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 The South Carolina Department of Transportation (SCDOT) has recently been 

experimenting with thick lift paving to increase construction speed and facilitate faster access to 

traffic. However, there has been limited research and practice with thick lift paving. South 

Carolina has successfully placed a pavement in two lifts of 4.5 inches thick each. However, what 

happens if instead of two lifts, only one thick lift is placed? Thick lift paving within this thesis is 

defined as pavements that were placed in one single lift of 6 inches or greater. Thick lift pavingôs 

major concerns and risks include placing a pavement with relatively unknown constructability, 

cooling curve predictability, and long-term structural and field performance. With such a 

knowledge gap in this particular construction technique, a test section at the National Center for 

Asphalt Technology (NCAT) Pavement Test Track was constructed to analyze whether thick lift 

paving is a viable alternative to conventional multi-lift paving.  

 There are many benefits to placing a thick lift pavement such as the rapid speed of 

construction, the elimination of tack between layers, the lower cost of labor with faster 

construction speed, not switching between mixtures while paving multiple lifts, and reducing the 

need to rotate construction equipment. Despite these benefits, there are still many concerns with 
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this procedure due to limited research and unproven implementation. Section S9 at the Test 

Track was designed as a thick lift pavement in an effort to address some of these concerns.  

To ensure that the major benefit of rapid construction was an option, the section was 

subjected to temperature analysis during construction. The analysis included determining if 

conventional means of measuring temperature at a construction site was adequate for a pavement 

of this thickness, if software such as MultiCool was able to predict the cooling curve accurately, 

and if the cooling rates were fast enough for overnight construction and opening to traffic in the 

morning. The results illustrated that the best time to pave a thick lift pavement would be in 

evening, as the lifts laid during this time required the shortest cooling times. Also, the evening 

in-situ cooling results were more consistent when comparing results to the MultiCool software.   

Another major concern is the performance and structural integrity of the section under 

traffic application. To address this concern, instrumentation such as asphalt strain gauges 

(ASGs), earth pressure cells (EPCs), and temperature probes were embedded into the pavement 

during construction. Along with these instruments, weekly field testing was done to analyze the 

pavementôs performance. The analysis during the construction of the thick lift pavement did 

illustrate that controlling roughness was an issue and this problem was resolved using diamond 

grinding immediately following the paving. Overall, based on early data from the embedded 

instruments and weekly field testing, the thick lift pavement did have similar performance to 

conventional pavements.  

 Section S9 was subjected to full-scale analysis to ensure that the benefits of utilizing 

thick lift pavements were viable and that the associated risks could be mitigated. From all 

construction, cooling curve, field performance, and structural results, it is recommended that 

thick lift pavements be implemented when speed of construction is a concern. This method could 
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be utilized to place a single thick lift structure including the surface layer and use diamond 

grinding to control smoothness. Another strategy would be to use the thick lift construction 

method to place the base layers in one lift and place a thin wearing layer on top that could 

improve smoothness without diamond grinding. 
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CHAPTER 1  

INTRODUCTION  

BACKGROUND  

Around the United States, the conventional method of constructing a flexible pavement is 

to have multiple lifts of asphalt concrete (AC) layers typically consisting of one to three inches 

per lift over a granular base (GB) on top of subgrade soil. This method typically requires 

different mixtures for the AC layers including a less expensive, lower quality mix for the base 

layers and higher quality mixtures for the intermediate and wearing courses. Also, the multiple 

lift system usually requires tack between the layers to ensure proper bonding to eliminate 

slippage between lifts. Although this method is frequently used and has the advantage of known 

long term performance, this construction practice also has some disadvantages.  

One disadvantage is the need to move equipment frequently to place the layers and tack 

between lifts. This conventional construction method requires more time and results in more 

delays for users when utilized on existing roadways and work zones are in place. Based on the 

extended time it takes to construct pavements, there is a need to develop a faster method of 

placing pavements.  

The South Carolina Department of Transportation (SCDOT) has been investigating 

methods to reduce pavement construction time, such as thick lift paving. Thick lift pavements 

speed up the construction process by eliminating the need for multiple lifts and the use of tack 

between layers. However, with little research into this practice, there are many concerns and 

unknowns including the constructability, the cooling curve, and the overall pavement 

performance of thick lift pavements. Questions such as if density and smoothness can be 

achieved with conventional construction equipment needs to be determined. Also, when traffic 
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can be applied after construction, dictated by the rate of cooling, is a major concern that needs to 

be addressed. By placing traffic onto a pavement before the entire lift is sufficiently cooled could 

lead to premature distresses. Lastly, the performance of the pavement needs to be verified and 

compared to conventional pavements to ensure this construction method does not impact the 

quality of the pavement. With little documented about this particular construction technique, the 

National Center for Asphalt Technology (NCAT) Pavement Test Track constructed a section to 

analyze whether thick lift paving is a viable alternative to conventional multi-lift paving. 

