades, but serious limitations exist which can be listed according to [X 15]:

. Traffic Loading: Heavy truck traffic design volume levels have increased since
1960. The original interstate pavements were designed for 5 to 15 million trucks,

whereas today these same pavements must be designed for 50 to 200 million

? ¢.g. pavement structures made of PCC and build in Florida are designed according to the 2004 Florida
Rigid Pavement Design Manual [X 17]
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trucks and an even longer design life. The equations forming the basis of the
earlier procedures were based on regression analyses of the AASHTO Road Test
data. Thus, application of the procedure to modern traffic means the designer
often must extrapolate the design methodology far beyond the data and
experience providing the basis for the procedure.

Vehicle Characterization: Vehicle suspension, axle configurations, tire types,
and tire pressures were representative of the types used in the late 1950s. Many of
these are outmoded (for example, tire pressures of 80 psi versus 120 psi today),
resulting in pavement designs which are insufficient to carry these loadings.
Climatic Effects: Because the AASHTO Road Test was conducted at one
specific geographic location, it is impossible to address the effects of different
climatic conditions on pavement performance. For example, at the Road Test a
significant amount of distress occurred in the pavements during the spring thaw, a
condition that almost does not exist in Florida.

Design Life: Because of the short duration of the Road Test, the long-term effects
of climate and aging of materials were not addressed. The Road Test was
conducted over 2 years, while the design life for today’s pavement is 20 to 50
years.

Surfacing Materials: Only one hot mix asphalt mixture and one Portland cement
concrete mixture were utilized at the Road Test. Today, many different hot mix
asphalt concrete and PCC mixtures exist whose effects are not fully addressed.
Base Course: Only two unbound dense granular base/subbase materials were
included in the main flexible and rigid pavement sections of the AASHTO Road
Test (limited testing of stabilized bases was included for flexible pavements).
These base courses exhibited significant loss of modulus due to frost and erosion.
Today, various stabilized types of higher quality are used routinely, especially for
heavier traffic loadings.

Subgrade: One type of subgrade was used for all test sections at the Road Test,
but many types exist nationally that result in different performance of highway

pavements.
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) Construction and Drainage: Pavement designs, materials, and construction were
representative of those used at the time of the Road Test. No subdrainage was
included in the test sections, but positive subdrainage has become common in
today’s highways.

o Rehabilitation: Pavement rehabilitation design procedures were not considered at
the AASHTO Road Test. Procedures in the 1993 Guide are completely empirical
and very limited, especially in consideration of heavy traffic.

o Performance: Earlier AASHTO procedures relate the thickness of the pavement
surface layers (asphalt layers or concrete slab) to serviceability. However,
research and observations have shown that pavement needs rehabilitation for
reasons that are not related directly to pavement thickness (e.g., rutting, thermal
cracking, faulting).

. Reliability: The 1986 AASHTO Guide included a procedure for considering
design reliability that has never been fully validated. This procedure resulted in a
large multiplier of design traffic loadings to achieve a desired reliability level
(e.g., a pavement designed for 50 million equivalent single axle loads [ESALs]

was actually designed for 228 million).

The effectiveness of previous pavement design guides has been questioned by many
researchers due to the factors listed above. Already in the 1980s, the 1986 AASTHO
guide for pavement structures initially defined M-E design procedures as the calibration
of mechanistic models with observations of performance. An example of this would be
empirical correlations. Additionally, analytical methods in multi-layered pavement
systems were delineated as numerical calculations of pavement responses when subject to
external loads or the effect of temperature or moisture [2]. From 1987-1990, the National
Cooperative Highway Research Program (NCHRP) Project 1-26 sought to consider
mechanistic principles; however, only limited mechanistic principles were addressed in
the 1993 Design Guide. The lack of applicability to present conditions is undeniable.
Therefore, in March 1996, the AASHTO Joint Task Force on Pavements (JTFP)
proposed a research program to develop a pavement design guide based on mechanistic-

empirical principles with numerical models calibrated with pavement performance data
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from the Long-term Pavement Performance (LTPP) program [X 15]. This study was
sponsored by NCHRP and conducted as projects 1-37 and 1-37a (and 1-40d), resulting in
the development of a mechanistic-empirical pavement analysis system [1], [3]. The need
for such procedure was recognized by researchers much earlier [X 15]; however,
practical use would require access to computers capable of handling the increased
computational effort to perform the necessary calculations. The amount of computing
power available on today’s personal computers makes a mechanistic approach useful to

pavement designers.

2.3.2. Mechanistic-Empirical Concept

The 2002 Mechanistic-Empirical Pavement Design Guide (M-E PDG) is anchored in a
cumbersome iterative calculation approach based on numerous input variables which can
be narrowed down into three major categories: traffic, climate, and structure. To account
for this iterative process, the 2002 M-E PDG was accompanied by a software package
capable of analyzing the entire pavement structure’. It must be understood that the
proposed Design Guide does not provide a final thickness design (as older versions did);
rather it should be thought of as an analysis tool for pavements. The results are highly
dependent on the limitations and evaluations defined by the pavement engineer. Due to
local conditions, the limitations and evaluations might differ significantly from state to
state or even from district to district. Overall, the M-E PDG concept can be categorized

into three major stages outlined in Figure 2.3.

The flowchart in Figure 2.3 is a simplified representation of the M-E PDG procedure.
The Selection Stage incorporates three different input groups. Traffic and climate
conditions can be considered constant for each individual project. The proposed

pavement structure and its included materials are variable design values adjusted by the

3 Until the guide will be adopted by AASHTO, the software (including a PDF version of the 2002 M-E

PDG) will be available for anyone interested or revision purposes on TRB’s website [W 7]

24



pavement engineer (using trail-and-error approach) depending on the third category, the

analytical inputs.

Design Input Project Input Evaluation Input
Structure (Materials) Traffic Climate Disstress limitation
Selection Stage
______________________ e
Structural Response o
Stress Strain Deformation Z
c
v £
Damage g
accumulated with time
v
Calibrated Response-Performance Model 3
£
Distress Smoothness E
Analvtical Stage
______________________ §--—mmmmmmmm e mm -
Verification P
Failure Criteria

NO

YES

, Final Desian
Evaluation Stage

Figure 2.3: Three-stage M-E PDG concept

Initial trial designs can be created by the engineer, obtained from an existing design
procedure, or selected from a general catalog. Certainly, local conditions significantly
affect all input data. The analytical stage determines stress, strain, and deformation to
estimate pavement distress and the accumulated pavement damage over time. This part
forms the engineering mechanics basis used in the design procedure, which therefore
labels the guide “mechanistic.” Mechanistic procedures are referred to for their ability to
translate the analytical calculation of the pavement response to physical distress such as

cracking (pavement performance). However, pavement performance is subject to
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numerous factors that cannot be exactly modeled by mechanistic methods. Therefore, the
method also uses a series of models to define the input parameters and to develop distress
predictions based on the mechanistic outputs (stress and strain) of the proposed pavement
structure model. To ensure realistic predictions of pavement distress, the response-
performance models require calibration, which explains the “Empirical” title [3]. In the
evaluation stage, the results of the mechanistic-empirical design procedure are compared
to the analysis inputs. Depending on the limitations defined by the agency, the proposed
pavement structure will either be acceptable or not. If any criterion cannot be fulfilled,
the pavement engineer has to reject the design and revise the structure until all

performance criteria are satisfied.

The raw design inputs are processed by the software to obtain chronological increasing
values for traffic, material, and climate. In particular, for PCC structures, the following

sequences are undertaken during the M-E design process:

o Environmental: The temperature (hourly) and moisture (monthly) profiles are
defined for 11 evenly spaced nodes throughout the PCC layer.

o Traffic: The traffic spectrum for the next time increment is defined (monthly).

o Material: The elastic properties and thicknesses of each layer are determined
based on the age, temperature and moisture, materials, and traffic conditions.

J Mechanistic: Critical stresses and strains within the structure are determined due
to the loading conditions in the given time interval.

o Mechanistic: Non-load-related stresses and strains (thermal/moisture gradients)
are determined on a supplemental basis.

o Empirical: Incremental distresses (faulting, cracking, and roughness — IRI) are
calculated based on the foregoing stress and strain determinations. They may
result from calibrated deterministic empirical models.

J Material: Initial material parameters — if over-stressed or cracked — are adjusted,
depending on the computed incremental damage.

o Time: To repeat the cycle, the time is incremented by t =ty + At
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To simulate realistic pavement performance, for the first time, this design procedure
includes the accumulation of monthly (or semi-monthly, depending on frost conditions)
damage over the entire design life. The incremental, load by load, accumulating design
approach over continuous time periods makes this design procedure very versatile and

comprehensive [X 15].

2.3.3. Mechanistic-Empirical Concrete Model

The structural model for rigid pavement analysis is a 2-D finite element program,
ISLAB2000. This FEA-based structural model was used as a basis for developing rapid
solution neural networks (NN) because thousands of computations of responses are
needed for any design. The neural networks were trained with the thousands of results
from ISLAB2000. These NN provide accurate and virtually instantaneous solutions for
critical responses and were developed so that the large numbers of computations needed
could be accomplished rapidly. These structural response models require several monthly
inputs, which were listed earlier. Given these inputs, the structural models produce
stresses, strains, and displacements at critical locations in the pavement and subgrade

layers.

2.3.4. Mechanistic-Empirical Hierarchical Levels

To account for project importance, M-E PDG introduces a new hierarchical concept
based on data quality and project sensitivity. Each input variable and constant can be
assigned using one of three different input levels. The actual identification of input
information may differ depending on the category (Climate, Traffic, and Structure) but
the concept remains throughout all inputs - level 1 from actual test data for highest
accuracy; level 2 from less-than-optimal test situations and known relationships; and
level 3 from agency database or local knowledge. In the following, the different levels

and their qualities will be explained in terms of CTE input for PCC pavement structures.

27



At level 1, the PCC mixture used in design and construction should be laboratory tested
in accordance with the previously mentioned AASHTO TP 60 protocol. Other common
engineering properties (compressive strength, flexural strength, splitting tensile strength,
Young’s modulus, and Poisson’s ratio) should be empirically tested as well. The

measured values are the fundamental inputs used in the M-E PDG procedure.

Input level 2 is expected to be used in routine design [X 15], [1]. Level 2 inputs are
typically user-selected, possibly from an agency database. The data can be derived from a
less-than-optimum testing program or can be estimated empirically. At level 2, the PCC
CTE can be predicted from a simple two-phase mixture rule that estimates PCC CTE as a
weighted average of the constituent coefficient of thermal expansion. The weighted

average is based on the relative volumetric proportion of constituents.

CTE estimation for input level 2 according to [1]:

CTErcc = CTEfine - Viine + CTEagg - Vagg + CTEpaste - Vipaste (2.8))
where:

CTEfine = Coefficient of Thermal Expansion of fine aggregates

CTE,g = Coefficient of Thermal Expansion of coarse aggregates

CTEpaste = Coefficient of Thermal Expansion of cement paste

Viine = Volumetric proportion of fine aggregates in PCC mix

Vage = Volumetric proportion of coarse aggregates in PCC mix

Vpaste = Volumetric proportion of cement paste in PCC mix.

In [1] it was found that the calculated PCC CTE-value as a weighted average of the CTE
of aggregates and hardened Portland cement paste is always higher than the measured
value. Therefore, the use of input level 2 would result in a more conservative design than

using level 1 in terms of PCC CTE.

28



For level 3, a default PCC CTE value is selected based on guidance provided in the M-E
PDG tempered with local experience. Typically, it is the lowest class of design and

should be used where there are minimal consequences.

Level 1 inputs require greater effort than level 2, which in turn involves even more than
level 3. But it is obvious that the accuracy of CTE increases as the Input Level decreases;

correspondingly, the testing effort expands.

2.3.5. Mechanistic-Empirical Software

To fully take advantage of the M-E design procedure notwithstanding its complexity, the
Design Guide was accompanied by a software solution. While preparing this report, the
software was available in its version 1.003 which was last built in May 2007 [W 7]. The
software requires hundreds of input values with a minimum of thirty five PCC JPCP
(material and structural) characteristics to analyze the pavement. Appendix A outlines all
required parameters to analyze JPCP and presents the graphical user interface of the

Design Guide.

2.3.6. Mechanistic-Empirical Implementation

It is unquestionable that the M-E PDG requires validation and calibration before it can be
approved by DOTs across the country. The guide cannot possibly include all of the site-
specific conditions that occur in each region of the United States. It is therefore necessary
for the user to adapt local experience to the use of the guide. The default calibration built
into the software is based on the LTPP data set which certainly provides a starting point.
However, it does not consider specific Florida environmental conditions or local
materials. These conditions can vary over an extremely wide range, even within each

state [X 15].
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To account for material importance the guide attempts to provide different methods and
procedures (e.g., different hierarchy levels). While material requirements and
construction specifications are not detailed at the moment, they still affect the overall
design of the pavement structure immensely. The material exigencies and seasonal

variation of characteristics should be evaluated thoroughly.

Initially, it might be tempting to take advantage of default traffic loading categories (level
3) [3]; nevertheless, in long-term implementation, it will be essential to accurately reflect
local traffic. Traffic and traffic loading varies greatly throughout the country and it may
differ seasonally as well. This also refers to traffic prediction; therefore, depending on
different locations, traffic levels will either be stable or increase over time. The influence
of traffic and the precision of its measurement has to be studied to fully implement the

new Design Guide.

It is undeniable that, locally, one of the most influential parameters in pavement design is
climate. Weather conditions vary widely throughout the United States. It is very unlikely
that a pavement structure designed for Illinois will perform as well under Florida
moisture and temperature conditions. The M-E PDG Software addresses this through
climatic data collected from hundreds of weather stations throughout the country. These
data can be downloaded for each state separately [W 7]. However, roadways are not
always built next to or near weather stations. Although the Software Guide provides the
possibility to interpolate between closely located weather stations, the effect has to be

monitored on local bases.
The M-E PDG attempts to provide procedures to evaluate and estimate material, traffic,

and environmental conditions; however, if the guide is at variance with proven and

documented local experience, the demonstrated experience should prevail [X 15].
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2.3.7. Mechanistic-Empirical Sensitivity

After the release of the M-E Software Design Guide, numerous studies were funded to
initiate the implementation of the new design approach. These efforts were first made by
Arkansas, Florida, Georgia, Indiana, Mississippi, Missouri, Montana, New York, Texas,
Utah, and Virginia [W 8]. Initially, most researchers are interested in the issue of
sensitivity, as the M-E methodology incorporates new input values and state-of-the-art
procedures never used before. As outlined earlier in this text, several inputs are required
to complete the iterative pavement performance prediction; certainly, every single input
affects the final product differently. However, the remaining question is: Which input
value affects which pavement performance criteria (IRI, cracking, faulting) and to what
extent? For example, there might be a parameter extremely affecting JPCP faulting, while
the effect of another input variable is insignificant. To analyze sensitivity, researchers
created regionally representative pavement models and varied one input parameter
(within its range [X 15]) while holding all other inputs constant [2], [3], [11]. Mostly, the
results are comparative but it is interesting to note that different findings exist. Table 2.4

summarizes the most comprehensive results made by Hall, K. [2] and Guclu, A. [3].

While Salama, H. K. [11] defines performance threshold and age threshold for his
evaluation, it is not known at this point which criteria Guclu, A. [3] used to determine
sensitivity or insensitivity. In contrast, Hall, K. [2] invoked personal experience to define
(1) faulting sensitivity greater than 0.1 inches for 20 years, (2) cracking to be sensitive if
25 % of concrete slab is cracked after 20 years, and (3) Smoothness (IRI) exceeding 30
inches per mile within 30 years. In all cases, results represent 90 % design reliability
which simply reflects 50 % design reliability adjusted by a constant factor. As explained
earlier, the Design Guide Software is a tool to analyze pavement structures which, in
general, makes judgment of performance relative to (local) distress limitations. However,
the findings in Table 2.4 are reference points and may help to guide future research

towards important directions.
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Although the findings made are not totally congruent, Table 2.4 indicates three structural
characteristics and four PCC properties to dominate pavement performance. In agreement
with other publications [4] [15], the major material parameters can be narrowed down to
Curl/Warp Effective Temperature Difference and to the Coefficient of Thermal
Expansion. Other sensitive inputs are Joint Spacing, PCC-Layer Thickness, Edge
Support, Thermal Conductivity, and Unit Weight.

An interaction effect of input parameters is predicted [11] but only limited research on

this topic has been done so far.
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Table 2.4: Summary of input sensitivity

JPCP Material Characteristics

Performance Criteria

Faulting

Cracking

IRI

[2]

[3]

[2]

[3]

[2]

Curl/Warp Effective Temperature Difference

S

Joint Spacing

S/

Sealant Type

Dowel Diameter

Dowel Spacing

Doweled Transverse Joints

S
S
I
S
I
*

S
S
I
I
I
I

* = = |— |0 |»

= o |—|n|n

Edge Support

S/

PCC-Base Interface

Erodibility Index

S
I
I
I
I

S
I
I
I

Unbound Layer Modulus

S/l

* = |— |»

* |— |— |0

S

* |— |— |»n

Surface Shortwave Absorbtivity

S/l

Infiltration of Surface Water

Drainage Path Length

Pavement Cross Slope

PCC Layer Thickness

# | =—|—|— =

S

S/

Unit Weight

S/

Poisson's Ratio

S/l

S/l

Coefficient of Thermal Expansion

Thermal Conductivity

Heat Capacity

Cement Type

Cement Content

Water-to-Cement Ratio

Aggregate Type

PCC Set Temperature

Ultimate Shrinkage at 40% R.H.

Reversible Shrinkage

Time to Develop 50% of Ultimate Shrinkage

Curing Method

28-day PCC Modulus of Rupture

28-day PCC Compressive Strength

S
S
I
I
I
I
I
I
|
|
I
I
S
S

AADTT

== |=|=|=|=I=|=|=|=|=|=|=|0o|=|0|v|-|-|- |-

S/

sl |n|=|=|=|=|=-|-|-|-|-|-|l0|v|v|v|v|-|-|-|n

sl |ol=|=|=|=|=|-|=|=|-|-|-|lo|=|v|lu|=|-|-|-

Mean Wheel Location

S/

*

*

Traffic Wander

Design Lane Width

*

*

Climate

*

S/

*

S = extremely sensitive S/l = sensitive to insensitive [ = insensitive
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CHAPTER 3: RESEARCH APPROACH

3.1. Introduction

This section outlines the research approach implemented to strive for the goals of this
study. Appropriate hypotheses are necessary to establish suitable methodologies leading
the research approach. These initial assumptions are based on the objectives, research
experiences, and the information obtained from the literature addressing state-of-the-art

methods (see previous chapter).

The major objective is the verification/calibration of the new AASHTO M-E PDG and its
applicability to certain Florida conditions. The M-E Design Guide is intended to serve as
an analysis tool throughout the entire United States for new and rehabilitation design
considering flexible and/or rigid pavement. Different materials and construction methods
are addressed in the Software Guide; at this point in time this includes hot mix asphalt
(HMA), joint plain concrete pavement (JPCP), and continuously reinforced concrete
pavement (CRCP). Consequently, the new Design Guide is a comprehensive and wide-
ranging analytical tool making it difficult to determine a single implementation plan
within one research study. In the interest of Florida DOT, the scope was narrowed down
to a specific material and its construction method. This research exclusively focuses on
Portland cement concrete (PCC) structures (rigid pavement) designed for jointed plain
concrete pavement (JPCP) because this is considered the most common construction
method for PCC pavement in Florida. Keeping the major objective in mind, it was
decided to conduct the research study in two successive and interrelated phases. The first
phase of the research can be considered pure material research intended to determine
specific engineering properties of different Florida DOT-approved PCC pavement mix
designs suitable for utilization in the new M-E PDG. This directly ties into the second
phase of the research focusing on the M-E Design Guide Software and its sensitivity. The
experimental results from phase one will serve as input data to evaluate the Design Guide

and its sensitivity for common Florida materials.
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3.2. Material Research

To properly evaluate the chosen material type by means of the new M-E PDG, the
important material characteristics have to be determined based on the literature review
and the input requirements for the Design Guide Software. The required input properties
partially depend on the chosen hierarchy level and the importance of design quality.
Considering all possible key features for PCC analysis, the essential engineering

properties can be outlined as follows:

» Cement type * Thermal conductivity

» Cement content * Heat capacity

» Water-to-cement ratio * Set temperature (zero stress)

» Aggregate type « Ultimate shrinkage at 40% R.H.

* Unit weight * Reversible shrinkage

» Compressive strength * Time to develop 50% of ultimate shrinkage
* Modulus of rupture * Curing method

* Splitting tensile strength * Layer thickness

* Young’s modulus
* Poisson’s ratio

* Coefficient of thermal expansion

Some of the above listed factors may require extensive research projects for realistic
applications. As this is not the case for this study, and in order to maintain economical
research proceedings, the left column of the above list comprises the properties to be

evaluated throughout the material research phase.

All destructive (compressive strength, modulus of rupture, splitting tensile strength) and
non-destructive (Young’s modulus, Poisson’s ratio, coefficient of thermal expansion)
tests have to be determined based on state-of-the-art/practice test procedures and their
related ASTM or AASHTO test protocols. To ensure statistically sound results, each test

procedure will be conducted on a sufficient number of test samples. The test frequency
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(sample maturity) results from the M-E PDG (Part I of Chapter II), and therefore it
requires 7-day, 14-day, 28-day, and 90-day testing for almost all engineering properties.
Additional characters and test ages might be added throughout the experimental program
for better understanding of material behavior; nevertheless, the above incorporates the

full data range required for PCC analysis using the new M-E PDG.

After definition of total data range for the individual material type, the material research
methodology has to account for M-E PDG verification under common Florida conditions
(material), as this is the final goal of this study. This will be accomplished through the
evaluation of three different PCC materials. All mixtures have to be FDOT approved,
mixed and batched under the same circumstances, tested in a similar environment, and

statistically assessed in equivalent manners.

3.3. M-E PDG Software Research

The M-E PDG Software and its sensitivity to PCC materials is the key to this research.
The different mix designs which will be evaluated throughout the material research have
to be analyzed using the M-E Design Guide Software. Major focus will be the behavior
of a specific mix design under interchanging hierarchy levels throughout a comparison
study of the individual PCC mixtures to determine adequacy of each mixture. Afterwards,
the CTE sensitivity of the new Design Guide can be evaluated within a typical CTE range
expected for Florida conditions. Analysis parameter will be the provided distress and

smoothness models which comprise faulting, cracking, and international roughness index

(IRI).

3.3.1. Traffic Model

Although the traffic model will be fed into the Software Design Guide under hierarchy
level three considerations, it will be important to ascertain a proper representation of

interstate traffic occurring in Florida. The interstate condition is chosen on account of
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material input level one. The new M-E PDG requires testing of material properties as
used in construction for interstate design — it is expected to use material level one input in
such projects only. Nevertheless, in this study, the same traffic pattern will be used for
hierarchy level two and three evaluations. It is emphasized that in practical interstate
application material inputs less than one should not be used in conjunction with the M-E
PDG. However, from a research standpoint to ensure proper comparison, all material

input levels will be studied considering the same (interstate) traffic pattern.

3.3.2. Climate Model

Florida environmental conditions (temperature and moisture) may challenge pavement
design which turns the climatic model into an important feature for this research. A
proper hypothetical location for the virtual paving project has to be identified. Ideally,
this location will represent an average region in terms of moisture and temperature. The

climatic input values will be constant throughout the entire research.

3.3.3. Pavement Structure Model

To ensure proper evaluation and valid comparisons of test results, an adequate pavement
model, reflecting state-of-the-practice PCC structure in Florida, has to be developed. The
structure model will be the groundwork for the sensitivity research as it forms the
environment of material inputs other than PCC. Although, these values are not site-
specific (like traffic or climate) and adjustable in real-world application, they will not be
manipulated throughout research phase two and can be considered constant within this

virtual paving project.
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3.3.4. Comparison of Hierarchy Level

Research phase one will be designed to evaluate the entire data set of input values for all
three hierarchy levels. Generally, the M-E PDG defines different hierarchy levels to
accommodate diverse design qualities through alternating intensity of testing.
Nevertheless, the material section will render all properties under level one consideration;
even those inputs used in level two or three applications only (e.g., compressive strength)
will be provided in a realistic manner (tested as used in construction). The explanation of
this approach is justified through the research interest. The sensitivity of different
hierarchy levels can be studied while the impact of real data under level two and three
consideration can be assessed. Therefore, additional PCC property models will be
generated for level two and three conditions to serve as an evaluation base. Level two
data will be derived from less-than-optimal test situations and suitable computations,
whereas level three PCC properties will be defined on account of default values taken
from databases or literature. This approach will help to identify the sensitivity of the
Design Guide Software to realistic data and reveal the difference (if any) and importance

of chosen data quality.

3.3.5. CTE Sensitivity

Specifically, the coefficient of thermal expansion describes an essential Portland cement
concrete property that is assumed to affect the performance of rigid pavement
significantly [2], [3], [4], [and others]. Therefore, the CTE sensitivity of the new
Mechanistic-Empirical concept represents a major purpose of this research. The aim is to
study the consequence of interchanging PCC thermal properties throughout a typical
Florida CTE array and the significance for the predicted distresses and smoothness
models. A proper evaluation base has to be determined to establish suitable CTE

sensitivity matrices guaranteeing a valid comparison study.
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CHAPTER 4: MATERIALS RESEARCH - EXPERIMENTAL
PROGRAM

4.1. Introduction

The material research focused mainly towards the coefficient of thermal expansion
(CTE). However, to ensure proper concrete mixtures and to evaluate factors affecting
CTE, other engineering properties had to be considered as well. The intention of this
chapter is to outline all test sequences conducted in the laboratory; it describes each
experimental setup on top of the related ASTM and AASHTO regulations. As necessary,
this section summarizes important predicaments encountered during the empirical phase

and explains how these difficulties were overcome.

The experiments accomplished for this research can be outlined as follows:

Fresh Properties
e Slump

e Temperature
e Air content

Hardened Properties

Compressive strength

Splitting tensile strength
Flexural strength

Modulus of elasticity

Poisson’s ratio

Coefficient of thermal expansion

For adequate statistics, sufficient data points per test series were desirable. Consequently,
seven specimens per maturity were found to be suitable for each engineering property.
Due to lab capacity an exception had to be made in the case of flexural strength; 7-day
flexural strength was tested on three specimens while 28-day and 90-day flexural strength

were evaluated for five samples each.

The Gilson HM-251 was utilized to measure concretes’ CTE. Throughout the entire

research period, this unit was the one and only CTE test apparatus commercially
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available following the AASTHO TP 60 protocol [X 14]. It mounts merely one
cylindrical specimen (4/8) per test procedure while one test cycle may take 18 hours or
more. Due to the given capacity, it was impossible to measure seven specimens within
one day regarding CTE. Therefore, the decision was made to run one sample per day and
base statistical values on seven specimens tested on subsequent days; e.g. the average 90-

day CTE is the mean value of all specimens tested from day 90 to day 97.

The aforementioned facts required a suitable workflow to fully utilize the laboratory
capacity without suffering any data points. A tide timetable was established and the
decision was made to produce all specimens per mix design within one day while
separating each batch by seven days. This ensured continual test flows during the
experimental program — especially in terms of CTE testing — while the least amount of

time was needed (considering the given capacity).

4.2.  Mix Design

This research was initiated by Florida’s Department of Transportation due to the newly
developed M-E PDG. The new code requires supplementary material properties for the
design of pavement and might be mandatory in the future. Consequently, it was important
to study additionally requested characteristics of existing mixtures before these mix

designs can be considered by the new design procedure.

A fundamental goal of this study is the implementation of local materials and their
properties into the new M-E PDG — only FDOT approved mix designs were considered.
For reasons of comparison, different compositions, engineering properties and
ingredients were desirable. The local aggregates used in pavement mixtures are almost
exclusively limestone and granite, whereas granite can be considered a rare constituent in

Florida pavement applications.
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The above-mentioned facts led to the choice of two concrete mixes based on limestone
and one granite mix. The decision was narrowed down to the three concrete mixtures

outlined in the table below.

Table 4.1: Mix design composition

Unit MIX-01 MIX-02 MIX-03
Mix Number - 03-1419 A-22013 A-47AC
Cement Ib 511 415 470
Fly Ash Ib 132 105 -
Coarse Aggregates Ib 1750 1900 1921
Fine Aggregates Ib 1191 1278 1235
Air Entraining Admixture 0z 1.5 1.0 2.5
1% Admixture 0z 35.4 45 18
2" Admixture oz - - -
Water Ib 279.1 258 267
Sum lb 3863.1 3956 3893
Target Strength psi 4500 3000 3000
Target Slump Range in 1.5t04.5 2.0t04.0 3to5
Target Air Content % 1.0t0 6.0 3.0t0 6.0 3.0t0 6.0
Target Unit Weight pcf 143.1 146.6 144.2
Water-to-Cement Ratio - 0.546 0.622 0.568
Water-to-Cementitious - 0.43 0.50 0.57
Cement Paste Ib 790 673 737
Cementitious Paste Ib 922 778 737
Mortar Ib 2113 2678 1972
Mortar-to-Total Ib/lb 0.55 0.68 0.51
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4.3.  Materials

The different proportions of ingredients were outlined in Table 4.1. The specified
concrete constituents (materials) and their properties are identical for all three mixtures.
Moreover, only coarse aggregates differ. However, the next subcategories are designated

to summarize the characteristics of materials used in this study.

43.1. Cement

Sulfate resistance makes Type I & Type II cement the most applied concrete adhesive in
Florida. On account of local availability, an ASTM Type I cement was used. Its physical
and chemical properties have been evaluated by Florida Rock Industries, Inc. Table 4.2
outlines the provided test results and describes the requirements according to ASTM C

150.

Table 4.2: Standard chemical requirements of cement and test results

Chemical Compounds Unit | Test Results | Specification
ASTM C150
Silicon Dioxide (SiO,) % 20.68 20.0 Min
Aluminum Oxide (Al,O) % 5.02 6.0 Max
Iron Oxide (Fe30,) % 3.69 6.0 Max
Calcium Oxide (CaO) % 64.28 -
Magnesium Oxide (MgO) % 0.72 6.0 Max
Sulfur Trioxide (SOs3) % 3.02 3.0 Max
Lose on ignition % 2.01 3.0 Max
Insoluble Residue % 0.14 0.75 Max
Alkalies as (Na,O) % 0.34 0.60 Max
Tricalcium Silicate (C;3S) % 64.5
Dicalcium Silicate (C,S) % 7.8
Tricalcium Aluminate (C;A) % 7.1 8.0 Max
Tetracalctium Aluminoferrite (C,AF) % 11.2
CaCos in Limestone, % % 97.0 70.0 Min
Limestone, % % 2.0 5.0 Max
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From Table 4.2 it can be seen that the employed cement is suitable and in conformity
with ASTM C 150. The specific gravity attains 3.15 for the employed cementious

material.

43.2. Fly Ash

Fly ash is primarily silicate glass containing silica, alumina, iron, sulfur, sodium,
potassium, carbon, and small amounts of crystalline compounds. The specific gravity of
fly ash usually ranges between 2.2 and 2.8. ASTM C 168 Class F and C Fly ashes are
commonly used as pozzolanic* admixture for concrete. The particle size in fly ash varies
from less than 1 pm (micron = 1/1000 millimeter) to more than 100 um with a typical
particle size of 20 um. Its ability to fill the gaps between the angular cement particles
explains why fly ash is a desirable additive in concrete mixes. It increases the concrete
density and results in a better matrix (enclosing fewer pores), leading to higher strength

and advanced durability.

ASTM C 618 divides fly ash into two classes: low-lime fly ash (Type F) and high-lime
fly ash (Type C). They differ significantly in their composition.

. Type F, low-lime fly ash (<10% lime), is produced by anthracite and bituminous
coals. It has pozzolanic properties and needs an activator in order to undergo
pozzolanic reaction.

o Type C, high-lime fly ash (=10% lime), is produced of subbituminous and lignite
coals. It possesses some cementitious (self-hardening) properties in addition to its

pozzolanic properties. The disadvantage of this type is its high quality fluctuation.

* A pozzolan is a siliceous or aluminosiliceous material that in itself possesses little or no cementitious
value but will, in finely divided form and in the presence of water, chemically react with the calcium
hydroxide released by the hydration of Portland cement to form compounds possessing cementitious

properties.
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Type C fly ash is very rarely used in Florida and Type F (low-lime) fly ash is the
common filler for local concrete projects. The fly ash for this research was supplied by
Cemex, Inc and is labeled “Cemex Class F Fly Ash.” This fly ash is constantly tested by
Analytical Testing Service Laboratories, Inc. and their test results are presented in Table

4.3 below.

