EARLY CHARACTERIZATION AND PERFORMANCE
OF A FLEXIBLE THICK LIFT PAVEMENT

by

Caroline Anne Ellsworth McCarty

A thesissubmitted to the Graduate Faculty of
Auburn University
in partial fulfillment of the
requirements for thBegree of
Master of Sience

Auburn, Alabama
May 2, 220

Keywords:Thick lift pavementAsphalt instrumentation

Copyright2019by Caroline Anne Ellsworth McCarty

Approved by

Dr. David Timm Chair,Brasfield & Gorrie Professor Pavements anat®ials

Dr. Benjamn Bowers Assistant Professor Pavements and Materials
Dr. Adriana Vargas, Assistant Research Professor National Center for Asphalt Technology



THESIS ABSTRACT

Early Characterization and Performance of a Flexible Thick Lift Pavement

Caroline Anne Ellswdh McCarty
Master of Sciencelay 2, 2020

140 Typed Pages

Directed by Dr. David Timm

The South Carolina Department of Transportation (SCDOT) has rebeswihy
experimenting with thick lift paving to increase construction speedaaidate faster access to
traffic. However, there has beamited research and practice with thick lift paving. South
Carolina hasuccessfullyplaced a pavement in two lifts of 4.5 inches thick each. However, what
happens if instead of two lifts, only one thidk is placed?Thick lift paving within this thesiss
defined agpavements that were placed in @maglelift of 6 inches or greateiT hick lift pavingds
majorcorcerns and riskeclude placing a pavement with relatively unknown constructability
cooling curve predictabilityandlong-term structural and field performance. With such a
knowledge gap in this particular construction technique, a test sectionNsttbeal Center for
Asphalt Technology (NCAT) Pavement Test Track was constructed tgzanahether thick lift
paving is a viable alternative to conventional mliftipaving.

There are many benefits to placing a thick lift pavement such as the papii cf
construction, the elimination of tack between layers, the lower cost of laliofasier
construction speed, not switching between mixtwiege paving multiple lifts and reducing the

need tarotateconstruction equipmenDespite these benefjthere arestill many concerns with



this procedure due to limited reseagestd unprovemmplementationSection S9 at the Test
Track was designed as a thick lift pavemiardn effort to address some of thesacerns.

To ensure that the majbenefit of rapid construction was an option, the section was
subjected to temperature analydiging constructionThe analysis included determining if
conventional means of measuring temperature at a construction site was adequate for a pavement
of thisthickness, if software such as Mi@ool was able to predict the cooling curve accurately,
and if he cooling rates were fast enough for overnight construction and opening to traffic in the
morning. The results illustrated that the best time to pave laltfiipavement would be in
evening as the lifts lal during this time required the shortesbling times. Also, the evening
in-situ coolingresults were more consistent when comparing resultee MultiCool software

Another major concern is therformance and structural integrity of the section under
traffic application To address this concerinstrumentation such as asphalt strain gauges
(ASGs) earth pressure cel(EPCs) and temperature probes were embedded into the pavement
during constration. Along with these instruments, weekly field testing was done to arthlyze
pavemenis performane. Theanalysis during theonstruction of the thick lift pavement did
illustrate that controlling roughnesgsan issue anthis problem was resolvedsing diamond
grindingimmediately following thepaving Overall, based on early data from #rebedded
instrumentsand weekly field testinghe thick lift pavement did have similar performance to
conventional pavements.

Section S9 was subjected to fattale analysis to ensure that the benefits of utilizing
thick lift pavements were viable and that #ssociated risks could be mitigated. From all
construction, cooling curve, field performance, and structural results, it is recommended that

thick lift pavements be implementachen speed of construction is a concdinis method could



be uilized to placea single thick lift structure including tleairface layer and use diamond
grinding to control smoothness. Another strategy would be to use the thaxnisfiruction
method to place the base layers in one lift plagea thin wearing layeon topthat ould

improve smoothness without diamond grinding
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CHAPTER 1
INTRODUCTION
BACKGROUND

Around the United States, tkenventional method of constructing a flexible pavement is
to have multiple lifts of asphatoncrete (AC)ayers typically consisting of one to three inches
per lift over a granular bag&B) on top of subgrade soil. This method typically requires
different mixtures for théd\C layers including a less expensive, lower quality mix for the base
layers and higheguality mixtures for the intermediate and wearing courses. Also, the multiple
lift system usually requires tack between the layers to ensure firopeing to eliminate
slippage between lifts. Although this method is frequently used and has the adwhhkiamen
long term performance, this construction practice also has some disadvantages.

One disadvantage is the need to move equipment frequeplc® the layers and tack
between lifts. This conventional construction method requires more time atid nesnore
delays for users when utilized on existing roadways and work zones are in place. Based on the
extended time it takes to construct pavetsgethere is a need to develop a faster method of
placing pavements.

The South Carolina Department of Tsaortation (SCDOT) has been investigating
methods to reduce pavement construction time, such as thick lift paving. Thick lift pavements
speed up theonstruction process by eliminating the need for multiple lifts and the use of tack
between layers. Howevewith little research into this practice, there are many concerns and
unknowns including the constructability, the cooling curve, and the ovevalhpent
performance of thick lift pavementQuestions such as if density and smoothness can be

achieved wih conventional construction equipment needs to be determined. Also, when traffic



can be applied after construction, dictated by the rate of co@iagnajor concern that needs to

be addressed. By placing traffic onto a pavement before the entiresiiffiiently cooled could

lead to prematurdistressed.astly, the performance of the pavement needs to be verified and
compared to conventional y@ments to ensure this construction method does not impact the
quality of the pavement. With little docunted about this particular construction technique, the
National Center for Asphalt Technology (NCAT) Pavement Test Track constructed a section to

anal/ze whether thick lift paving is a viable alternative to conventional #ifilpaving.

OBJECTIVES

To addess the questions and problems described above, the main objectives of this
research were:

1. Describe and analyze the construction of a tlfiggdvement.

2. Analyze the cooling rate of a thick lift pavement to determitiefooling timeis
detrimental to the rapid opening to traffic.

3. Characterize the field performance of a thick lift pavement, both at the surface in
terms of distess development and subsurface structural characteristics.

4. Determine if thick lift paving is a vilbalternative to conventional construction

practices.

SCOPE
To accomplish the research objectives, the SCDOT sponsored construction of i& thick |
pavement in 2018 at the National Center for Asphalt Technology (NCAT) Pavement Test Track.

