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SI* (MODERN METRIC) CONVERSION FACTORS 

 
APPROXIMATE CONVERSIONS TO SI UNITS 

 

SYMBOL WHEN YOU KNOW MULTIPLY BY TO FIND SYMBOL 

LENGTH 

in inches 25.4 millimeters mm 

ft feet 0.305 meters m 

yd yards 0.914 meters m 

mi miles 1.61 kilometers km 

 
 

SYMBOL WHEN YOU KNOW MULTIPLY BY TO FIND SYMBOL 

AREA 

in2 square inches 645.2 square millimeters mm2 

ft2 square feet 0.093 square meters m2 

yd2 square yard 0.836 square meters m2 

ac acres 0.405 hectares ha 

mi2 square miles 2.59 square kilometers km2 

 
 

SYMBOL WHEN YOU KNOW MULTIPLY BY TO FIND SYMBOL 

VOLUME 

fl oz fluid ounces 29.57 milliliters mL 

gal gallons 3.785 liters L 

ft3 cubic feet 0.028 cubic meters m3 

yd3 cubic yards 0.765 cubic meters m3 

NOTE: volumes greater than 1000 L shall be shown in m3 

 
 

SYMBOL WHEN YOU KNOW MULTIPLY BY TO FIND SYMBOL 

MASS 

oz ounces 28.35 grams g 

lb pounds 0.454 kilograms kg 

T short tons (2000 lb) 0.907 megagrams (or 
"metric ton") 

Mg (or "t") 

 
 

SYMBOL WHEN YOU KNOW MULTIPLY BY TO FIND SYMBOL 

TEMPERATURE (exact degrees) 

oF Fahrenheit 5 (F-32)/9 
or (F-32)/1.8 

Celsius oC 
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SYMBOL WHEN YOU KNOW MULTIPLY BY TO FIND SYMBOL 

ILLUMINATION 

fc foot-candles 10.76 lux lx 

fL foot-Lamberts 3.426 candela/m2 cd/m2 

 
 

SYMBOL WHEN YOU KNOW MULTIPLY BY TO FIND SYMBOL 

FORCE and PRESSURE or STRESS 

lbf poundforce 4.45 newtons N 

lbf/in2 poundforce per square 
inch 

6.89 kilopascals kPa 

kip kilopound 4.45 kilonewtons kN 

 
 

APPROXIMATE CONVERSIONS TO SI UNITS 
 

SYMBOL WHEN YOU KNOW MULTIPLY BY TO FIND SYMBOL 

LENGTH 

mm millimeters 0.039 inches in 

m meters 3.28 feet ft 

m meters 1.09 yards yd 

km kilometers 0.621 miles mi 

 
 

SYMBOL WHEN YOU KNOW MULTIPLY BY TO FIND SYMBOL 

AREA 

mm2 square millimeters 0.0016 square inches in2 

m2 square meters 10.764 square feet ft2 

m2 square meters 1.195 square yards yd2 

ha hectares 2.47 acres ac 

km2 square kilometers 0.386 square miles mi2 
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SYMBOL WHEN YOU KNOW MULTIPLY BY TO FIND SYMBOL 

VOLUME 

mL milliliters 0.034 fluid ounces fl oz 

L liters 0.264 gallons gal 

m3 cubic meters 35.314 cubic feet ft3 

m3 cubic meters 1.307 cubic yards yd3 

 
 

SYMBOL WHEN YOU KNOW MULTIPLY BY TO FIND SYMBOL 

MASS 

g grams 0.035 ounces oz 

kg kilograms 2.202 pounds lb 

Mg (or "t") megagrams (or "metric 
ton") 

1.103 short tons (2000 lb) T 

 
 

SYMBOL WHEN YOU KNOW MULTIPLY BY TO FIND SYMBOL 

TEMPERATURE (exact degrees) 

oC Celsius 1.8C+32 Fahrenheit oF 

 
 

SYMBOL WHEN YOU KNOW MULTIPLY BY TO FIND SYMBOL 

ILLUMINATION 

lx  lux 0.0929 foot-candles fc 

cd/m2 candela/m2 0.2919 foot-Lamberts fl 

 
 

SYMBOL WHEN YOU KNOW MULTIPLY BY TO FIND SYMBOL 

FORCE and PRESSURE or STRESS 

N newtons 0.225 poundforce lbf 

kPa kilopascals 0.145 poundforce per 
square inch 

lbf/in2 

kN kilonewtons 0.225 kilopound kip 

 

*SI is the symbol for the International System of Units. Appropriate rounding should be made to comply 

with Section 4 of ASTM E380. 
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Executive Summary 