Table 4.3: Standard chemical requirements of fly ash and test results

Requirements
Characteristics Unit | AASHTO-M295 ASTM C-618 Test Results
Class "F" Class "F"
Fineness (+325 Mesh) % 34 Max 34 Max 19.90
Moister Content % 3 Max 3 Max 0.08
Loss on Ignition % 5 Max 6 Max 2.14
Soundness % 0.8 Max 0.8 Max 0.00
S.A.l., 7 Days % 75 Min 75 Min 82.20
S.A.l., 28 Days % 75 Min 75 Min 85.00
Water Req., of Control % 105 Min 105 Min 97.90
Silica Si02 % - - 45.98
Aluminum Oxide AI203 % - - 22.31
Ferric Oxide Fe203 % - - 18.59
Total % 70 Min 70 Min 86.88
Sulfur Trioxide SO3 % 5 Max 5 Max 1.11
Calcium Oxide CaO % - - 5.56
Magnesium Oxide MgO % - - 1.06
Available Alkalies Na20 % 1.5 Max - 0.87

The Table proves the authenticity of Cemex Class F Fly Ash in accordance with ASTM
C-618 and AASHTO M-295. Additionally, the specific gravity was measured to be 2.46.
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4.3.3. Fine Aggregates

The fine aggregates are made of silica sand mined from Quarry Mine #47-314. Its
properties are constantly controlled at the pit and Florida Rock, Inc. has made the test
results available. Accordingly, the specific gravity of fine aggregates used in this
evaluation amounts to 2.66. The specified grading ranges according to ASTM and sieve

analysis results are outlined in Table 4.4.

Table 4.4: Gradation and specifications for concrete sand

Sieve Size Retaining Passing Grading Range
us inch mm % % min % max %
#4 0.187 4.75 0 100 95 100
#8 0.093 2.36 2 98 85 100
#16 0.046 1.18 14 84 65 97
#30 0.024 0.60 27 57 25 70
#50 0.012 0.30 34 23 5 35

#100 0.006 0.15 20 3 0 7
#200 0.030 0.75 3 0 0 4
Sum 100 365 275 413

Table 4.4 confirms ASTM standards for the utilized concrete sand which can be
considered very fine based on its fineness modulus of 2.35 (concrete sand ranges from

2.3 to 3.1 — fine to coarse).

4.3.4. Coarse Aggregates

As mentioned earlier, the concrete mixtures employ identical ingredients but differ in
terms of coarse aggregates. Three different compositions of coarse materials were used
for this research; MIX-01 and MIX-02 are limestone-based using 67-stone and 57-stone
respectively while MIX-03 employs a 67-stone made of granite.

The limestone material for MIX-01 and MIX-02 was mined from Quarry Mine #38-268

in Florida while the granite aggregates were imported from Plant 022-Barin in Georgia.
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Sieve analysis and characterizations have been conducted at the mines and test results

were obtained through Florida Rock Inc. The following tables present the findings:

Table 4.5: Gradation and specifications for limestone 67-stone

Sieve Size Retaining | Passing Grading Range
us inch mm % % min % max %

1.0 25.40 0 100 100 100
3/4 19.05 14 86 90 100

3/8 9.53 49 37 20 55

#4 0.187 4.75 31 6 0 10

#8 0.093 2.36 2 4 0 5
Sum 96 233 210 270

Slight discrepancies can be observed for 3/4 stones; nevertheless, the grading was found
to be within acceptable ranges and harmless for this research. The fineness modulus of

the limestone 67-stone was calculated to be 2.67 and its specific gravity was measured at

2.61.

Table 4.6: Gradation and specifications for limestone 57-stone

Sieve Size Retaining | Passing Grading Range
uUs inch mm % % min % max %
1.0 25.40 0 100 95 100
1/2 12.70 42 58 25 60
#4 0.187 4.75 48 10 0 10
#8 0.093 2.36 5 5 0 5
Sum 95 173 120 175

Total ASTM authentication can be confirmed for the 57-stone made of limestone. The

specific gravity was found to be 2.64 and the fineness modulus reached 2.27.
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Table 4.7: Gradation and specifications for granite 67-stone

Sieve Size Retaining | Passing Grading Range
us inch mm % % min % max %

1.0 25.40 0 100 100 100

3/4 19.05 0.7 99.3 90 100

12 12.70 31.3 68 20 100

3/18 9.53 36.5 315 20 55

#4 0.187 4.75 29 2.5 0 10

#8 0.093 2.36 1.5 1 0 5

Sum 99 302 230 370

The granite 67-stone verifies ASTM standards and is perfectly acceptable for this

research. The fineness modulus amounts to 2.66 according to sieve analysis and its

specific gravity is denoted by 2.70.

The following charts were created to provide a comprehensive overview of sieve

analysis. They represent the results obtained from testing and display the limits according

to ASTM.
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4.4. Mixing and Batching

Since the Design Guide is intended for practical design application in the future, a lot of
thought went into the process of concrete batching. In practical applications, the concrete
ingredients are almost exclusively weighed and premixed at the plant before the concrete
mixture is delivered to the jobsite by trucks. To account for mixtures as close as possible
to real-world applications, the concrete was obtained from a local concrete supplier’. It
was batched and pre-mixed at the concrete plant before drum mixing trucks delivered one

cubic yard per mix design to the laboratory.

Table 4.8: Geometric properties of test specimens

Specimen Depth | Width | Area | Length Volume

in in in® in in® ft’
Beam 6 6 36 22 792 | 0.458
Cylinder 4/8 12.57 8 100.5 | 0.058
Cylinder 6/12 28.27 12 339.3 | 0.196

Table 4.9: Minimum specimen quantity per mix design

Specimen Procedure day SUM

7 14 28 49 70 90
Cylinder 4/8 | Compressive 7 7 7 7 35
Cylinder 4/8 | Tensile 7 7 14 105
Cylinder 4/8 | Poisson's 7 7 7 7 7 7 35
Cylinder 4/8 | Temperature 7 7 7 21
Beam 6/6/21 | Flexural 3 5 5 13| 13

All concrete samples per mix design were cast on the same day for the reasons mentioned
earlier. Combining Table 4.8 and Table 4.9, a minimum concrete volume of 8.7 cubic
foot was necessary to create all specimens per mix design considering no waste or surplus

material.

Immediately after truck arrival, slump tests were carried out according to ASTM C143 [X
1]. In cases in which the measured value exceeded the range stated in Florida DOT

specifications or delivery slip, the concrete was discarded. If the value undercut the target

5 Florida Rock Industries, Inc., 1005 Kissimmee St, Tallahassee, FL 32310
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slump, additional water was added to the mixture. After sufficient mixing, the slump test

was repeated until the slump was acceptable.

Only if slump results were acceptable, the air content was measured in concrete’s fresh
state. Since two out of three mix designs were using limestone aggregates (porous
material), the pressure method according to ASTM C 231 or AASHTO T 152 was
disregarded. Instead the volumetric method in line with ASTM C 173 [X 2] and
AASHTO T 196 [X 9] was found to be suitable.

Figure 4.5: Volumetric air content test

The material was poured into the concrete reservoir in two equal layers while compaction
was applied after each layer. Consolidation was attained in harmony with specimen
preparation as explained later in the text. The excess material was struck off and the
vessel was closed; one third of water and two thirds of alcohol were carefully added until
the zero % mark was reached. Then, the vessel was closed and rolled in its forty-five
degree position. Occasionally, the device was hammered up by hand or revolved to
loosen the concrete, allowing the water-alcohol mixture to fill the pores. After sufficient
mixing (all air pockets filled with liquid), the container was placed on a leveled surface

for three to five minutes and the volumetric air content was read from the vertical scale.

Additionally, the temperature of the fresh concrete was measured every twenty minutes

as well as the ambient temperature of the laboratory.
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All specimens were prepared according to ASTM C192 [X 4] and AASHTO T126 [X 9]
standard practice for making and curing concrete test specimens in the laboratory. The
standard specimen size for this study was fixed to 4”/8” cylinders but additional 6”/12”
cylinders were formed to validate test results if needed. However, since 120 specimens
had to be prepared within 90 minutes, rodding was out of question and a mechanical
vibration table was used instead. The material was funneled into the molds in at least two
layers while vibration was applied after each layer. The required duration of vibration per
layer depended upon the workability of the mix design. Sufficient vibration was applied
as soon as the surface of the concrete was relatively smooth — vibration was continued
only long enough to achieve proper consolidation. After vibration was finished, just
enough concrete was added with a trowel to work it into the surface and then strike it off
to even it out with the disposable plastic cylinder mold. The molds, then, were covered
with plastic lids to anticipate vaporizing water. Finally, the freshly prepared specimens
were stored on a leveled surface and twenty-four hours later the concrete was demolded

to initiate curing.

4.5. Curing

Curing was accomplished as outlined in ASTM C192 [X 4] and AASHTO T 126 [X 9].
After breaking the cylinder molds and dismantling the beam formwork all specimens
were moisture cured in a water tank. The lime water was concentrated at 10 grams of

lime per 1 gallon of water while its temperature was maintained around 73.5 £ 3.5°F

(23.0 £ 2.0°C).

4.6.  Specimen Preparation

The identification of concretes CTE according to AASHTO TP 60 is based on small scale
measurements, and therefore requires very well-prepared and parallel concrete surfaces.

Specifically, for this purpose a concrete cylinder end grinder was purchased. The Gilson
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HM 716A mounts four cylinders (4/8 or 6/12) at a time and needs roughly ten minutes to

totally prepare the specimens for testing.

] Figure 4.6: Concrete cylinder end grinder

All cylindrical concrete specimens were ground on both ends one day before testing and
then placed back in the curing tank (room temperature) until testing. The end grinding
process was performed flawlessly, and all strength tests were performed on surface dry
specimens within about one hour after removal from the water tank — thanks to grinding,
no capping was necessary. The samples used for the thermal expansion test were taken
from the water tank, surface dried, measured, marked, and then immediately placed in the

water bath of the thermal expansion unit for measurements.

4.7.  Compressive Strength

To determine compressive strength, the experimental procedure was based on ASTM C
39 [X 5] and ASTM T 22 [X 11]. The tests have been carried out on cylindrical
specimens using Testmarks CM-3000 Compression Testing Machine with digital load
indicating system. The load was applied continuously and without chocking. Stress rates
were adjusted to 35 + 7 PSI/s. Neither capping compounds nor rubber pads were applied

to the specimens, as they had been parallel end grinded before. Ultimate compressive
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strength was calculated by dividing the maximum load carried by the specimen by the

average cross-sectional area.

ot = P ; ot = P 4.1)
Ac Ter?
P[lbs] ) .
= si; specimen 67/12” 4.1a
53074 [psi] p (4.1a)
_ Pilbs] [psi]; specimen 47/8” (4.1b)
12566 o P '

4.8.  Flexural Strength

The flexural strength tests were completed according to ASTM C 78 [X 6] and AASHTO
T 97 [X 12] by breaking beam shaped concrete specimens. Samples were formed by
molds of 6 inches square in cross-section and 21 (18 + 2 (1.5)) inches in length. The
specimens were tested 30 minutes after they were removed from the water tank. The

ultimate load was achieved by dint of the third-point loading method as seen in Figure 4.8
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and Figure 4.9. The specimen was loaded continuously and without shocking. The

loading rate was fixed to 125 psi/min.
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Figure 4.8: Flexural strength test using the third-point loading method [X 6]

Figure 4.9: Left: flexural strength test setup. Right: beam failure in bending

The ultimate strength is influenced by the introduced moment and the beam’s section

modulus. Therefore the flexural strength was computed as follows:

M = F/ / =PT (4.2)
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4.9.  Splitting Tensile Strength

The test documents applicable to the splitting tensile test are ASTM C 496 [X 7] and
AASHTO T 198 [X 13]. To prevent load concentrations, two one-inch-wide plywood

strips were applied between the specimen and the two bearing blocks.
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Figure 4.10: Splitting tensile strength test using load distribution strips

The test procedure was carried out 10 minutes after the specimens were taken from the
curing tank. The load was applied constantly without shocking while loading rates were
set to 150 PSI/min. The ultimate splitting tensile strength was (approximately) calculated

using the maximum applied load and the cylindrical measurements.
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4.10. Young’s Modulus and Poisson’s Ratio

ASTM C 469 [X 8] covers determination of (1) chord modulus of elasticity (Young’s)
and (2) Poisson’s ratio of molded concrete cylinders and diamond-drilled concrete cores
when under longitudinal compressive stress. Both engineering properties can be
measured at the same time within the same test procedure if suitable equipment is
available. In this research the compressometer/extensometer method was chosen because

numerous specimens had to be tested within one day.

== ¥

Figure 4.11: Compressometer/Extensomete

For Young’s modulus a compressometer (Figure 4.11) was used. It consists of two yokes,
one of which is rigidly attached to the specimen (bottom yoke) and the other of which is
attached at two diametrically opposite points (top yoke) so that the specimen is free to

rotate. The yokes are connected through a pivot rod on the back whereas a vertical LVDT
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measures the motion in front. Since the top yoke rotates freely about the center of the
specimen (or half distance from front to back), the movement of the vertical LVDT is
twice the specimen deformation. Therefore, the actual strain during testing was calculated

based on the procedure shown in Figure 4.12.

Sg er J

Figure 4.12: Diagram of displacement

Where: a location of gauge
b support point of the rotating yoke
C location of pivot rod
d total deformation of the specimen throughout the effective gauge
length
r displacement due to rotation of the yoke about the pivot rod

g gauge reading

e perpendicular distance from the pivot rod to the vertical plane
passing through the two support points of the rotating yoke

€g perpendicular distance from the gauge to the vertical plane passing

through the two support points of the rotating yoke.

_ ger
 (er+ &) (46)

Young’s modulus is characterized through the slope of a chord connecting two specified
points on the stress-strain curve within the elastic range. In concrete, ASTM C 469 [X §]

defines the two points (1) corresponding to a strain of 50 millionths and (2) equivalent to
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40 % of the ultimate compressive load. Thus, the E-modulus was calculated using the

following equation.

_S2-S S-S

S e - 0.000050 (7
where: E chord modulus of elasticity
S stress corresponding to a longitudinal strain, €;, of 50 millionths
Sy stress corresponding to 40 % of ultimate load
€l 50 millionths
€ longitudinal strain produced by stress S2

Poisson's ratio is the ratio of the relative contraction strain or transverse strain normal to

the applied load, divided by the relative extension strain or axial strain in the direction of

the applied load.
=&2—&1= &2 — & (4.8)
g2—&1  &£2—0.000050
where: 1 Poisson’s ratio,
el transverse strain at specimen midheight produced by stress S;
en transverse strain at specimen midheight produce by stress S,

£ 50 millionths

€ longitudinal strain produced by stress S2

For Poisson’s Ratio, the extensometer is attached horizontally to the specimen on two
opposite points (distance = specimens diameter) to measure the change in diameter at
mid-height. Similar to the compressometer, one LVDT measures twice the horizontal

strain up front while the yoke rotates about its pivot point on the back side.

Compression was applied by the same machine as used for compressive strength test.

Adjustments had to be made to account for data acquisition. This was achieved by
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replacing the existing digital loading system with a three-channel TM-8000-02
MTESTwindows System. Therefore, the whole test procedure was computer controlled
using the interface shown in Figure 4.13. The left window on the top shows the applied
load while the window next to it applies the specimen measurements to represent the
actual stress. The right windows indicate LVDT behaviors; the top window (Strain 1)
outlines vertical displacements needed for Young’s modulus while the bottom one (Strain
2) specifies the horizontal deformation to determine Poisson’s Ratio. The Graph in the
left bottom corner is adjustable but was configured for stress-strainl relationship (E-

modulus) in this research.

EMTestw-Epecimen#: 1 - M_9_0_bo.mtx - 5|£|
Test  Utilities  Window Help
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Figure 4.13: Young’s modulus and Poisson’s ratio run monitor (MIX-03 28-day)

All tests have been non-destructive since a compressometer/extensometer was used. The
maximum applied load was slightly (approximately 1%) exceeding 40 % of the average
ultimate compressive strength which was determined shortly before (7 different samples
of same age and mix design). The loading rate was adjusted to 35 + 7 PSI/s (0.25 = 0.05
(N/mm?)/s). Each specimen was compressed and released five times after the

compressometer/extensometer was applied. The first run was simply used for gauge
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setting; hence, it was not considered in calculating Young’s modulus or Poisson’s Ratio.

The actual value was determined as the mean value of the last four test sequences.

4.11. Coefficient of Thermal Expansion

AASHTO defines the method to determine the coefficient of thermal expansion of
hydraulic cement concrete in protocol TP 60 [X 14]. The described test procedure is
considered very new as it was developed in 2000 and, recently afterwards, adopted by

AASHTO.

In this study the Gilson HM-251 was used to identify concrete’s thermal properties. The
unit is the first commercially available standalone solution following AASHTOs TP 60
protocol. As specified in the code, the instrument is equipped with a rigid support frame
(Figure 4.14) which provides reference for the attached linear differential variable

transformer (LDVT) during length change measurement of the specimen.

Figure 4.14: Support frame

The frame is made of 304 stainless steel (CTE = 17.3 um/m/°C) which is the same
material the calibration specimen is made of. For calibration, the reference length should
be as close to the tested concrete specimens as possible, which results in a calibration rod

length of ca. 200.3 mm (7.9 inches) at room temperature. Note that the picture shows a
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typical concrete cylinder rather than the calibration rod. However, the calibration

specimen looks like one of the two threaded rods (frame columns), but shorter in length.

Figure 4.15: Gilson HM-251 CTE test unit

The cabinet (Figure 4.15) provides room for a five-gallon water bath and the data
acquisition equipment. The heater/chiller (Recirculator) is located to the left of the
cabinet and connects to the water bath via two hoses. It is a self-contained water cycle
system; one hose draws water into the Recirculator to heat it up and to cool it down,
while the second hose introduces the temperature-changed water back into the tank. An
additional temperature probe is located in the back left corner of the water bath, ensuring
exact measurements as close to the specimen as possible. To keep the water level
constant during testing and to compensate for vaporization of water at high temperatures,

a PVC water reservoir is placed on top of the cabinet.

The LVDT, the Recirculator, and the thermometer are fed into the data acquisition
system inside the cabinet. From the data acquisition hardware, a USB cable plugs into a
laptop running “Challenge Technology Software HM-521.” The software controls the
heater/chiller based on the LVDT and temperature outputs following the rules described
in Chapter 2 (Page 17).
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Each specimen was taken from the curing tank 10 minutes prior to testing. The sample
then was surface dried, marked, and measured to the nearest 0.1 mm (0.004 inches) at
room temperature. Immediately afterwards, the specimens was placed on the three knobs
at the base plate of the support frame. Since the software determines the range of LVDT
placement, the software was started, the text file destination was chosen, and the lengths
of the specimens was fed into the software before the LVDT was attached to the frame.
Next, the whole frame including the concrete cylinder was positioned in the middle of the
water tank. The water level was adjusted so that the entire sample was submerged in
water but no water reached the electrical coil of the LVDT. Finally, the water reservoir

was filled, the Recirculator deaerated, and the test initiated.

Since the water temperature at test launch was mostly found to be room temperature, the
system hat to cool down the temperature to 10 degree C before actual CTE testing was
initiated. After stabilization of water temperature and LVDT displacement, temperature
was slowly increased to attain readings for expansion CTE, resulting in the decreasing

line shown on the left in the black screen in Figure 4.16.
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Figure 4.16: Run monitor displaying LVDT reading (MIX-01 day35)
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At 50°C, the temperature and LVDT displacement were once again stabilized (almost
horizontal line) and measurement of contraction CTE was started which caused the line
to slope in Figure 4.16. Note that the run screen in Figure 4.16 is not displaying a total
test cycle as the increasing line does not stabilize at 50°C. Rather it displays 5/6 of the
test procedure. The complete test cycle may take 12 hours or more, depending on the
ambient temperature, tested material, and the difference between two successive CTE

measurements.
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CHAPTER 5: MATERIAL RESEARCH - EXPERIMENTAL
RESULTS

5.1. Introduction

This Chapter outlines all test results achieved throughout the experimental program.
Attention was paid to the time of testing (maturity) and each result is displayed in
conjunction with its failure time. All test results (except fresh properties) are presented in
comparison to their equivalent of the other two mix designs. In case of destructive test
methods, a note will be found describing the fracture type. For compressive strength, the

failure patterns outlined in AASHTO T22 [X 11] were used according to Figure 5.1.
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Figure 5.1: AASTHO compressive strength failure patterns

The third point loading method used to determine flexural strength may result in different
failure patterns. The term “middle” in the following tables is used to describe cracking
within the second (middle) third of the beam, whereas the expression “outside” would

refer to a failure mechanism occurring in the outer third of beam.

In splitting tensile result tables, the fracture note “normal” describes the expected failure
pattern due to the employed test procedure. Whenever the collapse differs from that, a

note will be found describing the failure model.

Young’s modulus and Poisson’s ratio are based on six load cycles per specimen.
However, the mean specimen value results from the average of the last five load cycles.
Moreover, the age average is the outcome of seven sample results obtained by this

method.
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5.2.  Fresh Properties

The fresh properties where tested according to their designated ASTM and AASHTO test
protocols and the following tables outline the numerical results measured throughout the
experimental program. All mix designs were mixed, batched, and tested in equal

manners. The concrete and ambient air temperature was measured constantly.

Table 5.1: Fresh properties MIX-01

MiX-01
5/22/2007
Temperature
Time | Air | Concrete Value
C C
Delivered 14:08 | 24.88 32.50
1st Slump 14:11 3.2"
2nd Slump
Air Content | 14:17 3.25%

14:19 | 24.93 32.87
14:33 | 24.80 31.63
14:51 | 24.64 33.24
15:01 | 25.19 30.67
Last Beam | 14:55
Last 4/8 14:59
Last 6/12 15:08

Table 5.2: Fresh properties MIX-02

MIX-02
5/29/2007
Temperature
Time | Air | Concrete Value
C C
Delivered 14:55 | 26.50 36.89
1st Slump 14:59 15"
2nd Slump | 15:01 2.5" [+5 gal]
Air Content | 15:04 2.50%

15:06 | 25.48 36.32
15:35 | 26.02 34.83
15:48 | 25.08 34.38
16:06 | 26.95 32.49
Last Beam | 15:48
Last 4/8 15:58
Last 6/12 16:06
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Table 5.3: Fresh properties MIX-03

MIX-03
6/5/2007
Temperature
Time | Air | Concrete Value
C C
Delivered 14:42 | 26.72 31.69
1st Slump 14:45 1"
2nd Slump | 14:49 4.0" [+5 gal]
Air Content | 14:55 3.00%

14:58 | 26.50 31.86
15:17 | 26.40 31.52
15:31 | 26.65 31.62
15:39 | 26.80 31.73
Last Beam | 15:31
Last 4/8 15:25
Last 6/12 15:40

5.3.  Results of Compressive Strength

In general, the compressive strength was measured according to ASTM C 39 [X 5] and
ASTM T 22 [X 11] for 4” by 8” cylinders. However, 28-day and 90-day compressive
strength was tested for an additional 7 data points derived from 6 by 12 cylinders. The
fracture patterns are described from a to e according to AASHTO T22 [X 11]

Table 5.4: 7-day compressive strength

7-day MiX-01 MiIX-02 MIX-03
5/29/2007 6/5/2007 6/12/2007
NO Type | Strength Time Fracture Strength Time Fracture Strength Time Fracture
in/in psi psi psi

1 4/8 | 5387.4 | 11:13 e 5519.5 | 11:50 C 2899.4 | 12:22 d
2 4/8 | 5248.1 | 11:17 e 7228.0 | 11:56 a 3541.2 | 12:29 a
3 4/8 | 4794.5 | 11:22 e 6561.2 | 12:00 a 3520.1 | 12:38 a
4 4/8 | 5566.4 | 11:27 b 6242.1 | 12:06 C 3775.6 | 12:44 a
5 4/8 | 5677.1 | 11:32 e 5941.3 | 12:11 e 3193.4 | 12:52 a
6 4/8 | 1756.3 | 11:36 e 5980.2 | 12:15 a 3759.6 | 12:56 C
7 4/8 |5391.4 | 11:41 not 5806.0 | 12:19 a 3733.0 | 13:02 d
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Table 5.5: 14-day compressive strength

14-day MiIX-01 MiX-02 MIX-03
6/5/2007 6/12/2007 6/19/2007
NO Type | Strength Time Fracture Strength Time Fracture Strength Time Fracture
infin psi psi psi
1 4/8 6191.9 | 13:00 e 7147.3 | 13:11 c 4307.9 | 12:05 a
2 4/8 | 6479.2 | 13:06 a 7623.5 | 13:18 d 4333.8 | 12:13 Cc
3 4/8 | 6428.3 | 13:13 e 7490.2 | 13:24 a 4614.7 | 12:20 a
4 4/8 5811.5 | 13:20 e 7637.8 | 13:30 a 3961.0 | 12:25 C
5 4/8 6303.3 | 13:27 e 7418.2 | 13:37 c 3679.7 | 12:30 a
6 4/8 6090.1 | 13:33 e 7527.2 | 13:45 a 4570.9 | 12:35 C
7 4/8 5178.1 | 13:41 e 7249.1 | 13:50 C 4107.8 | 12:40 C
Table 5.6: 28-day compressive strength
28-day MiIX-01 MiIX-02 MiIX-03
6/19/2007 6/26/2007 7/3/2007
NO Type | Strength Time Fracture Strength Time Fracture Strength Time Fracture
in/in psi psi psi
1 4/8 7451.2 | 11:12 e 8311.9 | 14.57 a 4300.8 | 12:37 C
2 4/8 7394.7 | 11:19 a 8280.0 | 15:05 a 4857.8 | 12:49 C
3 4/8 6835.7 | 11:26 e 8014.2 | 15:11 a 5083.8 | 12:54 a
4 4/8 7379.6 | 11:31 e 8552.2 | 15:17 a 5124.8 | 12:59 a
5 4/8 | 7309.6 | 11:36 e 8684.3 | 15:22 a 5033.7 | 13:04 d
6 4/8 6555.2 | 11:41 e 7974.5 | 15:28 a 4528.4 | 13:10 a
7 4/8 7167.5 | 11:46 e 7974.5 | 15:34 a 5256.9 | 13:15 d
Table 5.7: 28-day compressive strength (6/12
MiIX-01 MiX-02 MIX-03
28-day
6/19/2007 6/26/2007 7/3/2007
NO Type | Strength Time Fracture Strength Time Fracture Strength Time Fracture
infin psi psi psi
1 6/12 | 6212.0 | 16:21 a 7701.0 | 13:42 a 4187.5 | 17:05 d
2 6/12 | 6781.4 | 16:27 b 7421.9 | 13:49 a 4295.4 | 17:13 a
3 6/12 | 7021.6 | 16:35 a 8017.9 | 13:57 a 4458.1 | 17:17 a
4 6/12 | 7242.6 | 16:40 C 8017.2 | 14:12 a 4278.1 | 17:22 a
5 6/12 | 7133.3 | 16:47 a 7871.8 | 14:16 c 4355.9 | 17:25 a
6 6/12 | 6921.5 | 16:54 C 7894.8 | 14:23 a 4344.6 | 17:29 a
7 6/12 | 7045.3 | 17:00 c 7946.1 | 14:29 c 4411.8 | 17:33 a
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Table 5.8: 90-day compressive strength

90-day MiIX-01 MiIX-02 MIX-03
8/20/2007 8/27/2007 9/3/2007
NO Type | Strength Time Fracture Strength Time Fracture Strength Time Fracture
infin psi psi psi
1 4/8 7967.7 | 1557 a 10133 | 11:15 a 6063.0 | 9:52 a
2 4/8 | 7649.4 | 16:04 a 9261.2 | 11:25 a 5591.1 | 9:56 a
3 4/8 7875.4 | 16:11 a 8791.7 | 11:31 a 5766.2 | 10:00 a
4 4/8 7601.6 | 16:16 a 9571.6 | 11:38 a 5882.4 | 10:05 a
5 4/8 7965.3 | 16:23 a 9050.3 | 11:45 a 5944.4 | 10:09 a
6 4/8 7967.7 | 16:29 a 8842.6 | 11:52 a 5845.8 | 10:13 a
7 4/8 7965.7 | 16:36 a 8666.0 | 11:57 a 5465.4 | 10:16 a
Table 5.9: 90-day compressive strength (6/12
MiIX-01 MiIX-02 MIX-03
90-day
8/20/2007 8/27/2007 9/3/2007
NO Type | Strength Time Fracture Strength Time Fracture Strength Time Fracture
in/in psi psi psi
1 6/12 | 7860.1 | 13:58 a 9178.6 | 18:06 a 4866.3 | 12:12 a
2 6/12 | 8590.5 | 14:04 a 9093.8 | 18:13 a 4921.8 | 12:16 a
3 6/12 | 8260.8 | 14:10 a 8467.4 | 18:20 a 4886.1 | 12:21 a
4 6/12 | 8056.4 | 14:17 a 9502.3 | 18:27 a 4999.9 | 12:26 a
5 | 6/12 | 8456.8 | 14:23 a 5003.1 | 12:33 a
6 | 6/12 | 8548.4 | 14:31 a Machine failed 5002.1 | 12:36 a
7 6/12 | 8259.8 | 14:37 a 5244.3 | 12:40 a

5.4.  Results of Flexural Strength

The flexural strength was measured for concrete beams according to ASTM C 78 [X 6]
and AASHTO T 97 [X 12]. Due to laboratory capacity, the numerical results were derived
for three data points at 7-day maturity and five data points at 28-day and 90-day maturity.

Table 5.10: 7-day flexural strength

7-day MiIX-01 MiIX-02 MIX-03
5/29/2007 6/5/2007 6/12/2007
NO Type Strength Time Fracture Strength Time Fracture Strength Time Fracture
in/in/in psi psi psi

1 18/6/6 | 667.4 | 12:48 | middle | 761.4 | 12:55 | middle | 501.0 | 14:20 | middle

N

18/6/6 | 716.9 | 12:49 | middle | 805.8 | 12:59 | middle | 529.0 | 14:28 | middle

3 18/6/6 | 758.1 | 12:53 | middle | 764.6 | 13:05 | middle | 606.4 | 14:34 | middle
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Table 5.11: 28-day flexural strength

28-day MiIX-01 MiIX-02 MiX-03

6/19/2007 6/26/2007 7/3/2007

NO Type Strength Time Fracture Strength Time Fracture Strength Time Fracture

in/in/in psi psi psi

1 18/6/6 | 758.1 | 15:45 | middle 833.8 | 18:49 | middle 667.4 | 18:00 | middle

2 18/6/6 | 875.3 | 15:50 | middle 955.8 | 18:57 | middle 710.3 | 18:07 | middle

3 18/6/6 | 784.4 | 15:55 | middle 942.2 | 19:01 | middle 618.0 | 18:15 | middle

4 18/6/6 | 739.9 | 16:01 | middle | 812.4 | 19:11 | middle | 637.8 | 18:21 | middle

5 18/6/6 | 726.7 | 16:07 | middle 822.0 | 19:18 | middle 677.3 | 18:27 | middle

Table 5.12: 90-day flexural strength
90-day MIX-01 MiX-02 MIX-03

8/20/2007 8/27/2007 9/3/2007

NO Type Strength Time Fracture Strength Time Fracture Strength Time Fracture

in/in/in psi psi psi

1 18/6/6 922.8 | 16:55 | middle | 855.3 | 17:23 | middle | 697.1 | 14:58 | middle

2 18/6/6 893.2 | 17:02 | middle | 868.5 | 17:29 | middle | 669.1 | 15:09 | middle

3 18/6/6 746.5 | 17:07 | middle | 838.8 | 17:36 | middle | 751.5 | 15:16 | middle

4 18/6/6 772.9 | 17:15 | middle | 814.1 | 17:44 | middle | 713.6 | 15:24 | middle

5 18/6/6 | 886.7 | 17:21 | middle | 779.5 | 17:50 | middle | 705.3 | 15:30 | middle

5.5.  Results of Splitting Tensile Strength

The tensile strength was evaluated using the splitting method according to ASTM C 496
[X 7] and AASHTO T 198 [X 13]. All results are based on full-size 4 by 8” cylinders.

The normal fracture pattern splits the cylinder into two parts directly through its diameter.