Traffic wasapplied to the section by using multiple heavy trpé&eler trucks. The trucks run



five days a week for multiple hours a day to apply 10 milégmvalent single axle loads
(ESALSs) during thetwo-yearexperimental period. For the 2018 research cyd@#jdrbegan on
November 262018. This thesis included field performance information from the start traffic
until August 31, 2019, capturing approxtely 3.815 million ESALSs.

The thick lift section, S9, was built in a single lift of 8 inche#®\Gfand 2.5 mm
nominalmaximum aggregateize(NMAS) using a standard SCDOT mix design. During
construction, a thermal probe was embedded to evaluate-$ite tooling rates, which were
compared to cooling analysis software known asti@abl. In preparation foconstruction S9,
two other trial sections, Trial S9 and N11, were used to help determine if time of day had an
impact on thick lift cooling rates. fhermal imaging camera was utilized during construction to
monitor the surface temperature of the sectishise comparing the results to the inserted
thermal probe. Section S9 included embedded instrumentation such as asphalt strain gauges
(ASGs) earthpressure cell€EPCs) and temperature probes. These instruments were used to
anal yze t he waheatmevertingesinder cceleated trafficking. Field testing
with a falling weight deflectometéFWD) wasutilized to characterize the-gitu material
properties. Lastlyaweekly performance measurement wesordedo determine rutting,

cracking,and ride quality of the section.

ORGANIZATION OF THESIS

The thesis continues in Chapter 2 with a literature review that describes past research o
pavement performance, material characterization, methods of measuring cooling pavements
(MultiCool and tlermal imaging), and previous work on thick lift paving. Chapter 3 describes

the construction process and Section S9 instrument implementation. IChppteides a



cooling curve analysis on three similar thick lift sections, Section S9, N11, and ST heal.

cooling analysis includes comparing the measured cooling rates, evaluating the measured cooling
rates against predicted cooling rates providetMinjtiCool, and evaluating thesitu cooling

rates againgneasured surface monitoring temperatures. @n&pdiscusses the field

performance and material characterization as of August 31, 2019 under accelerated traffic.

Lastly, Chapter 6 includes conslions and discusses the viability and practical options of using

thick lift paving as an alternative toptigal paving practices.



CHAPTER 2
LITERATURE REVIEW
INTRODUCTION
The conventional method of constructing/@ pavement includeglacing amultiple
successivAC layers over a GBver a soil subgrade. THC layer lifts are typically between
one to three inches thick. However, the South Carolina Department of Transportation (SCDOT)
has been experimenting with fulepth pavement recangction. This method consists of
building the entire AC depth in one sireghick lift. A schematic comparing the two approaches

is shown in Figure 2.1.

Thick Lift Technique Conventional Technique

co o ~ N O

10
12
14
16
18
20

Depth, inches

OSurface AC OBase AC Lift 1 EBase AC Lift 2
@ Granular Base B Soil Subgrade

FIGURE 2.1: Cross-Section of Two Methods™ Thick Lift and Conventional.
However, there has been limit research with this construction strategy, and many

guestions need to l@mswered before implementing this research into practice. The issues



include pavement compaction, mat cooling, and {mgh pavement performance which will be

explored in this chapr.

THICK LIFT PAVING IN THE PAST

The leading reason why the SCDOT wolike to research and ultimately incorporate
thick lift paving into their practice is to increase the speed of construction. This method
eliminates the need for tack between thelayad decreases construction time as there is no
waiting between pavemelatyers for the results of quality control testing before proceeding to
the next lift, switching between mixtures, or need to repeatedly move equipment. The goal of this
method is tdoe able to close down the road for one night and reopen to traffic themaexng.
Thick lift paving will reduce delays and traffic caused by construction.

The SCDOT has already started to incorporate this method, successfully placth§two
inch singde lifts in a single night that were turned over to traffic the next mgrriihis allowed
the contractor to avoid late penalties for not having the highway opened irFime (
Construction Prg2016). The capability of quick turnaround to traffic offarsignificant
economic advantage over traditional paving methods inclutimgeduction of traffic delays,
labor expenses, amount of material such as tack, and the avoidance of late fees.

There have been a few studies that have been conducted thatréseanethod of
placing a single thick lift pavemen case study iGsermany researched the implications of
replacing the muiple lift s of base layers into one thick lifase coursddowever, this case study
placed the base and surface course simultatgd he wearing course was approximately 0.75
inches, but the baseurse thickness totaled around 8.5 inches. Figure 2.2 depicts the two types

of crosssections that were compared during this experiment.



4cm [ asphalt wearing course 2cm [EEEEmmmm———m———== asphalt wearing course
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FIGURE 2.2 CrossSections Usedvith German Study (Tielmann and Bohm, 2016).

The placement of both layers required a Dynapac paver that is outfitted with two material
hoppers and two screeds that are concurrently in use during construction. The first screed placed
an already compacted binder coursee itachine usktampers, vibrabns, and a final pressure
plate to compact the base course beftmeementAfter, the second screed immediately placed
the wearing course (Moore, 2011). The results of the simultaneous paving can be viewed below

in Figure 23.

FIGURE 2.3 Thick Lift Pavement During Construction (Tielmann and Bohm, 2016).

The thick |Iift pavementdés performance was
in the conventional layered method. The results illustrated that the performanceafe¢heents

was similar, but garge problem was identified for the thick lift pavement. With a significant



depth of mix to place at once, controlling smoothness for the thick lift pavement was difficult
(Tielmann and Bohm, 2016%hown in Figure 2.4 is theansversal roughness of tthaeck lift

pavement. German codes specify a maximum limit@frdn in any position. As seen in the

results, the middle of the pavement had minimal problems. However, the edge regions of the
pavements experienced consideralleuenness. Figure 2.5 depitthh e edge r egi onds

unevenness after compaction.

Legend

o 0-4mm
4-5mm
5-6mm
6-7mm
7 -8 mm
8-10 mm
10-12 mm

12-14 mm
14 - 16 mm
=16 mm

transversal direction [m]
EEEEEEREEN

longitudinal direction [m]

FIGURE 2.4 Transverse Evenness Result3iglmann and Béhm, 2016).

FIGURE 2.5 Outside Region Smoothness ProblenTiglmann and Béhm, 2016).

In 1972, the New York State Depamient of Transportation (NYDOTroduced a thick
lift pavement study for similar reasons and to ansiailar questions as the current SCDOT.
The reasons included increased speed of constructiotedaeanine ithe NYDOT maximum

AC thickness requirement @ inches per layeis overly conservativeThisNYDOT studywas

8



conducted on base courses and not the surface Tdysrstudyanswerednajor questioaabout
thick lift paving such as the ability to acquire adequistesityand if thick lift pavingproduces
similartemperature and cooling results as conventional paving meffigds et. al 1972).