 

OBJECTIVES 

To address the questions and problems described above, the main objectives of this 

research were: 

1.     Describe and analyze the construction of a thick lift pavement. 

2.     Analyze the cooling rate of a thick lift pavement to determine if the cooling time is 

detrimental to the rapid opening to traffic. 

3.     Characterize the field performance of a thick lift pavement, both at the surface in 

terms of distress development and subsurface structural characteristics. 

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

practices.  

 

SCOPE  

 To accomplish the research objectives, the SCDOT sponsored construction of a thick lift 

pavement in 2018 at the National Center for Asphalt Technology (NCAT) Pavement Test Track. 

Traffic was applied to the section by using multiple heavy triple-trailer trucks. The trucks run 
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five days a week for multiple hours a day to apply 10 million equivalent single axle loads 

(ESALs) during the two-year experimental period. For the 2018 research cycle, traffic began on 

November 26, 2018. This thesis included field performance information from the start traffic 

until August 31, 2019, capturing approximately 3.815 million ESALs.   

The thick lift section, S9, was built in a single lift of 8 inches of AC and 12.5 mm 

nominal maximum aggregate size (NMAS) using a standard SCDOT mix design. During 

construction, a thermal probe was embedded to evaluate the in-situ cooling rates, which were 

compared to cooling analysis software known as MultiCool. In preparation for construction 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. A thermal imaging camera was utilized during construction to 

monitor the surface temperature of the sections while comparing the results to the inserted 

thermal probe. Section S9 included embedded instrumentation such as asphalt strain gauges 

(ASGs), earth pressure cells (EPCs), and temperature probes. These instruments were used to 

analyze the pavementôs structural health over time under accelerated trafficking. Field testing 

with a falling weight deflectometer (FWD) was utilized to characterize the in-situ material 

properties. Lastly, a weekly performance measurement was recorded to 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 on 

pavement performance, material characterization, methods of measuring cooling pavements 

(MultiCool and thermal imaging), and previous work on thick lift paving. Chapter 3 describes 

the construction process and Section S9 instrument implementation. Chapter 4 provides a 
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cooling curve analysis on three similar thick lift sections, Section S9, N11, and S9 Trial. The 

cooling analysis includes comparing the measured cooling rates, evaluating the measured cooling 

rates against predicted cooling rates provided by MultiCool, and evaluating the in-situ cooling 

rates against measured surface monitoring temperatures. Chapter 5 discusses the field 

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

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

thick lift paving as an alternative to typical paving practices.  
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CHAPTER 2 

LITERATURE REVIEW  

INTRODUCTION  

The conventional method of constructing an AC pavement includes placing a multiple 

successive AC layers over a GB over a soil subgrade. The AC layer lifts are typically between 

one to three inches thick. However, the South Carolina Department of Transportation (SCDOT) 

has been experimenting with full-depth pavement reconstruction. This method consists of 

building the entire AC depth in one single thick lift. A schematic comparing the two approaches 

is shown in Figure 2.1.

 

FIGURE 2.1: Cross-Section of Two Methods ï Thick Lift and Conventional.  

However, there has been limited research with this construction strategy, and many 

questions need to be answered before implementing this research into practice. The issues 

0

2

4

6

8

10

12

14

16

18

20

D
e
p

th
, 
in

c
h

e
s

Surface AC Base AC Lift 1 Base AC Lift 2

Granular Base Soil Subgrade

Conventional TechniqueThick Lift Technique



6 

 

include pavement compaction, mat cooling, and long-term pavement performance which will be 

explored in this chapter. 

 

THICK LIFT PAVING  IN THE PAST  

The leading reason why the SCDOT would like 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 the layers and decreases construction time as there is no 

waiting between pavement layers 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 to be able to close down the road for one night and reopen to traffic the next morning. 

Thick lift paving will reduce delays and traffic caused by construction.  

The SCDOT has already started to incorporate this method, successfully placing two 4.5-

inch single lifts in a single night that were turned over to traffic the next morning. This allowed 

the contractor to avoid late penalties for not having the highway opened in time (For 

Construction Pros, 2016). The capability of quick turnaround to traffic offers a significant 

economic advantage over traditional paving methods including the reduction 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 that research the method of 

placing a single thick lift pavement. A case study in Germany researched the implications of 

replacing the multiple lift s of base layers into one thick lift base course. However, this case study 

placed the base and surface course simultaneously. The wearing course was approximately 0.75 

inches, but the base course thickness totaled around 8.5 inches. Figure 2.2 depicts the two types 

of cross-sections that were compared during this experiment. 
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FIGURE 2.2 Cross-Sections Used with  German Study (Tielmann and Böhm, 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 course. The machine used tampers, vibrations, and a final pressure 

plate to compact the base course before placement. After, the second screed immediately placed 

the wearing course (Moore, 2011). The results of the simultaneous paving can be viewed below 

in Figure 2.3.  