Table 5.13: 28-day splitting tensile strength

28-day MiX-01 MiX-02 MIX-03
6/19/2007 6/26/2007 71312007
NO Type Strength Time Fracture Strength | Time Fracture Strength Time Fracture
in/in psi psi psi
1 4/8 564.7 | 17:36 | 3vertical | 692.4 | 12:34 | normal | 322.4 | 16:16 | normal
2 4/8 | 335.4 | 17:44 | 4 parts 599.9 | 12:40 | normal | 345.3 | 16:22 | normal
3 4/8 526.0 | 17:52 normal 518.3 | 12:48 | normal | 406.4 | 16:31 | normal
4 4/8 562.3 | 18:01 normal 559.5 | 12:57 | normal | 433.8 | 16:39 | normal
5 4/8 | 546.7 | 18:09 | normal 602.3 | 13:05 | normal | 504.1 | 16:45 | normal
6 4/8 | 399.1 | 18:17 | 4parts | 618.7 | 13:11 | normal | 446.5 | 16:49 | normal
7 4/8 502.9 | 18:21 normal 668.5 | 13:16 | normal | 351.1 | 16:52 | normal
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Table 5.14: 90-day splitting tensile strength

90-day MIX-01 MIX-02 MIX-03
8/20/2007 8/27/2007 9/3/2007
NO Type Strength Time Fracture Strength Time Fracture Strength Time Fracture
in/in psi psi psi
1 4/8 619.4 | 14:56 | normal | 429.7 | 16:59 | normal | 355.2 | 18:23 | normal
2 4/8 | 413.4 | 15:02 | normal | 592.8 | 17:04 | 3 parts | 354.0 | 18:27 | normal
3 4/8 607.7 | 15:06 | normal | 662.3 | 17:14 | normal | 403.5 | 18:32 | normal
4 4/8 607.3 | 15:15 | normal | 532.9 | 17:21 | normal | 433.0 | 18:40 | normal
5 4/8 536.4 | 15:19 | normal | 600.1 | 17:28 | normal | 401.6 | 18:44 | normal
6 4/8 637.6 | 15:25 | normal | 598.7 | 17:36 | normal | 464.6 | 18:48 | normal
7 4/8 509.5 | 15:31 | normal | 574.3 | 17:45 | normal | 403.9 | 18:55 | normal

5.6.  Results of Young’s Modulus and Poisson’s Ratio

The Young’s modulus and Poisson’s ratio (p) was evaluated according to ASTM C 469
[X 8] for seven samples per mix design and maturity level. The numerical results are
based on 4” by 8” cylinders compressed up to 40 % of their compressive strength —
measured previously for each designated maturity level (outlined in section 5.3). Each
specimen was compressed and unloaded seven times at the same loading rate. The
following tables outline the numerical results achieved throughout the experimental
program. However, the displayed average specimen results disregard the first
measurements per sample because, as explained in section 4.10, the initial test run
provides proper settlement of the test equipment (compressometer/extensometer) used in
this research. Therefore, the average maturity results are based on the average sample

results which are derived from six test runs.

Due to equipment and delivery problems, the Poisson’s ratio test could not be conducted
before 28-day testing. However, this was found to be acceptable, as the application of the
new Mechanistic-Empirical Pavement Design Guide does not require a Poisson’s ratio

value for early concrete maturity levels.
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Table 5.15: 7-day Young’s modulus

7-day MIX-01 MIX-02 MIX-03
5/29/2007 6/5/2007 6/12/2007
Run | Type E Time E Time E Time
in/in psi psi psi
Specimen-1
1 4/8 | 5239782 | 9:48 | 4205570 | 11:17 | 2965999 | 9:35
2 4/8 X 9:48 | 4606480 | 11:17 NA NA
3 4/8 | 4443705 | 10:09 | 4409479 | 11:38 | 3144571 | 9:57
4 4/8 | 4321583 | 10:09 | 4594549 | 11:38 NA 9:57
5 4/8 | 4425342 | 10:30 | 4416403 | 12:31 | 3161210 | NA
6 4/8 | 4238648 | 10:30 | 4570272 | 12:31 NA 10:17
Average 4357319 4519437 3152890
Specimen-2
1 4/8 | 4039097 | 10:56 | 4322100 | 16:49 | 3126956 | 10:42
2 4/8 | 4277553 | 10:56 | 4535499 | 16:49 NA NA
3 4/8 | 4037430 | 11:16 | 4250934 | 8:47 | 3242436 | 11:54
4 4/8 | 4365082 | 11:16 | 4486728 | 8:47 | 3523379 | 11:54
5 4/8 | 4138919 | 11:37 | 4319111 | 9:12 | 3317673 | 12:14
6 4/8 | 4211262 | 11:37 | 4528017 | 9:12 | 3523514 | 12:14
Average 4206049 4424058 3401750
Specimen-3
1 4/8 | 4113577 | 13:36 | 4394872 | 13:25 | 2715716 | 12:40
2 4/8 | 4491804 | 13:36 | 4854653 | 13:25 NA NA
3 4/8 | 4340907 | 13:56 | 4576799 | 13:49 | 3020390 | 13:06
4 4/8 | 4533992 | 13:56 | 4786008 | 13:49 | 3239336 | 13:06
5 4/8 | 4347534 | 14:17 | 4614334 | 14:09 | 3033016 | 13:26
6 4/8 | 4488285 | 14:17 | 4825423 | 14:09 | 3213020 | 13:26
Average 4440505 4731443 3126440
Specimen-4
1 4/8 | 4005690 | 14:47 | 4202380 | 14:33 | 3174426 | 13:54
2 4/8 | 4604592 | 14:47 | 4735348 | 14:33 NA NA
3 4/8 | 4265120 | 15:16 | 4492560 | 14:53 | 3519219 | 14:15
4 4/8 | 4554387 | 15:16 | 4630860 | 14:53 | 3759467 | 14:15
5 4/8 | 4327594 | 15:37 | 4460501 | 15:14 | 3526987 | 14:35
6 4/8 | 4562363 | 15:37 | 4681114 | 15:14 | 3742225 | 14:35

Average 4462811 4600077 3636975
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Table 5.15-Continued: 7-day Young’s modulus

7-day MIX-01 MIX-02 MIX-03
5/29/2007 6/5/2007 6/12/2007
Run | Type E Time E Time E Time
infin psi psi psi
Specimen-5
1 4/8 | 4569034 | 16:00 | 4142395 | 15:41 | 2860462 | 15:01
2 4/8 | 4601542 | 16:00 | 4454730 | 15:41 NA NA
3 4/8 | 4638447 | 16:21 | 4262797 | 16:02 | 3172460 | 13:21
4 4/8 | 4564386 | 16:21 | 4419164 | 16:02 | 3400597 | 13:21
5 4/8 | 4427506 | 11:03 | 4248856 | 16:24 | 3185970 | 15:42
6 4/8 | 4628410 | 11:03 | 4401505 | 16:24 | 3377293 | 15:42
Average 4572058 4357410 3284080
Specimen-6
1 4/8 | 3755651 | 11:27 NA NA | 2686650 | 16:05
2 4/8 | 4175536 | 11:27 NA NA NA NA
3 4/8 | 3907753 | 13:08 NA NA NA NA
4 4/8 | 4166603 | 13:08 NA NA NA NA
5 4/8 | 3943624 | 13:30 NA NA | 3077049 | 11:07
6 4/8 | 4156828 | 13:30 NA NA | 3351360 | 11:07
Average 4070069 3214205
Specimen-7
1 4/8 | 4258664 | 13:57 NA NA | 2792398 | 9:25
2 4/8 | 4547496 | 13:57 NA NA NA NA
3 4/8 | 4430295 | 14:17 NA NA | 3135310 | 9:45
4 4/8 | 4533746 | 14:17 NA NA | 3381515 | 9:45
5 4/8 | 4361558 | 14:41 NA NA | 3108387 | 10:22
6 4/8 | 4529502 | 14:41 NA NA | 3348686 | 10:22
Average 4480519 3243474
Average 4369904 4526485 3294259
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Table 5.16: 14-day Young’s modulus and Poisson’s ratio

14-day MIX-01 MIX-02 MIX-03
6/6/2007 6/12/2007 6/19/2007
Run | Type E g | Time E g | Time E g | Time
in/in psi - psi - psi -
Specimen-1

1 4/8 | 4502500 | NA | 10:44 | 4272216 | NA | 11:51 | 3400000 | 0.18 | 18:48

2 4/8 | 4873058 | NA | 10:44 | 4666021 | NA | 11:51 | 3600000 | 0.19 | 18:50

3 4/8 | 4656382 | NA | 11:04 | 4420843 | NA | 12:12 | 3600000 | 0.19 | 18:53

4 4/8 | 4826406 | NA | 11:04 | 4579998 | NA | 12:12 | 3500000 | 0.19 | 18:56

5 4/8 | 4667251 | NA | 11:25 | 4463382 | NA | 12:33 | 3500000 | 0.17 | 18:59

6 4/8 | 4803891 | NA | 11:25 | 4715592 | NA | 12:33 NA NA NA
Average 4765398 4569167 3550000 | 0.19
Specimen-2

1 4/8 | 4205570 | NA | 11:17 | 4381985 | NA | 13:04 | 3500000 | 0.17 | 19:05

2 4/8 | 4606480 | NA | 11:17 | 4806479 | NA | 13:04 | 3600000 | 0.18 | 19:07
3 4/8 | 4409479 | NA | 11:38 | 4562285 | NA | 13:24 | 3600000 | 0.18 | 19:09
4 4/8 | 4594549 | NA | 11:38 | 4751627 | NA | 13:24 | 3600000 | 0.18 | 19:12
5 4/8 | 4420161 | NA | 12:31 | 4592052 | NA | 14:07 | 3600000 | 0.18 | 19:13
6 4/8 | 4570272 | NA | 12:31 | 4753181 | NA | 14:07 NA NA NA
Average 4520188 4693125 3600000 | 0.18
Specimen-3
1 4/8 | 4501230 | NA | 1:00 | 4312428 | NA | 14:31 | 2900000 | 0.14 | 19:19
2 4/8 Failed | NA 4781966 | NA | 14:31 | 3000000 | 0.15 | 19:21
3 4/8 | 4250934 | NA | 8:47 | 4461584 | NA | 15:09 | 3000000 | 0.15 | 19:23
4 4/8 | 4486728 | NA | 8:47 | 4734591 | NA | 15:09 | 3000000 | 0.15 | 19:25
5 4/8 | 4322100 | NA | 4:49 | 4432377 | NA | 15:38 | 2900000 | 0.14 | 19:28
6 4/8 | 4535499 | NA | 4:49 | 4713335 | NA | 15:38 NA NA NA
Average 4398815 4624771 2975000 | 0.15
Specimen-4

1 4/8 | 4394872 | NA | 1:25 | 5092017 | NA | 16:12 | 3400000 | 0.17 | 19:34

2 4/8 | 4854643 | NA | 1:25 | 4392990 | NA | 16:12 | 3600000 | 0.18 | 19:36
3 4/8 | 4576799 | NA | 1:49 | 4375292 | NA | 8:42 | 3600000 | 0.19 | 19:38
4 4/8 | 4786008 | NA | 1:49 | 4616962 | NA | 8:42 | 3500000 | 0.19 | 19:40
5 4/8 | 4614224 | NA | 2:09 | 4458525 | NA | 9:03 | 3500000 | 0.19 | 19:42
6 4/8 | 4825423 | NA | 2:09 | 4606989 | NA | 9:03 NA NA NA
Average 4731419 4490152 3550000 | 0.19
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Table 5.16-Continued: 14-day Young’s modulus and Poisson’s ratio

14-day MIX-01 MIX-02 MIX-03
6/6/2007 6/12/2007 6/19/2007
Run | Type E i | Time E u | Time E nu | Time
infin psi - psi - psi -
Specimen-5
1 4/8 | 4202380 | NA | 2:33 | 4417793 | NA | 9:30 | 3600000 | 0.22 | 19:51
2 4/8 | 4735348 | NA | 2:33 | 4742569 | NA | 9:30 | 3600000 | 0.23 | 19:53
3 4/8 | 4492560 | NA | 2:53 | 4535123 | NA | 9:51 | 3600000 | 0.23 | 19:54
4 4/8 | 4630860 | NA | 2:53 | 4698059 | NA | 9:51 | 3600000 | 0.23 | 19:56
5 4/8 | 4460501 | NA | 3:14 | 4423513 | NA | 9:57 | 3600000 | 0.23 | 19:58
6 4/8 | 4684787 | NA | 3:14 | 4653044 | NA | 957 NA NA NA
Average 4600811 4610461 3600000 | 0.23
Specimen-6
1 4/8 | 4142395 | NA | 3:41 | 4601625 | NA | 10:23 | 3500000 | 0.19 | 20:04
2 4/8 | 4454730 | NA | 3:41 | 4668457 | NA | 10:23 | 3600000 | 0.19 | 20:06
3 4/8 | 4262797 | NA | 4:02 | 4546214 | NA | 10:44 | 3600000 | 0.19 | 20:08
4 4/8 | 4419164 | NA | 4:02 | 4691192 | NA | 10:44 | 3600000 | 0.19 | 20:09
5 4/8 | 4248856 | NA | 4:25 | 4583161 | NA | 11:05 | 3600000 | 0.19 | 20:11
6 4/8 | 4401505 | NA | 4:25 | 4675646 | NA | 11:05 NA NA NA
Average 4357410 4632934 3600000 | 0.19
Specimen-7
1 4/8 | 4470625 | NA | 9:37 | 4317396 | NA | 11:34 | 3200000 | 0.17 | 20:17
2 4/8 | 4835052 | NA | 9:37 | 4691379 | NA | 11:34 | 3400000 | 0.18 | 20:19
3 4/8 | 4665588 | NA | 9:58 | 4435606 | NA | 11:55 | 3400000 | 0.18 | 20:21
4 4/8 | 4862836 | NA | 9:58 | 4654398 | NA | 11:55 | 3400000 | 0.18 | 20:23
5 4/8 | 4693244 | NA | 10:18 | 4461520 | NA | 12:15 | 3400000 | 0.18 | 20:25
4844050 | NA | 10:18 | 4677428 | NA | 12:15 NA NA NA
Average 4780154 4584066 3400000 | 0.18
Average 4593457 4597535 3467857
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Table 5.17: 28-day Young’s modulus and Poisson’s ratio

28-day MIX-01 MIX-02 MIX-03
6/19/2007 6/26/2007 7/3/2007
Run | Type E g | Time E g | Time E g | Time
in/in psi - psi - psi -
Specimen-1

1 4/8 | 4500000 | 0.26 | 18:01 | 3700000 | 0.20 | 16:11 | 3750000 | 0.19 | 13:42

2 4/8 | 4600000 | 0.26 | 18:04 | 3750000 | 0.21 | 16:16 | 3900000 | 0.20 | 13:44
3 4/8 | 4500000 | 0.27 | 18:07 | 3800000 | 0.22 | 16:19 | 3850000 | 0.20 | 13:47
4 4/8 | 4500000 | 0.27 | 18:10 | 3800000 | 0.22 | 16:22 | 3900000 | 0.20 | 13:50
5 4/8 | 4600000 | 0.27 | 18:13 | 3750000 | 0.22 | 16:25 | 3850000 | 0.20 | 13:53
Average 4550000 | 0.27 3775000 3875000 | 0.20

Specimen-2

1 4/8 | 4500000 | 0.24 | 18:21 | 4150000 | 0.22 | 16:34 | 3700000 | 0.18 | 14:11

2 4/8 | 4600000 | 0.24 | 18:24 | 4100000 | 0.22 | 16:37 | 3750000 | 0.19 | 14:15

3 4/8 | 4500000 | 0.24 | 18:28 | 4050000 | 0.23 | 16:40 | 3750000 | 0.18 | 14:18

4 4/8 | 4500000 | 0.24 | 18:32 | 4050000 | 0.23 | 16:43 | 3750000 | 0.18 | 14:22

5 4/8 | 4500000 | 0.24 | 18:35 | 4050000 | 0.23 | 16:46 | 3750000 | 0.18 | 14:25
Average 4525000 | 0.24 4062500 3750000 | 0.18
Specimen-3

1 4/8 | 4000000 | 0.28 | 15:58 | 4100000 | 0.22 | 16:56 | 3750000 | 0.20 | 14:35

2 4/8 | 4100000 | 0.26 | 16:02 | 4150000 | 0.23 | 16:59 | 3950000 | 0.20 | 14:37
3 4/8 | 4100000 | 0.27 | 16:06 | 4100000 | 0.22 | 17:03 | 3950000 | 0.20 | 14:40
4 4/8 | 4100000 | 0.28 | 16:09 | 4150000 | 0.23 | 17:06 | 3900000 | 0.20 | 14:42
5 4/8 | 4100000 | 0.28 | 16:13 | 4150000 | 0.22 | 17:09 | 3900000 | 0.18 | 14:45
Average 4100000 | 0.27 4137500 3925000 | 0.20

Specimen-4

1 4/8 | 4200000 | 0.24 | 16:27 | 4300000 | 0.25 | 17:17 | 3600000 | 0.19 | 14:54

2 4/8 | 4200000 | 0.24 | 16:29 | 4400000 | 0.25 | 17:19 | 3800000 | 0.20 | 14:57
3 4/8 | 4200000 | 0.24 | 16:32 | 4400000 | 0.25 | 17:22 | 3800000 | 0.20 | 14:59
4 4/8 | 4200000 | 0.23 | 16:37 | 4400000 | 0.25 | 17:25 | 3800000 | 0.20 | 15:02
5 4/8 | 4100000 | 0.23 | 16:40 | 4400000 | 0.25 | 17:28 | 3750000 | 0.19 | 15:04
Average 4175000 | 0.24 4400000 3787500 | 0.20
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Table 5.17: 28-day Young’s modulus and Poisson’s ratio

28-day MIX-01 MIX-02 MIX-03
6/19/2007 6/26/2007 7/3/2007
Run | Type E g | Time E g | Time E g | Time
in/in psi - psi - psi -
Specimen-5
1 4/8 | 4700000 | 0.25 | 16:54 | 4300000 | 0.27 | 17:36 | 3550000 | 0.20 | 15:12
2 4/8 | 4800000 | 0.26 | 16:57 | 4450000 | 0.27 | 17:38 | 3650000 | 0.20 | 15:14
3 4/8 | 4600000 | 0.25 | 17:02 | 4450000 | 0.27 | 17:41 | 3650000 | 0.20 | 15:17
4 4/8 | 4700000 | 0.26 | 17:06 | 4450000 | 0.26 | 17:44 | 3650000 | 0.20 | 15:19
5 4/8 | 4600000 | 0.25 | 17:10 | 4500000 | 0.28 | 17:47 | 3600000 | 0.20 | 15:21
Average 4675000 | 0.26 4462500 3637500 | 0.20
Specimen-6
1 4/8 | 4300000 | 0.26 | 17:17 | 4700000 | 0.24 | 17:55 | 3500000 | 0.19 | 15:28
2 4/8 | 4400000 | 0.25 | 17:22 | 4800000 | 0.25 | 17:58 | 3650000 | 0.20 | 15:30
3 4/8 | 4400000 | 0.26 | 17:25 | 4850000 | 0.25 | 18:01 | 3650000 | 0.20 | 15:32
4 4/8 | 4400000 | 0.26 | 17:28 | 4850000 | 0.25 | 18:04 | 3650000 | 0.20 | 15:35
5 4/8 | 4400000 | 0.26 | 17:31 | 4850000 | 0.25 | 18:06 | 3650000 | 0.20 | 15:37
Average 4400000 | 0.26 4837500 3650000 | 0.20
Specimen-7
1 4/8 | 4400000 | 0.25 | 17:41 | 4850000 | 0.27 | 18:15 | 3050000 | 0.16 | 15:42
2 4/8 | 4500000 | 0.25 | 17:44 | 4850000 | 0.27 | 18:18 | 3150000 | 0.16 | 15:45
3 4/8 | 4500000 | 0.26 | 17:47 | 4850000 | 0.27 | 18:21 | 3150000 | 0.16 | 15:47
4 4/8 | 4600000 | 0.26 | 17:50 | 4850000 | 0.27 | 18:24 | 3100000 | 0.16 | 15:49
5 4/8 | 4500000 | 0.26 | 17:53 | 4850000 | 0.27 | 18:27 | 3100000 | 0.16 | 15:51
Average 4525000 | 0.26 4850000 3125000 | 0.16
Average | 4421429 | | 4167500 | | 3678571 |
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Table 5.18: 90-day Young’s modulus and Poisson’s ratio

90-day MIX-01 MIX-02 MIX-03
8/20/2007 8/27/2007 9/3/2007
Run | Type E g | Time E g | Time E g | Time
in/in psi - psi - psi -
Specimen-1

1 4/8 | 4000000 | 0.21 | 17:29 | 4650000 | 0.21 | 12:28 | 3850000 | 0.21 | 16:02

2 4/8 | 3900000 | 0.22 | 17:32 | 4400000 | 0.22 | 12:31 | 3900000 | 0.21 | 16:05
3 4/8 | 3950000 | 0.23 | 17:35 | 4550000 | 0.22 | 12:35 | 3900000 | 0.21 | 16:07
4 4/8 | 3950000 | 0.23 | 17:39 | 4500000 | 0.22 | 12:38 | 3850000 | 0.21 | 16:09
5 4/8 | 3800000 | 0.22 | 17:43 | 4450000 | 0.22 | 12:41 | 3850000 | 0.22 | 16:12
Average 3900000 | 0.23 4475000 3875000 | 0.21

Specimen-2

1 4/8 | 4600000 | 0.24 | 17:49 | 5500000 | 0.30 | 12:51 | 3750000 | 0.20 | 16:18

2 4/8 | 4700000 | 0.26 | 17:52 | 5400000 | 0.31 | 12:56 | 3950000 | 0.20 | 16:20

3 4/8 | 4650000 | 0.26 | 17:55 | 5300000 | 0.31 | 12:59 | 3900000 | 0.21 | 16:23

4 4/8 | 4600000 | 0.25 | 18:00 | 5400000 | 0.31 | 13:03 | 3900000 | 0.21 | 16:25

5 4/8 | 4550000 | 0.26 | 18:04 | 5350000 | 0.31 | 13:07 | 3900000 | 0.21 | 16:28
Average 4625000 | 0.26 5362500 3912500 | 0.21
Specimen-3

1 4/8 | 3700000 | 0.20 | 18:11 | 4150000 | 0.23 | 14:47 | 3900000 | 0.22 | 16:35

2 4/8 | 3750000 | 0.22 | 18:14 | 4250000 | 0.23 | 14:50 | 4100000 | 0.22 | 16:38
3 4/8 | 3750000 | 0.22 | 18:17 | 4250000 | 0.24 | 14:54 | 4150000 | 0.22 | 16:40
4 4/8 | 3700000 | 0.22 | 18:20 | 4250000 | 0.24 | 14:57 | 4150000 | 0.23 | 16:43
5 4/8 | 3700000 | 0.22 | 18:23 | 4250000 | 0.23 | 15:01 | 4100000 | 0.22 | 16:45
Average 3725000 | 0.22 4250000 4125000 | 0.22

Specimen-4

1 4/8 | 4150000 | 0.20 | 18:31 | 5050000 | 0.26 | 15:17 | 3900000 | 0.22 | 16:51

2 4/8 | 4100000 | 0.20 | 18:35 | 5100000 | 0.27 | 15:21 | 4100000 | 0.22 | 16:54
3 4/8 | 4100000 | 0.21 | 18:38 | 5100000 | 0.27 | 15:24 | 4100000 | 0.22 | 16:59
4 4/8 | 4100000 | 0.20 | 18:41 | 5050000 | 0.27 | 15:27 | 4050000 | 0.22 | 17:02
5 4/8 | 4100000 | 0.20 | 18:44 | 5050000 | 0.27 | 15:31 | 4050000 | 0.22 | 17:05
Average 4100000 | 0.20 5075000 4075000 | 0.22
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Table 5.18: 90-day Young’s modulus and Poisson’s ratio

90-day MiX-01 MIX-02 MIX-03
8/20/2007 8/27/2007 9/3/2007

Run | Type E g | Time E g | Time E g | Time
in/in psi - psi - psi -

Specimen-5
1 4/8 | 3800000 | 0.19 | 18:53 | 5150000 | 0.25 | 15:39 | 4150000 | 0.21 | 17:12

2 4/8 | 3850000 | 0.20 | 18:57 | 5250000 | 0.26 | 15:42 | 4250000 | 0.21 | 17:14

3 4/8 | 3800000 | 0.20 | 19:00 | 5200000 | 0.26 | 15:45 | 4250000 | 0.21 | 17:17

4 4/8 | 3800000 | 0.19 | 19:03 | 5200000 | 0.26 | 15:48 | 4250000 | 0.20 | 17:20

5 4/8 | 3800000 | 0.20 | 19:06 | 5200000 | 0.26 | 15:52 | 4250000 | 0.20 | 17:22
Average 3812500 | 0.20 5212500 4250000 | 0.21
Specimen-6

1 4/8 | 4200000 | 0.20 | 19:14 | 5100000 | 0.28 | 15:59 | 3650000 | 0.20 | 17:29

2 | 4/8 | 4100000 | 0.20 | 19:19 | 5200000 | 0.29 | 16:02 | 3850000 | 0.21 | 17:32
3 | 4/8 | 4100000 | 0.21 | 19:22 | 5150000 | 0.29 | 16:05 | 3950000 | 0.21 | 17:35
4 | 48 | 4100000 | 0.21 | 19:25 | 5150000 | 0.29 | 16:08 | 3900000 | 0.21 | 17:38
5 | 4/8 | 4050000 | 0.21 | 19:29 | 5150000 | 0.29 | 16:11 | 3900000 | 0.21 | 17:40
Average | 4087500 | 0.21 5162500 3900000 | 0.21
Specimen-7

1 | 4/8 [ 500000 | 0.29 | 19:41 | 4700000 | 0.28 | 16:19 | 3800000 [ 0.22 [ 17:47
2 | 4/8 [ 5050000 | 0.29 | 19:45 | 4750000 | 0.28 | 16:22 | 4000000 | 0.22 | 17:50
3 | 4/8 [ 4950000 | 0.29 | 19:48 | 4850000 | 0.27 | 16:25 | 4000000 | 0.22 [ 17:52
4 | a8 | 5000000 | 0.29 | 19:51 | 4800000 | 0.28 | 16:29 | 4000000 | 0.22 | 17:54
5 | 4/8 | 4950000 | 0.29 | 19:54 | 4800000 | 0.28 | 16:32 | 4000000 | 0.22 | 17:57
Average | 4987500 | 0.29 4800000 4000000 | 0.22
Average | 4176786 | \ | 4875000 | \ | 4019643 | |

5.7.  Results of Coefficient of Thermal Expansion

The coefficient of thermal expansion was measured using a commercially available test
unit designed to follow AASHTO TP 60 [X 14]. The following tables were created to
present the numerical findings achieved throughout the experimental research. The
outlined average values are based on seven concrete samples per mix design tested on

seven successive days.
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Table 5.19: 7-day coefficient of thermal expansion

CTE
7-day . ;
MiX-01 Mix-02 Mix-03
No. | Type Date Day | CTE Date Day | CTE Date Day | CTE
um/m/C um/m/C um/m/C
1 4/8 | 5/30/2007 | 8 10.52 | 6/9/2007 11 | 10.13 | 6/13/2007 | 8 9.30
2 4/8 | 5/31/2007 | 9 10.41 | 6/10/2007 | 12 | 10.10 | 6/14/2007 | 9 9.32
3 4/8 | 5/31/2007 | 9 10.47 | 6/11/2007 | 13 | 10.13 | 6/15/2007 | 10 9.35
4 4/8 | 6/3/2007 12 | 10.55 | 6/12/2007 | 14 | 10.12 | 6/16/2007 | 11 9.22
5 4/8 | 6/4/2007 13 | 10.36 | 6/14/2007 | 15 | 10.14 | 6/17/2007 | 12 9.30
6 4/8 | 6/5/2007 14 | 10.27 | 6/16/2007 | 17 | 10.16 | 6/18/2007 | 13 9.29
7 4/8 | 6/6/2007 14 | 10.51 | 6/18/2007 | 18 | failed | 6/19/2007 | 14 9.13
Average 10.44 10.13 9.27
Table 5.20: 28-day coefficient of thermal expansion
28-day (_:TE -
MiX-01 Mix-02 Mix-03
No. | Type Date Day | CTE Date Day | CTE Date Day | CTE
pm/m/C um/m/C pm/m/C
1 4/8 | 6/20/2007 | 29 | 10.58 | 6/28/2007 | 30 | 11.70 | 7/4/2007 | 29 | 10.79
2 4/8 | 6/21/2007 | 30 | 10.74 | 6/29/2007 | 31 | 11.91 | 7/5/2007 | 30 | 10.84
3 4/8 | 6/22/2007 | 31 | 11.86 | 6/30/2007 | 32 | 11.83 | 7/6/2007 | 31 | 10.83
4 4/8 | 6/23/2007 | 32 | 12.11 | 6/30/2007 | 32 | 12.06 | 7/7/2007 | 32 | 10.64
5 4/8 | 6/24/2007 | 33 | 12.04 | 7/1/2007 | 33 | 11.87 | 7/8/2007 | 33 | 10.85
6 4/8 | 6/25/2007 | 34 | 12.07 | 7/2/2007 | 34 | 12.16 | 7/9/2007 | 34 | failed
7 4/8 | 6/26/2007 | 35 | 12.20 | 7/3/2007 | 35 | 11.76 | 7/10/2007 | 35 | failed
Average 11.66 11.90 10.79
Table 5.21: 49-day coefficient of thermal expansion (re-used specimens)
49-day C_:TE .
MiX-01 Mix-02 Mix-03
No. | Type Date Day | CTE Date Day | CTE Date Day | CTE
um/m/C um/m/C um/m/C
1 4/8 | 7/11/2007 | 50 | 12.01 | 7/18/2007 | 50 | failed | 7/25/2007 | 50 | 10.62
2 4/8 | 7/12/2007 | 51 | 12.06 | 7/19/2007 | 51 | failed | 7/26/2007 | 51 | 10.68
3 4/8 | 7/13/2007 | 52 | 12.10 | 7/20/2007 | 52 | failed | 7/27/2007 | 52 | 10.77
4 4/8 | 7/14/2007 | 53 | 12.14 | 7/21/2007 | 53 | failed | 7/28/2007 | 53 | 10.74
5 4/8 | 7/15/2007 | 54 | 12.16 | 7/22/2007 | 54 | failed | 7/29/2007 | 54 | 10.58
6 4/8 | 7/16/2007 | 55 | 12.11 | 7/23/2007 | 55 | failed | 7/30/2007 | 55 | 10.72
7 4/8 | 7/18/2007 | 57 | 12.05 | 7/24/2007 | 56 | 12.09 | 7/31/2007 | 56 | 10.72
Average 12.09 12.09 10.69
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Table 5.22: 70-day coefficient of thermal expansion (re-used specimens)

70-day FTE -
MIX-01 Mix-02 Mix-03
No. | Type Date Day | CTE Date Day | CTE Date Day | CTE
um/m/C um/m/C um/m/C
1 4/8 | 8/1/2007 | 71 | 12.26 | 8/8/2007 71 | 11.96 | 8/15/2007 | 71 | 10.78
2 4/8 | 8/2/2007 | 72 | 12.27 | 8/10/2007 | 73 | 12.07 | 8/16/2007 | 72 | 10.70
3 4/8 | 8/3/2007 | 73 | 12.08 | 8/11/2007 | 74 | 12.07 | 8/17/2007 | 73 | 10.71
4 4/8 | 8/4/2007 | 74 | 11.95 | 8/11/2007 | 74 | 12.40 | 8/18/2007 | 74 | 10.70
5 4/8 | 8/5/2007 | 75 | 12.04 | 8/12/2007 | 75 | 12.20 | 8/19/2007 | 76 | 10.66
6 4/8 | 8/6/2007 | 76 | 12.11 | 8/13/2007 | 76 | 12.13 | 8/20/2007 | 77 | 10.54
7 4/8 | 8/7/2007 | 77 | 11.96 | 8/14/2007 | 77 | 12.13 | 8/21/2007 | 78 | 10.85
Average 12.10 12.14 10.71
Table 5.23: 90-day coefficient of thermal expansion
90-day ?TE -
MIX-01 Mix-02 Mix-03
No. | Type Date Day | CTE Date Day | CTE Date Day | CTE
um/m/C um/m/C um/m/C
1 4/8 | 8/23/2007 | 93 | 12.27 | 8/29/2007 | 92 | 12.26 | 9/5/2007 92 | 10.89
2 4/8 | 8/23/2007 | 93 | 12.14 | 8/30/2007 | 93 | 12.24 | 9/6/2007 93 | 10.53
3 4/8 | 8/24/2007 | 94 | 12.50 | 8/31/2007 | 94 | 12.35 | 9/7/2007 94 | 10.82
4 4/8 | 8/26/2007 | 96 | 12.21 | 9/1/2007 95 | 12.44 | 9/8/2007 95 | 10.71
5 4/8 | 8/27/2007 | 97 | 12.10 | 9/2/2007 96 | 12.26 | 9/9/2007 96 | 10.82
6 4/8 | 8/27/2007 | 97 | 12.16 | 9/3/2007 97 | 12.31 | 9/10/2007 | 97 | 10.72
7 4/8 | 8/28/2007 | 98 | 12.28 | 9/4/2007 98 | 12.24 | 9/11/2007 | 98 | 10.84
Average 12.24 12.30 10.76
Table 5.24: 111-day coefficient of thermal expansion (re-used specimens)
111-day C_:TE -
MIX-01 Mix-02 Mix-03
No. | Type Date Day | CTE Date Day | CTE Date Day | CTE
pm/m/C um/m/C pm/m/C
1 4/8 | 9/12/2007 | 113 | 12.35 | 9/19/2007 | 113 | 12.25 | 9/27/2007 | 113 | 10.92
2 4/8 | 9/13/2007 | 114 | 12.28 | 9/21/2007 | 115 | 12.30 | 9/28/2007 | 114 | 10.88
3 4/8 | 9/14/2007 | 115 | 12.25 | 9/22/2007 | 116 | 12.55 | 9/29/2007 | 115 | 10.79
4 4/8 | 9/16/2007 | 117 | 12.08 | 9/23/2007 | 117 | 12.34 | 9/29/2007 | 115 | 10.77
5 4/8 | 9/17/2007 | 118 | 12.21 | 9/24/2007 | 118 | 12.26 | 9/30/2007 | 116 | 10.66
6 4/8 | 9/18/2007 | 119 | 12.23 | 9/25/2007 | 119 | 12.38 | 10/1/2007 | 117 | 10.82
7 4/8 | 9/18/2007 | 119 | 12.25 | 9/26/2007 | 120 | 12.29 | 10/2/2007 | 118 | 10.69
Average 12.24 12.34 10.79
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CHAPTER 6: MATERIAL RESEARCH - ANALYSIS OF
EXPERIMENTAL RESULTS

6.1. Introduction

Chapter VI aims to analyze the test results derived from experimental work. It interprets
findings drawn from analytical graphs and figures to visualize and identify differences in

material properties.