This studyused a 1.2nile interstate road to companmeultiple layer paving technique and
thick lift paving The control sections includédo 3-inch lifts of AC and thethick lift sections
included one lift of 6 inche&ach section was subjected to a cooling analysis by embedded

thermocouple dowel within the hot mat athehsity analysis. The temperature comparison can be

viewed below in Figure 2.6

A. IN BASE COURSE
220 i -

200

180

TEMPERATURE, F

] | ] l —1

L 1 | |
o 0 20 40 60 80 100 120 140 160
MINUTES

FIGURE 2.6 NYDOT Thick Lift Paving Temperature Analysis (Vyce, 1972).
As seen above, the control and the thick lift pavenpeatluced similar cooling results
The NYDOT studyspecifically noted that the center of the basamtaineda temperature above
150°F for approximately 2.5 hours. This amount of time was determined to be more than
adequate for sufficiemblling and compaction tim&verall, the study determined that

temperature cooling time in thick lift pavisfpould no longer béeemeda concern.



Achieving adequatdensity was the next major concern for the NYD@ih regards to
thick lift paving Shown below in Table 2.1 is the density results of the thick lift pavement and
the control pavement$he NYDOT cut cores for the control and thick liiygmen sections.
Also, it should be noted that the cores were cut into thirds to determine if the thick lift pavement
wasproducingsimilar densities throughout the depth of the pavement.

TABLE 2.1 NYDOT Thick Lift Pavement Density Results {/yce, 1972).

CORE DENSITIES

ek - Bulk Density, pcf

ness, Top Middle Bottom Top Bottom
Sample in. Total Third Third Third Half Half
A. CONTROL
050A 7 130.4 119.2 134.2 137.9 -- --
0508 6-3/8 136.0 -- -- -- 134.2 136,7
050C 5-5/8 137..3 -- -- -- -- --
200A 7-1/4 133.5 -- -- -- -- --
2008 7 133.5 131.7 139.2 132.9 - --
200C 6-7/16 134.2 -- -- -- 134.2 136.0
350A 7-1/16 127.9 -- -- -- 119.2 132.9
3508 6-1/2 134.8 -- -- -- -- --
350C 5-3/4 136.7 134.2 140.4 137.3 -- - -
Average 6-5/8 133.8 128.3 137.9 136.0 129.2 7135.5
B. THICK LIFT
100A 6 13743 --2 ]4;-3 ]3;-2 139.2 134.8
1008 5-15/16 142.3 139. ” : -- -
100C 5-13/16 128.5 -- -- -- 133.5 127.9
250A 6-1/16 126.1 -- -- -- -- --
2508 6-3/4 132.9 - - -- 186.7 1317
250C 6-1/2 131.2 182:3 1313 125.4 -- --
4008B 6-1/8 134.2 131.0 141.6 1367 -- --
Average 6-1/8 133.3 134.2 142.1 1337 136:5 131.5

As s=en above, the densities of the thick lift pavement andahiol pavement sections
were verysimilar. However,as seen above in Table 2.1 thildle third of the cores from both
the control and the thick lift paving corlead the highest densitié8verall, the NYDOT

determinedhatthe densities achieved throughout the pavement for the thick lift pavement
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sections wasonsidered tde adequatelhe findings fronthis NYDOT studydetermined that
thick lift pavinghas the capability of achieving adequaémsityand provide similar cooling

times as conventional pavements.

CONCERNS OF THICK LIFT PAVING
Compaction and Mat Cooling

There are thremajor concerng regard tahick lift paving, including the construction
and compaction of the structure, twoling of the mat, and the lotigrm performance. All three
concerns are interrelated and have major impacts on whether this constructiot isietho
practical. Compaction has a major influence on the-teng performance of the pavement. If
the pavemensiunder compacted, the structure can have higher susceptibility to moisture and air
damagelf the pavement is over compacted, distress suctttsg, flushing, or bleeding could
occur Plati et al, 2014;VargasNordcbeck and Timm, 20)1Thereforeacheving adequate
compaction is necessary to create apelforming structure. Although there are many factors
that contribute to thbot mix aphalt HMA) density, the mat temperature has the most
significant influencePRlati et al., 201% As mix cools ad the binder stiffens, it becomes more
challenging to reach density even with more applied compaction effangésNordcbeckand
Timm, 201). Therefore, understanding the cooling curve of the structure is key to achieving
well-performing pavement.

A study conducted by the National Technical University of Athens (NTUA) addressed
the use of infrared thermography for assesBiNA paving and compaction. This study
specifically investigated the benefits of thermal imaging. The first major benefit of thermal

imaging is that this is a nettestructive method that can be viewed in-teak. Thermal imaging
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provides an expansive look @verall mat temperature, helping visualize thermal segregation.
Also, thermal imaging can be used in lieu of conventional teaype guns as shown in Figure

2.7.

FIGURE 2.7 Thermal Image (Plati et al., 2014.

The thermal image relays a temperatuet ttan then be used as a parameter in the
MultiCool software. This research compared MultiCool simulated cooling curves to aretkas
cooling curve determined by a thermocouple prétat( et al., 2014 This experiment used a
section that was 3:fichesof AC pavement, 1 nch wearing course andi@ch base course,
over aGB on top of a soil subgrade. The results of this stuthcluded that the thermal imaging
camera, along with the MultiCool software, would be a good prediction to the actual cooling
rates as shown in FiguBs8. However, this experiment was performed on a typical mixture

placed with conventional construction tineds.
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FIGURE 2.8 MultiCool versus Measured Cooling CurveqPlati et al., 2014.
NCAT conducted a study to look at the validity of the MultiCool software when dealing
with unconventional mixtures, including warm mix aspif@itMA) and high eclaimedasphalt

pavemen{RAP) mixtures as shown below in Tabl€2VargasNordcbeck and Timm, 20]1
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TABLE 2.2 NCAT MultiCool Verification Test Sections (Vargas-Nordcbeck and Timm,
2011).