 

Drilled shafts are reinforced concrete deep foundation elements that typically range in diameter 

from 3 to 15 feet. Within the past 20 years, drilled shaft installation plans for FDOT projects have 

gone from requiring no mass concrete information (regardless of shaft diameter) to requiring steps 

to control temperature for shafts greater than 6 feet in diameter. However, the most recent 

specifications were in conflict, where all other concrete elements were required to assess 

temperature for any element with a minimum dimension greater than 3 feet and the volume to 

surface area ratio is no more than 1 foot. For shafts supporting miscellaneous (non-bridge) 

structures until recently required no temperature control regardless of dimensions. While the term 

mass concrete stems from massive structures that traditionally generated unsafe temperature 

levels, today concrete mix designs use far more cementitious materials per unit volume. Hence, 

unsafe temperature levels can occur with nearly any size foundation element if the cementitious 

materials content is too high.  

 

Recently, the American Concrete Institute (ACI) suggested restrictions on peak and differential 

temperature limits based on a concrete element minimum dimension and the weight of 

cementitious materials per unit volume. Using the ACI criteria, a typical FDOT drilled shaft with 

the minimum specified 600 lbs/yd3 of cementitious materials would be restricted to a size no larger 

than 2 feet in diameter; the minimum FDOT shaft diameter is 3.5 feet. Hence, the ACI criteria, if 

applied to FDOT projects, requires all shafts to provide a temperature control plan. The disconnect 

between FDOT shafts and the ACI criteria is two-fold: (1) the curing conditions of underground 

concrete is not the same as above ground formed and poured elements, and (2) FDOT peak 

temperature limits are higher than ACI limits. This study did not aim to address which of the two 

temperature limits is most correct, but rather focused on determining the true peak and differential 

temperature in drilled shafts with varied concrete mix designs and from shafts of different 

diameters. 

 

Shaft temperature information was obtained from hundreds of shafts routinely tested using thermal 

integrity methods and from shafts more thoroughly instrumented to determine the cross-shaft 

temperature distribution. Results of field data were then used to calibrate numerical models where 

the internal temperature rise, magnitude, and distribution was verified. Model runs were used to 

produce predictive methods to better assess when a given shaft size and mix design might be 

unsafe. However, the threshold of safety is left to the reviewer when using a given acceptance 

criteria (FDOT, ACI, or other). 
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1 Chapter One: Introduction 

 

 

The internal temperature of concrete rises during curing due to heat energy production resulting 

from the hydration of cementitious materials; however concrete quality can degrade if the internal 

temperature becomes too hot. The internal temperature of a concrete element is capable of 

exceeding safe temperature limits when a concrete element is very large, or the concrete mix design 

includes substantial quantities of cementitious materials. In practice, these conditions should be 

avoided by implementing temperature-control measures, however recent studies conducted at the 

University of South Florida have shown drilled shafts commonly exceed temperature limitations 

set by the American Concrete Institute. When these temperature limitations are exceeded, the risk 

for temperature-related durability and structural issues increases. Issues stemming from increased 

curing temperatures include severe surface cracking, delayed expansion of cement products after 

concrete hardening, and reduction in concrete strength. Figure 1.1 shows an example of a shaft 

that exhibited one or all of the possible high temperature induced problems; adjacent shafts were 

constructed to which the structural loads were transferred via the beam shown. To date, there is no 

design guide to predict how hot a drilled shaft will get or quality assurance method to confirm 

temperature limits have not been exceeded in the field. 

 

 
Figure 1.1 Example of a damaged drilled shaft. 

[This is a photograph of a drilled shaft exhibiting severe cracking and spalling.] 

 

The goal of this study was to develop and implement methods to predict peak and differential 

temperatures of drilled shafts to determine if unsafe temperature conditions may arise for a given 
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design. This study was divided into three methods of investigation: (1) cataloging and examining 

a database of previously collected thermal data from drilled shafts, (2) collecting new thermal data 

using specialized field-testing devices in specialized configurations, and (3) thermal modeling 

based on concrete mixes commonly used in drilled shaft construction. 

 

1.1 Objective Statement 

 

The objectives of this research were multifold: (1) assess previously collected data to determine 

if shafts have been exceeding FDOT and/or ACI temperature limits, (2) record temperature 

measurements in newly constructed drilled shafts to determine temperature distribution and 

evolution patterns during curing, (3) build and calibrate numerical models of drilled shaft 

temperature distributions over time, (4) develop design aids to predict peak and differential 

temperatures of drilled shafts, and (5) explore the possibility of expanding existing quality 

assurance methods to confirm temperature limits are not exceeded post construction. 