Firstly, each property will be studied independently to derive an individual understanding
of that material characteristic. Charts will be developed to visualize (1) test results for
each sample, (2) mean values of test range, and (3) standard deviation within the data
series under observation. These mathematical properties will be determined based on the
maturity (7-day, 14-day, 28-day, and 90-day) level of concrete. Single test results will be
indicated through columns, while average values are represented by horizontal lines. The
standard deviation is graphically displayed by vertical lines on top of each mix design’s
individual sample columns. After this has been done for each test date, a graphical
comparison study will be initiated. Based on the mean values for each maturity level, a
comprehensive growth rate curve will be generated for each mix design, representing an
overall performance of the material property in question. After interpretation of single
test results, a substantial analysis of mix design performance will follow. After all, the
main goal is the implementation of the new Mechanistic-Empirical Pavement Design
Guide. Therefore, the relevance of material properties and their numerical values have to

be determined.

6.2.  Analysis of Compressive Strength

This section aims to visualize the test results of compressive strength measurement to
properly evaluate the three different Florida pavement concrete mix designs. The
following four figures represent the four maturity levels (7, 14, 28, 90 days) requested by

the new Mechanistic-Empirical Pavement Design Guide.
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7-day Compressive Strength
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Figure 6.1: 7-day compressive strength

14-day Compressive Strength
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Figure 6.2: 14-day compressive strength
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28-day Compressive Strength
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Figure 6.3: 28-day compressive strength

90-day Compressive Strength
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Figure 6.4: 90-day compressive strength
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It can be seen that the highest 7-day compressive strength was measured for MIX-02
whereas the lowest strength was determined for MIX-03. However, the standard
deviation at 7-day testing was calculated to be very high for MIX-01 (1385 psi) but very
low for MIX-03.

After 14 days, MIX-02 shows highest compressive strength results and MIX-03 the
lowest. The standard deviation at this maturity level presents very low values for MI1X-02

(185 psi).

MIX-02 was measured with the highest results and MIX-03 with the lowest for
concrete’s reference maturity (28-day). The standard deviation for MIX-01 and MIX-03
are comparable showing values of 337psi and 348 psi, respectively. However, the lowest

deviation at 28-day testing was derived for MIX-02.

For 90-day testing, MIX-02 attains the highest compressive strength (again) and MIX-03
shows the smallest values. The standard deviation shows a very low value for MIX-01

(161 psi) and a high significance for MIX-02 (518 psi).

In general, it can be observed that the test results within each maturity level are very
consistent. The standard deviations ranging around the mean values of the mix design do
not interfere with each other, and therefore show the reliability of test results. Notice that
this is not the case for 7-day testing. However, it is emphasized that the deviation of test
results constantly decreased with increasing concrete maturity. Consequently, the high

standard deviation at 7-day testing is tracked back to the behavior of young concrete.

The following graph in Figure 6.5 represents the average values of compressive strength

measurement derived from the horizontal lines shown in the diagrams above.
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Figure 6.5: Compressive strength comparison

It can be seen that the compressive strength increases over time for all three mix designs
with similar strength growth for MIX-01 and MIX-02, whereas MIX-03 gains
compressive strength slower than the other mixes. In general, it can be stated that all
concrete mixtures increase their target strength tremendously (starting at 7-day results);
MIX-01 possesses 135 % of its predicted compressive strength, MIX-02 attains 248 %,
and MIX-03 reaches 140 % of its designated target strength at 28-day testing. Overall,
MIX-03 is the mix design with the lowest strength performance and MIX-02 is the
concrete mixture that shows the highest compressive strength values within the scope of

this study. MIX-02 may be considered high strength concrete.

6.3.  Analysis of Flexural Strength

The following graphs depict the test results for flexural strength analysis. Figure 6.6
shows 7-day results for three data points and Figure 6.7 and Figure 6.8 display five test
results for 28-day and 90-day testing, respectively.
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7-day Flexural Strength
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Figure 6.6: 7-day flexural strength

28-day Flexural Strength
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Figure 6.7: 28-day flexural strength
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90-day Flexural Strength
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Figure 6.8: 90-day flexural strength

From Figure 6.6 it can be observed that the flexural strength at 7 days shows highest
results for MIX-02 and lowest for MIX-03. The standard deviation of 25 psi is
remarkably low for MIX-02.

At 28-day testing, MIX-02 possesses the highest flexural strength whereas MIX-03
consistently shows the lowest results. MIX-03 presents a low standard deviation with a

numerical result of 35 psi.

The flexural strength at 90-day testing shows the lowest values for MIX-03 (again) and
the highest results for MIX-01 while the average values of MIX-01 and MIX-02 are very
comparable. Nevertheless, MIX-03 possesses the smallest standard deviation after 90

days with 29 psi.

In general, it can be observed that the deviation increases over time for MIX-01,

fluctuates for MIX-02, and decreases over time for MIX-03.
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The graph below displays the flexural strength derived from the average values outlined

in the figures above to visualize the behavior of the property over time for each concrete

mixture.
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Figure 6.9: Flexural strength comparison

Although MIX-02 loses (average) flexural strength from 28-day to 90-day testing, the

graph in Figure 6.9 closely follows the behavior of compressive strength outlined in

Figure 6.5. Therefore, it can be stated that MIX-03 is the (relative) weakest mixture under

comparison and MIX-02 the strongest.

According to ACI committee 435: £, m f*. -%. te f'. "?F'
e W

¢ target = 3000 psi (MIX-02 and MIX-03)— fi mix-01 =274 psi to 657 psi
¢ target = 4500 psi (MIX-01)— fh mix-02 = 335 psi to 805 psi
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f’c MIX-01 = 6068 pSi — fﬂ MIX-01 = 389 pSi to 935 pSi
f’c MIX-02 = 7441 pSl — fﬂ MIX-02 = 432 pSl to 1035 pSl
£ Mix-03 = 4225 psi — fh mix-03 = 325 psi to 780 psi

MIX-01 satisfactorily fulfills ACI expectation. MIX-02 exceeds ACI expectation for its
target strength but conforms for the measured compressive strength; the same is true for
MIX-03. Therefore, it can be noted that the ACI flexural strength prediction applies to the

mix designs in this evaluation.

6.4.  Analysis of Splitting Tensile Strength

This sub-section visualizes the numerical test results of splitting tensile strength for each
maturity level and mix design. Figure 6.10 outlines 28-day test results and Figure 6.11

shows 90-day test data.

28-day Splitting Tensile Strength
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Figure 6.10: 28-day splitting tensile strength
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90-day Splitting Tensile Strength
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Figure 6.11: 90-day splitting tensile strength

The highest splitting tensile strength at 28-day testing is attained by MIX-02 whereas
MIX-03 shows the lowest test results. In general, the standard deviation is very high but
MIX-02 obtains the lowest divergence with 60 psi.

After 90 days, MIX-02 and MIX-01 show comparable test results with slightly higher
tensile strength for MIX-02. However, MIX-03 displays the lowest splitting tensile
strength at 90-day testing. Also, the standard deviation of MIX-01 and MIX-02 is
comparable but relatively high (when compared to the average values), whereas MIX-03

shows a low deviation with 35 psi.

The following graph displays the splitting tensile strength of the tested concrete mixtures
based on the average values which are outlined in Figure 6.10 and Figure 6.11. It is
emphasized that Figure 6.12 would not represent the proper growth rate of splitting
tensile strength if the data points were to be connected. Therefore, it was decided to

merely outline the average values of each test date and mix design.
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Splitting Tensile Strength
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Figure 6.12: Splitting tensile strength comparison

Like flexural strength (Figure 6.9), MIX-02 loses (average) splitting tensile strength from
day 28 to day 90 whereas MIX-03 does not gain (average) splitting tensile strength. In
general, MIX-02 shows the highest and MIX-03 displays the lowest splitting tensile
strength throughout the testing program.

6.5.  Analysis of Young’s Modulus

The determination of average sample results for the modulus of elasticity was explained
earlier in section 5.6 and those results are visualized in the following diagrams.
Additionally, the mean values and standard deviation for each mix design and maturity

level are displayed.
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Figure 6.13: 7-day Young's modulus

14-day Young's Modulus
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Figure 6.14: 14-day Young's modulus
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28-day Young's Modulus
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Figure 6.15: 28-day Young's modulus

90-day Young's Modulus
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Figure 6.16: 90-day Young's modulus

93



At 7-day testing, MIX-02 appears to be the stiffest mixture while MIX-03 is the most
elastic mix design. Numerically, MIX-01 and MIX-03 show similar standard deviation

(but for dissimilar mean values) and MIX-02 presents the lowest divergence (1.3¢10°

psi).

MIX-01 and MIX-02 show comparable stiffness at the maturity level of 14 days. MIX-03
presents the lowest results and is considered the most elastic mixture. MIX-02 possesses
a very low standard deviation with 5.8+10% psi, far below MIX-03 which acquires the
highest divergence after 14 days.

The highest modulus of elasticity after 28 days was measured for MIX-01. However, the
results are very comparable to MIX-02 which attains the highest sample elasticity for
specimens 6 and 7. MIX-03 consistently demonstrates the lowest modulus of elasticity
for 28-day testing. The highest standard deviation of 4.0+10° psi was attained by MIX-02

whereas MIX-01 shows the lowest divergence.

According to Figure 6.16, MIX-02 consistently illustrates the highest modulus of
elasticity for 90-day test results: the mixture is much stiffer than MIX-02 or MIX-03.
However, consistent with the numerical results, MIX-03 is the most elastic mix design,
and with 1.3+10° psi it also demonstrates the lowest standard deviation. MIX-01 and

MIX-03 show similar (high) standard deviations with values ranging around 4.3+10° psi.
To compare the elasticity behavior of the three typical Florida pavement concrete

mixtures, the following graph was created. It displays the average test results of each

maturity level for the three concrete mixtures under evaluation in this research.
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Figure 6.17: Young's modulus comparison

Throughout the duration of testing, MIX-03 possesses the highest elasticity (meaning

numerical results are the lowest). MIX-02 shows slight fluctuations throughout the

different maturity levels but in general it can be considered the stiffest concrete mixture

under evaluation. On the 14" day of testing, MIX-01 and MIX-02 attain similar (average)

stiffness.

MIX-01 loses stiffness or respectively gains elasticity with increasing maturity

(after 14-day testing). MIX-03 properly gains stiffness over time.

6.6.  Analysis of Poisson’s Ratio

The lateral strain of the concrete specimens was measured parallel with the measurement

of Young’s modulus, and the following results are derived from the same test samples.

However, due to the reasons explained above (section 5.6.) Poison’s ratio was mainly

measured for 28 days and 90 days and only MIX-03 could be tested for 14-day Poisson’s

ratio.
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Figure 6.18: 14-day Poisson’s ratio

28-day Poisson's Ratio
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Figure 6.19: 28-day Poisson's ratio
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90-day Poisson's Ratio
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Figure 6.20: 90-day Poisson's ratio

Although after 14 days the Poisson’s ratio was measured for MIX-03 only, it can be
stated that the sample measurements vary within the normal numerical range which is

usually expected for concrete (0.15 to 0.30 with a typical value of 025).

At 28-day measurement, the Poisson’s ratio demonstrates very reliable test results for
each mix design. MIX-03 numerically shows the lowest average value. It is emphasized
that MIX-01 and MIX-02 attain similar highest sample values but due to standard
deviation (0.02 for MIX-02), MIX-01 reaches the higher average Poisson’s ratio.

After 90 days, Poisson’s ratio shows highest values for MIX-02 and MIX-03 presents the
mix design with the lowest Poisson’s ratio. Standard deviation for 90-day measurement
demonstrates similar high values for MIX-01 and MIX-02 (0.03), and a very low value
for MIX-03 with 0.007.
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The following graph in Figure 6.21 summarizes the average values for the measurement
of Poisson’s ratio. It is emphasized that the 14-day data point for MIX-01 and MIX-02

were not available, and therefore were estimated at 90 % of 28-day Poisson’s ratio.
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Figure 6.21: Poisson's ratio comparison

The Poisson’s ratio increases over time for MIX-02 and MIX-03 but decreases from 28-
day to 90-day measurement for MIX-01. The final Poisson’s ratio (u) for the three
evaluated Florida pavement concrete mixtures is located between 0.21 and 0.27; this

compares to the literature very well [7], [10] and is consequently acceptable.

6.7.  Analysis of Coefficient of Thermal Expansion

This section is designated to outline the coefficient of thermal expansion for the three
different concrete mixtures. The following graphs present the sample results, average

values and standard deviation for each maturity level in question.
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Figure 6.22: 7-day coefficient of thermal expansion
28-day CTE
C—I1MIX-01 I M IX-02 %03
pm/mjc AVG-01  --=m-m- AVG-02 AVG-03
12.0 - 1 £ -] T . =
10.0 A
8.0 -
6.0
4.0
2.0
0.0 T T T T T
1 2 3 4 5 7
Sample

Figure 6.23: 28-day coefficient of thermal expansion
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49-day CTE
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Figure 6.24: 49-day coefficient of thermal expansion (re-used specimen)
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Figure 6.25: 70-day coefficient of thermal expansion (re-used specimen)
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Figure 6.26: 90-day coefficient of thermal expansion
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Figure 6.27: 111-day coefficient of thermal expansion
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At 7-day testing, MIX-01 shows the highest and MIX-03 the lowest CTE values.
Although the data points were taken on seven successive days, the standard deviation can

be considered very low for all three mix designs.

After 28 days, MIX-02 possesses the highest CTE values. The lowest response to thermal
influences was measured for MIX-03, which also shows a very small divergence from its
mean value. However, the standard deviation is remarkably high for MIX-01 after the

28" day.

The samples used for 7-day testing were re-used after 42 days for 49-day testing (sample
1 at 7-day = sample 1 at 49-day). Due to malfunctioning of the CTE test unit, only one
single data point is available for MIX-02 at 49-day testing (statistically irrelevant).
However, MIX-01 and MIX-02 demonstrate almost no standard deviation (0.05), and
therefore the test results can be considered very reliable. According to Figure 6.24, MIX-
02 1s more susceptible to temperature than MIX-03.

The concrete specimens measured for 28-day CTE were re-used 49 days later (sample 1
at 28-day = sample 1 at 70-day). MIX-01 and MIX-02 show comparable CTE values
ranging around 12 pum/m/°C. The standard deviation is similar for all three mix designs

under evaluation and MIX-03 shows the lowest CTE results after 70 days.

MIX-01 and MIX-02 show comparable (high) reaction to thermal treatment after 90 days.
In general, the standard deviation is very low throughout the data range for all three mix

designs. MIX-03 shows the lowest CTE values after 90 days.

After 111 days, the highest CTE values were measured for MIX-02 which are only
slightly higher than those of MIX-01. Again, MIX-03 undercuts its two competitors (by
more than 1 pm/m/°C) and can be considered least susceptible to thermal gradients. The

standard deviation is consistently small for all tested mix designs at the maturity level of

111 days.
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In general, it has to be stated that the standard deviation remained very low in values
throughout the testing program. This may be evidence of the coefficient of thermal

expansion in concrete being a reliable property.
The following Figure 6.28. displays the average CTE values for the three tested concrete

mixtures at all maturity levels. Notice that the numbers at 49-day, 70-day, and 111-day

testing result from re-used specimens.
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Figure 6.28: Coefficient of thermal expansion

With the exception of 7-day measurement, MIX-02 consistently demonstrates the highest
CTE values throughout the testing program. However, MIX-02 and MIX-01 numerically
are not far apart and are difficult to distinguish (same aggregates), whereas MIX-03
shows distinguished thermal behavior, undercutting its competitors by more than 1
um/m/°C. In general, it can be stated that the coefficient of thermal expansion increases
rapidly within the first weeks but stabilizes after the 28" day. The effect of re-using a

specimen is not noticeable.
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6.8.  Summary of Mix Design Analysis

Mix design MIX-02 is the concrete composition which numerically achieved the highest
values throughout all test procedures. It is therefore the highest strength mix design under
evaluation. The opposite is true for MIX-03 in that this mixture obtains numerical values
which constantly undercut the results of MIX-01 and MIX-02. MIX-03 can be considered

the lowest strength mix design within this research project.

MIX-03 shows consistently increasing numerical test results throughout all evaluated
engineering properties. As though it was retrieved from a text book, this mix design gains
strength, elasticity, Poisson’s effect, and CTE while its maturity level increases. Almost
the same would be true for MIX-01 if Young’s modulus and Poisson’s ratio results were
neglected. Nevertheless, MIX-01 gains strength and CTE with increasing concrete age.
MIX-02 seems to fluctuate widely; although its behavior in compressive strength and
Poisson’s ratio follows the theoretical expectation, it varies throughout all other material

characteristics.

Although MIX-03 contains the most durable and strongest aggregate type, it is not
surprising that it is the weakest mix design within the three tested mixtures. With 470 Ibs
of cement, it contains more cement than MIX-02 but less than MIX-01, however, MIX-
03 is the only concrete mixture relying exclusively on cement to develop adhesive
properties and it contains no fly ash or any other cementitious material to support
strength-gaining features. Also MIX-03 measures the highest water-to-cement ratio as
well as the highest slump and lowest temperature during specimen preparation, three
aspects which cause low strength concrete. Nevertheless, it is emphasized that MIX-03
meets all target criteria and is not a weak mix design in general; it is merely the least
strong mixture within the research scope. The mix design fulfills Florida DOT

regulations.

MIX-01 is targeted 1500 psi higher than MIX-02, a characteristic which cannot be

validated through this research. Theoretically, the assumption makes perfect sense, as
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MIX-01 not only contains a higher quantity of cement and cementitious materials, it also
includes less aggregates (less fine and less coarse) and possesses a lower water-to-cement
ratio. However, the experimental results clearly show higher strength for MIX-02
throughout all strength-related properties. This is traced back to the fresh properties of the
concrete during specimen preparation. Note that the air content of 2.5 % undercuts the
target range of 3 to 6 % which indicates a more dense concrete structure than assumed,
especially in conjunction with a slump value of 2.5 inches (lowest of all three mix
designs and at the lower end of the target slump) at a concrete temperature around 35°C
(highest temperature of all three concretes) and an ambient temperature ranging around
26°C. Although the ingredient proportionality presumes more strength for MIX-01, it
became evident that the variability of fresh properties greatly affects the final product and

its strength-related characteristics.

The inconsistent stiffness and Poisson’s behavior of MIX-01 and MIX-02 on and after
the 28" day is believed to be founded in concrete variance. Note the standard deviation
for those two maturity levels; they show very high digression compared to earlier test
results. The possibility of inaccurate measurement can be excluded as every single
specimen was exposed five (5) times to stiffness/Poisson’s effect testing and each
specimen showed (very) consistent results. Consequently, it is assumed that the deviation

of measurements results from naturally occurring variance in concrete products.

Numerically, the difference between MIX-01 and MIX-02 in terms of CTE measurement
is very small while MIX-03 is more distinguishable with lower CTE results (more than
1.0 um/m/°C) throughout the entire experimental phase. In general, the literature predicts
lower CTE values for limestone-based concrete (MIX-01 and MIX-02) than for concrete
made of granite aggregates (MIX-03), a behavior which could not be confirmed by this
study. This is because it is not only the ingredient itself which plays a prominent role; the
proportion of constituents determines thermal behavior as well. With 737 Ibs/yd’, MIX-
03 contains the least amount of cementitious paste and this also results in the lowest
quantity of mortar with 1972 Ibs/yd’. As outlined in Chapter 2, it is well known that

cement paste possesses a much higher CTE value than most concrete aggregates do.
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Especially since concrete’s CTE is a resultant of three (3) different CTE values (coarse
aggregates, fines aggregates, and mortar) and their volumetric proportion (see 2.3.4). The
CTE results determined by the rule of mixture (as recommended for input level two)
based on the volumetric proportions are not outlined here since it is a derived property
rather than a measured one. However, those results will be presented later in the text
(section 7.5.4.2 and table 7.3) to account for hierarchy level two input data as appropriate

for pavement structure modeling according to the new M-E PDG.

The slightly higher propensity to thermal expansion of MIX-02 compared to MIX-01
may be explained through an analogous approach. MIX-02 contains a very high amount
of fine aggregates, which results in a higher quantity of mortar (67 % by weight of total
concrete mixture). Both mix designs rely on the same type of aggregates, turning the
proportion of constituents into the governing factor for CTE. Therefore, MIX-02 is
theoretically and empirically the mix design most affected by thermal impacts. However,
the test results revealed that concrete’s CTE value increases over time. It was shown that
the thermal behavior increases rapidly within the first week and stabilizes subsequently.
After 28 days, the CTE swell can be considered insignificant as the change was mostly

less than 1/10 pm/m/°C.

To complete research phase one, the above-listed test results and analysis have to be
converted into parameters suitable as input data for the M-E PDG. Since all test results
showed very stable and consistent values, the decision was made to use the determined
average values for each maturity level. No adjustments will be necessary. In cases where
only one value — instead of several different values for different ages — is requested (e.g.
Poisson’s ratio), it was decided to utilize the 90-day average value. One can argue that
usually, in concrete applications, the 28" day determines the design properties. However,
as those characteristics are still rising for all three different mix designs, the 90-day

property will be a conservative assumption for this research.

6.9. Improving TP 60 (Test Unit)
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AASHTO TP 60 outlines a technique to measure the coefficient of thermal expansion for
hydraulic cement concrete; it describes the test setup to achieve raw data and provides
calculation procedures to convert the collected raw data into CTE values. However,
certain problems had to be encountered during CTE measurement using a commercially
available test unit. In consequence, an intensive study was initiated to fathom the sources.
The evaluation revealed test machine dilemmas which were partially attributed to
inconsistencies of the designated test protocol. Important findings were made, and

certainly a lesson was learned.

Modest discrepancies were first recognized (June 2007) when comparing 7-day test data
to PCC CTE values provided by the literature, as the numerical results slightly increased
upper limits for concrete (7 pin/in/°F) already. Since TP-60 describes a new approach to
determine CTE for concrete, aberrance of literature had to be considered. However,
assuming the literature to be correct, the failure would have to be found in data
measurement (LVDT/temperature) or data processing. Moreover, since each mix design

showed consistent values for all tested specimens, the flaw must have been systematic.

The software used to determine the thermal expansion is commercially distributed, and
can be considered a black-box to the laboratory technician. Although it is known that the
software is based on the AASHTO TP-60 protocol, an inside view or manipulation of
computations is impossible. Consequently, after the first suspicious values surfaced, the
manufacturer was informed. It was revealed that some testing units were delivered with
LVDT calibration flaws. A new program was written by the developer to compensate for
the problem in future testing and to determine an adjustment factor for previously
conducted tests. It was found that the correction factor for the LVDT used in this research

was as small as 0.98, and thus it would not cancel the suspected divergence.

For further verification, 15 concrete samples (5 per mix design) were sent to Florida DOT
Material Laboratory in Gainesville. Nine cylinders were cross-checked for CTE using

FDOT's in-house built CTE unit. The measured test results differed up to 23 % but
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compared to the literature satisfactorily. This was considered to verify the flaw in the test
unit used in this research, especially as FDOT CTE results compares to Texas
Transportation Institute (TTI) CTE results successfully. Again, the manufacturer was

consulted but no action was taken.
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Figure 6.29: Florida DOT measured CTE values

Further research revealed that Federal Highway Administration (FHWA) was facing
similar problems, since they possess several test devices to measure CTE including two
units fabricated by the same manufacturer: one unit in stationary use at the laboratory in
Washington D.C. and one that is built into the FHWA mobile laboratory. Initially, both
the stationary and the mobile machines determined incorrect CTE values. To narrow
down the problem without the manufacturer, who abstained from the problem, a
cooperative effort was launched. FHWA agreed to test identical specimens made of
aluminum, stainless steel, and concrete in both units (local and mobile laboratory) after
CTE for those specimens was identified by the unit used for this research. Additionally,

the specimens were tested in FHWA manually built units.
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The results revealed fallacy of the commercially distributed software. For example, CTE
for aluminum usually ranges around 25 pum/m/°C, a result that could not be confirmed by
any of the three units (same model) under comparison. In fact, the software calculated
values around 12 um/m/°C. However, when using raw data, more correct values were
achieved. Therefore, it was assumed that data processing was not done correctly by the
software. Due to its black-box nature and the hesitation of the software developer, it was
decided to calibrate the acquired results to FDOT measurement because (1) FDOT
compares properly to other DOTs and is assumed to be correct, (2) the FDOT results
compared to the literature, and (3) the problem must have been systematic as the daily

CTE measurement showed high reliability for each mix design.

Although final calibration was determined, many obstacles had to be overcome to finally
present proper CTE results. The exchange of specimens and particularly the
establishment of valid comparisons between different test units caused major troubles.
From a research standpoint, these dilemmas are unacceptable as they mostly arose from
imprecisely defined test equipment. To prevent similar problems in future testing, less
leeway has to be given to manufacturers when fabricating CTE test devices. The lesson
learned during this research may be beneficial to further improve AASHTO TP-60

protocol and to truly standardize the equipment. The following refinements are proposed:

Specimen height: The current TP-60 protocol refers to a suitable length, but does not
stipulate it. Since this property determines many other characteristics (Support frame,
water-level, etc.), it is suggested to fix this value to 7.5 inches. The value is found to be
suitable because specimens for this test method are molded into 4” by 8” cylinders, and
0.5 inches guarantees enough room for parallel end grinding. Also, when cores have to be
taken in the field, 7.5 inches still is a suitable height undercutting most PCC top layer
pavement thicknesses. It seems trivial, but in fact this property caused the most trouble
when comparing different test units (note that the same model was compared) as the
support frame of one unit was unable to mount the specimens designated for another one
- either the specimen was to high and did not fit or it was too short and the LVDT did not

touch the specimen sufficiently.
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Specimen tolerance: In agreement with the previous paragraph, it is recommended to
limit the specimen tolerance to = 0.2 inches. This is an essential factor in terms of frame
calibration and the resultant calibration factor C:. It is emphasized that the calibration
factor according to AASHTO TP-60 is a direct resultant of the calibration specimen
material and its height. For the actual test run, this strictly means that the frame
calibration factor Cs is theoretically correct, only if the test and calibration specimens are
(exactly) identical in height — even small variations between those two heights would

result in incorrect CTE values.

Reference point: To prevent pivoting, the specimen shall be placed on three semi-
spherical support buttons 120 degrees apart on a 3-in diameter. The height of the support
buttons characterizes the zero point for measurement and calibration which is essential

for the next paragraph.

Calibration specimen: The height and diameter of the calibration specimen should be
prescribed to eliminate inconsistencies between frame calibration and CTE measurement.
This calls for a height of 7.5 = 0.1 inches (at room temperature) and a diameter of more
than 3 inches. It was found that commercially distributed test equipment was delivered
with calibration samples of different heights and diameters as small as 3/4 in. As
explained earlier, the height differences may cause trouble when comparing diverse test
units; however, the real discrepancy originates from the small diameter. Any calibration
specimen smaller than 3 inches in diameter would not be located on the semi-spherical
support buttons, and therefore, causes different reference points for frame calibration and
CTE testing. Sensitivity studies have shown that this affects the results significantly —
especially if the support buttons are made of a different material than the calibration
specimen, or vice versa. Best results were registered by using dimensions similar to

actual test samples (diameter = 4 inches).
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Frame height: The distance between the reference and LVDT mounting point should be
nonadjustable (8.5 inches) to avoid high differences in calibration factors and to ensure

proper comparison of test units.

Frame material: Diverse materials have been used to build the frame (even 304 stainless
steel) but in order to ensure proper comparison, thought might be given to a specified
frame material. Invar® would be the most logical choice as it reduces the frame

movement due to temperature to a minimum.

Water coverage: The water coverage above the specimen defines the amount of support
frame exposed to the thermal gradient. This is a sensitive factor, and it is critical that this
be similar for calibration and testing. It was found that submerging depths differed (even
for identical models). A fixed cover of 0.5 inches is suggested to define the water level

during calibration and testing.

Stability: AASHTO TP-60 defines measurement accuracy at three repeatable
temperature/LVDT readings. Although this is a valid definition, it was found that
commercially distributed software compares successive numbers rather than three
consistent results. It requires the acquisition of four similar numbers to obtain three

consistent readings. A note should be provided in section 7 (AASHTO TP-60).

Reference length L,: The measured length of specimen at room temperature provides
the reference length for CTE calculation according to AASHTO TP-60. Physically, this is
incorrect since L, refers to the length at initiation of thermal gradient. The specimen
experiences thermal contraction when temperature is lowered from room temperature to

10°C causing a new reference length (the same is true for expansion). Sensitivity studies

6 Invar ( FeNi36) is a nickel steel alloy notable for its uniquely small coefficient of thermal expansion
obtaining values as low as 0.62 um/m/C. It was invented in 1896 by Swiss scientist Charles Edouard
Guillaume who was awarded with the Nobel Prize in Physics in 1920 for the discovery of Invar as this

alloy was found to be indispensable for scientific instruments.
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have proven this factor to be insignificant and acceptable from an engineering standpoint;

however, a footnote should address the issue to declare adequacy and avoid confusion.

The suggestions above are outlined to further improve AASHTO TP 60. The
recommendations should be considered to establish adequate test equipment following
accurate standards; it will ensure proper comparison between test results obtained from
different test units at different agencies. Manufacturers must be obligated to obey these

standards when (mass) producing test equipment.

In general, it might be worthwhile to reconsider the approach outlined in TP-60.
Although accounted for by the correction factor, the submerged test frame causes
physical inconsistencies as the theoretical soundness of C¢ is only valid for precisely
equal heights of calibration and concrete sample. The LVDT mounting point should be

uncoupled from the thermal gradient.
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CHAPTER 7: M-E PDG RESEARCH - EXPERIMENTAL
PROGRAM

7.1.  Introduction

After identification of concrete material input values, the evaluation base for the M-E
PDG sensitivity study has to be developed. The main focus in this study will be on the
PCC layer and its response to interchanging hierarchy levels. To properly evaluate input
level susceptibility, a virtual paving project will be generated to form the basic
framework of this study. Traffic loads, environmental inputs, structural parameters, and
analysis criteria have to be modeled based on state-of-the-art/state-of-the-practice
methods to reflect real-world applications. This chapter is designated to summarize the
virtual paving project and to substantiate the chosen steps towards the research goals in

phase two.