Section
Number Description

N5 Shell Thiopave—sulfur-modifisd WhA

Né Shell Thiopave—sulfur-modified WhiA

N7 Eraton—7.3% styrena—tadiene—styrens modified asphalt
N10 % RAPHMA

N1l 0% RAP WA

L3 Control with penmeable surface

59 Control

S10 Foamed WHA

511 Additrzad WHA

312 23% azphalt replacemeant with Trimdad Lake A=phalt pallats

The unconventional mixtures were all placed in three separatthéftbad a maximum
lift thickness of three inches. The results demonstrate that MultiCool can be a good predictor of
the cooling curve for conventional and unconventional pavements\as sldow in Figure 29
and Figure 0. Figure 2.8llustrates a combl conventional section MultiCool comparison and
Figure 210 depicts a section that had two components of unconventional pavements including

high RAP and the WMA technology.
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FIGURE 2.9 NCAT Conventional MultiCool Comparison (Vargas-Nordcbeck and
Timm, 2011)
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FIGURE 2.10 NCAT Unconventional MultiCool Comparison (Vargas-Nordcbeck and
Timm, 2011)
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However, the results also determined that the lift thickness and initial mix temperature
are the most influential factors to cooling curvéargasNordcbeckand Timm, 2011)This
study determined that MultiCool overeglicted the mix tempature. Shown below in Figure
2.11 is the temperature differential results discovered during this experiment. The maximum

temperature differential was determined to be 18°F.

100% (9,?8 -
90% - {
—eo— NS
80% - NG
70% - —x— N7
o 60% - —— N10
s —t— N11
§ 50% - 58
()
& 40% - —— S9
30% —O— 510
—a— 511
20% o— 512

10% +— IO - N— ¢ e Tolerance window

0% - '
-10 0 10 20 30 40 S0
Actual - Predicted Temperature, “F

FIGURE 2.11 NCAT MultiCool Verification Temperature Differ ential (Vargas-Nordcbeck
and Timm, 2011).

Based on the two cooling curve studies, the MultiCool was determined to be successful
for predicting cooling curves for unconventional and typical pares As stated previously,
thickness is a major componenthe effectiveness of MultiCool. Therefore, a major question
that needs to be answered is: How will a pavement that is two to three times the thickness

compare to the positive thermal imaging &haltiCool results from the two case studies?
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Long-Term Performance and Field Characterization

The last major concern when looking into a new pavement implementation method is
how the final structure will perform long term and will it act similar towaartional pavements?
To analyze theerformancef the pavement structural characterizati@malysisand field
performancesurveysshould bencorporated into the fukcale researcétudy At the NCAT Test
Track, structural analysis and field charaiz&tion has been a major research subject sirvece
second research cycle in 2003. The Test Track began a structural experiment in 2003 to
investigate two major components. The first was to study the dynamic pavement response of
emerging and promising temblogies, methods, or mixtures under live trim&ding (West et al.,
2018; Timm et al., 2006). The second consideration was to determine if the sections also
Asupport the evaluati on, c adémpibcal pavamentdesigan d
mehodol ogi eso (West et al., 2018).

The mechanisti design experiments utilized embedded instrumentation suk8@s
EPCs and temperature probes to analyze the pavement responses under accelerated traffic
(Timm et al., 2006). There are two critical laoat that are correlated to two major distresdes
fatigue cracking and ruttin@racking can be correlated toet strain at the bottom of the AC
layer (Timm et al., 2006Wwhile rutting corresponds to the compressive stress at the top of the
GB layer.

During each test cycle that studied structuraltheaf the sections, the ASGs were used
to monitor the strain level and the EPCs were utilized to obsemmeressive stresses. Figure
2.12 and Figure 2.3 are typicalAC pavemerts seasonal trendls regard to tensile microstrain
and compressive stressspectively. The results are taken from 2012 Test Track cycle. The

expectation, as shown below in the following two figures, is that the microstrain and the
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compressive stress will be temperature dependféest et al., 2012). The exponential

relationshipbetween temperature and microstrain and temperature and compressive stress is

determined from the power function equation shown in Equation 2.1.

Where,
= measured tensile microstrancompressive stress

k1, k2 = regression coefficients (see values in Figutd 2nd Figure 2.12

T = mid-depth pavement temperatufE,

Longitudial Horizontal Microstrain

1200 -

1000 -

800 -

600

400

200

- Q0 (Equation 2.1)

¢ Control 69.0 0.023  0.90 ’q -----------------

O HMA-RAP 58.7 0.021 0.90 ‘
X  WMA-RAP 73.5 0.019 09 ‘_
Expon. (Control)

Expon. (HMA-RAP) oo D ©

————— Expon. (WMA-RAP) WK
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40 60 80 100 120
Mid-Depth Temperature, °F

FIGURE 2.12 Past NCAT Microstrain Trends (West et al., 2012).
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FIGURE 2.13 Past NCAT Compressive Stress Trends (West et al., 2012).
NCAT also utilized weekly field characterization tests within the structural analysis. The
weekly field characterization includes visual crack inspection, determinirayénageut depth,
and determming the International Roughness IndéRl}. Shown below in lgure 2.4 a, b, and
c, are examples of crack mapping, rut depth over time, and the display of IRI over time. It should
be noted that mean texture depth (MTD) was also included in the pa3rddstycle analysis

(West et al., 2012).
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FIGURE 2.14 Weekly Field Test Monitoring Charts (West et al., 2012).
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Lastly, routineFWD tesing concluded the ksitu structural characterizatiohhe FWD

was used for a few reasons including anialg how seasonal trends and temperatures impact the

AC stiffness and how pavement damage effecte\denodulus (Timm and Priest, 2006).

Shawvn below in Figure 28is an example from the 2012 Test Trackleyof typical FWD data

that illustrate AC modulutemperature dependency and the typical AC modulus patterns.

Similar to the microstrain and compressive stress relationship with temperature, the AC modulus

utilizes an exponential power function to porttag correlation with temperature shown below

in Equation 2.2.

Where,

'O = asphalt concrete modulus, ksi

ki1, ko = regression coefficients (see values in Figui&)2
T = mid-depth pavement temperatufE,

(Equation 2.2)

10,000
ki kZ R2
¢ Control 9051 -0.034 0.98
O HMA-RAP 8739 -0031 097
¥  WMA-RAP 8629 -0.031 0.99
2 PN Expon. (Control)
@ Expon. (HMA-RAP)
E 1,000 ” - Expon. (WMA-RAP)
b1 3
=
9}
<
e
100 T T T T T 1
40 50 60 70 80 90 100 110 120

Mid-depth Temperature, °F

FIGURE 2.15 NCAT FWD Backcalculated AC Modulus Graphical Trends (West et al.,

2012).
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All strategies including thASGs theEPCs the temperature probes, the weekly field
testing, and the biweekly FWD testing wereven to be useful during the structural

characterization of past test track sections.