FIGURE 2.3 Thick Lift Pav ement During Construction (Tielmann and Böhm, 2016). 

The thick lift pavementôs performance was compared to a pavement that was constructed 

in the conventional layered method. The results illustrated that the performance of the pavements 

was similar, but a large problem was identified for the thick lift pavement. With a significant 
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depth of mix to place at once, controlling smoothness for the thick lift pavement was difficult 

(Tielmann and Böhm, 2016). Shown in Figure 2.4 is the transversal roughness of the thick lift 

pavement. German codes specify a maximum limit of 4-6mm in any position. As seen in the 

results, the middle of the pavement had minimal problems. However, the edge regions of the 

pavements experienced considerable unevenness. Figure 2.5 depicts the edge regionôs 

unevenness after compaction.    

 

FIGURE 2.4 Transverse Evenness Results (Tielmann and Böhm, 2016). 

 

FIGURE 2.5 Outside Region Smoothness Problem (Tielmann and Böhm, 2016). 

In 1972, the New York State Department of Transportation (NYDOT) produced a thick 

lift pavement study for similar reasons and to answer similar questions as the current SCDOT. 

The reasons included increased speed of construction and determine if the NYDOT maximum 

AC thickness requirement of 4 inches per layer is overly conservative. This NYDOT study was 
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conducted on base courses and not the surface layer. This study answered major questions about 

thick lift paving such as the ability to acquire adequate density and if thick lift paving produces 

similar temperature and cooling results as conventional paving methods (Vyce et. al, 1972).  

This study used a 1.2-mile interstate road to compare multiple layer paving technique and 

thick lift paving. The control sections included two 3-inch lifts of AC and the thick lift sections 

included one lift of 6 inches. Each section was subjected to a cooling analysis by embedded 

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

viewed below in Figure 2.6. 

FIGURE 2.6 NYDOT Thick  Lift Paving Temperature Analysis (Vyce, 1972). 

 As seen above, the control and the thick lift pavement produced similar cooling results. 

The NYDOT study specifically noted that the center of the bases maintained a temperature above 

150°F for approximately 2.5 hours. This amount of time was determined to be more than 

adequate for sufficient rolling and compaction time. Overall, the study determined that 

temperature cooling time in thick lift paving should no longer be deemed a concern.  
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Achieving adequate density was the next major concern for the NYDOT with regards to 

thick lift paving. Shown below in Table 2.1 is the density results of the thick lift pavement and 

the control pavements. The NYDOT cut cores for the control and thick lift pavement sections. 

Also, it should be noted that the cores were cut into thirds to determine if the thick lift pavement 

was producing similar densities throughout the depth of the pavement.  

TABLE 2.1 NYDOT Thick Lift Pavement Density Results (Vyce, 1972). 

 

As seen above, the densities of the thick lift pavement and the control pavement sections 

were very similar. However, as seen above in Table 2.1 the middle third of the cores from both 

the control and the thick lift paving cores had the highest densities. Overall, the NYDOT 

determined that the densities achieved throughout the pavement for the thick lift pavement 



11 

 

sections was considered to be adequate. The findings from this NYDOT study determined that 

thick lift paving has the capability of achieving adequate density and provide similar cooling 

times as conventional pavements.  

 

CONCERNS OF THICK LIFT PAVING   

Compaction and Mat Cooling 

There are three major concerns in regard to thick lift paving, including the construction 

and compaction of the structure, the cooling of the mat, and the long-term performance. All three 

concerns are interrelated and have major impacts on whether this construction method is 

practical. Compaction has a major influence on the long-term performance of the pavement. If 

the pavement is under compacted, the structure can have higher susceptibility to moisture and air 

damage. If the pavement is over compacted, distress such as rutting, flushing, or bleeding could 

occur (Plati et al., 2014; Vargas-Nordcbeck and Timm, 2011). Therefore, achieving adequate 

compaction is necessary to create a well-performing structure. Although there are many factors 

that contribute to the hot mix asphalt (HMA) density, the mat temperature has the most 

significant influence (Plati et al., 2014). As mix cools and the binder stiffens, it becomes more 

challenging to reach density even with more applied compaction effort (Vargas-Nordcbeck and 

Timm, 2011). 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 assessing HMA paving and compaction. This study 

specifically investigated the benefits of thermal imaging. The first major benefit of thermal 

imaging is that this is a non-destructive method that can be viewed in real-time. Thermal imaging 
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provides an expansive look at overall mat temperature, helping visualize thermal segregation. 