The following paragraphs will summarize the most significant input factors and elucidate
the values which have not been empirically determined. In certain cases (mostly
hierarchy level three) explicit clarifications will be neglected as they go beyond the text.
However, generally, more detailed information will be found in the Appendices.
Specifically, Appendix A was created to provide an extensive overview of the Design
Guide Software. It takes the reader step-by-step through all parameters necessary to
successfully run the software. A brief instruction on each input value is made available
before the adjacent interface is presented. If necessary, further references and information
are provided as well. Although most input values are constant throughout research phase
two, it is emphasized that the figures in Appendix A reflect input values for MIX-01
only.

7.2.  General and Project Information

At this point, it is indisputable that this study examines rigid pavement only. However,

different design methods for PCC pavement are provided by the new M-E Design
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Software. Nevertheless, this virtual project considers newly designed Joint Plain Concrete
Pavement (JPCP) only, as it is the most common construction method in Florida when
using PCC materials. The typical design life ranges between 20 and 50 years for such
objects, mostly dependent on the analysis parameters (explained later in this text) chosen

by the agency. The design life cycle was fixed to 25 years.

The pavement construction month and pavement open month are very important project
parameters which greatly affect PCC pavement distresses as they determine the zero-
stress temperature and the concrete maturity at first traffic load appliance. Due to
extreme-weather months in Florida, the pavement construction month plays a prominent
role. To account for an average temperature, extremely hot months (June through
September) and particularly cold months (December through February) were neglected.
Also, it was important to create a future construction date since the virtual project reflects
new design of JPCP. In such cases the software estimates the weather situation based on
historical data, which in real-world application will always be the case. Consequently, the
construction month was chosen to reflect the future at the time of report preparation. The
pavement construction month was defined as October 2008 and open to traffic November

in 2008.

The project location determines the climatic exposure and reflects, therefore, one of the
most important project parameters. Certainly, this value will always be postulated by the
actual road location; however, this research aims to cover an “average” Floridian
location. This becomes very important in terms of ambient moisture conditions which at
this point are believed to be found middling in Orlando. Consequently, Interstate 4
ranging from mile post 61.747 to 68.102 (Disney World) was chosen for the virtual

paving project.
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7.3.  Traffic Model

The M-E Software Design Guide provides a very complex Traffic model using measured
site-specific traffic data. Interestingly, only hierarchy levels one and three are available
for traffic input — no intermediate data quality. When using level one, more than 4500
data points are necessary to accurately represent the traffic pattern. These traffic details
go far beyond the scope of this study, which is why it was decided to use hierarchy level
three. This may not abbreviate the required data but it reduces most inputs to default
values provided by the software. However, it is emphasized that theoretically the M-E

PDG exclusively requires hierarchy level one use for interstate design.

Certainly, traffic exposure is closely related to the location of the roadway. Based on the
position, the traffic data were taken from the Florida Traffic Information CD-ROM [X
19]. The database provides an Annual Average Daily Truck Traffic (AADTT) of
approximately 7,000 trucks for Interstate 4 in and around Orlando. The number of lanes
in the design direction was determined to be 2, with 50 % of trucks in the design direction
and 95 % of trucks using the design lane. Operational speed on Interstate 4 in this area
might differ but was fixed to 70 mph for this research. The growth rate in this location is
estimated to increase linearly by 2 %. Since the virtual paving project falls into the
general category: “Principal Arterials — Interstates and Defense Routes,” the AADTT
load distribution of vehicle classes was chosen to be “mixed truck traffic with a higher

percentage of single-trailer trucks,” (LTT = 11).

All traffic values not mentioned in the paragraph above are based on default values
offered by the Design Guide Software. The interested reader is referred to section A.6 in
Appendix A as it outlines all values reflecting the default traffic data generated by the

inputs listed above.
The traffic model will be held constant throughout the whole course of research and no
adjustments will be made. It is a base factor necessary to evaluate the sensitivity of M-E

PDG in terms of CTE.
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7.4.  Climate Model

The climatic model is based on Florida weather data available as software plug-in on
TRB’s webpage [W 7]. The section under evaluation is located at 28° 19 35.54”
latitudinal and -81° 33 3.38” longitudinal with an average elevation of 90 ft (Exit 64).
Based on this information, the software plug-in locates different weather stations
surrounding the site in question. Multiple weather stations can be chosen to generate
interpolated weather data. Best results occur by selecting stations that are geographically

close and distributed in different directions.

Three different stations have been chosen to interpolate weather data for this research: (1)
Leesburg Regional Airport which is located 19.0 miles north-east, (2) Winter Haven’s
Gilsberg Airport which is positioned 34.5 miles south, and (3) Executive Airport can be

found 35.5 miles east in respect to the virtual paving project.

The climatic model remains untouched throughout research phase two as it is another

fundamental input serving as an evaluation base for the study.

7.5. Pavement Structure Model

The rigid pavement design procedure allows a wide variety of PCC, base (layer directly
underneath the PCC slab), and subbase material properties and layer thicknesses. The
Design Guide Software can be used to analyze a maximum of 20 layers. However,
because of automatic sublayering of certain layers, a maximum of 10 actual input layers
is recommended, comprising the pavement structure and subgrade/bedrock [X 15]

(Figure 7.1)
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Flgu re 7.1. Structural research model and response model according to [X 15]

Depending on the selected trial design, sublayering may be necessary to satisfy the
layering requirements of the analysis procedures. Specifying a trial design involves
defining all pavement layers and material properties for each individual layer, including
subgrade/bedrock. The following rules or constraints need to be satisfied in defining a

rigid pavement structure for design [X 15]:

J The surface layer in rigid pavement design is always a PCC layer

J Slab-on-grade (two layers) is the minimum structure that can be analyzed

o Only one unbound granular layer can be placed between two stabilized layers

. The last two layers in the pavement structure must be unbound layers. To satisty

this constraint, the Design Guide Software automatically sublayers the subgrade
into two identical layers for slab-on-grade pavements and for pavements where a

bound layer rests directly on the subgrade

According to [X 15], pavement structures usually have four to six layers. However, the
Design Guide Software may internally subdivide the pavement structure into 12 to 15
sublayers for the modeling of temperature and moisture variations. Only the unbound
base layers thicker than 6 inches and unbound subbase layer thicker than 8 inches are
sublayered. For the base layer (first unbound layer), the first sublayer is always 2 inches.

The remaining thickness of the base layer and any subbase layers that are sublayered are
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divided into sublayers with a minimum thickness of 4 inches. For compacted and natural
subgrades, the minimum sublayer thickness is 12 inches. A pavement structure is
sublayered only to a depth of 8 feet from the surface. Any remaining subgrade is treated
as an infinite layer. If bedrock is present, the remaining subgrade is treated as one layer

beyond 8 feet. Bedrock is not sublayered and is always treated as an infinite layer.

The following subparagraphs deliberate the selected pavement structure and the
incorporated material characteristics. In this text, only key data will be presented but
detailed information can be found in Appendix A, section A.8. Although the Design
Guide Software requests the data from top to bottom, for the report it was decided to
build the structure model from bottom up. The assembly was developed in collaboration
with the Florida DOT Office of Roadway Design and its pavement management section

based on locally available material (Region 5).

7.5.1. Layer # 4: Bedrock

Bedrock material is the soil assumed to be found at the location of the virtual paving
project or roadway. It is the last layer the Design Guide Software includes for calculating
distresses and smoothness models. Consequently, it must be considered semi-infinite,
without any thickness value. Material properties for this layer are fed into the Design
Guide Software on level three base — hierarchy level one and two do not apply for
bedrock [X 15]. According to AASHTO classifications, the unbound soil is assumed to
be A-2-4 material with a maximum dry unit weight of 115 pcf. Depending on those
characteristics, a Poisson’s ratio of 0.35, and the coefficient of lateral earth pressure K,,
which is estimated at 0.5, the software determines the layers’ resilient modulus, necessary
for the analysis process. Detailed information of soil properties, index properties, and

results from sieve analysis for A-2-4 material can be found in Appendix A
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7.5.2. Layer # 3: Subgrade Layer

For rigid pavement analysis, level one input is not available for base, subbase and
subgrade. Moreover, since level two requires soil sample testing already, it was decided
to use level three input which requires estimation using a correlation from soil
classification such as AASHTO or UCS. Therefore, the subgrade in this study is defined
as unbound material A-3 according to AASHTO classification, 12 inches in thickness. Its
Poisson’s ratio value is 0.35 while 0.5 represents the coefficient of lateral earth pressure
K,. Maximum dry unit weight shows a value of 101.3 pcf at a specific gravity of 2.70.
Appendix A outlines additional information which was necessary to define the subgrade

layer used in this research.

7.5.3. Layer # 2: Base Layer

The base course for this research is asphalt-stabilized as is mostly the case for rigid
pavement applications in Florida. No sublayering is done within the asphalt-stabilized
base layer for rigid design and analyses purposes within the Design Guide Software [X
15]. The material inputs required for this layer are grouped under two broad categories —

general materials inputs and inputs required to construct E* master curve.

The primary material property of interest for asphalt-stabilized layers is its dynamic
modulus, E*. A master curve of E* versus reduced time needs to be derived that defines
the behavior of this layer under loading and at various climatic conditions. For input
Levels two and three, the dynamic modulus prediction equation (outlined in Part 2
Chapter 2 in [X 15]) is used to construct the master curve. Figure 7.2 shows the master

curve developed for the base layer derived from the material characteristics below.
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Figure 7.2: Master curve for stabilized base layer (asphalt bounded)

The base layer is made of asphalt concrete with a designated thickness of 4 inches.
Aggregate gradation is specified at 0 % retaining on sieve 3/4, 15 % on sieve 3/8, and 35
% on sieve #4, while 5.7 % passes sieve #200. The employed asphalt binder is classified
as PG70-22 using superpave binder grading at a reference temperature of 70°F for master
curve development. Total unit weight shows a value of 148 pcf with an air void content

of 7 % and an effective binder content of 11 %.

7.5.4. Layer # 1: Surface Layer

The layers listed above will serve as research framework and remain untouched
throughout the entire study. Layers 4, 3, and 2 are the underlying sub-structure constantly
supporting the interchanging PCC surface layers, outlined next. The goal is to evaluate
the total pavement response in consequence of interchanging concrete materials (three
different Florida concrete pavement mix designs) and their input precision (three
different hierarchy levels). Based on the results obtained from research phase one, three

different data categories will be developed regarding each mix design.
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The M-E Design Guide Software explicitly accounts for different PCC layer hierarchy
levels for strength related properties only. Nevertheless, a few input parameters might be
determined on different quality levels as well (e.g. Poisson’s Ratio, CTE, etc). They may
be laboratory-measured, calculated based on raw material properties, or taken from data
bases and default values. These values define this research and will be unambiguously
outlined under the next three subheadings for all mix designs. However, prior to that, the
constant PCC parameters will be presented in Table 7.1. These data are not necessarily
independent of hierarchy levels (e.g. thermal conductivity, heat capacity, etc.) but they
are outside of the research scope. Therefore, the table outlines the permanent PCC

properties used in this study.

Table 7.1: General input parameters for PCC layer

| unit MIX-01 | MIX-02 | MIX-03
General and Thermal
Layer thickness in variable
Unit weight pcf 1431 | 1466 | 1442
Thermal conductivity * BTU/hr-ft-°F 1.25
Heat capacity * BTU/Ib-°F 0.28
Mix
Cement Type - Type |
Cementitious material content Ib/yd3 643 520 470
Water/cement ratio - 0.546 0.622 0.568
Aggregate type - limestone granite
Zero-stress temperature * °F 110 103 100
Ultimate shrinkage at 40% R.H. * in/in 903 780 680
Reversible shrinkage % 50
Time to develop 50% shrinkage days 35
Curing method - Curing compound

* non-empirical value (suggested by ME-PDG)

7.5.4.1. Layer # 1 Under Hierarchy Level One Consideration

Hierarchy level one is considered most precise as it requires laboratory-tested results for
all properties necessary. In this research, level one numbers will be exclusively based on
data obtained from research phase one. As deviation was found to be within normal

ranges, the employed numbers were derived from averaging all sample results within the
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data series under consideration. Where the Design Guide Software requires only one
single input, it was decided to use 90-day average data. Although 28-day properties are

normally used in concrete (pavement) design, it was found to be more conservative to use

90-day data for Poisson’s ratio and CTE as they kept growing after the 28" day.

Table 7.2: Level one input parameters for PCC layer

Unit | MIX-01 | mix-02 | MIx-03
General and Thermal
Coefficient of thermal expansion pin/in/°F 6.79 6.84 5.99
Poisson's ratio - 0.23 0.27 0.21
Strength (level 1)
E-modulus (7-day) psi 4370000 | 4530000 | 3290000
E-modulus (14-day) psi 4590000" | 4590000" | 3470000
E-modulus (28-day) psi 4420000" | 4360000 | 3680000
E-modulus (90-day) psi 4180000° | 4905000 | 4020000
20 year/28 day ratio * - 1.2
Modulus of rupture (7-day) psi 714 777 545
Modulus of rupture (14-day) psi 745° 825* 603.5°
Modulus of rupture (28-day) psi 776 873 662
Modulus of rupture (90-day) psi 844 831" 707
20 year/28 day ratio * - 1.2

* measured values not increasing as expected by theory
* non-empirical value (linearly interpolated)
* non-empirical value (suggested by ME-PDG)

7.5.4.2. Layer # 1 Under Hierarchy Level Two Consideration

Hierarchy Level two is referred to as intermediate design level using input data from less-
than-optimal testing conditions. Although strength-related data is available under level
one consideration, the required level two parameters can be isolated. However, the
essential property to this research is the thermal behavior of the PCC layer. Section 2.3.4
outlines the principle to determine CTE based on volumetric proportion of ingredients
(rule of mixture) — the proposed technique to compute CTE under hierarchy level two
deliberation. Table 7.3 displays the volumetric proportions of ingredients and their CTE

ranges for the materials used in this research.
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Table 7.3: CTE values for hierarchy level two

Property Unit MIX-01 MIX-02 MIX-03
Cement Paste % (V) 30.7 26.5 26.1
Coarse Aggregate % (V) 41.6 29.7 44.8
Fine Aggregate % (V) 27.8 43.8 29.1
CTE Cement Paste (min) uin/in/°F 10.0 10.0 10.0
CTE Cement Paste (max) pin/in/°F 11.0 11.0 11.0
CTE Coarse Aggregate (min) pin/in/°F 3.3 3.3 4.0
CTE Coarse Aggregate (max) uin/in/°F 3.3 3.3 6.0
CTE Fine Aggregate (min) pin/in/°F 6.1 6.1 6.1
CTE Fine Aggregate (max) uin/in/°F 7.2 7.2 7.2
CTE Concrete Calculated (min) pin/in/°F 6.13 6.30 6.18
CTE Concrete Calculated (max) pin/in/°F 6.75 7.05 7.65
CTE Concrete Calculated (mean) pin/in/°F 6.44 6.68 6.92

The M-E Design Guide Software processes data much different for level two. For level
one calculations, every property is available from direct inputs and certain estimations
have to be made when using level two data. The Design Guide predicts Young’s modulus
and modulus of rupture (flexural strength) based on compressive strength data only. This
property has to be made available to the software for 7, 14, 28, and 90 days. These
parameters were achieved during research phase one, and proper values are presented in
Table 7.4. It is emphasized that Poisson’s ratio for hierarchy level two will not differ

from level one consideration as there is no different definition available at this time.

Table 7.4: Level two input parameters for PCC layer

Unit MIX-01 MIX-02 MIX-03
General and Thermal
Coefficient of thermal expansion pin/in/°F 6.44 6.67 6.92
Poisson's ratio - 0.23 0.27 0.21
Strength (level 2)
Compressive Strength (7-day) Psi 4832 6183 3489
Compressive Strength (14-day) Psi 6067 7442 4225
Compressive Strength (28-day) Psi 6908 8256 4883
Compressive Strength (90-day) Psi 7856 9188 5794
20 year/28 day ratio * - 1.2

* non-empirical value (suggested by ME-PDG)
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7.5.4.3. Layer # 1 Under Hierarchy Level Three Consideration

Hierarchy level three is the lowest design level relaying on default database values or
local experience. Again, the used strength data was obtained from level one testing.
Nevertheless, Poisson’s ratios as well as the different CTE values are obtained from

databases or default values suggested by the literature.

Table 7.5: Level two input parameters for PCC layer

| unit | mix-01 | mix-02 | mix-03
General and Thermal
Coefficient of thermal expansion uin/in/°F 7
Poisson's ratio - 0.25
Strength (level 3)
Modulus of rupture (28-day) psi 776 873 662
E-Modulus (28-day) psi 4420000" | 4360000 | 3680000

* measured values not increasing as expected by theory

7.5.5. Design Features

Besides thickness inputs for each layer, the pavement structure model is exclusively
concerned with material properties. However, to determine distresses and smoothness,
structural details — e.g. joint spacing, slab width, etc. — have to be made available to the
Software Design Guide. These construction details are referred to as design features by
the new M-E PDG. The JPCP design features selected for this research are outlined

below.

The aspect ratio of PCC slab is fixed at 0.86 which results from a joint spacing of 15 feet
for a slab width of 13 feet (widened slab). Transverse joints are liquid-sealed and
doweled using 1.5 inches diameter dowel bars spaced at 12 inches. Tied PCC shoulders

are assumed with 40 % of long-term load transfer efficiency (separately constructed).

As outlined in 7.5.3, the base type is asphalt treated which results in an intermediate
erodibility index of 3 (Erosion Resistant). Friction contact at the PCC-Base interface is

assumed to be not applicable (zero friction contact).
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7.6.  Analytical Parameters

The above sums up the entire input data necessary to successfully analyze rigid pavement
(JPCP) using the Design Guide Software. Based on this information, accumulative
distresses and smoothness can be predicted using the Mechanistic-Empirical approach. It
is important to remember that M-E design is not a thickness design; rather, it is
considered to be an analytical procedure comparing predicted distresses and smoothness
to target values provided by the user. Limiting numbers may differ from agency to

agency and usual data ranges can be found in Appendix A, section A.5.

M-E JPCP analytical design is based on transverse cracking, transverse joint faulting, and
pavement smoothness (IRI). To properly evaluate these pavement behaviors over the
design life, target values and reliability factors were defined based on typical Florida
conditions. Initial smoothness (IRI) for the virtual paving project was predefined at 58
inches per mile. The maximum value is referred to as terminal IRI which was limited to
160 inches per mile. Maximum transverse cracking was found to be adequate at less than
10 % slabs cracked while mean joint faulting has to maintain values below 0.12 inches.

The reliability factor for all three performance criteria was fixed at 90.

In addition to Appendix A which summarizes general information for all input values and
presents the M-E Design Guide Interfaces, Appendix B was created to provide a
comprehensive overview of all parameters used in this research. While Appendix A
exclusively deals with MIX-01, Appendix B captures all input data necessary for each

mix design and all hierarchy levels in a convenient list view.
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7.7.  Analysis Approach

The M-E PDG research will be analytically conducted due to the diagnostic concept
introduced by the M-E PDG. The first goal is to strive for the minimum PCC layer
thickness while conformity of Florida distress and smoothness criteria (analytical
parameters) is still guaranteed (including reliability). Thickness increments will be raised
per quarter inch until any predicted performance criterion exceeds its limit. This strategy

will be pursued for all mix designs under each hierarchy level.

After the ideal thickness has been determined for all scenarios, CTE sensitivity analysis
will be initiated. The nine established pavement models will form the basic framework
for the analysis matrix. Moreover, to properly evaluate the sensitivity of pavement
performance and the mechanistic-empirical analysis method to CTE, the only control
variable will be CTE while all other parameters will be held fixed. Although in reality it
is very unlikely for one single concrete property to change its magnitude without causing
differences in other characteristics, it was determined to vary CTE only as it is believed
to preeminently show M-E PDG susceptibility to CTE. Values will ascend/descend by
0.10 pin/in/°F increments within a = 10 % array. This will cause an analysis matrix of 15
(CTE values) by 6 (analysis criteria) per mix design and hierarchy level, resulting in a

total sensitivity matrix of 135 by 6.
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CHAPTER 8: M-E PDG RESEARCH - TEST RESULTS

&.1. Introduction

This section summarizes the results obtained from the experimental program which was
conducted using the new M-E PDG Software. The following tables and figures are the
product of significant findings. They were created for comparison and analysis of

individual mix designs and hierarchy levels.

8.2.  Results of Thickness Analysis

The thickness analysis was conducted by means of quarter inch increments. First, the
starting PCC layer depth was fixed at 7.5 inches for all mixtures and hierarchy levels.
Then, the thickness parameter was increased until the first pavement performance
criterion was exceeded. The ideal thickness was determined through the measurement
satisfactorily fulfilling all criteria. The following table outlines the numerical results of

the thickness analysis.

Table 8.1: PCC layer thickness

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

The numbers in Table 8.1 are the result of an extensive computer modeling process and
iterative analyses. As opposed to MIX-02 and MIX-03, MIX-01 follows an expected
pattern increasing its thickness with raised hierarchy level. Due to the 28-day modulus of
rupture input, this pattern is broken for MIX-02. The 28-day flexural strength is
unexpectedly high and even higher than the 90-day strength. However, the 28-day value
(and the 28-day Young’s modulus) is the only strength input for level three, whereas
level two relays on compressive strength for all maturity levels (7, 14, 28, and 90-day).

Notice that level three thickness even undercuts level one thickness. A similar approach
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explains the behavior of MIX-03: the modulus of rupture is higher than expected when

deriving from compressive strength input under level two.

The following compares the different mix designs due to their hierarchy levels for
individual performance criteria. The graphs were created to visually depict the predicted

pavement behavior over the entire design life for each of the nine structure models.

8.2.1. Results of Load Transfer Efficiency

Load transfer is a term used to describe the transfer (or distribution) load across
discontinuities such as joints or cracks (AASHTO, 1993) [W 11]. When a wheel load is
applied at a joint or crack, both the loaded slab and adjacent unloaded slab deflect. If a
joint is performing perfectly, both the loaded and unloaded slabs deflect equally (LTE =
100 %).
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Figure 8.1: Level-1 load transfer efficiency
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Figure 8.2: Level-2 load transfer efficiency
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Figure 8.3: Level-3 load transfer efficiency

In this research, load transfer efficiency is not governing. In fact, LTE reduction is very
small for all mix designs and all hierarchy levels until the end of the design life.

However, the ordinate scale was overdrawn to emphasize affecting aspects.
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In general, level one is least susceptible to LTE change and level two shows the highest
response. MIX-02 exclusively loses LTE under level two consideration (thickest MIX-02
structure) and stays constant for levels one and three. MIX-01 loses LTE with increasing
hierarchy level (increasing thickness). MIX-03 shows moderate LTE decrease under level
one (thinnest PCC layer) and the most significant LTE change under level two (thickest
PCC layer) MIX-03 layer.

Most performance problems with concrete pavement are a result of poorly performing
joints [W 11]. Poor load transfer creates high slab stresses, which contribute heavily to
distresses such as pumping, corner breaks, and faulting. Thus, adequate load transfer is
vital to rigid pavement performance. Therefore, it is important to emphasize the
frequency pattern of the LTE response. This mode is a resultant of weather fluctuation
throughout each year and other resulting factors. The best visualization results from
MIX-03 at level two. Notice that LTE drops as much as 4.2 % but not more than 0.5 % at

the end of the pavement design life.

The load transfer efficiency depends on several factors including temperature, joint
spacing, number and magnitude of load applications, base support, aggregate
interlocking, the presence of dowel bars, and others. LTE reduction shows only minor
effects here because those factors were beneficially chosen. A more explicit explanation
will be provided in the following section as transverse joint faulting is the actual

performance criteria and it ties closely into LTE.

8.2.2. Results of Transverse Joint Faulting

Transverse joint faulting is the differential elevation across the joint measured
approximately one foot from the slab edge, or from the rightmost lane paint stripe for a
widened slab [W 11]. Since joint faulting varies significantly from joint to joint, the mean
faulting of all transverse joints in a pavement section is the predicted parameter in the M-

E Pavement Design Guide. Faulting is a direct resultant of LTE decrease and an
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important deterioration mechanism of JPCP because of its impact on ride quality (IRI,

smoothness).
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Figure 8.4: Level-1 predicted faulting
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Figure 8.5: Level-2 predicted faulting
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Figure 8.6: Level-3 predicted faulting

Faulting is not a concern for all scenarios; the predicted faulting performance stays
constantly (far) below its limit of 0.12 inches (resultant of LTE). For level one
consideration, faulting does not occur in any mix design causing a constant reliability
faulting of 0.018. Under level two and three, MIX-02 experiences the smallest faulting
throughout the design life while MIX-03 shows the highest faulting. The better
performance of MIX-02 is founded on superior strength. However, it is emphasized that
MIX-03 possesses the lowest and MIX-01 the highest PCC zero-stress temperature.
Furthermore, notice that faulting begins early (8 years) at level two and later (15 years)

for level three.

In general, faulting is not the thickness-determining criteria in this research for several
reasons. A small but meaningful factor is the permanent curl/warp effective temperature
difference. In this research the national calibration value of -10°F was used, a mid-
ranging value which is beneficial under Florida weather conditions. Further, lower
faulting is a resultant of less erodible base material and a small P, value. Here, all PCC
layers are supported by an asphalt-treated base with an erodibility index of 3 and 5.7 %

passing through sieve #200. Also, shorter joint spacing results in smaller joint openings.

132



Thus, aggregate interlocking has a more useful effect on maintaining higher LTE.
Additionally, the predicted mean joint faulting is smaller for shorter joint spacing (e.g.,
13 foot). Moreover, a central feature is the edge support and the load location. The
widened slab (13 foot) effectively moves the wheel away from the slab corner, greatly
reducing the deflection of the slab and the potential for erosion and pumping. However,
the most dominant properties reducing faulting are the doweled transverse joints and the
massive diameter of 1.5 inches. A slight increase of dowel diameter significantly
increases joint shear stiffness and reduces the mean steel-to-PCC bearing stress and, thus,

the joint faulting [X 15].

8.2.3. Results of Cumulative Damage

Transverse cracking of PCC slabs can initiate either at the top surface of the PCC slab
and propagate downward (top-down cracking) or vice versa (bottom-up cracking). The
potential for either mode of cracking is present in all slabs. Damage accumulates
differently for each of these different distresses and hence needs to be considered

separately.
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Figure 8.7: Level-1 cumulative damage
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Figure 8.8: Level-2 cumulative damage
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Figure 8.9: Level-3 cumulative damage

The same factors that affect bottom-up transverse cracking affect top-down cracking.
However, different design parameters have a dissimilar impact on different performance

measurcs.
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Bottom-up damage shows only minor effects (if any) for the structural pavement models
studied in this evaluation. It exists for all three mix designs under level one consideration,
for none mix design at level two, and only for MIX-02 at level three where it experiences
its highest magnitude with 0.034 (fraction). Bottom-up cracking is a bending problem
most critical at the outermost edge and the insusceptibility in this research is a
consequence of tied PCC shoulders and widened slabs. However, the minor occurrences
in this study are simply due to different thicknesses. At level one, all PCC layers are very
thin (relative to this study), and therefore susceptible to bottom-up damage. The same
applies to MIX-02 under level three consideration. Because of its high 28-day flexural
strength, the layer obtains the smallest thickness and is mostly affected by bottom-up

damage.

Top-down damage is more prominent and widely exceeds bottom-up cracking for all
scenarios. MIX-01 show highest fractions at level two and three but the smallest at level
one. MIX-02 shows the (absolute) highest value for level one consideration and the
lowest for level three. MIX-03 experiences its highest values at levels one and two but
the overall lowest value under level three. Notice that in Figure 8.7, the convex character
of the graph for MIX-02 at level one is the only constellation where top-down damage

follows such a path; for all other scenarios the graph takes a concave shape.

Any given slab may crack either from the bottom up or from the top down, but not both.
Therefore, the predicted bottom-up and top-down cracking are not particularly
meaningful by themselves, and combined cracking must be determined, excluding the

possibility of both modes of cracking occurring on the same slab.

8.2.4. Results of Predicted Cracking

The percentage of slabs with transverse cracks in a given traffic lane is used as the
measure of transverse cracking. Throughout the design life, predicted cracking indicates

the percentage of total slabs that shows transverse cracking.
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Figure 8.10: Level-1 predicted cracking
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Figure 8.12: Level-3 predicted cracking

Predicted cracking is the thickness determining pavement performance criterion for the
nine evaluated PCC layer. All models have been taken to the limit of 10 % slabs cracked
as close as possible considering depth increments of 0.25 inches. Predicted cracking is
the most critical performance in this research because of the eminent top-down fatigue

damage behavior.

Notice that the percentage slabs cracked graphs follow the behavior of the top-down
fatigue damage for all mix designs and hierarchy levels constantly; therefore, it also
returns the convex shape of MIX-01 at level 1. It must be emphasized that any slab may
experience either bottom-up or top-down cracking, but not both simultaneously which is

accounted for by the M-E PDG cracking model:

TCRACE w (CREzorrom wyp CREG gnm o = CREZorrommup * CREG gpmgann)200% 8.1)

Where: TCRACK = total cracking (%)
CRKgottom-yp = predicted amount of bottom-up cracking (fraction)

CRKrop-down = predicted amount of top-down cracking (fraction)
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Equation 8.1 turns the top-down damage into the central failure criterion for this research

because bottom-up damage is constantly overshadowed.

8.2.5. Results of Predicted Smoothness (IRI)

The international roughness index is used to define the characteristic of the longitudinal
profile of a traveled wheel track and constitutes a standardized roughness measurement
[W 11]. It is based on the average rectified slope (ARS), which is a filtered ratio of a
standard vehicle’s accumulated suspension motion divided by the distance traveled by the
vehicle during the measurement. The M-E PDG approach predicts the change in IRI as a
function of pavement distresses, site conditions, and maintenance. Smoothness is the

most important pavement characteristic as rated by the highway user [X 15].
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Figure 8.13: Level-1 predicted IRI
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International roughness index is not a critical performance criterion for all scenarios

under evaluation; the smoothness maintains values far below its limit of 160 inches per

mile — even for reliability consideration. Moreover, it shows only marginal growth rates.
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Due to smoothness-affecting factors, the predicted roughness index may almost be

disregarded for the thickness analysis.

Notice that all mix designs within each hierarchy level approximately follow their
faulting mode, meaning higher faulting results in more roughness. This is attributed to the
mechanistic-empirical smoothness model, which remits the lion’s share to faulting.

According to M-E PDG prediction model, IRI is calculated as follows:

IRE w [RL + QL CRE + CI s SPALL + € s TFAULT + C4n §F (8.2)
where: IRI = predicted IRI, in/mi
IRL; = initial smoothness measured as IRI, in/mi
CRK = 9% slabs with transverse cracks (all severities)
SPALL = % of joints with spalling
TFAULT = total joint faulting cumulated per mi, in
Cl =0.8203
C2 =0.4417
C3 =1.4929
C4 =25.24
SF = site factor

The values C1, C2, C3, and C4 are empirical factors, their numerical values are
nationally calibrated through the long-term pavement performance (LLTP) data. At a
later point those values need to be adjusted for proper application of the M-E PDG in
Florida. However, this research utilized the above mentioned (national) values turning
faulting (and to a minor extent cracking) into the governing factor. Therefore, the

observations for faulting apply.
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8.2.6. Summary of Pavement Performance Results

It can be stated that cracking is the most critical performance criterion in Florida. All
evaluated mix designs attain the “% slabs cracked limit” of 10 % before any other
performance criteria tends to be problematic according to the chosen (Florida) analysis
parameters. However, the results are highly dependent on the selected JPCP design
features. The widened slabs with tied PCC shoulders and doweled transverse joints
supported by an asphalt-treated base maintain faulting values in moderate ranges, far
below the designated Florida limit of 0.12 inches. Of course, less faulting results in better
driving quality and smoother pavement surface causing almost negligible IRI
augmentation throughout the design life. Furthermore, because of its failure mechanism,
bottom-up cracking benefits from widened slabs and tied PCC shoulders as well. When
truck axles are near the longitudinal edge of the slab, midway between the transverse
joints, the critical tensile bending stress occurs at the bottom of the slab, which is greatly
reduced by those two JPCP design features. In essence, top-down fatigue damage can be
isolated to be the controlling failure mechanism in this research; the percentage of
cracked slabs is directly proportional to top-down damage for all scenarios turning the

predicted cracking into the most critical pavement performance.