SUMMARY

This literature review briefly discussed the reasons and benefits for researching thick lift
paving as well as the past studies and implementation of thick lift paving. Examples of a few
thick lift studies include the SCDOT twb5-inch lift pavement, he German base course study,
and the NYDOT base course study. Also, this synthesis deliberated the major concerns of thick
lift paving including compaction, mat cooling, and letlegm performance and past studies that
incorporate conventional and unconvenal pavement test sections regarding three significant
issues. However, none of the case studies regarding the three major concerns researched a one
thick lift pavement that combined the wearing and base course into a single layer. Lastly, the
importanceof pavement response analysis and field characterization was discussed to predict
pavement performance and potential distressing. Based on the literature review, research into this
method is still need andfall-scaleanalysis of a thick lift pavement iecessary to verify the

practicality of implementing thick lift paving.
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CHAPTER 3
CONSTRUCTION

INTRODUCTION

Although there has been substantial research, including practical applications, relating to
the construction of two to three I&C pavements, investigation of the constructability of a
single thick lift pavement is still necessary. Section S9 was usatsteer questions that
surround single thick lift pavements such as structural integrity, pavement performance, and the
overall qualiy control during construction. Pavement instrumentatiafuding ASGSEPG,
and temperature probes were embedded wiBito enable structural integrity characterization
over time under accelerated trafficking. A trial section was constructed the fday the
construction of S9 for last minute checks and adjustments, as necessary, of the construction
process and mix degi. Figure 3.1 illustrates the-hsilt crosssection of Section S9 including

the depths of embedded instrumentation.
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FIGURE 3.1 Setion S9 AsBuilt Cross-Section.
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This chapter will discuss the instrumentation used within Section S@alibeation
procedure for the AS&and the EP§ how the instrumentation was installed, and the overall

construction of Section S9.

PAVEMENT INSTRU MENTATION

The ASGs, EPCs, and temperature probes were used within S9 to measure the pavement
response togplied traffic andvaryingenvironmental conditions. The instrumentation process
was consistent with past NCAT Test Track construction cycles antnpéamented into the
2018 research cycle with a few modifications (Timm et al., 2009). The adjustmetiits &i¥18
Test Track cycle included adding local calibration for the ASGs and modifying the arrangement
and orientation of gauges.

Twelve ASGs andwo EPCs were placed on top of €88 and at the bottom of th&C
layer to measure the structural response of the pavement. A bundle of thermistor probes was
assembled to measure temperatures at the top, middle, and bottom of the AC as well as 3 inches
into the GB layer. This was done to capture the temperature gratiienigh the depth of the
pavement. The ASGs wer e Ge3balegud Fhe BPCsxveere 2 01 3
Geokonos +2@5KPA setisdhductor witBO-foot leads. Lastly, the therstiors were
CampbelS c i e nt i-U-L3@FT snodelQvish permame temperature measurement and type
J thermaouples. Figure 3.2 &, andc depict the ASG thermistors and EPQused in S9

respectively.
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FIGURE 3.2 Pavement Instruments.

Figure 3.3 illustrates the instrumentation plan view. The ASGs were assigned to
channels 1 through 12 within the instrumentation layout in Figure 3.3 and thenlelRECs
assigned to channels 13 and 14. The gauges were centerddeoutside wheel path to ensure
capturing peak responses of multiple truck passes while taking natural wheel wander into
account. The gauge array pictured in Figure 3.3 had gauges destt@réoot spacing with the
exception of gauge 14 which was tered at 4 feet from the nearest ASG to provide sufficient
spacing for the pressure cell transducer. Also, based on past Test Track measurements

illustrating that the maximum tensile straim@from responses in the direction of traffic (i.e.,
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longitudind strain), the ASGs were setup to only measure in this direction for this test section
(Timm and Priest, 208). This change was one of the two variations from past NCAT test track

structural sudy research cycles.
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FIGURE 3.3 Section S9 Gauge Array.

Calibration Procedure

As stated above in the pavement instrumentation section, the ASG local calibration
procedure was newly added to Test Track instrumentation preparation protocols. Tharproced
began with ensuring gauge functionality. The strain gauges were wired intatahacduisition
system (DATAQ) to record their baseline voltages. While connected to the DATAQ, the gauges
were pushed into compression and pulled into tension by hamduoeethe gauges responded
with the proper sign (push = negative or compressioh=pabsitive or tension). Once basic
functionality was established, each ASG was mounted into the calibration jig as shown in Figure

3.4a and Figure 3.4b. Rstrain was thn applied to remove any slack from the ASG and
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mounting brackets. Next, a digitalper (Figure 3.4c) was used to measure the irtsiileside

lengths of both sides of the gauge. After the measurements were taken, a potentiometer was
attached and used &djust the baseline of the ASG while mounted in the calibration jig back to
the orginal baseline voltage found when the ASG was wired into the DATAQ but not under any
external strain. Once back to the baseline, the crank on the calibration jig was psethe

ASG into tension by a displacement of approximately 0.02 mm incremeetssion until the

ASG read a voltage near +5V. The applied displacements were recorded from the digital readout
on the calibration jig as pictured in Figure 3.4d. The A®S then unloaded by approximately

0.02 mm increments until the displacement dea@as 0 mm. The displacement measurements
from O mm were then used to calculate strain. The process of loading and unloading was

repeated as a reliability check. Figuree3ilustrate the ASG calibration set up.

Digital
Readout

a) ASG Calibration Jig b) Calibration Jig with Strain Gauge
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FIGURE 3.4 ASG Calibration.