Also, thermal imaging can be used in lieu of conventional temperature guns as shown in Figure 

2.7.  

 

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

The thermal image relays a temperature that can then be used as a parameter in the 

MultiCool software. This research compared MultiCool simulated cooling curves to a measured 

cooling curve determined by a thermocouple probe (Plati et al., 2014).  This experiment used a 

section that was 3.5-inches of AC pavement, 1.5-inch wearing course and 2-inch base course, 

over a GB on top of a soil subgrade. The results of this study concluded that the thermal imaging 

camera, along with the MultiCool software, would be a good prediction to the actual cooling 

rates as shown in Figure 2.8. However, this experiment was performed on a typical mixture 

placed with conventional construction methods. 
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FIGURE 2.8 MultiCool versus Measured Cooling Curves (Plati et al., 2014).   

NCAT conducted a study to look at the validity of the MultiCool software when dealing 

with unconventional mixtures, including warm mix asphalt (WMA) and high reclaimed asphalt 

pavement (RAP) mixtures as shown below in Table 2.2 (Vargas-Nordcbeck and Timm, 2011). 
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TABLE 2.2 NCAT MultiCool Verification Test Sections (Vargas-Nordcbeck and Timm, 

2011). 

 

 The unconventional mixtures were all placed in three separate lifts that had 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 shown below in Figure 2.9 

and Figure 2.10. Figure 2.8 illustrates a control conventional section MultiCool comparison and 

Figure 2.10 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). 

 

 
 

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 curves (Vargas-Nordcbeck and Timm, 2011). This 

study determined that MultiCool over predicted the mix temperature. 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. 

 

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 pavements. As stated previously, 

thickness is a major component to the 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 and MultiCool 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 to conventional pavements? 

To analyze the performance of the pavement, a structural characterization analysis and field 

performance surveys should be incorporated into the full-scale research study. At the NCAT Test 

Track, structural analysis and field characterization has been a major research subject since the 

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 technologies, methods, or mixtures under live truck loading (West et al., 

2018; Timm et al., 2006). The second consideration was to determine if the sections also 

ñsupport the evaluation, calibration, and validation of mechanistic-empirical pavement design 

methodologiesò (West et al., 2018).  

The mechanistic design experiments utilized embedded instrumentation such as ASGs, 

EPCs, and temperature probes to analyze the pavement responses under accelerated traffic 

(Timm et al., 2006).  There are two critical locations that are correlated to two major distresses of 

fatigue cracking and rutting. Cracking can be correlated to the strain at the bottom of the AC 

layer (Timm et al., 2006), while rutting corresponds to the compressive stress at the top of the 

GB layer. 

During each test cycle that studied structural health of the sections, the ASGs were used 

to monitor the strain level and the EPCs were utilized to observe compressive stresses. Figure 

2.12 and Figure 2.13 are typical AC pavementôs seasonal trends in regards to tensile microstrain 

and compressive stress, respectively. 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 dependent (West et al., 2012). The exponential 

relationship between temperature and microstrain and temperature and compressive stress is 

determined from the power function equation shown in Equation 2.1.  

    ‐ ὯὩ       (Equation 2.1) 

Where,  

 = measured tensile microstrain or compressive stress 

k1, k2 = regression coefficients (see values in Figure 2.11 and Figure 2.12)  

T = mid-depth pavement temperature, oF 

 

 

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, determining the average rut depth, 

and determining the International Roughness Index (IRI). Shown below in Figure 2.14 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 past Test Track cycle analysis 

(West et al., 2012). 
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a) NCAT Crack Map  

 

b) NCAT Rut Depth Chart  

 

 

 

c) NCAT IRI Chart  

FIGURE 2.14 Weekly Field Test Monitoring Charts (West et al., 2012). 
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Lastly, routine FWD testing concluded the in-situ structural characterization. The FWD 

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

AC stiffness and how pavement damage effects the AC modulus (Timm and Priest, 2006). 

Shown below in Figure 2.15 is an example from the 2012 Test Track cycle of typical FWD data 

that illustrate AC modulus-temperature 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 portray the correlation with temperature shown below 

in Equation 2.2. 