8.3.  Results of CTE Sensitivity

The above assigned pavement thicknesses and performance analyses are the designated
substructures for the CTE sensitivity matrices. In general, the above evaluation outlines
the center values for each mix design and hierarchy level. Each 6 by 15 matrix will be
stipulated through its CTE array (+ 10 %) and the five consequential performance criteria
at the end of the design life. The following tables outline the resultant total CTE

sensitivity matrix.
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Table 8.2: CTE sensitivity matrix for MIX-01

MiX-01
Level h CTE IRI Faulting LTE Cum. Fatigue Damage Cracking
in uin/in/F % in/mile in % (fraction) % slabs cracked
at Spec. at Spec. at Spec.
Reliability Reliability Bottom-up Top-down Reliability
6.09 87.1 | 58.7 81.3 0.000 0.018 94.9 0.0084 0.0464 0.2 5.5
6.19 88.6 | 58.8 81.4 0.000 0.018 94.9 0.0089 0.0543 0.3 5.7
6.29 90.0 | 58.9 81.6 0.000 0.018 94.9 0.0094 0.0634 0.4 6.0
6.39 91.4 | 59.0 81.8 0.000 0.018 94.9 0.0100 0.0736 0.6 6.4
6.49 92.8 | 59.1 82.1 0.000 0.018 94.9 0.0105 0.0853 0.8 6.8
6.59 94.3 | 59.3 82.5 0.000 0.018 94.9 0.0111 0.0984 1.0 7.3
6.69 95.7 [ 59.6 82.9 0.000 0.018 94.9 0.0118 0.1127 1.3 7.9
6.79¢ 97.1 | 59.9 83.4 0.000 0.018 94.9 0.0124 0.1285 1.7 8.6
1 8.75 6.89 98.6 | 60.3 84.1 0.000 0.018 94.9 0.0131 0.1461 2.2 9.4

6.99 | 100.0 | 60.8 84.9 0.000 0.018 94.9 0.0138 0.1662 2.8 10.3

7.09 | 1014 | 615 86.0 0.000 0.018 94.9 0.0145 0.1893 3.6 11.5

719 | 1029 | 62.2 87.2 0.000 0.018 94.9 0.0153 0.2144 4.5 12.8

7.29 | 104.3 | 63.2 88.8 0.000 0.018 94.9 0.0161 0.2421 5.7 14.4

7.39 | 105.7 | 64.3 90.5 0.000 0.018 94.9 0.0169 0.2723 7.1 16.2

749 | 107.2 | 65.8 92.8 0.000 0.018 94.9 0.0177 0.3078 8.9 18.5

7.59 | 108.6 | 67.4 95.3 0.000 0.018 94.9 0.0186 0.3452 10.9 21.0

7.69 | 110.0 | 69.4 98.3 0.000 0.018 94.9 0.0196 0.3861 13.2 23.8

5.74 89.1 | 58.7 81.7 0.000 0.020 94.2 0.0002 0.0481 0.3 5.5
5.84 90.7 | 58.8 81.9 0.000 0.020 94.2 0.0002 0.0577 0.3 5.8
5.94 92.2 | 59.0 82.3 0.000 0.020 94.2 0.0002 0.0694 0.5 6.2
6.04 93.8 | 59.2 82.7 0.001 0.021 94.2 0.0003 0.0825 0.7 6.7
6.14 95.3 | 59.4 83.1 0.001 0.021 94.1 0.0003 0.0986 1.0 7.3
6.24 96.9 | 59.8 83.8 0.001 0.021 94.1 0.0003 0.1160 1.4 8.0
6.34 98.4 | 60.3 84.6 0.001 0.021 94.1 0.0003 0.1374 1.9 8.9

2 10.25 | 6.44« | 100.0 | 60.9 85.6 0.001 0.022 94.1 0.0003 0.1599 2.6 10.0

6.54 | 101.6 | 61.5 86.7 0.001 0.022 94.1 0.0003 0.1819 3.3 11.1

6.64 | 103.1 | 62.4 88.2 0.001 0.022 94.0 0.0003 0.2085 4.3 125

6.74 | 104.7 | 63.3 89.6 0.001 0.023 94.0 0.0003 0.2319 5.3 13.8

6.84 | 106.2 | 64.5 91.6 0.001 0.023 94.0 0.0003 0.2635 6.7 15.6

6.94 | 107.8 | 66.0 93.9 0.002 0.024 94.0 0.0004 0.2969 8.3 17.7

7.04 | 109.3 | 67.3 95.9 0.002 0.024 93.9 0.0004 0.3254 9.8 19.6

7.14 | 1109 | 69.0 98.6 0.002 0.025 93.9 0.0004 0.3607 11.7 22.0

6.30 88.7 | 59.2 82.9 0.001 0.022 94.0 0.0002 0.0547 0.3 5.7
6.40 90.1 | 59.3 83.2 0.001 0.023 93.9 0.0002 0.0643 0.4 6.0
6.50 915 | 59.6 83.6 0.001 0.023 93.9 0.0002 0.0752 0.6 6.4
6.60 93.0 | 59.8 84.1 0.002 0.024 93.9 0.0002 0.0860 0.8 6.8
6.70 944 | 60.1 84.6 0.002 0.024 93.8 0.0002 0.0960 1.0 7.2
6.80 95.8 | 60.5 85.3 0.002 0.025 93.8 0.0002 0.1141 1.3 7.9
6.90 97.2 | 60.9 86.0 0.002 0.025 93.7 0.0002 0.1242 1.6 8.4
7.00e | 98.6 | 61.6 87.2 0.003 0.026 93.7 0.0002 0.1489 2.3 9.5

3 1050 | 7.10 | 100.0 | 62.0 87.9 0.003 0.026 93.7 0.0002 0.1597 2.6 10.0

7.20 | 101.4 | 62.6 88.9 0.003 0.027 93.6 0.0002 0.1738 3.0 10.7

7.30 | 102.8 | 63.3 90.2 0.004 0.028 93.6 0.0002 0.1947 3.8 11.7

740 | 104.2 | 64.3 91.8 0.004 0.029 93.6 0.0002 0.2174 4.6 12.9

7.50 | 105.6 | 65.2 93.2 0.005 0.030 93.5 0.0003 0.2362 5.4 14.0

7.60 | 107.0 | 66.6 95.4 0.005 0.031 93.5 0.0003 0.2672 6.8 15.9

7.70 | 108.5 | 67.5 97.0 0.006 0.031 93.5 0.0003 0.2833 7.6 16.9

7.80 | 109.9 | 68.8 98.9 0.006 0.033 93.4 0.0003 0.3052 8.7 18.3

7.90 | 111.3 | 70.0 100.9 0.007 0.034 93.4 0.0003 0.3277 9.9 19.7

« CTE value used for thickness analysis
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Table 8.3: CTE sensitivity matrix for MIX-02

MiIX-02
Level h CTE IRI Faulting LTE Cum. Fatigue Damage Cracking

in uin/in/F % in/mile in % (fraction) % slabs cracked
at Spec. at Spec. at Spec.
Reliability Reliability Bottom-up Top-down Reliability

6.14 89.8 | 58.6 81.3 0.000 0.018 95.0 0.0077 0.0587 0.4 5.9

6.24 91.2 | 58.7 81.5 0.000 0.018 95.0 0.0081 0.0685 0.5 6.2

6.34 92.7 | 58.9 81.7 0.000 0.018 95.0 0.0086 0.0796 0.7 6.6

6.44 94.2 | 59.1 82.0 0.000 0.018 95.0 0.0090 0.0921 0.9 7.1

6.54 95.6 | 59.3 82.4 0.000 0.018 95.0 0.0095 0.1061 1.2 7.6

6.64 97.1 | 59.6 82.9 0.000 0.018 95.0 0.0100 0.1216 15 8.3

6.74 98.5 [ 60.0 83.5 0.000 0.018 95.0 0.0106 0.1389 2.0 9.0

1 8.25 | 6.84¢ | 100.0 | 60.4 84.3 0.000 0.018 95.0 0.0110 0.1587 2.6 9.9

6.94 | 101.5 | 61.0 85.3 0.000 0.018 95.0 0.0116 0.1808 3.3 11.0

7.04 | 1029 | 61.8 86.5 0.000 0.018 95.0 0.0122 0.2055 4.2 12.3

7.14 | 1044 | 62.7 88.0 0.000 0.018 95.0 0.0128 0.2327 5.3 13.8

7.24 | 105.8 | 63.8 89.7 0.000 0.018 95.0 0.0135 0.2633 6.7 15.7

7.34 | 107.3 | 65.3 92.0 0.000 0.018 95.0 0.0142 0.2994 8.4 17.9

7.44 | 108.8 | 66.7 94.2 0.000 0.018 95.0 0.0149 0.3330 10.2 20.1

7.54 | 110.2 | 68.5 97.1 0.000 0.018 95.0 0.0156 0.3730 124 22.9

5.97 86.9 | 58.7 81.7 0.000 0.020 95.0 0.0000 0.0582 0.4 5.8
6.07 88.4 | 58.9 82.1 0.000 0.020 95.0 0.0000 0.0702 0.5 6.3
6.17 89.8 | 59.1 82.6 0.000 0.020 95.0 0.0000 0.0906 0.8 7.0
6.27 91.3 | 59.3 82.9 0.000 0.020 95.0 0.0000 0.1029 1.1 7.5
6.37 92.7 | 59.7 83.6 0.001 0.021 95.0 0.0000 0.1194 15 8.2
6.47 94.2 | 60.1 84.3 0.001 0.021 95.0 0.0000 0.1376 1.9 8.9
6.57 95.6 | 59.9 83.9 0.001 0.021 94.9 0.0000 0.1262 1.6 8.4
6.67¢ | 97.1 | 60.0 84.2 0.001 0.021 94.9 0.0000 0.1314 1.8 8.7
2 10.75 | 6.77 98.5 | 60.4 84.9 0.001 0.022 94.8 0.0000 0.1473 2.2 9.4

6.87 | 100.0 | 60.9 85.7 0.001 0.022 94.8 0.0000 0.1622 2.7 10.1

6.97 | 101.5 | 61.2 86.2 0.001 0.022 94.7 0.0001 0.1691 2.9 104

7.07 | 1029 | 61.6 87.0 0.001 0.023 94.7 0.0001 0.1842 3.4 11.2

7.17 | 1044 | 61.9 87.5 0.001 0.023 94.6 0.0001 0.1904 3.6 11.5

7.27 | 105.8 | 62.3 88.1 0.002 0.024 94.5 0.0001 0.1983 3.9 11.9

7.37 | 107.3 | 62.7 88.9 0.002 0.024 94.4 0.0001 0.2096 4.3 12.5

7.47 | 108.7 | 63.2 89.8 0.002 0.025 94.4 0.0001 0.2208 4.8 13.1

7.57 | 110.2 | 63.7 90.6 0.002 0.025 94.3 0.0001 0.2300 5.2 13.7

6.30 88.7 | 58.6 81.3 0.000 0.018 95.0 0.0233 0.0490 0.3 5.7
6.40 90.1 | 58.7 81.4 0.000 0.018 95.0 0.0247 0.0572 0.4 6.0
6.50 91.5 | 58.8 81.6 0.000 0.018 95.0 0.0260 0.0667 0.5 6.3
6.60 93.0 | 59.0 81.8 0.000 0.018 95.0 0.0275 0.0772 0.7 6.7
6.70 944 | 59.1 82.1 0.000 0.018 95.0 0.0290 0.0888 0.9 7.1
6.80 95.8 | 59.4 82.5 0.000 0.018 95.0 0.0306 0.1017 1.2 7.6
6.90 97.2 | 59.6 83.0 0.000 0.018 95.0 0.0323 0.1162 1.5 8.2
7.00e | 98.6 | 60.0 83.6 0.000 0.018 95.0 0.0341 0.1327 1.9 8.9

3 7.50 7.10 | 100.0 | 60.4 84.3 0.000 0.018 95.0 | 0.0359 0.1508 24 9.8

7.20 | 101.4 | 60.9 85.1 0.000 0.018 95.0 0.0378 0.1712 3.1 10.8

7.30 | 102.8 | 61.6 86.2 0.000 0.018 95.0 0.0399 0.1937 3.9 11.9

740 | 104.2 | 62.4 87.5 0.000 0.018 95.0 0.0420 0.2186 4.9 13.3

7.50 | 105.6 | 63.4 89.0 0.000 0.018 95.0 0.0442 0.2462 6.1 14.9

7.60 | 107.0 | 64.5 90.9 0.000 0.018 95.0 0.0465 0.2765 7.5 16.7

7.70 | 108.5 | 65.9 93.0 0.000 0.018 95.0 0.0490 0.3099 9.2 18.9

7.80 | 109.9 | 67.6 95.5 0.000 0.018 95.0 0.0515 0.3465 11.2 21.3

7.90 | 111.3 | 69.5 98.4 0.000 0.018 95.0 0.0541 0.3867 13.5 24.1

« CTE value used for thickness analysis
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Table 8.4: CTE sensitivity matrix for MIX-03

MIX-03
Level h CTE IRI Faulting LTE Cum. Fatigue Damage Cracking

in uin/in/F % in/mile in % (fraction) % slabs cracked
at Spec. at Spec. at Spec.
Reliability Reliability Bottom-up Top-down Reliability

5.29 88.3 | 59.3 82.3 0.000 0.018 95.0 0.0108 0.0408 0.2 5.3

5.39 90.0 | 59.4 82.4 0.000 0.018 95.0 0.0114 0.0501 0.3 5.6

5.49 91.7 | 59.5 82.6 0.000 0.018 95.0 0.0119 0.0610 0.4 6.0

5.59 93.3 | 59.7 82.9 0.000 0.018 95.0 0.0126 0.0740 0.6 6.4

5.69 95.0 | 59.9 83.3 0.000 0.018 95.0 0.0133 0.0895 0.8 7.0

5.79 96.7 | 60.2 83.8 0.000 0.018 95.0 0.0140 0.1073 1.2 7.7

5.89 98.3 | 60.6 84.4 0.000 0.018 95.0 0.0148 0.1278 1.7 8.6

1 9.00 | 5.99¢ | 100.0 | 61.1 85.3 0.000 0.018 95.0 0.0156 0.1517 2.4 9.6

6.09 | 101.7 | 61.8 86.5 0.000 0.018 95.0 0.0165 0.1789 3.2 10.9

6.19 | 103.3 | 62.8 88.0 0.000 0.018 95.0 0.0174 0.2100 4.4 12.6

6.29 | 105.0 | 64.1 90.1 0.000 0.018 95.0 0.0183 0.2481 6.0 14.8

6.39 | 106.7 | 65.7 92.6 0.000 0.018 95.0 0.0192 0.2884 7.9 17.2

6.49 | 108.3 | 67.7 95.6 0.000 0.018 95.0 0.0203 0.3350 10.3 20.3

6.59 | 110.0 | 70.1 99.3 0.000 0.018 95.0 0.0213 0.3866 13.3 23.8

6.69 | 111.7 | 72.9 103.6 0.000 0.018 95.0 0.0224 0.4440 16.7 28.0

6.22 89.9 | 59.6 83.6 0.002 0.024 95.0 0.0000 0.0420 0.2 5.3
6.32 91.3 | 59.7 84.0 0.002 0.025 95.0 0.0000 0.0502 0.3 5.6
6.42 92.8 | 59.9 84.4 0.002 0.025 95.0 0.0000 0.0626 0.4 6.0
6.52 94.2 | 60.2 84.9 0.002 0.025 95.0 0.0000 0.0771 0.6 6.5
6.62 95.7 | 60.5 85.5 0.003 0.026 95.0 0.0000 0.0905 0.8 7.0
6.72 97.1 | 60.9 86.1 0.003 0.026 95.0 0.0000 0.1075 1.2 7.7
6.82 98.6 | 61.4 87.1 0.003 0.027 95.0 0.0000 0.1261 1.6 8.4
2 13.50 | 6.92¢ | 100.0 | 62.0 88.1 0.003 0.027 94.9 0.0000 0.1492 23 9.5

7.02 | 101.4 | 62.9 89.5 0.004 0.028 94.8 0.0000 0.1748 3.1 10.7

7.12 | 102.9 | 63.6 90.7 0.004 0.029 94.6 0.0000 0.1930 3.7 11.6

7.22 | 104.3 | 64.9 92.7 0.004 0.029 94.5 0.0000 0.2281 5.1 13.6

7.32 | 105.8 | 66.2 94.7 0.005 0.030 94.4 0.0000 0.2591 6.5 154

7.42 | 107.2 | 67.6 97.0 0.005 0.030 94.3 0.0000 0.2896 7.9 17.3

7.52 | 108.7 | 69.2 99.5 0.005 0.031 94.2 0.0000 0.3232 9.7 19.4

7.62 | 110.1 | 70.9 102.0 0.006 0.032 94.1 0.0000 0.3552 114 21.6

6.30 87.5 | 59.2 82.5 0.000 0.020 95.0 0.0000 0.0656 0.5 6.1
6.40 88.9 | 59.4 82.9 0.000 0.020 95.0 0.0000 0.0786 0.7 6.6
6.50 90.3 | 59.6 83.3 0.000 0.020 95.0 0.0000 0.0926 0.9 7.1
6.60 91.7 | 59.9 83.8 0.001 0.021 95.0 0.0000 0.1075 1.2 7.7
6.70 93.1 | 60.1 84.3 0.001 0.021 95.0 0.0000 0.1210 15 8.2
6.80 94.4 | 60.5 84.8 0.001 0.021 95.0 0.0000 0.1340 1.8 8.8
6.90 95.8 | 60.5 84.9 0.001 0.021 95.0 0.0000 0.1333 1.8 8.8
7.00e | 97.2 | 60.1 84.4 0.001 0.022 95.0 0.0000 0.1127 1.3 7.9
7.10 98.6 | 60.6 85.2 0.001 0.022 95.0 0.0000 0.1306 1.8 8.6

3 12.00

7.20 | 100.0 | 61.1 86.0 0.001 0.022 94.9 0.0000 0.1490 23 9.5

7.30 | 101.4 | 62.0 87.6 0.001 0.023 94.8 0.0000 0.1811 3.3 11.0

740 | 102.8 | 63.5 89.9 0.002 0.023 94.7 0.0000 0.2243 4.9 13.3

7.50 | 104.2 | 64.0 90.8 0.002 0.024 94.6 0.0000 0.2366 5.5 14.0

7.60 | 105.6 | 65.8 93.7 0.002 0.024 94.5 0.0000 0.2824 7.6 16.8

7.70 | 106.9 | 68.5 97.8 0.002 0.025 94.4 0.0000 0.3400 10.6 20.6

7.80 | 108.3 | 71.5 102.4 0.003 0.026 94.3 0.0000 0.4008 14.1 24.8

7.90 | 109.7 | 73.2 105.0 0.003 0.026 94.2 0.0000 0.4321 16.0 27.0

8.00 | 111.1 | 773 111.0 0.003 0.027 94.1 0.0000 0.5071 20.7 32.5

« CTE value used for thickness analysis
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CHAPTER 9: M-E PDG RESEARCH - ANALYSIS OF TEST
RESULTS

9.1. Introduction

The new M-E PDG is the first pavement analysis tool that utilizes PCC CTE for distress
and smoothness computations to predict accumulated faulting, cracking, and roughness.
It describes a new approach, and therefore draws curiosity. The effect of CTE has been a
major attraction and interesting studies have been conducted by different groups of
researchers [2], [3], [4], [6], [13], [and others], and they revealed important findings
mostly derived from comparison between field measurements and M-E PDG analytics.
However, as those studies depend on numerous variables and dissimilar sample sections
(problematic to compare), the actual M-E PDG CTE sensitivity is difficult to describe.
Hence, a different approach was desired which isolates CTE as the control variable while
proper comparison can be guaranteed. It seems to be problematic due to the nine different
pavement models and their diverse characteristics. Although traffic loads, weather
conditions, and substructures are identical, they differ considerably in strength properties,
PCC thickness, and particularly CTE. Therefore, to ensure adequate comparison, the
initial step had to express CTE as a percentage value. In general, 100 % CTE was defined
by the nine different pavement models and their original CTE values but small
modifications had to be made. It is especially noted that predicted cracking was the
thickness-defining performance criterion for each pavement model. However, the quarter
inch increments occasionally caused predicted cracking values far below the Florida
performance limit (7.9 for MIX-03 at level 3). In such cases, the 100 % mark was

adjusted to the CTE values resulting cracking closest to 10 % slabs cracked.

The following graphs are the result of the CTE sensitivity analysis; they were created to
visualize the CTE effect on every performance criteria separately. For each graph, the
abscissa is defined by CTE percentage while the ordinate represents the numerical results

of the parameter in question.
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9.2.  Analysis of Load Transfer Efficiency Sensitivity

Load transfer efficiency was identified earlier (by thickness analyses) to be a minor
response due to the PCC design features and base support. However, elevated CTE

values may cause a different reaction and more pronounced LTE drop throughout the

design life.
Load transfer efficiency, %
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Figure 9.1: LTE sensitivity

In General, LTE is not problematic within the evaluated CTE array as abscissa values
only range over 3 %. In fact, no response can be observed for any mix designs in level
one and MIX-02 in level three, or more specifically the pavement models featuring thin
PCC layers (less than 9 in) in respect to this study. Although LTE decreases moderately
in acceptable ranges, it declines with CTE elevation for all thicker PCC layers. Therefore,
it can be noted that CTE affects the load transfer efficiency in thicker slabs but only to a

minor extent. In this research, LTE sensitivity can be disregarded.
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9.3.  Analysis of Predicted Faulting Sensitivity

Pavement faulting is a direct resultant of LTE, and therefore shows a similar response in
this research. Nevertheless, increased CTE values may amplify the effect and turn

faulting into a more dominant factor.

Predicted Faulting

Hlevel-1 MIX-01 e Level-1 MIX-02 A Level-1 MIX-03
OLevel-2 MIX-01 < Level-2 MIX-02 A Level-2 MIX-03
X Level-3 MIX-01 X Level-3 MIX-02 + Level-3 MIX-03

0.010
0.008
X
£ 0.006 Sy
ob
£ XA A
3
£ 0.004 A A A
A A K K X + + +
0.002 A K F——Kaeoon
X X ¥ EE B8 8 O O

0000 —E-MEGHEA T EAR AR B B A LEBARS B D 4

85.0 90.0 95.0 100.0 105.0 110.0 115.0
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Figure 9.2: Faulting sensitivity

Figure 9.2 proves faulting to be insensitive to CTE magnification for the thin concrete
slabs (less than 9 inch); all mix designs under hierarchy level one and MIX-02 under
level three consideration maintain constant values throughout the CTE array. All other
pavement models show slightly increased faulting results for amplified CTE values. Due
to the chosen JPCP design features, in general the consequence is very little. However,
the pattern becomes more apparent when predicted faulting at its specified reliability is
analyzed. Figure 9.3 graphs the CTE percentage range versus faulting at specific

reliability.
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Predicted Faulting at Specific Reliability

M Level-1 MIX-01 & Level-1 MIX-02 A Level-1 MIX-03
Olevel-2 MIX-01 < Level-2 MIX-02 A Level-2 MIX-03
x Level-3 MIX-01 X Level-3 MIX-02 + Level-3 MIX-03
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Figure 9.3: Faulting at specific reliability sensitivity

Notice that in Figure 9.3 the faulting growth rate due to CTE intensification is more
pronounced following a linear path for the thicker slabs. They show analogous gradients
(Afauliing) ranging from 0.006 inches for MIX-01 at level two to 0.014 inches for MIX-01
at level three over the 20 % CTE range.

In general, predicted faulting has neither been an issue throughout the above outlined
thickness analysis, nor during CTE sensitivity study. Even 10 % amplification of CTE
could not challenge the predicted faulting (at specific reliability); the results fell
consistently below the Florida analysis limit of 0.12 inches. It can be stated that pavement
faulting is slightly affected by CTE intensification; its sensitivity can be neglected for the
thin slabs (less than 9 inch) but a minor growth tendency has to be expected for thicker

PCC layers.
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9.4.  Analysis of Cumulative Damage Sensitivity

During thickness analysis, bottom-up cracking was discovered to be present only for the
thiner PCC layers which included all mix designs in hierarchy level one and MIX-02
under hierarchy level three. Therefore, it can be stated that cumulative bottom-up damage
performs contrary to faulting in this research. The following graph was created to analyze

the resistance of bottom-up cracking to CTE variation.

Cumulative damage: Bottom-up
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Figure 9.4: Bottom-up cracking sensitivity

Figure 9.4 proves once more that bottom-up cracking is not problematic in thick PCC
layers as no response can be observed for any mix design at level two and MIX-01 and
MIX-03 at level three, even for higher CTE values. However, the graph clearly shows a
linear response to CTE if bottom-up cracking is present. Notice the comparable slope of
the three mix designs under level one consideration. Though they possess dissimilar
strength and CTE properties, they show parallel bottom-up cracking reactions throughout
the CTE array. It is emphasized that MIX-02 under hierarchy level three features the
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thinnest PCC slab and shows the steepest slope (Apottom-up = 0.03). The increased slope
may be a result of the very thin (relative to this study) PCC layer but also might be
caused by the different hierarchy level. Follow up studies should be conducted to further
discover the behavior of thinner slabs at different hierarchy levels, especially since M-E
PDG implies the use of low CTE PCC mixes to reduce bottom-up cracking — a

methodology that could not be verified for all circumstances in this research.

During thickness analysis, cumulative top-down damage was more prominent than
bottom-up damage. Consequently, the CTE sensitivity study is initially more pronounced
at its 100 % value. However, as diverse conditions affect accumulated bottom-up and

top-down damage differently, the following diagram is necessary to evaluate top-down

sensitivity.
Cumulative damage: Top-down
M Level-1 MIX-01 @ Level-1 MIX-02 A Level-1MIX-03
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Figure 9.5: Top-down cracking sensitivity

Cumulative damage (fraction)
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From the graph above, it can be seen that all pavement models follow a similar response
to top-down damage. Regardless of thickness or any other factor, the cumulative damage
pattern is consistently described by a quadratic function. The only envelope-breaking
pavement model is derived from MIX-02 at level two; note the spice to the right side of
the abscissa caused by less accented slope. Nevertheless, it can be stated that top-down-

damage shows quadratic responses for all scenarios and is therefore very sensitive to
CTE changes.

9.5.  Analysis of Predicted Cracking Sensitivity

Since it was the thickness-determining condition, predicted percentage of slabs cracked
was identified to be the most critical pavement performance criterion in this research.
Therefore, it is the central consideration as higher responses, caused by interchanged

CTE values, would impact the mechanistic-empirical analysis tremendously.

Predicted Cracking
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Figure 9.6: Total cracking sensitivity
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Comparing Figure 9.5 to Figure 9.6, the predicted cracking is interrelated with top-down
damage, with a more enhanced quadratic coefficient causing a rapid response for
pavement structures among increased thermal behavior. As explained earlier, top-down
cracking is the most dominant factor for cracking computations according to the new M-
E PDG concept. Hence, the two graphs are congruent to one another reflecting any
distinguishing mark. Consequently, the harmonized pattern (CTE sensitivity envelope) is
again out of order for MIX-02 at hierarchy level two. However, it is emphasized that a 10
% CTE boost may cause an additional 15 % slabs cracked, but an underestimation of

equal magnitude reduces the response by no more than 2.3 %.

Certainly, similar observations will be made for the predicted cracking at specific
reliability. Nevertheless, predicted cracking for the specified reliability factor is the most
significant property in this research as it predetermined the thickness, and therefore was

turned into the reference mark for this CTE sensitivity study.

Predicted Cracking at Specific Reliability
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Figure 9.7: Cracking at specific reliability sensitivity
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Due to the observations made above, it is not surprising that any CTE value exceeding
the 100 % mark causes the resulting pavement model not to fulfill the desired Florida
analysis parameter. Of course, all data points to the left of the abscissa underutilize the
evolved pavement structure but because of the quadratic nature only minor effects have
to be anticipated. In general, predicted transverse cracking (% slabs cracked) shows a
high sensitivity to CTE. An overestimation of CTE or a concrete mixture with high
thermal properties quickly causes augmented pavement cracking for the evaluated

structure type.

9.6.  Analysis of Smoothness (IRI) Sensitivity

During thickness analysis, predicted smoothness demonstrated an almost insignificant
response. However, it is the most important performance to the end-user, and therefore its

CTE sensitivity is an essential behavior in question.

Predicted IRI
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Figure 9.8: IRI sensitivity
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In general, the graph in Figure 9.8 mirrors the cracking behavior which in turn is a
consequence of top-down damage. This is assumed to be caused by the small faulting
response due to the chosen structure type; it is not known if the graph would illustrate
comparable CTE sensitivity for JPCP models among different design features.
Nevertheless, it can be stated that the international roughness index is a direct

consequence of cracking and is similarly sensitive to PCC’s CTE.

The proposed reliability concept included in the new M-E PDG is usually the critical
consideration which determines the approval of the pavement model. Consequently, the
next graph plots the predicted IRI at specific reliability versus CTE percentage values to
study the acceptance based on the prescribed Florida IRI limitation.

Predicted IRI at Specific Reliability
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Figure 9.9: IRI at specific reliability sensitivity

It is emphasized that the abscissas in Figure 9.8 and Figure 9.9 are divided but

numerically demonstrate the same IRI array of 35 inches per mile. Therefore, notice the
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more pronounced separation of the pavement models and the consequential amplified
growth rate in Figure 9.9. Naturally, this is a result of the reliability factor but it enlarges
IRI sensitivity for higher CTE wvalues tremendously. Nevertheless, the predicted
smoothness throughout the 20 % CTE range maintains values constantly (far) below the
Florida analysis limit of 160 inches per mile. In fact, the roughest roadway is predicted
for MIX-03 at level three with 111 inches per mile for 11.1 % CTE. Consequently, IRI is

not a concern but in general, its CTE sensitivity should not be underestimated.

9.7. Summary of Pavement Performance Sensitivity

The M-E PDG CTE sensitivity study was carried out for nine diverse pavement models,
each differing in strength, PCC layer thickness, and CTE magnitude. Despite the
dissimilar properties, a method was determined to properly compare the predicted
performance criteria for alternating CTE values. Although different hierarchy levels were
evaluated, clear resemblances were exposed and distinctive performance envelopes arose

for certain criteria.

Load transfer efficiency showed minor reduction for the thicker concrete slabs but no
response for the thinner oness. However, the LTE decrease did not demonstrate sufficient
response to be considered CTE sensitive. Predicted faulting performance was illustrated
to be slightly affected by CTE intensification; its sensitivity to CTE was determined to be
negligible for thinner slabs but minor growth rates occurred for thicker PCC layers.
Opposite findings were made for bottom-up cracking as only thin (less than 9 inch)
concrete slabs were affected by interchanged CTE values. The study clearly revealed a
linear response to CTE when bottom-up cracking was present initially. The most
important finding, by far, was made when top-down damage was evaluated — all
pavement models, regardless of their CTE or thickness values, performed identically and
returned a quadratic behavior for amplified thermal expansion. It was the most important

observation because predicted cracking and IRI could be retrieved from it; those two
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pavement performance criteria executed proportional to top-down damage and mirrored

each other’s behavior.

Over all, £10 % is a very generous CTE range as it captures approximately a difference
of 1.5 pin/in/°F for the PCC mix designs evaluated here. Moreover, the data field varied
from 5.29 to 8.00 pin/in/°F, values that most likely encompass thermal expansion
properties for common Florida concrete mixtures. It is very unlikely that any follow-up
study would estimate values outranging the given CTE array. Therefore, this study
provides reference for Florida pavement analysis according to M-E PDG and emphasizes
the importance of proper CTE measurement as an over-assessment may quickly cause

amplified top-down damage, cracking, or IRI.

It can be stated that the new Mechanistic-Empirical Pavement Design Guide (considering
the given design features) is not CTE-sensitive to load transfer efficiency, minimally
sensitive to faulting, sensitive to bottom-up damage (for thin PCC layers with thicknesses
less than 9 inch), and extremely sensitive to top-down damage, cracking, and smoothness.