28



The averag gauge length measured in the jig with the digital caliper before loakgg (
Length) and the total applied displacement at each strain incrémemas used to calculate the

applied microstrain according to:

- —5——*pTm (Equdion 3.1)

The gauge calibration factor was found by plotting the measured voltage against the
calculated microstrain with a linear trendlineg®ample in Figure 3.5 for ASG 1). The slope
of the trendline converts voltage change into microstrain. The resultstofjaage calibration
factor for Section S9 can be viewed in Table 3.1. The detailed calibration data for each gauge in

Section S9 cabe seen in Appendik.
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FIGURE 3.5 ASG Calibration Graph.
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TABLE 3.1 S9 Gauge Assignments and Gaudeactors
Channel GeoComplD BaselineVoltage GaugeFactor (microstrain/Volt)

1 10 -1.97 448.95
2 12 2.16 416.97
3 30 -1.33 434.71
4 8 1.54 450.76
5 28 0.05 496.19
6 36 1.24 430.84
7 2 0.11 445.00
8 25 0.97 402.2
9 29 0.14 398.14
10 14 0.83 454.04
11 9 0.34 480.95
12 27 0.41 425.65

The EPC calibration process mirrored the procedure from past Test Track cycles. First,
EPCs were placed intbe calibration chamber (Figure 3.6a). The EPC cables were then fed out
of the chamber and connected to t theyp&ged AQ.
through the chamber wall to ensure that the chamber would be aircéedight The chamber
was then filled with water. The voltage for each EPC within the widted chamber without the
lid attached was measured using the DATAQ when ndiaddl pressure was added. The lid
was then placed and bolted onto the top of the chamber as seen in3Faguaead the voltage
was measured using an Omega gauge as shown in Figure 3.6¢. Then, an adjustable pressure
regulator was attached to the chamdnedl was subjected to pressure increases at increments of
approximately 5 psi until reaching roughly 25 psell below the maximum gauge rating of 35
psi). The voltage was recorded at e&g¥siincrement. Once 25 psi was attained, the pressure
was decresed in increments of 5 psi each until the 0 point was again reached. This process was
conducted twice to ense reliability of the voltage readings. Figure 3.6d depicts the EPC

calibration process set up.
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c) Omega Pressure Measurement Device d) EPC Calibration Se-Up

FIGURE 3.6 EPC Calibration.

The voltage results and the corresponding pressure were plotted to determine the
calibration factor foeach EPC (Figure 3.7). Like the ASGs, the EPC gauge factors were the
slope of the linear trendlines. The gauggponse was found to be highly linear with good

repeatability. The gauge assignments and calibration factors are listed in Table 3.2.
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FIGURE 3.7 EPC Calibration Results

TABLE 3.2 EPC Assignments and Calibration Results

Gauge Geocomp Track Calibration
Gauge ID (psi/Volt)
13 G21 7.25
14 G25 7.21

Instrumentation Pre-Installation

There were three instrument installation stages in Section S9. The first phase was
calibration of the ASGs and EPCs described in the previous section. The next stdgepras t
installation of the ASGs and EPCs within Section S9 which was similar ttejgasycles except
for the gauge arrangement and orientation as discussed previously. The installment of the gauges

and pressure cells occurred on top of@ie Section 8 6GB is shown in Figure 3.8.
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FIGURE 3.8 Section S9 Before Gauge Installation Granular Base.

The pre installation began by threading the ASG and EPC wires into flexible conduit as
seen in Figure 3.9a. The flexible conduit helped ensure that tes wauld not get pinched or
cut by aggregate during the construction process., Nexgjauges were arranged on @i to
match the alignment and spacing found in Figure 3.3 from the previous section. Figure 3.9b
depicts the sprapainted grid on th&B to aid in gauge placement. The blue dots in the figure
indicate the center of each gaugnce fully installedThe gauges and cables were placed so the
conduit covered wires led into the roadside data collection system. Shallow trenches were cut so
that thecables were buried just beneath the surface dstas seen in Figure 3.9c. Oncéthe
flexible conduits were placed within the trenches, the trenches were refilled and compacted with
the samesB within the section to create a flush surface illustrategigure 3.9d.

The EPC pranstallation varied slightly from the ASGs pirestallaion. Trenches were
dug for each EPC for their cables. However, each EPC was placed in shallow holes. Next,
aggregate base was sieved through a #8 and a #16 sieve émn@taainderneath the EPCs to
make them level with the aggregate base surface andlpravayer of protection from larger
stones. The#8 material was placed first followed by a thin layer of fu#6 material. Figure

3.9¢e illustrates a leveled EPC ifindSection S9. Once leveled, each EPC was covered with-more
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#16 followed by-#8 matelal as shown in Figure 3.9f. The last phase of gauge installation

occurred during the paving of Section S9, described below.
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e)LeveedEP f) EPCos F ush With Sur f

FIGURE 3.9 Instrumentation Pre-Installation Procedure.

CONSTRUCTION OF SECTION S9
Section 8 was paved on August 24, 2018 beginning at 10:00 AM. On the day of
construction, the high temperature was 85°F and the low temperature was 67AE plaat
used for the 2018 Test Track cycle was the East Alalfdaving Company plant located in
Opelika,AL 6 miles from the Test Track.
The ACwas a dense graded mix with a PGZ2binderand a NMAS of 12.5mmThe
AC layer waglesignedaa si ngl e 80 | i f ®GB.However, bepasboilf t he exi
thicknessvas8.360. The materials in the mix weresidered local to the Test Track but
matched closely to the gradation and volumetr
Course Type B mixturélhis mixture isprimarily used forSCDOT rehabilitation repairs

interstates, and higinolumeprimary road. Section S9 was produced as a Whvhich was a
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required by the SCDOS$tandard$ased on the mix type used (Intermed@beirse B mixture)
This particular mix typés standards can be view in AppendixAJthoughit was required,

WMA also ha social, ecological, and financiaénefits such as lower temperatures for the
constuction crew, lower energy required, and lower costs with the associated lower diergy.
plant configuration settings and mix design areetisn Table 3.3.

TABLE 3.3 S9 Plant Configuration

Material % Setting
Binder Content 5.5
Shorter Sand 14
78 Granite 25
89 Granite 36
EAP-1/2 RAP 25
Evotherm M1 0.5

The plant configuration for this mix design adds up to 106% because East Alabama
Paving Company operates their plant based on aggregate weight and not based on the total
mixture weight. This results in 100% for total aggregate as shown in Table 3.3 rRarthethe
Evotherm M1 additive is based on the weight of the binder contentaiiised on the weight
of mixture or aggregate.

Before the mix was placed, a PG-B2 binder was used to tack the vertical edges in
addition to the entrance and exit portiof the milled section as seen in Figure 3.10. The tack

was used to increase lmbng between the new pavement material and the existing pavement.
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FIGURE 3.10 Tack Application in Transition Zone.
Section S9 waplaced and compacted usiognventionakquipmenused inthe
construction of past researcycle sectionsSectionS9 was delivered by 7 truckloads at an
average temperature of 248°F. The mix was transferred from trucks into a material transfer

vehicle, hen loaded into the Roadtec paver pictured in Figure 3.11.