    Ὁ ὯὩ       (Equation 2.2) 

Where,  

Ὁ  = asphalt concrete modulus, ksi 

k1, k2 = regression coefficients (see values in Figure 2.14)  

T = mid-depth pavement temperature, oF 

 

 

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

2012). 
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All strategies including the ASGs, the EPCs, the temperature probes, the weekly field 

testing, and the biweekly FWD testing were proven to be useful during the structural 

characterization of past test track sections.  

 

SUMMA RY 

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 two 4.5-inch lift pavement, the 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 long-term performance and past studies that 

incorporate conventional and unconventional 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 

importance of 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 and a full -scale analysis of a thick lift pavement is necessary 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 lift AC pavements, investigation of the constructability of a 

single thick lift pavement is still necessary. Section S9 was used to answer questions that 

surround single thick lift pavements such as structural integrity, pavement performance, and the 

overall quality control during construction. Pavement instrumentation including ASGs, EPCs, 

and temperature probes were embedded within S9 to enable structural integrity characterization 

over time under accelerated trafficking. A trial section was constructed the day before the 

construction of S9 for last minute checks and adjustments, as necessary, of the construction 

process and mix design. Figure 3.1 illustrates the as-built cross-section of Section S9 including 

the depths of embedded instrumentation. 

 

FIGURE 3.1 Section S9 As-Built Cross-Section. 
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This chapter will discuss the instrumentation used within Section S9, the calibration 

procedure for the ASGs and the EPCs, 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 to applied traffic and varying environmental conditions. The instrumentation process 

was consistent with past NCAT Test Track construction cycles and was implemented into the 

2018 research cycle with a few modifications (Timm et al., 2009). The adjustments for the 2018 

Test Track cycle included adding local calibration for the ASGs and modifying the arrangement 

and orientation of gauges.  

Twelve ASGs and two EPCs were placed on top of the GB and at the bottom of the AC 

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 gradient through the depth of the 

pavement. The ASGs were Geocompôs 4òx6ò 2013 Model with 30-foot leads. The EPCs were 

Geokonôs model 3500-2-250KPA semiconductor with 30-foot leads. Lastly, the thermistors were 

Campbell-Scientificôs 108-U-L30-PT model with permanent temperature measurement and type 

J thermocouples. Figure 3.2 a, b, and c depict the ASGs, thermistors and EPCs used in S9, 

respectively. 
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    a) Geocomp ASG                                       b) CSI Temperature Probe Bundle 

 

 
c) Geokon EPC 

 

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 the EPCs were 

assigned to channels 13 and 14. The gauges were centered over the outside 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 centered at 2 foot spacing with the 

exception of gauge 14 which was centered 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 strain came from responses in the direction of traffic (i.e., 
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longitudinal strain), the ASGs were setup to only measure in this direction for this test section 

(Timm and Priest, 2008). This change was one of the two variations from past NCAT test track 

structural study research cycles.  

 
 

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. The procedure 

began with ensuring gauge functionality. The strain gauges were wired into the data acquisition 

system (DATAQ) to record their baseline voltages. While connected to the DATAQ, the gauges 

were pushed into compression and pulled into tension by hand to ensure the gauges responded 

with the proper sign (push = negative or compression; pull = positive 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. Pre-strain was then applied to remove any slack from the ASG and 
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mounting brackets. Next, a digital caliper (Figure 3.4c) was used to measure the inside-to-inside 

lengths of both sides of the gauge. After the measurements were taken, a potentiometer was 

attached and used to adjust the baseline of the ASG while mounted in the calibration jig back to 

the original 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 used to put the 

ASG into tension by a displacement of approximately 0.02 mm increments in tension 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 ASG was then unloaded by approximately 

0.02 mm increments until the displacement decreased to 0 mm. The displacement measurements 

from 0 mm were then used to calculate strain. The process of loading and unloading was 

repeated as a reliability check. Figure 3.4e illustrate the ASG calibration set up.  

 

 

a) ASG Calibration Jig                   b) Calibration Jig with Strain Gauge 
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       c)  Utilizing Digital Caliper Device             d) Strain Measurement Device 

 

 
           e) ASG Calibration Set-Up 

 

                                  FIGURE 3.4 ASG Calibration. 
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The average gauge length measured in the jig with the digital caliper before loading (Avg. 

Length) and the total applied displacement at each strain increment, ‏, was used to calculate the 

applied microstrain according to:  

‘‐
Ȣ  

ρzπ     (Equation 3.1) 

The gauge calibration factor was found by plotting the measured voltage against the 

calculated microstrain with a linear trendline (see example in Figure 3.5 for ASG 1). The slope 

of the trendline converts voltage change into microstrain. The results of each gauge calibration 

factor for Section S9 can be viewed in Table 3.1. The detailed calibration data for each gauge in 

Section S9 can be seen in Appendix A.  