Overall, two out of three pavement performance criteria are highly susceptible to CTE.
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CHAPTER 10: SUMMARY, CONCLUSION AND
RECOMMENDATIONS

10.1. Research Summary

Three typical Florida pavement PCC mix designs have been thoroughly evaluated
throughout research phase one. To encompass a certain range of local concrete mixtures,
attention was paid to the constituents and their proportions, with special focus on coarse
aggregates. Two mixes contained dissimilar quantities of limestone while one mixture
was based on granite. Considering the input parameters required for the mechanistic-
empirical analysis procedure according to the new M-E PDG, the concrete engineering
properties were laboratory-measured for all essential maturity levels (7, 14, 28, and 90
days). To account for all three hierarchy levels, the characteristics under empirical
evaluation included compressive strength, flexural strength, splitting tensile strength,
Young’s modulus, Poisson’s ratio, (unit weight, air content, cement type, cement content,
water-to-cement ratio), and coefficient of thermal expansion with an emphasis on
concrete’s thermal behavior. One sample per day was tested over a period of 130 days in
accordance with AASHTO TP-60. Attributed to the proportions of constituents, the mix
designs demonstrated distinctive results for all engineering properties with superior
strength characteristics for one of the limestone mixes and beneficial thermal properties
for the granite mixture. The two limestone mix designs showed comparable CTE values
constantly increasing the granite mix by more than 1 pum/m/°C. However, the test results
revealed that PCC CTE rises over time. It was shown that the thermal behavior increases
rapidly within the first week and stabilizes subsequently. After 28 days, the CTE swell

was considered insignificant as the change in CTE was less than 1/10 um/m/°C.

To accurately analyze the three typical Florida mix designs by means of the new M-E
PDG, research phase two was initiated through proper generation of computer analysis
models. Traffic loads, environmental conditions, structural parameters, and analysis
criteria were defined on account of local requirements. Due to the introduced data input
quality concept (three different hierarchy levels), nine diverse JPCP models were

established, each reflecting a certain range of numerical results derived from research
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phase one to capture typical Florida PCC material properties. The remaining variable,
PCC layer thickness, was iteratively idealized and the outcomes demonstrated favorable
use of hierarchy level one and a high sensitivity to input parameters for level two and
three. However, the resultant pavement structures were evaluated based on the predicted
distresses (faulting and cracking) and smoothness (IRI). It was found that cracking is the
critical performance criterion for Florida JPCP according to M-E PDG as the “% slabs
cracked limit” was consistently attained before any other pavement performance became
critical. Moreover, top-down fatigue damage was isolated to be the controlling failure

mechanism because of insignificant faulting response and minor smoothness reduction.

The ensuing CTE sensitivity study was founded on the nine evaluated Florida pavement
models (idealized for PCC layer thickness) and their original CTE values. A sensitivity
matrix was developed to account for PCC’s thermal behavior as a control variable over a
+ 10 % CTE array comprising magnitudes typically expected in Florida. Although the
sub-matrices differed considerably, a method was established to adequately compare the
predicted performance criteria throughout alternating CTE values. Despite wide-ranging
PCC, CTE, and thickness properties, clear resemblances were exposed for all scenarios
under evaluation and distinctive performance envelopes arose for certain criteria. It was
verified that the new Mechanistic-Empirical Rigid Pavement Design Guide is not CTE
sensitive to load transfer efficiency, minimally CTE sensitive to faulting, CTE-sensitive
to bottom-up damage (for the thinner PCC layers with thicknesses less than 9 inch), and
extremely CTE-sensitive to top-down damage, cracking, and smoothness. Overall, two
out of three pavement performance criteria are highly susceptible to CTE in Florida JPCP

structures.

10.2. Conclusions

This report at hand summarizes a two year research project accomplished to promote the
adoption of the new Mechanistic-Empirical Rigid Pavement Design Guide in Florida

through proper implementation of local Portland cement concrete engineering properties.
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The study required a comprehensive literature review, thoroughly conducted
experiments, substantial computer modeling, and proper analysis of test results to
successfully strive for the research goals. Each element of the evaluation was

accompanied by essential findings that led to the following conclusions:

10.2.1. Measurement of PCC Input Properties for M-E PDG

The concrete strength properties required for rigid pavement analysis according to M-E
PDG follow straight forward test setups. Established ASTM and AASHTO test standards
or protocols are separately available for each destructive test method. Laboratories and

material agencies will be capable to evaluate each PCC engineering property.

Similar to strength properties, test standards or protocols are available for Young’s
modulus and Poisson’s Ratio. However, unlike strength properties, the proper assessment
of PCC elasticity characteristics is still under debate [14] and heed must be taken when
measuring these properties. However, laboratories and material agencies will be able to

derive elasticity properties following the designated test protocol [X 8].

10.2.2. Local PCC Properties

All evaluated FDOT approved concrete mixtures tremendously increased their predicted
target strength resulting in favorable PCC layer thickness when analyzed according to M-
E PDG. This emphasizes the significance of PCC property measurement and
consequential use of hierarchy level one for important and large-scale projects as the
resultant pavement structure differed up to three inches in thickness for the same concrete

mixture.

High CTE magnitudes have to be anticipated for typical Florida PCC mixtures. The here
measured local CTE values ranged from 5.99 to 6.84 nin/in/°F — a relatively high CTE

array. However, values reaching the upper limit for concrete (7 pin/in/°F) may be
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encountered as thermal properties of PCC mixtures are highly influenced by the

proportion and the characteristics of constituents.

10.2.3. Mechanistic-Empirical Pavement Design Guide

The new M-E PDG is a powerful tool which may or may not accurately predict pavement
distresses and smoothness over the specified design life. However, this research outlines
the design considerations that have to be accounted for before the actual JPCP analysis
can be conducted and therefore, it concisely demonstrates the complexity of the proposed
Design Guide. The daily use in pavement design offices will require well trained
personnel properly familiarized with any material type to be included in the projected
layer assembly. Suddenly thermal characteristics, among others, are critical to pavement
design, properties that have not been taken into consideration by roadway and pavement
designers before. The introduced complexity delays the adoption of the Design Guide and
will result in numerous research projects before the mechanistic-empirical analysis design

will be accepted.

The acceptance of the proposed roadway structure is highly dependent on the prescribed
performance criteria and their limitations. It is emphasized that the M-E Design Guide
Software follows an analytical process that ultimately compares the predicted distresses
and smoothness throughout the design life to the limitations specified by the local
agency. Although the new concept is assumed to prevent uneconomical pavement
structures, carefree acceptance of analysis results may cause the contrary. This was
demonstrated by a few pavement models with most of the emphasis on MIX-03 at
hierarchy level two. The thickness was established throughout an iterative process that
was controlled by predicted cracking (9.5 %) only. To fall below the “10 % slabs cracked
limitation,” the thickness was successively adjusted by quarter-inch increments. The next
thinner PCC layer depth exceeded the limitation after 24.5 years resulting in 10.2 %
terminal cracking and therefore, did not find acceptance for this research. However, in

pavement application, the same thickness would perform satisfactorily and provide a

160



more economical design. Depending on the section length, material resources could be
reduced significantly as 0.25 inches pavement thickness requires 49 cubic yards of PCC

material per lane-mile.

Top-down damage is the activator for the critical pavement distresses in Florida JPCP (15
feet joint spacing) and therefore the problematic failure mechanism. Bottom-up damage
has to be expected in thinner (less than 9 inch) PCC slabs only. For this study, this
amounts to PCC layer thicknesses less than 9 inch, but it is emphasized that this threshold
will vary with different design criteria and analysis parameter. However, top-down
damage is the governing factor since the two failure mechanisms do not occur

simultaneously in the same slab.

The M-E PDG analysis method for Florida JPCP is susceptible to PCC CTE magnitudes.
Two out of three pavement performances react sensitively to interchanging thermal
behaviors. Only minimal (negligible) reactions have to be anticipated for faulting but

extreme responses will be seen for predicted cracking and smoothness (IRI).

10.3. Recommendations

The measurement of thermal expansion in Portland cement concrete represents a new test
method and test configuration. Although, standardized by AASHTO and now described
through standard test protocol TP-60, certain problems arose throughout PCC CTE
acquisition using a commercially available test apparatus. For this research, it was
indispensable to fathom the dilemma and to enclose any difficulty attributed either to the
test protocol, test method, or test apparatus. An in-depth study was initiated which led to
important findings and the recommendation to improve AASHTO TP-60 — separately

outlined in Section 6.9.

Thermal properties of PCC mixtures are highly influenced by characteristics of
constituents and their proportions. Although, typically presented in literature [1], [6], [8],
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[W 6], [X 16], [and others], generalized CTE magnitudes exclusively attributed to the
nature of coarse aggregates should be avoided. For important projects it is advisable to
measure the CTE range experimentally.

The pavement performance criteria dictating the PCC layer thickness in Florida JPCP
structures can be reduced to percentage slabs cracked. The limitation of 10 % may be
reconsidered for the structure type under evaluation and its design features since faulting
and particularly smoothness did not show problematic responses. A more generous
(numerically higher) cracking restriction would close the gap between the different
performance criteria and still guarantee adequate ride quality to the roadway user. Side
analyses have shown that a hypothetical limit of 18 % slabs cracked may reduce the PCC
layer thickness up to one inch while the terminal international roughness index remains
below 100 inches per mile. In essence, this adds up to 195 cubic yard PCC material

savings per lane-mile.

Attributed to the “CTE sensitivity performance envelopes,” it is advised to act with
caution during CTE measurement, calculation, or database estimation to truly assign CTE
at its “100 % value.” An overestimation of CTE’s magnitude quickly results in excessive

cracking accumulation and consequently more roughness.

10.4. Future Research

The above sections concluded the research at hand; nevertheless, to conduct proper
implementation of the new Mechanistic-Empirical Rigid Pavement Design Guide,
follow-up studies are indispensable. Only a small M-E PDG portion has been empirically

captured by this research and the following affiliated studies are suggested:

The CTE measurement according to AASTHO TP-60 is not flawless and contains
incorrect assumptions. The need for improvement is undeniable; however, it is
questionable if the current test arrangement will be able to return the true CTE magnitude

rather than an index value. Research should be conducted to find advanced methods for
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correct data acquisition. An adequate test setup has to be discovered that properly

disengages the LVDT mounting point from the temperature gradient.

The numerical mechanistic-empirical prediction models are currently calibrated to
pavement performance data taken from the Long-term Pavement Performance (LTPP)
program, but only few Florida PCC sections were included. The spread of data points
across the United States may adulterate the true local PCC efficiency and calls for
performance data exclusively taken from in-situ PCC pavement structures throughout

Florida to properly calibrate the M-E models to local needs.

The pavement performances predicted throughout this research are highly attributed to
the beneficially chosen design features. At this point, it is not known how/if other
structural parameters (increased joint spacing, random joint spacing, un-doweled
transverse joints, reduced dowel bar diameters, increased dowel bar spacing, and un-
widened slabs) affect the pavement performance and if a change would reduce the
dominance of percentage slabs cracked. Of course, it is assumed that faulting increases
and roughness is reduced for unfavorable JPCP structural elements but research should be

conducted to identify the significance of most affecting components.

The pavement performance controlling this research was traced back to the failure
mechanism of top-down damage. Field studies should evaluate top-down damage
affecting elements in Florida PCC pavements and compare the findings to M-E PDG

analysis results. Methods to properly reduce top-down damage have to be determined.

Distinctive behaviors have been observed throughout different PCC layer thicknesses; in
particular, thinner slabs (less than 9 inch) were demonstrating advanced responses where
no reaction for thicker layers was noted. The size-effect should be evaluated as reduction
of PCC layer depth is a major intention of the newly developed M-E Rigid Pavement

Design Guide for guaranteeing economical design.
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During side analysis, it was discovered that Poisson’s Ratio may have a significant effect
on the predicted pavement performances. Sensitivity matrices should be established on
account of Poisson’s ratio to properly evaluate the importance of lateral strain for M-E

PDG analysis of Florida PCC mixtures.
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APPENDIX A: M-E PDG SOFTWARE

Design Process for Rigid Pavement:

Assemble a trial design for a specific site conditions including traffic, climate, and

foundation - define layer arrangement, Portland cement concrete (PCC) and other

paving material properties, and design and construction features.

Establish criteria for acceptable pavement performance at the end of the design

period (i.e., acceptable levels of faulting and cracking for JPCP, punchouts for

CRCP, and IRI for both).

Select the desired level of reliability for each of the applicable performance

indicators (e.g., select design reliability levels for cracking, faulting, and IRI for

JPCP).

Utilize Design Guide Software to accomplish the following:

a)

b)

g)

Process input to obtain monthly values of traffic, material, and climatic
inputs needed in the design evaluations for the entire design period.

Compute structural responses (stresses and deflections) using finite element
based rapid solution models for each axle type and load and for each
damage-calculation increment throughout the design period.

Calculate accumulated damage at each month of the entire design period.
Predict key distresses (joint faulting, slab cracking, CRCP punchouts) month-
by-month throughout the design period using the calibrated mechanistic-
empirical performance models provided in the Guide.

Predict smoothness (IRI) as a function of initial IRI, distresses that occur
over time, and site factors at the end of each time increment.

Evaluate the expected performance of the trial design at the given reliability
level for adequacy.

Modify the design and repeat until the design does meet the established

criteria.

The overall iterative design processes for JPCP and CRCP are illustrated in Figure A.1

and Figure A.2, respectively.
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Figure A.1: Design process for JPCP
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A.2.  Software Design Guide Interface

The new Mechanistic-Empirical Pavement Design Guide requires numerous detailed
calculations. Depending on the specified design life of the structure, the amount of
computational effort increases. For example, the temperature profile inside the concrete
slap results in 8,760 profiles per design year (365 days * 24 hours). Therefore, the design
of (ridged) pavement structures according to ME-PDG is only practicable using the
newly developed software. In this section the interface and input data used for the design

are briefly explained. They may be summarized as:

o General information.

o Site/project identification.

o Analysis parameters.

o Traffic.

o Climate.

o Drainage and surface properties.
o Pavement structure.

o Design features.

Several of these inputs (e.g., traffic, climate) are identical to those used for flexible
pavement design. However, there are variations in how some of these inputs are
processed for use in JPCP and CRCP design. The focus of this section is to summarize all

the inputs required for the design of rigid pavements.

Detailed descriptions for several of these inputs are beyond this text, but may be found in:

o [X 15] PART 2 — Design Inputs, Chapter 1: Subgrade/Foundation Design Inputs.
o [X 15] PART 2 — Design Inputs, Chapter 2: Material Characterization.

o [X 15] PART 2 — Design Inputs, Chapter 3: Environmental Effects.

o [X 15] PART 2 — Design Inputs, Chapter 4: Traffic.

o [X 15] PART 3 — Design Analysis, Chapter 1: Drainage.

173



i MIX-01.dgp - Mechanistic Empirical Pavement Design Guide == x|
File Edit View Tools Help

DeHE| 2
Project [D:yesearch\codes\MEPDG-software\tamplet\Level-1\MIX-01.dgp] .
O General Information Tl Sl
E site/Project Identification Analysis | % Complets |
O analysis Parameters O Traffic 1002
[ Climatic 1003
W Modulus 03
M Fauting JFCP 0%
M Cracking JFCP 0%
W Summary 0z
i Inputs 1 Results
B Traffic =0 Input Summary
E Traffic Volume Adjustment Factors Project
E Monthly Adjustment Traffic . .
X L . General Project Informatian:
[ vehide Class Distribution Climatic
E Hourly Truck Distribution Design Parameter [ Value
E Traffic Growth Factor Layer Tupe . New JPCP
L Dresign Lite 28 ears
[ Axde Load Distribution Factors Output Summary Clirate: D:vesearchhcodes\MEPDG-softwareclimatic-data’l 4-Disney
B General Traffic Inputs JPCP Summary Constiuction Date  10/2008
[ Number Axles/Truck [ Faulting Summary ITI'?H:CA.&B‘?FI'DHS ;BE%DDB
[ Axde Configuration Faulting (plot) i
LTE (plot) | | 2
Cracking Summary
Structure Cumulative Damage (plot) Froperties
E Design Features Cracking (plot) Setting | Walue |
.l TRI {plat) gnit‘s - gS bCubs_:_onjary
~ halysis Type  Probabilistic
O tayer 1- P Output Type  Excel Workshest
[ Layer 2 - Asphalt conarete Warmings Enabled
O Layer3-a-3
B Layer 4-A-24
o7l -
=== Run Analysis
R
Far Help, press F1
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A.3. General Information

The following inputs define the analysis period and type of design:

J Design life. Expected pavement design life (years).

. Construction month. Selecting June means construction occurs on June 1 and all
aging is keyed to this date. Selecting hot months results in higher “zero-stress”
temperatures and wider crack openings. By avoiding construction during the most
adverse months (the months that will result in the PCC achieving the highest
“zero-stress” temperatures), the risk of early pavement failures may be
significantly reduced.

o Traffic opening month. This can be a sensitive input because it determines the
PCC strength at which traffic is applied to the pavement.

o Pavement type — JPCP or CRCP. This input determines the method of design

evaluations and the applicable performance models.

Project Mame: IMIX-D1
Drescription:
b l3-01

Diesign Life [vears)

Bazes/Subgrade ; PCC = Hierarchy Level 1
Construction Month: LI ear. I LI

Pavemnent

Construction Month: IDclober ;I ear: |2DDB ;I

:n[;rfmftiﬁ: mRen [Hovember = Year [2008 |
— Type of Design
MNew Pavement
e ofmmoe  commis
— Restaration

= Jointed Plain Concrete Pavement [JPCP)

— Dwerlay

 Asphalt Concrete Owverlay  PLCC Overlay

= |

" 0K | x Cancel |

Figure A.4: Interface: General Information
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A.4. Site/Project Identification

This group of inputs includes:

. Project location.

J Project identification — Project ID, Section ID, beginning and ending mile posts,

and traffic direction.

Lacation: I

Project 10 Ilnterstate 4

Section [0 IDisney world

Date: | 5r24/2008 -

Stationmilepost format; IM”ES: 0,000 j

Stationmilepost begin: ||31 TAT7

Station/milepozt end: IEE_-| 02

Traffic direction: IEast bound j
" O | x Cancel |

Figure A.5: Interface: Site/Project identification

A.5. Analysis Parameters

The initial IRI defines the as-constructed smoothness of the pavement. This parameter is
highly dependent on the project smoothness specifications and has a significant impact on

the long-term ride quality of the pavement.

The JPCP design is based on transverse cracking, transverse joint faulting, and pavement

smoothness (IRI). For CRCP design, crack width and LTE, punchouts and smoothness
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are the key performance indicators. For example, specifying a high reliability level and

low distress level will result in a very conservative design.

The performance criterion for transverse cracking defines the maximum allowable
percentage of cracked slabs at the end of design life and determines the level of slab
cracking that may occur over the design period. Typical values of allowable cracking
range from 10 to 45 %, depending on the functional class of the roadway and design

reliability.

The performance criterion for joint faulting defines the allowable amount of mean joint
faulting at the end of the design life and determines the level of joint faulting over the
design period. Typical values of allowable JPCP mean faulting range from 0.1 in to 0.2

in, depending on the functional class of the roadway and design reliability.

Crack width in the cold weather is the most critical design parameter. The wider the crack
the greater the probability it will lose load transfer efficiency. The Design Guide
Software calculates the crack width at the depth of reinforcement. This should be limited
to 0.02 inches or less. The crack LTE is the ultimate strength parameter and depends on

crack width and number of heavy axles applied.

Punchouts are a major cause of loss of smoothness in CRCP. The performance criterion
for punchouts defines the acceptable number of punchouts per mile at the end of design
life and also determines the number of punchouts that may develop over the design
period. Typical values of allowable CRCP punchouts (all severities) range from 10 to 20

per mile.

Functional adequacy is quantified most often by pavement smoothness. Simplistically,
smoothness can be defined as “the variation in surface elevation that induces vibrations in
traversing vehicles.” The IRI is the most common way of measuring smoothness in
managing pavements. As with the structural distresses, the performance criterion for

smoothness defines the acceptable IRI at the end of design life. Typically, values in the
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range of 150 to 250 in/mile are used for terminal IRI, depending on the functional class

of the roadway and design reliability.

Analysis Parameters ﬂil

Project Mame: IMIX-D'I

Iritial IR findmi)

r— Perfarmance Criteria

[ Rigid Pavemert |. Flexible Pavement I

Limit Reliability
¥ Temninal IRI in/mi) [160 [s0
¥ Transverse Cracking (% slabs cracked) |1 0 IB'D

¥ Mean Joint Faulting (n) IE'D

ID 12
[ CRECR Existing Punchouts I
I Mawimum CRER Crack %idth fin] |—
™ Minimum Crack Load Tiransfer Efficiency (LTE] I—
= Hinimum Crack Spacing [f] I—
I—

™ Masimun Crack Spacing(ft]

W« OK | X Cancel |

Figure A.6: Interface: Analysis Parameter (Rigid pavement)

A.6. Traffic

Traffic data is one of the key data elements required for the analysis and design of
pavement structures. The Design Guide considers truck traffic loadings in terms of axle
load spectra. The Design Guide Software puts out monthly based cumulative numbers of
heavy trucks in the design lane as an overall indicator of the magnitude of truck traffic

loadings (FHWA class 4 and above).
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A.6.1. Basic Information

o Annual Average Daily Truck Traffic (AADTT) for base year — the total number

of heavy vehicles (classes 4 to 13) in the traffic stream.

o Percent trucks in the design direction (directional distribution factor).
o Percent trucks in the design lane (lane distribution factor).
. Operational speed of vehicles — this input is used in the calculation of moduli of
asphalt bound layers.
Design Life [years): |25 _l
Opening D ate: INovember, 2008

Iritial bo-way 20T T: IW _l
Mumber of lanes in dezign direction: |2—
Percent of trucks in design direction [%]: IW
Percent of trucks in dezign lane [%]: IW
Operational zpeed [mph): I.""EI—

Traffic Yolume Adjustment: O Edit |

Ale load distibution factar: O Edit | @ Import/Export
mport/Expor |
General Traffic Inputs O Edit |

Traffic Grawth ILinear, 2% |

" OK | X Cancel |

Figure A.7: Interface: Traffic

A.6.2. Traffic Volume Adjustment, Monthly Adjustment Factors

The truck monthly distribution factors are used to determine the monthly variation in
truck traffic within the base year. These values are simply the ratio of the monthly truck

traffic to the AADTT.
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Traffic Volume Adjustment Factors ilil

O Monthly Adjustment | O Vehicle Class Distribution | O Hourly Distribution | O Traffic Growth Factors |
—Load Monthly Adjustment Factors (MAF)

" Level 1: Site Specific - MAF (i Load MAF From File |

(@ Level 3: Default MAF &l ExportMAF to File |

—Monthly Adjustment Factors

Month Class| Class| Class| Class| Class| Class| Class| Class| Class| Class

4 5 h TL 8 9 10 11 12 13
January 1.00 |1.00 |1.00 [1.00 [1.00 |1.00 [1.00 [1.00 (1.00 [1.00
February 1.00 |1.00 |1.00 {1.00 {1.00 |1.00 |1.00 (1.00 (1.00 [1.00
March 1.00 |1.00 |1.00 {1.00 {1.00 |1.00 |1.00 (1.00 (1.00 [1.00
Apiil 1.00 [1.00 [1.00 [1.{Ranges from 0.00 to 10.00] [1.00 [1.00
May 1.00 |1.00 |1.00 {1.00 {1.00 |1.00 |1.00 (1.00 (1.00 [1.00
June 1.00 |1.00 |1.00 [1.00 [1.00 |1.00 [1.00 [1.00 (1.00 [1.00
July 1.00 |1.00 |1.00 {1.00 {1.00 |1.00 |1.00 (1.00 (1.00 [1.00
August 1.00 |1.00 |1.00 {1.00 {1.00 |1.00 |1.00 (1.00 (1.00 [1.00
September 1.00 |1.00 |{1.00 |1.00 {1.00 |1.00 |1.00 |1.00 (1.00 [1.00
October 1.00 |1.00 |1.00 {1.00 {1.00 |1.00 |1.00 (1.00 (1.00 [1.00
MNovember 1.00 |1.00 |1.00 [1.00 [1.00 |1.00 [1.00 [1.00 (1.00 [1.00
December 1.00 |1.00 |1.00 {1.00 {1.00 |1.00 |1.00 (1.00 (1.00 [1.00

X Cancel

Figure A.8: Interface: Traffic Volume Adjustment Factors, Monthly Adjustment

A.6.3. Traffic Volume Adjustment, Vehicle Class Distribution

The normalized vehicle class distribution represents the percentage of each truck class
(classes 4 through 13) within the AADTT for the base year. The sum of the % AADTT of
all truck classes should equal 100. Each TTC represents a traffic stream with unique truck
traffic characteristics. The default values are provided in [X 15] PART 2, Chapter 4 and
Appendix AA. They are also a part of the Design Guide Software.
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Traffic Volume Adjustment Factors ﬂil

[0 Monthly Adjustment [0 Vehicle Class Distribution |. Hourly Distribution | [ Traffic Growth Factors

AADTT distribution by vehicle class

Class 4 %
Class b Ir gﬁ
Class 6 I?E’i IJE
Class 7 IDE’7 Q@ | Level 2: Begional Distributicn
Class 8 |597 g& I j
Class 9 IT - @ Level 3; Default Distribution

Load Default Distributi
Class 10 Ir QE; [ Load Default Distribution |
Class 11 Ir LR
Class 12 |337 I
Class 13 [153 z

Total 100.0 MNote: AADDT distribution must total 100%.

—Load Default Distribution

(" Level 1: Site Specific Distribution

« OK | X Cancel

Figure A.9: Interface: Traffic Volume Adjustment Factors, Vehicle Class Distribution

A.6.4. Hourly Truck Traffic Distribution

The hourly distribution factors represent the percentage of the AADTT within each hour
of the day. These factors are important in the prediction of JPCP cracking, JPCP faulting,
and CRCP punchouts. They help accurately account for daytime and nighttime traffic

streams required for performance prediction.
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213
O MonmeAdjustmentl [0 Vehicle Class Distribution [ Hourly Distribution |. Traffic Growth Factors
Hourly truck traffic distribution by period beginning:
Midnight Ir Noon Issgi
1:00 am Izg,i 1:00 pm |597
2:00 am Iggi 2:00 pm |597
3:.00 am Izgi 3:00 pm |597
4:00 am |237 4:00 pm |457
5:00 am Izj,i 5:00 pm |457
6:00 am Ig,gi 6:00 pm Ia,si
7:00 am Ig,gi 7:00 pm Ia,si
8:00am |507 8:00 pm I?»'Ii
9:00 am Ig,gi 9:00 pm |3‘|7 -
Mote: The hourly distribution
10:00 am |597 10:00 pm |3-|7 musttotal 100%
11:00 am |597 11:00 pm |3-|7 Total: 1y
« OK | X Cancel |

Figure A.10: Interface: Traffic Volume Adjustment Factors, Hourly Distribution

A.6.5. Traffic Growth Factors

The traffic growth function allows for the growth or decay in truck traffic over time
(forecasting or backcasting truck traffic). Three functions are available to estimate future

truck traffic volumes:

J No growth.
. Linear growth.
. Compound growth.

Based on the function chosen, the opening date of the roadway to traffic (excluding

construction traffic), and the design life, the traffic is projected into the future.
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Traffic Volume Adjustment Factors ﬂil

[} MonmeAdjustmentl @ Vehicle Class Distribution | O Hourly Distribution [ Traffic Growth Factors |

Opening Date: IOctober.Z{}(]\& AADTT IE'{]'G'(]I | ‘
|Ranges from 100 to 25000

Design Life (years): Igﬂ. | % Traffic Design Diretion— ==
% Traffic Design Lane: |95

— Default Growth Function

[~ Vehicle-class specific traffic growth:

(" No Growth
(" Linear Growth
@ Compound Growth

Default growth rate (%) I"f

View Growth Plots

MNate: Vehicle-class distribition factors are needed to view the effects of traffic growth.

« OK | X Cancel

Figure A.11: Interface: Traffic Volume Adjustment Factors, Traffic Growth Factor

A.6.6. Axle Load Distribution Factors

The axle load distribution factors simply represent the percentage of the total axle
applications within each load interval for a specific axle type and vehicle class (classes 4
through 13). This data needs to be provided for each month for each vehicle class. The

definitions of load intervals for each axle type are:

° Single axles 3,000 1b to 41,000 1b at 1,000 1b intervals.
° Tandem axles 6,000 Ib to 82,000 1b at 2,000 Ib intervals.
° Tridem and quad axles 12,000 Ib to 102,000 1b at 3,000 1b intervals.
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Axle Load Distribution Factors 2| x|

—Axle Load Distribution Wiew Aol Tacs
o ” Export Axle File |
 Level 1: Site Specific E ~ Cumulative Distribution ® Single Axe
(¥ 'Level Z: Begional I LI (= Distributian " Tanderm Axle

: .  Tridem Axle
W Cpendxle File | W iew Elat |  Quad Axle

—Axle Factars by Axle Type

Season Veh. Class Total 3000 4000 5000 6000 7000 &~
January 4 100.00 18 0.96 2.9 3.99 6.8 —
January 5 100.00 10.05 13.21 16.42 10.61 9.22
January 6 100.00 2.47 1.78 345 3.95 6.7
January 7 100.00 214 0.55 242 27 321
January i 100.00 11.65 537 7.84 6.99 7.99
January 9 100.00 1.74 1.37 2.84 3.53 4.93
January 10 100.00 3.64 1.24 2.36 3.38 5.18
January " 100.00 3.55 2.91 5.19 5.27 6.32
January 12 100.00 6.68 2.29 4.87 5.86 5.97
January 13 100.00 .88 2.67 3.81 5.23 6.03
February 4 100.00 18 0.96 29 3.99 6.8 hd

KN _>|_I
W OK | X Cancel |

Figure A.12: Interface: Axle Load Distribution Factors

A.6.7. General Traffic Inputs

Most of the inputs under this category define the axle load configuration and loading
details for calculating pavement responses. The exceptions are “Number of Axle Types
per Truck Class” and “Wheelbase” inputs, which are used in the traffic volume
calculations. Although these inputs have been described in PART 2, Chapter 4, additional
discussion specific to JPCP and CRCP design is presented below.

The distance from the outer edge of the wheel to the pavement marking is termed mean
wheel location. This input is very important in computing fatigue damage for both JPCP
cracking and CRCP punchout predictions. The mean wheel location is a very sensitive
factor that affects JPCP cracking and CRCP punchouts. If a typical-width (8.5-ft) truck
were perfectly centered in a standard-width (12-ft) lane, the mean wheelpath would be 21
inches. At level 3, 18 inches may be used for this input unless more accurate information

1s available.
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The wander is used to determine the number of axle load applications over a point for
predicting distress and performance. This parameter affects prediction of all pavement

distresses, but it is a relatively insensitive factor.

The distance between the lane markings on either side of the design lane is the design
lane width. This input may or may not equal the slab width. The default value for
standard-width lanes is 12 ft. It should be emphasized that this parameter refers to the
actual traffic lane width, and not the “slab width,” which has a very significant effect on

both faulting and cracking performance of JPCP.

The number of axle types per truck class represents the average number of axles for each

truck class (class 4 to 13) for each axle type (single, tandem, tridem, and quad).

General Traffic Inputs 2] x|

Lateral Traffic Wander

Mean wheel location (inches fram the lane marking): 8

Traffic wander standard deviation (in): 0

Design lane width (ff): (Note: This is not slab wicth) 2

11

O Number Axles/Truck |0 Axle Conﬁgurationl o Wheelbasel

Single | Tandem | Tridem Quad
Class4 |1.62 0.39 0 0
Class 5 2 0 0 0
Class B 1.02 0.99 0 0
Class7 |1 0.26 0.83 0
Class 8 |2.38 0.67 0 0
Class 9 1.13 1.93 0 0
Class 10 |1.19 1.09 0.89 0
Class 11 |4.29 0.26 0.06 0
Clags 12 |3.52 1.14 0.06 0
Class 13 |2.15 213 0.35 0
‘/ ..... T | X Cancel

Figure A.13: Interface: General Traffic Inputs, Number Axles/Trucks

A series of data elements are needed to describe the details of the tire and axle loads for
use in the pavement response module. Typical values are provided for each of the

following elements:
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o Average Axle-Width — the distance between two outside edges of an axle. (typical
trucks, 8.5 ft)

o Dual Tire Spacing — the distance between centers of a dual tire. (typical dual tire
spacing, 12 in)

o Tire Pressure — the hot inflation pressure or the contact pressure of a single tire or
a dual tire. (For heavy trucks, typical hot inflation pressure is 120 psi)

J Axle Spacing — the distance between the two consecutive axles of a tandem,
tridem, or quad (The average axle spacing is 51.6 in for tandem and 49.2 in for

tridem axles).