FIGURE 3.11 Paver in Use During S9 Construgon.
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The last phase of the gauge installation began as the WMA was being placed. Again, this
process was the same procedure used in past Test Jdek §imm and Priest, 2008The
ASGswere first tacked to th&B using asphalt binder mixed with saffdhen, mix was taken
from the paver and sieved through a #4 screen to remove the large particlégl mtaerial
was used to cover the EPCs and AZ@ges to ensure the paver and compactors would not pull
out the conduit and gauges or affect the survlitgluf the gauges. Figure 3.12 shows the

covered instrumentation.

FIGURE 3.12 Section S9 AC Covered Instrumentation.
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Following paving, only ASG Gauge 5 was found inoperable. Section S9 had a 93% gauge

survivability rate with thirteen out of the fouete gauges surviving the construction process.

Figure 3.13 shows Section S9 after paving.

FIGURE 3.13 Section S9 aftePaving.
The mix design was compared to thebadt AC to quality control the materials used.
Table 3.4 and Figure 3.14 show the mesign target gradatiothe asbuilt gradation and the
required standard gradatiofihe slight deviations were consideneithin the acceptable

tolerance of normal construction practice and were deemed acceptable by S€B€EEN below

in Table 3.4
TABLE 3.4 S9 Gradation Target versus IaPlace
Sieve Size, Percent Passing, % SCDOT Gradation
mm Requirements
Target As-Built

25 100 100 100

19 99 100 98-100
12.5 95 98 90-100
9.5 83 92 72-90
4.75 54 67 44-90
2.36 35 37 2343
1.18 26 29

0.6 18 21 1-25

0.3 13 12

0.15 8 7 4-12
0.075 4 4.5 2-8

39



100
90
80
70
60
50
40
30
20

10 =

|

—e—Target QC

Percent Passing

0.01 0.1 1 10 100
Sieve Size, mm

FIGURE 3.14 S9 Gradation of Target vs. IAPlace.
Thevolumetrics for the abuilt section verechecked against the mix designd the
mi Xt ur e 6 as skowmimThlaler 3cb.s The slight deviationghefasbuilt mix properties
from the mix design were considered acceptable by SC&Een below in Tab8b5.

TABLE 3.5 S9 Volumetric Target versus InPlace

SCDOT
Volumetrics Mix Design Target As-Built Requirement
Rice Gravity (Gmm) 2.426 2.461
Bulk Gravity (Gmb) 2.364 2.402
Air Voids (Va), % 2.5 2.4 2.53.0
Aggregate Gravity (Gse) 2.642 2.678
VMA, % 15.7 15.2 >14.5
VFA, % 84 84 70-85

Achieving adequate density was a major concern for the thick lift pavement section. The
pavement was compadt&ith the same rolleand usingsimilarrolling paterns as previouest
trackcycles The rollers usedhclude abreakdown roller, a rubber tire roller, and a steel

finishing rolleras seen below in Figure 3.15 a, b, and c respectively
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a) Breakdown Roller

b) Rubber Tire Roller

c) Finish Steel Wheel Roller

FIGURE 3.15 Rollers Usedon Section S9 for Compactio
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Two methods were used including taking cores and using the nucleartgalggermine
if the thick lift section adequately achieved compactidree full depth cores wetaken from
the section to angte the density throughout the pavemdihie cores wereut into thirds to
analyze the differences of density throughout the depth of the thick lift pavefightttotal
locations werdested using the nuclear gaugeluding four locatiors on the insidavheel path
and fourlocationson the outsidevheel path The nucleagaugewas tested four times at each of
the eight locatios at 90degree offsetveralldensity was determined to not be an issue for this
section with a average sectiocompaction of 95%.

The seconanajor concern with the single thick lift constructability was controlling
smoothness across the pavement. Based on past experience with this issue, the SCDOT
recommends diamond grinding to achieve adequatetsmess. Table.8 displays théRI from
both the right and left wheel paths and the mean IRI after paving and after the diamond grinding.

TABLE 3.6 S9 IRI Before and After Diamond Grinding

All in/mile L, IRI R, IRI Mean, IRI
Pre Grind 457.3 335.5 396.4
Post Grind 79.3 122.5 100.9

Considering 170 in/mile IRI is failudeased orperformance monitoring andanagement
requirement$rom the Federal Highway Administration (FHWARhe pavement before diamond
grinding fell into the failing category with an IRRf 396.4in/mi. However, after the diamond
grinding on the pavement, the mean IRl was under the 170 in/mile failure point and was within
the normal rangelThe SCDOT does noéquire a certain IRflor new pavemenihowever, the
SCDOT does provide incanes for smother riding surfaceahich can be viewed iAppendix
D. Typically, the SCDOTincentivesfor contractors begin if theewly constructed pavement

smoothness was less théin/mile.Section S9 illustrated that thick AC layer did have
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smoothnesproblems but was successfully addressed with diamond grinding. FigGrehdws

Section S9 after the diamond grinding, before opening to traffic.

A MG S

FIGURE 3.16 S9 Post Diamond Grinding.

Lagly, a temperature probe was installed within Section S9 thgegpaving and diamond
grinding occurred. Based on past Test Track cycles, the temperature probe was found useful to
the structural integrity research because of the high correlation ak@ngd-depth
temperatureAC strain levels, anéC elastic modulusiegermined from backcalculation (Timm
and Priest, 2008 The temperature probe was installed near the edge of the pavement. The
process began by saw cutting horizontally approximately a foot fhe pavement edge and
cutting vertically roughly 1 inch dowinto the pavement as seen in Figure/8.This created a
shallow slot for the temperature probe wires. Next, as shown in Figuite éntl Figure 37c, a
vertical hole was drilled into the yament deep enough so that the temperature probe can fit and
have the top of the probe flush with the surface. The probe and the connecting wires were test fit
into the hole and trench to determine if more saw cutting or drilling was necessary as depicted
Figure 3.Id. Lastly, the temperature probe confined i hole using roofing cement
illustrated in Figure 3.2e. The installed temperature probe within Section S9 acquires hourly

average temperatures throughout the depth of the pavement and 3nhzhies aggregate base
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layer. Also, the pictures in FiguBel7 are representative of the process followed in S9 but were

taken during an earlier Test Track reconstruction cycle.

a) Saw Cutting Probe Trend b) Drilling Probe Hole

¢) Hole ard Trench d) Probe in Hole and Trench e) Roofing CementProcess

FIGURE 3.17 Temperature Probe Installation Process (not from section S9).