 

 
 

FIGURE 3.5 ASG Calibration Graph. 
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TABLE 3.1 S9 Gauge Assignments and Gauge Factors 

Channel GeoCompID 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 into the calibration chamber (Figure 3.6a). The EPC cables were then fed out 

of the chamber and connected to the DATAQ. The EPCôs wires were taped where they passed 

through the chamber wall to ensure that the chamber would be air and watertight. The chamber 

was then filled with water. The voltage for each EPC within the water-filled chamber without the 

lid attached was measured using the DATAQ when no additional pressure was added. The lid 

was then placed and bolted onto the top of the chamber as seen in Figure 3.6b and the voltage 

was measured using an Omega gauge as shown in Figure 3.6c. Then, an adjustable pressure 

regulator was attached to the chamber and was subjected to pressure increases at increments of 

approximately 5 psi until reaching roughly 25 psi (well below the maximum gauge rating of 35 

psi).  The voltage was recorded at each 5-psi increment. Once 25 psi was attained, the pressure 

was decreased in increments of 5 psi each until the 0 point was again reached. This process was 

conducted twice to ensure reliability of the voltage readings. Figure 3.6d depicts the EPC 

calibration process set up. 
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a) EPC in Calibration Chamber                   b) Calibration Chamber Lid Application  

 

 
  

c) Omega Pressure Measurement Device    d) EPC Calibration Set-Up  

 

    FIGURE 3.6 EPC Calibration. 

 

 

The voltage results and the corresponding pressure were plotted to determine the 

calibration factor for each EPC (Figure 3.7). Like the ASGs, the EPC gauge factors were the 

slope of the linear trendlines. The gauge response 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 

Gauge ID 

Track Calibration 

(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 stage was the pre-

installation of the ASGs and EPCs within Section S9 which was similar to past test cycles except 

for the gauge arrangement and orientation as discussed previously. The installment of the gauges 

and pressure cells occurred on top of the GB. Section S9ôs GB is shown in Figure 3.8. 
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FIGURE 3.8 Section S9 Before Gauge Installation ï 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 the wires would not get pinched or 

cut by aggregate during the construction process. Next, the gauges were arranged on the GB to 

match the alignment and spacing found in Figure 3.3 from the previous section. Figure 3.9b 

depicts the spray-painted grid on the GB to aid in gauge placement. The blue dots in the figure 

indicate the center of each gauge once fully installed. The gauges and cables were placed so the 

conduit covered wires led into the roadside data collection system. Shallow trenches were cut so 

that the cables were buried just beneath the surface of the GB as seen in Figure 3.9c. Once all the 

flexible conduits were placed within the trenches, the trenches were refilled and compacted with 

the same GB within the section to create a flush surface illustrated in Figure 3.9d.  

The EPC pre-installation varied slightly from the ASGs pre-installation. 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 for placement underneath the EPCs to 

make them level with the aggregate base surface and provide a layer of protection from larger 

stones.  The -#8 material was placed first followed by a thin layer of finer -#16 material. Figure 

3.9e illustrates a leveled EPC from Section S9. Once leveled, each EPC was covered with more -



34 

 

#16 followed by -#8 material as shown in Figure 3.9f. The last phase of gauge installation 

occurred during the paving of Section S9, described below. 

 
 

     a) Threading Wires in Conduit     b) Painted Grid for Gauge Placement 

 

 
      

 c) Digging Shallow Trenches     d) Conduit Buried in Granular Base  
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                    e) Leveled EPC              f) EPCôs Flush with Surface and Covered  

 

FIGURE 3.9 Instrumentation Pre-Installation Procedure. 

 

 

CONSTRUCTION OF SECTION S9  

Section S9 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 67°F. The AC plant 

used for the 2018 Test Track cycle was the East Alabama Paving Company plant located in 

Opelika, AL 6 miles from the Test Track.  

The AC was a dense graded mix with a PG 64-22 binder and a NMAS of 12.5mm. The 

AC layer was designed as a single 8ò lift on top of the existing GB. However, the as-built 

thickness was 8.36ò. The materials in the mix were considered local to the Test Track but 

matched closely to the gradation and volumetrics of South Carolinaôs Asphalt Intermediate 

Course Type B mixture. This mixture is primarily used for SCDOT rehabilitation repairs, 

interstates, and high-volume primary roads. Section S9 was produced as a WMA, which was a 
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required by the SCDOT standards based on the mix type used (Intermediate Course B mixture). 