General Traffic Inputs 2] x|

Lateral Traffic Wander

Mean wheel location (inches from the lane marking): B

Traffic wander standard dewiation (in): 0

Design lane width (ff): (Note: This is not slab wicth) 2

11

[ Number Axles/Truck [ Axle Configuration ||:| Wheelbasel

Average axle width (edge-to-edge) I
outside dimensions,ft):

Dual tire spacing (in):

;

Tire Pressure (psi): 120
Axle Spacing (in)
Tandem axle: 516
Tridem axle: 492
Quad axle: 43.2
 OK | % cancel

Figure A.14: Interface: General Traffic Inputs, Axles Configuration

Wheelbase information is used in determining the number of load applications for JPCP
top-down cracking. For top-down cracking, the critical loading is caused by a
combination of axles that places an axle load close to both ends of a slab at the same

time. The inputs in this category include the following:
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o Average axle spacing (ft) — short, medium, or long (The recommended values are
12, 15, and 18 ft for short, medium, and long axle spacing, respectively).

o Percent of trucks — the % of trucks with the short, medium, and long axle spacing.
Usually, evenly distributed. The % of trucks is the axle spacing distribution of

truck tractors (Class 8 and above).

General Traffic Inputs 2] x|

Lateral Traffic Wander

tMean wheel location (inches from the lane marking]): 8

Trafficwander standard deviation (in): 0

Design lane width (ft): (Note: This is not slab width) 2

11

O NumberAxIeszruck' O Axle Configuration [ Wheelbase |

Wheelbase distribution information for JPCP top-down cracking. The wheelbase
refers to the spacing between the steering and the first device axle ofthe truck-tractors
or heavy single units.
Short Medium Long
Average Axle Spacing (ff) 12 I‘IS I‘IS
Percent of trucks (%): |33.D |33.D |34.D
& OK | % Cencel

Figure A.15: Interface: General Traffic Inputs, Wheelbase

The traffic inputs are further processed to produce the following “processed input” for

every month over the entire design period:

o Number of single axles under each load category

J Number of tandem axles under each load category

o Number of tridem axles under each load category

o Number of quad axles under each load category

. Number of truck tractors (Class 8 and above) under each load category (for top-

down cracking)
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The hourly traffic distribution factors are applied to the processed traffic input (the traffic
counts by axle type for every month of the design period) to obtain hourly traffic at the

time of damage calculation for each distress.

A.7. Climate

Environmental conditions have a significant effect on the performance of rigid
pavements. The interaction of the climatic factors with pavement materials and loading is
complex. Factors such as precipitation, temperature, freeze-thaw cycles, and depth to
water table affect pavement and subgrade temperature and moisture content, which, in
turn, directly affects the load-carrying capacity of the pavement layers and ultimately
pavement performance. This section provides a summary of the climatic inputs required

for rigid pavement:

The following weather related information is required to perform rigid pavement design:

1) Hourly air temperature over the design period.

2) Hourly precipitation over the design period.

3) Hourly wind speed over the design period.

4) Hourly percentage of sunshine over the design period.
5) Hourly ambient relative humidity values.

6) Seasonal or constant water table depth at the project site.

The first five inputs are obtained from weather station data for a given site, if available.
For locations within the United States, they can be obtained from the National Climatic
Data Center (NCDC) database. The Design Guide Software includes an extensive
climatic database for over 800 cities in the U.S. and a capability to interpolate between

the available sites.
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The climatic inputs are combined with the pavement material properties, layer
thicknesses, and drainage-related inputs by the EICM to yield the following information

for use in the design analysis:

o Hourly profiles of temperature distribution through PCC slab — temperatures at 11
evenly spaced points through slab thickness for JPCP analysis.
o Hourly temperature and moisture profiles (including frost depth calculations)

through other pavement layers.

o Temperature at the time of PCC zero-stress temperature for JPCP and CRCP
design.
J Monthly or semi-monthly (during frozen or recently frozen periods) predictions of

layer moduli for asphalt, unbound base/subbase, and subgrade layers.

o Annual freezing index values.

o Mean annual number of wet days.

o Number of ambient freeze-thaw cycles.
o Monthly relative humidity values.

Due to the extreme sensitivity of critical stresses in rigid pavements to temperature
gradients, consideration of hourly variation in temperature conditions is necessary. This
is accomplished automatically in the Design Guide Software. Based on the hourly
historical climatic data, pavement structure, and material properties, the EICM produces a
file that includes historical hourly temperature profiles in the PCC slab for every year of
the design period (8,760 profiles per design year [365 days * 24 hours]).
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I 5

|23. 326 Latitude [degrees. minutes]
|-91 551 Longitude [degress. minutes]

" Climatic data for a specific weather station, ISD— Elevation (f]

% |nterpolate climatic data for given lacation.

[ Seasonal
Depth of water table (ft)
Annual average E

Mote: Ground water table depth iz a positive
number measured from the pavement surface.

¥ 19.9 miles LEESBURG, FL - LEESBURG REGIONAL AIRPORT Lat. 28.49 Lon. -81.43 Ele. 80 Months: 114 [M1)

[~ 327 miles BROOKSYILLE, FL - HERNANDO COUNTY AIRPORT Lat. 28,28 Lon. -82.27 Ele. 74 Manths: 116 [C)

¥ 345 miles WINTER HAVEN, FL - WINTER HAVEN'S GILBERT AFT Lat 28.04 Lon. -81.45 Ele. 146 Months: 118(C)

¥ 355 miles DRLANDO, FL - EXECUTIVE AIRPORT Lat. 28.33 Lon. -81.2 Ele. 126 Manths: 95 (M1)

[ 37.3 miles ORLANDO, FL - ORLANDO INTERMATIOMAL ARPT Lat. 28.26 Lon. -81.19 Ele. 98 Months: 116 (C)

[ 44.7 miles ORLANDO, FL - ORLANDO SAMFORD AIRPORT Lat. 28.47 Lon. -81.14 Ele. 52 Manths: 54 (C)

Select stations for generating interpolated climatic files.  The best interpolation occurs by selecting
Generate | stations that are gengraphically cloze in differing directions. & station without missing any data is

denoted [Clomplete. [M#] denotes missing month.

Cancel | Press the Generate button after selecting desired weather stations and inputing Elewvation
and Depth of WWater Table. Mizzing data for a given station will be interpolated frar
complete stations.

Figure A.16: Interface: Environment Climatic

A.8. Pavement Structure

The rigid pavement design procedure allows a wide variety of PCC, base (layer directly
underneath the PCC slab), and subbase material properties and layer thicknesses. For
example, a rigid pavement structure could consist of a PCC slab, an asphalt treated base,
an aggregate subbase, compacted subgrade, natural subgrade, and bedrock. The Design
Guide Software can be used to analyze a maximum of 20 layers (10 actual input layers
are recommended) comprising the pavement structure and subgrade (or bedrock). The

following rules or constraints need to be satisfied in defining a rigid pavement structure

for design:

o The surface layer in rigid pavement design is always a PCC layer.

o Slab-on-grade (two layers) is the minimum structure that can be analyzed.

o Only one unbound granular layer can be placed between two stabilized layers.
o The last two layers in the pavement structure must be unbound layers.

190



A.8.1. Bedrock

The presence of bedrock within 10 ft of the pavement surface influences the structural

response of pavement layers. The inputs for this layer include the following:

. Unit weight
. Poisson’s ratio
J Layer modulus

Input Levels 1 and 2 do not apply for bedrock. Typical modulus values for bedrock in
various conditions (e.g., solid, or highly fractured and weathered) are provided in [X 15]

part 2, Chapter 2.

21|
Unbound - . _
Material IA'2'4 J Thickness(in): I ¥ Last layer

3 Strength Propeties | icM |

rlnput Level ———————————— — Analysis Type

1 Level 1: ICM Caleulated Modulus
C Level 2 (G‘ ICM Inputs

& Level 3:
v User Input Modulus
Poisson’s ratio: 0.35 1 Seazonal input [design value)
E:::_?:':T(:f Iateral IDS— " Representative value (design valug)
r Material Property

% Modulus (psi)

= CER

AASHTO Classfication |
1R - Yalue
) Layer Cosfficient - af Unified Classiication |

-~ ;
Fenetration DER [ Modulus finput) (psi): |1 1000

| Based upon Bl and Gradation

View Equation Calculate >3

V """ (a8 | x Cancel |

Figure A.17: Interface: Layer #4 (Bedrock), Strength Properties
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Unbound Layer - Layer #4

Unbound
Material: 24

[0 Strength Properties 1 ICM |

2]

j Thickness(in): I v Last layer

" Range + Mean E Export | [ Import | W Update |
Sieve | PercentPassing Plasticity Index (Pl) 83

e Liquid Limit (LL) 21
— Compacted Layer [~ [No
0.020mm Index Propertiez from Sieve Analysiz

#200 341 % Passing #200 341
#100 51.2 % Passing #40 379

#50 % Passing #4 100.0
#50 89.9 D10 (mm) 0.000696
#50 D20 (mm) 0.004356
#40 67.9 D30 (mm) 0.03384
LEL D50 (mm) 0.1908
A 090 (mm) 0.5561
#16

#10 100 User Overridable Index Properties

#3 Dry Unit Weight{pcf) W |115.0

#4 100 Specific Gravity, Gs [ 285
38" Sat. Hydraulic Conductivity(ft/hr) [ [1.5e-005
1z Optimum gravimetric water content(%) |[# [11.7

ELS 100 Degree of Saturation at Optimum{%) 70.8

1 [T User Overridable Soil Water Characteristic Curve
F af [# 1585
21z bf v |0.871

3 cf [V |2.816
312 hr v [100.1

" Ok

| X Cancel |

Figure A.18: Interface: Layer #4 (Bedrock), ICM

A.8.2. Unbound Base/Subbase/Subgrade

Layer resilient modulus.

Poisson’s ratio.

materials is 0.5.
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The major inputs required for unbound base/subbase and subgrade layers are:

Layer thickness (only for base and subbase layers) — for subgrade layers if the
lime modified or compacted subgrades need to be considered separately from the

natural subgrade, they can be defined as a structural layer.

Coefficient of lateral earth pressure, K, — a typical value for unbound compacted

The layer moduli for unbound layers and subgrade can be estimated at two levels — level
2 and level 3. For rigid pavement analysis, level 1 inputs are not available ([X 15] part 2,
chapter 2). Level 2 requires testing of a soil sample using some test such as CBR or R-

value and then estimating the layer resilient modulus using a prediction equation. Level 3




requires estimation using a correlation from soil classification such as AASHTO or UCS.

The designer also has the choice of including or not including seasonal analysis for the

unbound base materials and soils.

Unbound Layer - Layer #3

21x]

Unbound
Material:

[ Strength Propeties | [ 1cM |

Input Lewvel
£ Lewell1:
7 Level 2:
= Level 3:

Poisson’s ratio: 0.35

Coefficient of lateral IDS—

pressure, Ko:

j Thickness(in: |12 I~ Last layer

Analysis Type

ICM Calculated Modulus
’7(3' ICM Inputs

User Input Modulus

| Seasonal input (design value]

" Representative value (design value)

r— Material Property
& Modulus {psi)
I CER
R - Yalue
€ Layer, Coefficient - ai

| Fenetration DR [m

AASHTO Classffication |

Unified Classfication |

ISDDDD

Modulus (input) (psi):

| Based upon Bl and Gradation

View Equation Calzulate >

Figure A.19: Interface: Layer #3 (Subgrade), Strength Properties

[X 15] part 2, chapter 3 should be consulted for a more comprehensive coverage of the

materials inputs required for climatic analysis.

The following options are available for Level 2:

1. Enter a representative design resilient modulus (at the optimum moisture content) or
other allowable soil strength/stiffness parameters (CBR, R-value, AASHTO structural
layer coefficient, or PI and gradation) and use the EICM module linked to the Design
Guide Software to estimate seasonal variations based on changing moisture and
temperature profiles through the pavement structure. The additional inputs for EICM
include plasticity index, % passing No. 4 and No. 200 sieves, and the effective grain size
corresponding to 60 % passing by weight (Dgo) for the layer under consideration. Using

these inputs, EICM estimates the unit weight, the specific gravity of solids, saturated
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hydraulic conductivity of the pavement layer, optimum gravimetric moisture content,
degree of layer saturation, and the soil water characteristic curve parameters. These

computed quantities can be substituted with direct inputs.

2. In lieu of using EICM, the seasonal moduli, CBR, R-value, or other values may be
entered directly. For direct input, 12 laboratory-estimated pavement resilient moduli (or

other allowable soil tests) are required.

3. Finally at input Level 2, seasonal variation in modulus of unbound materials may be
ignored. In this case, a representative design modulus value (or other test value) is

required.

For Level 3, the required input is the layer resilient modulus at optimum water content,
and the EICM will do the seasonal adjustment. If seasonal analysis is not desired, a single
resilient modulus is entered that the designer wishes to hold constant throughout the

entire year (no moisture content is entered).

Unbound Layer - Layer #3 21|
Unbound [, . o I
M aterial: IA 3 j Thickness(in): |12 I~ Last layer
[ Strength Propertiss O icm |
" Range & Mean
2 E Expart | [& Import | " Update |

Sieve Percent Passing Plasticity Index (PI) 0
— Liquid Limit (LL) 0

. mm

Compacted Layer Yes
0.002mm B = I
0.020mm Index Properties from Sieve Analysis
#200 o, Passing #200 50
#100 12 o, Passing #40 85.0
#50 o, Passing #4 100.0
#50 i 010 (mm) 01231
£ 020 (mm) 0.161
c
#40 95 D30 (mm) 0.1758
#30 D60 (mm) 0.2289
#20 050 (mm) 0.3822
#16
#10 100 User Overridable index Properties
# Dry Unit Weight(pcf) v 1013
#4 100 Specific Gravity, Gs 270
£l 100 Sat. Hydraulic Conductivity(f/hr) [ |0.0057
10z Optimum gravimetric water content(%) |[# |11.4
4 100 Degree of Saturation at Optimum{%) 454
e
Tz User Dverridable Soil Water Characteristic Curve
2" af v |7.52
212" bf v [0.93
3 of 074
312" hr [v 100
W OK | X Cancel |

Figure A.20: Interface: Layer #3 (Subgrade), ICM
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The Design Guide Software may internally subdivide the pavement structure into 12 to
15 sublayers for the modeling of temperature and moisture variations. Only the unbound
base layers thicker than 6 inches and unbound subbase layer thicker than 8 inches are
sublayered. For the base layer (first unbound layer), the first sublayer is always 2 inches.
The remaining thickness of the base layer and any subbase layers that are sublayered are
divided into sublayers with a minimum thickness of 4 inches. For compacted and natural
subgrades, the minimum sublayer thickness is 12 inches. A pavement structure is
sublayered only to a depth of 8 feet from the surface. Any remaining subgrade is treated
as an infinite layer. If bedrock is present, the remaining subgrade is treated as one layer

beyond 8 feet. Bedrock is not sublayered and is always treated as an infinite layer.

A.8.3. Asphalt-Stabilized Base Layer

No sublayering is done within the asphalt-stabilized base layer for rigid design and
analysis purposes within the Design Guide Software. The material inputs required for this
layer are grouped under two broad categories — general material inputs and inputs

. *
required to construct E master curve.

General Layer Property Inputs:

. Layer thickness

J Poisson’s ratio

o Thermal conductivity — the quantity of heat that flows normally across a surface
of unit area per unit of time of temperature gradient normal to the surface. The
typical value for asphalt-stabilized base material is 0.67 BTU/hr-ft-°F

o Heat capacity — the heat required to raise the temperature of a unit mass of
material by a unit temperature. A typical value for asphalt-stabilized base is 0.23

BTU/1b-°F

o Total unit weight — typical range for dense-graded hot-mix asphalt is 134 to 148
Ib/ft’
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The primary material property of interest for asphalt stabilized layers is its dynamic
modulus, E”. For Level 1 input, the dynamic modulus, E*, is determined in the laboratory
using standard test protocols for various frequencies and rates of loading. A master curve
of E* versus reduced time is then derived from this data that defines the behavior of this
layer under loading and at various climatic conditions. The master curve is constructed

from the following information:

o % retained on % in sieve — a typical value is 5 to 16 % for dense graded and 30%
for permeable

o % retained on 3/8 in sieve — a typical value is 27 to 49 % for dense graded and
70% for permeable

o % retained on #4 sieve — a typical value is 38 to 61 % for dense graded and 95%

for permeable

o % passing the #200 sieve — a typical value is 3 to 8% for dense graded and 1% for
permeable
21|

Level |3 j‘ Azphalt material type:

Layer thickness [in]:

[ Asphak Mix | [ Asphalt Binder | [ Asphat General |

Agaregate Gradation

Cumulative % Retained 3/4 inch sieve: ID

Cumulative % Retained 3/8 inch sieve: |15—
Cumulative % Retained #4 sieve: |35—
% Passing #200 sieve: |5?—

0k | X Cancel | View Hh Piots
Figure A.21: Interface: Layer #2 (Base), Asphalt Mix
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Asphalt binder:

Level 1 input is generally not needed for rigid design

For input Level 2 — specify PG grade or Viscosity grade

For input Level 3 — specify PG grade, Viscosity grade, or Penetration Grade
Volumetric effective binder content (%)

Air voids (%)

Reference temperature for master curve development (70 °F typical)

i : Asphalt concrete -
Level m Agphalt material type: I P J
Layer thickness [in]: I4

[ Asphak Mx [ Asphalt Binder | [ Asphat General |
Cptions
¥ Supemave binder grading

" Convertional viscosity grade
™ Convertional penetration grade

High Low Temp (*C)
Temp (*C)|-10 -16 -22 -28 -34 40 -46
46
52
58
[T
D -
76
82

A I‘ID.Z!H] VTS: |-3.426I]

s ok | X cancel | Views HiA Plots
Figure A.22: Interface: Layer #2 (Base), Asphalt Binder
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Asphalt Material Properties el 4

Asphalt material bype: Azphalt concrete -
Level: W zphalt material type: I J
Layer thickness [in]: I4

[ Asphak Wix | [ Asphat Binder [ Asphat General |

—General r— Poisson’s Ratio
Ref; = ) I Use predictive model to
el s e ] r calculate Poisson’s ratio.
Poisson’s ratio: 0.35
—Gravimetric Properties (Mix Design)
Binder content by weight(Z): I Parameter a: I
Optimum binder content l—
{OBC) (%) Parameter b: I
Design air voids used to I
select OBC (%):
—Volumetric Properties as Built
— Themmal Properties
Effective binder content (%): I11
o = Themal conductivity ID_E?
Air voids (%): | asphatt (BTU/rft-F:
S . Heat capacity asphalt
Total unit weight {pcf): 148 (BTUAB-F): ID.23

0k | X Cancal | iew HiA Plots |
Figure A.23: Interface: Layer #2 (Base), Asphalt General

A.8.4. Portland Cement Concrete Layer

The properties required for the PCC layer are divided into three categories—general and

thermal properties, PCC mixture properties, and strength and stiffness properties.

The input requirements for general and thermal properties are:

o Layer thickness. The range for design thickness for new pavement design is
approximately 6 to 17 inches.

. Poisson’s ratio, u — typical values for PCC range from 0.15 to 0.25.

J Coefficient of thermal expansion, determining this value through direct testing of
the project mix (Level 1 input) is recommended since this parameter is extremely
significant.

. Thermal conductivity — the quantity of heat that flows normally across a surface

of unit area per unit of time of temperature gradient normal to the surface.
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Heat capacity — the heat required to raise the temperature of a unit mass of

material by a unit temperature.

PCC Material Properties - Layer #1 il

O Themal |. M'[xl O Strengthl

—General Properties

PCC material fspce |
Layer thickness {in): I'I 0

Unit weight {pcf): IW
Poisson’s ratio 0.1

— Themmal Properties

Coefficient of thermal expansion (per F x 10-6); |4 8

:

Thermal conductivity (BTUhrt-F7) 125
Heat capacity (BTUb-F7): 028
;J """ (1[4 | x Cancel |

Figure A.24: Interface: Layer #1 (PCC) General and Thermal Properties

The design procedure requires the following PCC mix-related inputs for modeling

material behavior, including shrinkage, PCC zero-stress temperature, and load-transfer

deterioration:

Cement type (Types 1, II, or III)

Cement content

Water/cement (or w/c) ratio

Aggregate type

PCC zero-stress temperature

Ultimate shrinkage at 40 % relative humidity

Reversible shrinkage — % of ultimate drying shrinkage that is reversible upon
rewetting

Curing method — curing compound or wet curing (affects ultimate shrinkage)
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PCC Material Properties - Layer #1 il

O Themal O Mix |. Strengthl

Cement type: Type | -
Cementitious materal content (bAd™3): IF
Water/cement ratio: IW
Agaregate type: Im
[ PCC zero-stress temperature (F7) I?

[ Utimate shrinkage at 40% R.H {microstrain) IBDS |

Reversible shrinkage (% of ultimate shrinkage): IE-E'

Time to develop 50% of ultimate shrinkage (days): |35

Curing method: ICuring compound "I

W 0K | X Cancel |

Figure A.25: Interface: Layer #1 (PCC), Mixture Properties

The long-term strength gain of PCC, and corresponding change in PCC stiffness, are
considered in the Software Guide. The PCC strength and stiffness inputs consist of the

following:

J Modulus of rupture (flexural strength), MR

. Static modulus of elasticity, E
PCC
o Compressive strength, f’
C
J Split tensile strength, ft

Depending on the input level, different amounts of information are required as follows:

° Level 1 — Laboratory values of MR, f*, ft ,and E at 7, 14, 28, and 90 days

determined using appropriate testing procedures.
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Level 2 — Laboratory-determined values of compressive strength f* at 7, 14, 28,

and 90 days and the 20-yr to 28-day strength ratio. The strength at each damage
increment is determined using a best-fit regression line fit through these data

points, and the remaining strength parameters (MR, ft , and E ) are estimated using
C

well established strength-to-strength and strength-to-stiffness correlations.

Level 3 — Estimated 28-day compressive strength or modulus of rupture from
historical data or other information. The PCC strength over time is estimated
using the default strength model, and the other inputs are calculated based on the
projected strength using the appropriate correlations. The PCC elastic modulus

can also be entered at level 3 if desired

PCC Material Properties - Layer #1 ﬂ

[ Themal | @ Mo [ Strength |

Input Level
* Level 1
" Level 2
" Level 3
Time E (psi) MR (psi)
7 Day 4370000 714
14 Day 4590000 750
28 Day 4420000 L]
90 Day 4180000 844
20 Year/28 Day] 1.2 12

W 0K | X Cancel |

Figure A.26: Interface: Layer #1 (PCC), Strength Properties

201



A.8.5. Pavement Design Features

Various design features have significant effect on performance of both JPCP and CRCP.
Examples of these include joint spacing and edge support (tied PCC shoulder or widened
slab) for JPCP and steel content and base type for CRCP.

The magnitude of permanent curl/warp is a sensitive factor that affects all rigid pavement
performance. Some of the factors that affect the permanent effective permanent curl/warp

include the following:

o Climate (air temperature, solar radiation, relative humidity, wind speed) during
PCC placement

o Construction time and curing procedure

o PCC mix properties including cement type, water-cement ratio, water content,

cement quantity, and aggregate type
o Creep of the PCC slab from its own weight and edge constraints

. Base type and properties

The recommended value for permanent curl/warp is -10 °F for all new and reconstructed
rigid pavements for all climatic regions. This is an equivalent linear temperature

difference from top to bottom of the slab.

Joint spacing must be selected within the context of design features such as slab
thickness, slab width, PCC materials properties, base type, and subgrade stiffness. In
general, a short joint spacing (15 ft) is recommended. The average cracking from the two
designs is the expected cracking in the random jointed section. The Design Guide
Software uses the average joint spacing for faulting analysis and the maximum joint

spacing for cracking analysis when random joint spacing is entered.
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Dowel spacing is simply the spacing between dowels. Typical dowel spacing is 12
inches. Normally, as the required slab thickness increases (due to heavier traffic to

control slab cracking), an increase in dowel diameter is required to control joint faulting.

Sealant type is an input to the empirical model used to predict spalling. Spalling is used
in smoothness predictions, but it is not considered directly as a measure of performance

in this Guide. The sealant options are liquid, silicone, and preformed.

Tied PCC shoulders and widened slabs can significantly improve JPCP performance by
reducing critical deflections and stresses along the edge. The shoulder type also affects
the amount of moisture infiltration into the pavement structure. The effects of moisture
infiltration are considered in the determination of seasonal moduli values of unbound
layers. The structural effects of the edge support features are directly considered in the
design process, for cracking and for faulting. The design inputs for these design features

are as follows:

o Tied PCC Shoulder — for tied concrete shoulders the long-term LTE between the
lane and shoulder must be provided. The LTE is defined as the ratio of deflections
of the unloaded and loaded slabs. The higher the LTE, the greater the support
provided by the shoulder to reduce critical responses of the mainline slabs.
Typical long-term deflection LTE are:

e 50 to 70 % for monolithically constructed and tied PCC shoulder
e 30 to 50 % for separately constructed tied PCC shoulder
=  Untied concrete shoulders or other shoulder types do not provide
significant support; therefore, a low LTE value should be used

o Widened Slab — The design input for widened slab is the slab width

The potential for base or subbase erosion (layer directly beneath the PCC layer) has a
significant impact on the initiation and propagation of pavement distress. Different base
types are classified based on long-term erodibility behavior as follows:

o Class 1 — Extremely erosion resistant materials
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J Class 2 — Very erosion resistant materials

. Class 3 — Erosion resistant materials
. Class 4 — Fairly erodible materials
J Class 5 — Very erodible materials

The interface between a stabilized base and PCC slab is modeled either completely

bonded or unbonded for JPCP design.

JPCP Design Features 2| x|
i . Im Fermanent curliwarp effective C |
Velo B s [t temperature difference (°F): I i

—Joint Design

Joint spacing (ft): |15 Sealanttype: ILiquid ﬂ

[~ Random jeint spacing(f: ||

[v Doweled transverse jaints Dawel diameter (in):

|17

Dawel bar spacing (in): I“2
I‘lﬂi
Ii

—Edage Suppart
[ Tied PCC shoulder Lang-term LTE(*:):
[ ‘Widened slab Slak width(ft):

—Base Properties

| Base type: |Granular

PCC-Base Interface

Erodibilty index:  |Erosion Resistant (3) =]
(® Full friction contact

Loss af full friction (age in rmaonths): ID
("~ Zerofriction contact

W OK | X Cancel

Figure A.27: Interface: JPCP Design Features
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APPENDIX B: M-E PDG INPUT DATA

B.1. General Information

Design Life
Pavement construction month
Traffic open month

Type of design

B.2.  Site/Project Identification

Location
Project ID
Section ID
Date

Milepost begin
Milepost end

Traffic direction

B.3.  Analysis Parameter

Initial IRI

Terminal IRI limit

Transverse cracking limit
Mean joint faulting limit
Terminal IRI reliability
Transverse cracking reliability

Mean joint faulting reliability in

205

25 years
October 2008
November 2008
New-JPCP

Orlando
Interstate 4
Disney World
4/6/2008
61.747

68.102
Eastbound

58 in/mi
160 in/mi
10 % of slab
0.12 in

90 (95 - 35)
90 (95 - 35)
90 (95 - 35)



B.4. Traffic

Initial two-way AADTT

Number of lanes in design direction
Percent of trucks in design direction
Percent of trucks in design lane
Operational speed

Monthly adjustment factor
Vehicle class distribution

Hourly distribution

Traffic growth factors

Axle load distribution factor
Mean wheel location

Traffic wander standard deviation
Design lane width

Number axle/truck

Average axle width

Dual tire spacing

Tire pressure

Tandem axle spacing

Tridem axle spacing

Quad axle spacing

Average axle spacing (short)
Average axle spacing (medium)
Average axle spacing (long)
Percent of Truck (short)

Percent of Truck (medium)

Percent of Truck (long)
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7000

2

50 %

95 %

70 mph

Default MAF
Principal Arterials — TTC=11
Default distribution
Default linear growth rate 2%
Default distribution
18 in

10 in

12 ft

Default values

8.5 ft

12 in

120 psi

51.6 in

49.2 in

49.2 in

12 ft

15 ft

18 ft

33 %

33%

34 %



B.5. Climatic

Weather station 1
Weather station 2
Weather station 3

B.6.  Structure

Short-wave absorptivity

B.6.1. Layer 4 — Bedrock

Thickness
Material
Poisson’s Ratio
Ko

#200

#100

#60

#40

#10

#4

3

Plasticity Index (PI)
Liquid Limit (LL)
D10

D20

D30

D60

D90
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Leesburg Regional Airport
Winter Haven’s Gilsberg APT
Executive Airport

0.85

semi-infinite
A-2-4

0.35

0.5

34.1

51.2

69.9

87.9

100

100

100

6.3

21

0.000696 mm
0.004856 mm
0.03384 mm
0.1908 mm
0.5561 mm



Maximum dry unit weight

Specific gravity

Optimum gravimetric water content
ar

be

Cf

h,

B.6.2. Layer 3 — Subgrade

Thickness

Material

Poisson’s Ratio

Ko

#200

#100

#60

#40

#10

#4

¥4

Compacted layer

D10

D20

D30

D60

D90

Maximum dry unit weight
Optimum gravimetric water content

as
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115 pef
2.65
11.7 %
1.565
0.871
2.816
100.1

12 inches
A-3

0.35

0.5

5

12

70

95

100

100

100

yes

0.1231 mm
0.161 mm
0.1758 mm
0.2289 mm
0.3822 mm
101.3 pef
11.4 %
7.52



by

Cr

B.6.3. Layer 2 — Base layer

Material

Thickness

Retaining on 3/4 inch sieve
Retaining on 3/8 inch sieve
Retaining on #4 sieve
Passing #200 sieve
Method

High Temperature

Low Temperature

A

VTS

Reference Temperature
Poisson’s ratio

Effective binder content
Air Voids

Total unit weight

Thermal conductivity

Heat capacity

B.6.4. Layer #1 — Surface layer

Thickness
Material

Properties

0.93
0.74
100.0

Asphalt concrete
4.0 inches

0%

15 %

35%

5.7 %

Superpave binder grading

70°C

-28°C

10.2990

-3.426

70°F

0.35

11 %

7 %

148 pcf

0.67 BTU/hr-ft-°F
0.23 BTU/Ib-°F

variable
PCC

see table next page



Table B.1: PCC material input parameters

Unit MIX-01 MIX-02 MIX-03
General and Thermal
Layer thickness in variable
Unit weight pcf 143.1 146.6 144.2
Poisson's ratio - 0.23 0.266 0.21
Coefficient of thermal expansion pin/in/°F 6.79 6.84 5.99
Thermal conductivity * BTU/hr-ft-°F 1.25
Heat capacity * BTU/Ib-°F 0.28
Mix
Cement Type - Type |
Cementitious material content Ib/yd3 643 520 470
Water/cement ratio - 0.546 0.622 0.568
Aggregate type - limestone granite
zero-stress temperature * F 109 103 100
Ultimate shrinkage at 40% R.H. * uin/in 957 812 629
Reversible shrinkage % 50
Time to develop 50% shrinkage days 35
Curing method - Curing compound
Strength (level 1)
E-modulus (7-day) psi 4370000 | 4530000 | 3290000
E-modulus (14-day) psi 4590000° | 4590000 | 3470000
E-modulus (28-day) psi 4420000" | 4360000 | 3680000
E-modulus (90-day) psi 4180000" | 4905000 | 4020000
20 year/28 day ratio * - 1.2
Modulus of rupture (7-day) psi 714 777 545
Modulus of rupture (14-day) psi 745° 825° 603.5°
Modulus of rupture (28-day) psi 776 873 662
Modulus of rupture (90-day) psi 844 831 707
20 year/28 day ratio * - 1.2
Strength (level 2)
Compressive Strength (7-day) psi 4832 6183 3489
Compressive Strength (14-day) psi 6067 7442 4225
Compressive Strength (28-day) psi 6908 8256 4883
Compressive Strength (90-day) psi 7856 9188 5794
20 year/28 day ratio * - 1.2
Strength (level 3)
Modulus of rupture (28-day) psi 776 873 662
E-Modulus (28-day) psi 4420000" | 4360000 | 3680000

° non empirical value (suggested by ME-PDG)
" measured values not increasing as expected by theory
* non empirical value (linearly interpolated)
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B.6.5. JPCP Design Features

Curl/Warp temperature difference -10 °F

Joint spacing 15 ft

Sealant type liquid

Type Tied PCC shoulder
Widened Slab (Slab width) 13 ft

Dowel diameter 1.51in

Dowel bar spacing 12 in

Tied PCC shoulder Long-term LTE 40 %

PCC-Base interface Zero friction contact
Erodibilty index Erosion Resistant (3)
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