SUMMARY
A major concern of thick lift paving is the construction and kergn performance of the

pavement specificallipoking at density, smoothness, and structural integrity of the section. To
structurally analyze the pavement,A3Gsand 2EPCswere placed within the pavement. Each
gauge and pressure plate was subjectéattd calibration procedures. Every gauge dmg
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survived the construction process. After construction, it was determined that the pavement did
achieveadequate density but had issues in regards to smoothness. Diamond grinding was used to
remedy the roughess issue and produced a pavement thatrhadeguate IR(100 in/mile)
measurement for the fAnewod0 pavements category.
the pavement to record makpth pavement temperatures to help analyze and characterize th

pavementhroughout the experiment cycle.
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CHAPTER 4
COOLING ANALYSIS
INTRODUCTION
While there are many benefits to using thick lift paving such as the less energy, time, and
materials used to build the pavement, the technique is not without associated concerns, the most
notable perining to the construction and cooling of the mat. batling is important because
the pavement should not be trafficked until the entire depth has cooled to 175°F to prevent
premature rutting under traffic. With this in mind, there are two significsuoies when
considering the cooling of a thick lift pavemt. The first concern is whether conventional
means of measuring temperature are appropriate for thick lift paving. Specifically, will the use of
an infrared temper at upravidesageguste inforrhation & deternfine h e r ma
when the pav@ent can be opened to traffic? The second question relates to the ability of
simulation software to accurately predict the cooling rate for planning and management
purposes. One such program, MultiGgwedicts cooling curves &C mats based on heat
trarsfer theory (Chadbourn et al., 1998; Timm et al., 2001). The software uses many factors
including construction location, date and time, ambient conditions, existing surface conditions,
and mix speciftations. MultiCool has been validated for pavements avitiickness of less than
3 inches under a wide range of conditioviargasNordcbecket al., 2009). However, MultiCool
hasnot undergone field validation with pavements using a single thickflftinches or more.
Although these questions have been arsd for thinner pavement layers, the increased

thickness of S9 presents a host of issues requiring validation.
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This chapter discussand compargthe measured cooling rates, evalsahe measured
cooling rates against predicted cooling rates provigedlitiCool, and evaluatethe in situ
cooling rates against measured surface monitoring temperatures for three sections constructed as

thick lift pavements.

METHODOLOGY
Test Sections
This part of he investigation utilized data from three sections constructadgunst2018
at the Test Track. The first two were placed as trials leading up to the placement of S9. All three
sections were placed on top oG8, had a design thickness®fnches, anavere placed in a
single lift. The three sections include: S9 Trial, N11, and S9. Each section was constructed at
different times of the day: S9 was constructed-matning; S9 Trial was placed mafternoon;
and N11 was constructed at sun¥ghile N11 andS9 were placed directly on the track at a
length of 200 ft, S9 trial was placed near the Test Track at length of 40 ft and was constructed to

work out last minute plant production and placement issues for the thick lift section.

Construction Data Colledion

One thermocouple probe, shown in Figure 4.1a, was embedded into each of the three
sections during construction. The thermocouple probes had the same height as the depth of the
lift. The temperature data was recorded at an intervahadgeonds, anithe average per minute
was tabulated. Each probe had eight Type J thermocouple wires measuring the temperature
gradient throughout the lift at an interval of every 1 inch. For each section, the thermocouple

probe location was near the middiethe sectia and about 1 ft from the shoulder. A harald
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weather monitoring device (Figure 4.1b) and SeBkermal Compact Pro Image Viewer

thermal camera (Figure 4.1c) were used during the construction of each section. The thermal
imaging camera wagtilized to ewaluate the surface temperature of the mix during construction.

The camera was used in lieu of a thermal gun to determine the surface temperature and visualize
the thermal signature of the mixture. The héwetd weather device was used to ecilthe wind

speed while the weather application on a cell phone was used to record the ambient air

temperature.

set i hold

! g ombient weather
o

i lx.- | ”‘

a) Wooden Dowel b) Hand-Held Weather Station c) Thermal Imaging Camera
FIGURE 4.1 Cooling Curve Measurement Tools and Sdtp.
Once the paer placed the mix, the thermocouples probes were immediately inserted and
pushed vertically into the full depth of the lift at the selected locations. This process began by
creating a pilot hole into the mat with a steel rod as shown ind-#y@a to crda space for the

thermocouple probe. Next the temperature probe was pushed into the mix at an approximate 30
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degree angle from vertical into the direction of the first roller approach so that the first roller pass
would push the probe intowvertical orietiation. Next the wires from the temperature probe were
pushed into the mix to protect them from the roller passes (Figure 4.2b, 4.2c and 4.2d). The

thermocouple probes relayed temperatures throughout the depth of the mat in real time.

a) Creating Pilot Hole b) Pushing the Dowel into the Mat
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d) Covering Mat over Wires and Dowel

| " Pushing Wiresiao Mat
FIGURE 4.2 Temperature Probe Placement Procedure.

Every three minutes, from immediately before thegpglaced mix until compaction was
completed, a thermal image of the pavement section was taken and ambient conditions, such as
wind speed, ambient air temperature, and cloud coverage, were recordiataAllas collected
at the same location near the edfled thermocouple probe. The thermal imaging camera
captured a photo of the same section of pavement. An example of a thermal image taken is
shown in Figure 4.3a. The thermal images were used as awiebsti a conventional
construction temperature gtmdetermine the pavement surface temperature. The same point of
the pavement surface was used in every photo
This point is represented by the crosshais@en on Figure 4.3a. The camera was placed on a
tripod facing the pavement at a constant angle (Figure 4.3b). An iPad was used to display the

thermal images taken by the Seek camera. After the picture was taken, the wind speed, cloud
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coverage, and ambieair temperature were determined using the frediweather station and
publicly available weather information at the test location. The-hatdlweather station was
placed on a tripod located next to the thermal imaging camera which provided atconstan
location for the wind speed reading as shown gufé 4.3c. This recorded data was then used in
MultiCool to execute the cooling simulation. The simulations were compared against data
obtained from the embedded thermocouple probes. The probes weketafght to collect the

cooling temperatures afteonstruction.

a) Thermal Imagei Section S9

51



Wind Speed
Measuring Device

b)Wind Speed Detector ¢) Thermal Imaging Measurement SetUp

FIGURE 4.3 Section S9 Construction Ambient Conditions Recording Seip.

MultiCool Software Simulations
MultiCool uses heat ansfer theory to predict cooling curves ofA@ mat during
construction. The softwa has four main categories including start time, environmental

conditions, mix specifications, and existing surfaces. Figure 4.4 illustrates the input screen of the

MultiC ool software.
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