This particular mix typeôs standards can be view in Appendix C. Although it was required, 

WMA also has social, ecological, and financial benefits such as lower temperatures for the 

construction crew, lower energy required, and lower costs with the associated lower energy. The 

plant configuration settings and mix design are listed in 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. Furthermore, the 

Evotherm M1 additive is based on the weight of the binder content and not based on the weight 

of mixture or aggregate.    

Before the mix was placed, a PG 64-22 binder was used to tack the vertical edges in 

addition to the entrance and exit portion of the milled section as seen in Figure 3.10. The tack 

was used to increase bonding between the new pavement material and the existing pavement.  
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FIGURE 3.10 Tack Application in Transition Zone. 

 

Section S9 was placed and compacted using conventional equipment used in the 

construction of past research cycle sections. Section S9 was delivered by 7 truckloads at an 

average temperature of 248ºF. The mix was transferred from trucks into a material transfer 

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

 
 

FIGURE 3.11 Paver in Use During S9 Construction. 



38 

 

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 Track cycles (Timm and Priest, 2008). The 

ASGs were first tacked to the GB using asphalt binder mixed with sand. Then, mix was taken 

from the paver and sieved through a #4 screen to remove the large particles. The -#4 material 

was used to cover the EPCs and ASG gauges to ensure the paver and compactors would not pull 

out the conduit and gauges or affect the survivability of 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 fourteen gauges surviving the construction process. 

Figure 3.13 shows Section S9 after paving.  

 
 

FIGURE 3.13 Section S9 after Paving. 

 

The mix design was compared to the as-built AC to quality control the materials used. 

Table 3.4 and Figure 3.14 show the mix design target gradation, the as-built gradation, and the 

required standard gradation. The slight deviations were considered within the acceptable 

tolerance of normal construction practice and were deemed acceptable by SCDOT as seen below 

in Table 3.4.  

TABLE 3.4 S9 Gradation Target versus In-Place 

Sieve Size, 

mm 

Percent Passing, % SCDOT Gradation 

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 23-43 

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 
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FIGURE 3.14 S9 Gradation of Target vs. In-Place. 

 

The volumetrics for the as-built section were checked against the mix design and the 

mixtureôs standards as shown in Table 3.5.  The slight deviations of the as-built mix properties 

from the mix design were considered acceptable by SCDOT as seen below in Table 3.5.  

TABLE 3.5 S9 Volumetric Target versus In-Place 

Volumetrics Mix Design Target As-Built  

SCDOT 

Requirement 

Rice Gravity (Gmm) 2.426 2.461  

Bulk Gravity (Gmb) 2.364 2.402  

Air Voids (Va), % 2.5 2.4 2.5-3.0 

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 compacted with the same rollers and using similar rolling patterns as previous test 

track cycles. The rollers used include a breakdown roller, a rubber tire roller, and a steel 

finishing roller as 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 Used on Section S9 for Compaction 
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Two methods were used including taking cores and using the nuclear gauge to determine 

if the thick lift section adequately achieved compaction. Three full depth cores were taken from 

the section to analyze the density throughout the pavement. The cores were cut into thirds to 

analyze the differences of density throughout the depth of the thick lift pavement. Eight total 

locations were tested using the nuclear gauge including four locations on the inside wheel path 

and four locations on the outside wheel path. The nuclear gauge was tested four times at each of 

the eight locations at 90-degree offsets. Overall density was determined to not be an issue for this 

section with an average section compaction of 95%.  

The second major 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 adequate smoothness. Table 3.6 displays the IRI 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 failure based on performance monitoring and management 

requirements from the Federal Highway Administration (FHWA), the pavement before diamond 

grinding fell into the failing category with an IRI of 396.4 in/mi.  However, after the diamond 

grinding on the pavement, the mean IRI was under the 170 in/mile failure point and was within 

the normal range. The SCDOT does not require a certain IRI for new pavements; however, the 

SCDOT does provide incentives for smoother riding surfaces which can be viewed in Appendix 

D. Typically, the SCDOT incentives for contractors begin if the newly constructed pavement 

smoothness was less than 80 in/mile. Section S9 illustrated that thick AC layer did have 
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smoothness problems but was successfully addressed with diamond grinding. Figure 3.16 shows 

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

 
 

FIGURE 3.16 S9 Post Diamond Grinding. 

 

Lastly, a temperature probe was installed within Section S9 after the paving 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 among AC mid-depth 

temperature, AC strain levels, and AC elastic modulus determined 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 from the pavement edge and 

cutting vertically roughly 1 inch down into the pavement as seen in Figure 3.17a. This created a 

shallow slot for the temperature probe wires. Next, as shown in Figure 3.17b and Figure 3.17c, a 

vertical hole was drilled into the pavement 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 in 

Figure 3.17d. Lastly, the temperature probe confined into the hole using roofing cement 

illustrated in Figure 3.17e. The installed temperature probe within Section S9 acquires hourly 

average temperatures throughout the depth of the pavement and 3 inches into the aggregate base 
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layer.  Also, the pictures in Figure 3.17 are representative of the process followed in S9 but were 

taken during an earlier Test Track reconstruction cycle. 

 

                    

 

 

 

 

 

 

 

 

 

 

 

 

a) Saw Cutting Probe Trench   b) Drilling Probe Hole 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    c) Hole and Trench           d) Probe in Hole and Trench    e) Roofing Cement Process 

 

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

 

 

SUMMARY   

A major concern of thick lift paving is the construction and long-term performance of the 

pavement specifically looking at density, smoothness, and structural integrity of the section. To 

structurally analyze the pavement, 12 ASGs and 2 EPCs were placed within the pavement. Each 

gauge and pressure plate was subjected to local calibration procedures. Every gauge but one 
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survived the construction process. After construction, it was determined that the pavement did 

achieve adequate density but had issues in regards to smoothness. Diamond grinding was used to 

remedy the roughness issue and produced a pavement that had an adequate IRI (100 in/mile) 

measurement for the ñnewò pavements category. Lastly, a temperature probe was placed within 

the pavement to record mid-depth pavement temperatures to help analyze and characterize the 

pavement throughout 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 pertaining to the construction and cooling of the mat. Mat cooling 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 significant issues when 

considering the cooling of a thick lift pavement.  The first concern is whether conventional 

means of measuring temperature are appropriate for thick lift paving. Specifically, will the use of 

an infrared temperature sensor (i.e., ñthermal gunò) provide adequate information to determine 

when the pavement 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, MultiCool, predicts cooling curves of AC mats based on heat 

transfer 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 specifications. MultiCool has been validated for pavements with a thickness of less than 

3 inches under a wide range of conditions (Vargas-Nordcbeck et al., 2009). However, MultiCool 

has not undergone field validation with pavements using a single thick lift of 6 inches or more. 

Although these questions have been answered for thinner pavement layers, the increased 

thickness of S9 presents a host of issues requiring validation. 

 



47 

 

This chapter discusses and compares the measured cooling rates, evaluates the measured 

cooling rates against predicted cooling rates provided by MultiCool, and evaluates the in situ 

cooling rates against measured surface monitoring temperatures for three sections constructed as 

thick lift pavements.  

 

METHODOLOGY  

Test Sections 

This part of the investigation utilized data from three sections constructed in August 2018 

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 of a GB, had a design thickness of 8 inches, and were 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 mid-morning; S9 Trial was placed mid-afternoon; 

and N11 was constructed at sunset. While N11 and S9 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 Collection  

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 interval of ten seconds, and the 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 middle of the section and about 1 ft from the shoulder. A hand-held 
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weather monitoring device (Figure 4.1b) and Seek© Thermal Compact Pro Image Viewer 

thermal camera (Figure 4.1c) were used during the construction of each section. The thermal 

imaging camera was utilized to evaluate 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 hand-held weather device was used to collect the wind 

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

temperature.  

 

 

a) Wooden Dowel        b) Hand-Held Weather Station          c) Thermal Imaging Camera 

FIGURE 4.1 Cooling Curve Measurement Tools and Set-Up. 

Once the paver 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 in Figure 4.2a to create 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 into a vertical orientation. 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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                c) Pushing Wires into Mat           d) Covering Mat over Wires and Dowel 

FIGURE 4.2 Temperature Probe Placement Procedure. 

Every three minutes, from immediately before the paver placed 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 recorded. All data was collected 

at the same location near the embedded 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 a substitute for a conventional 

construction temperature gun to determine the pavement surface temperature. The same point of 

the pavement surface was used in every photo to represent the pavementôs overall temperature. 

This point is represented by the crosshair as seen 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 ambient air temperature were determined using the hand-held weather station and 

publicly available weather information at the test location. The hand-held weather station was 

placed on a tripod located next to the thermal imaging camera which provided a constant 

location for the wind speed reading as shown in Figure 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 were left overnight to collect the 

cooling temperatures after construction. 

 

 

 

 

 

 

 

 

 

 

a) Thermal Image ï Section S9 
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b)Wind Speed Detector          c) Thermal Imaging Measurement Set-Up 

FIGURE 4.3 Section S9 Construction Ambient Conditions Recording Set-Up. 

 

MultiCool Software Simulations 

MultiCool uses heat transfer theory to predict cooling curves of an AC mat during 

construction. The software has four main categories including start time, environmental 

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

MultiCool software. 
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