 

1.2 Background 

 

The following provides a brief discussion of heat energy production that occurs during concrete 

curing (heat of hydration), mass concrete and mass concrete effects, mass concrete specifications, 

drilled shaft construction, as well as quality assurance and quality control of drilled shafts. 

 

1.2.1 Heat of Hydration 

 

Curing concrete produces heat energy that in turn elevates the internal temperature of the concrete. 

Energy production is the byproduct of exothermic chemical reactions that occur as cementitious 

materials hydrate. The amount of energy released is directly related to the degree of hydration, or 

the number of reactions that have already taken place (Johnson, 2017). Heat energy production is 

a function of both concrete element size (total volume) and concrete mix design, where higher 

strength concretes use more cementitious materials, and these materials have a wide range of 

contributing components. The parameters of interest include cementitious material content, cement 

chemistry, supplementary cementitious material (SCM) chemistry, cementitious material fineness, 

water-to-cement ratio, SCM-to-Portland cement ratio, and chemical admixtures. The parameters 

affect both how much and how quickly the heat energy is produced.  

 

1.2.2 Concrete and Mass Concrete Effects 

 

When large amounts of cementitious materials are used in a concrete mix design or when the 

concrete elements are of a massive size, the internal temperature can exceed safe temperature limits 

rendering the concrete weaker and/or less durable (ACI Committee 207, 2007). This condition is 

termed mass concrete. Historically, mass concrete has been defined by physical dimensions with 

the intent of identifying when differential temperatures may induce early-onset cracking leading 

to reduced service life. In recent years, specifications have identified temperature thresholds for 

both differential and peak temperatures, or performance-based criteria. The research behind these 
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performance-based criteria also provides insights into what damage looks like as a result of 

exceeding these temperature thresholds. 

 

Exceeding temperature limits has the potential to result in concrete elements exhibiting damage 

similar to Figure 1.2. Historically, high temperature concrete was only observed in structures too 

large to dissipate the increase in temperature to the surrounding environment and was given the 

term mass concrete. Today, high temperatures have been shown to occur in elements as small as 

30 inches in diameter; this suggests the term mass concrete is a misnomer as an element does not 

need to be physically massive to create excessively high temperatures as the concrete cures. 

 

 
Figure 1.2 Temperature-induced damage to drilled shaft (courtesy of Chris Harris with R.W. 

Harris, Inc.). 

[This is a detail photograph of a drilled shaft exhibiting large surface cracks.] 

 

1.2.3 Mass Concrete Specifications 

 

Specifications providing guidance for mass concrete considerations are primarily published by 

the American Concrete Institute (ACI). The Florida Department of Transportation (FDOT) also 

provides guidance for projects located within the state of Florida. ACI offers a number of 

specifications that discuss various temperature limitations as well as specific definitions for mass 

concrete. These specifications include: 

• ACI CT-21: Concrete Terminology 

• ACI 201.2R-16: Guide to Durable Concrete 
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• ACI 224R-01: Control of Cracking in Concrete Structures 

• ACI PRC-207.1-21: Mass Concrete – Guide 

• ACI 207.2R-07: Report on Thermal and Volume Change Effects on Cracking of Mass 

Concrete  

• ACI 301-16: Specifications for Structural Concrete 

• ACI 308R-16: Guide to External Curing of Concrete 

 

ACI Concrete Terminology (ACI CT) and Specifications for Structural Concrete (ACI 301) 

define the term mass concrete as, “any volume of structural concrete in which a combination of 

dimensions of the member being cast, the boundary conditions, the characteristics of the concrete 

mixture, and the ambient conditions can lead to undesirable thermal stresses, cracking, deleterious 

chemical reactions, or reduction in the long-term strength as a result of elevated concrete 

temperature due to heat from hydration.” ACI PRC-207.1 also references the same definition but 

notes, “there is currently no universally accepted definition for mass concrete based on specific 

characteristics of concrete or placements that require control of temperatures and temperature 

differences” (ACI, 2021; ACI Committee 207, 2021; ACI Committee 301, 2016). 

 

The Mass Concrete Guide (ACI Committee 207, 2021) uses an equivalent cement content 

(ECC) of the concrete and the minimum dimension of an element “to define mass concrete as a 

function of the primary influencers” Figure 1.3 shows red, green and yellow fields corresponding 

to good, bad, and borderline expected temperatures, respectively, as a function of ECC and 

concrete element size. It does not indicate what criterion or criteria were used to define these 

thresholds. It should further be noted that ACI 224R (2001) specifically calls out “concrete dams, 

powerplants, bridge piers, and other large structural elements” as “mass concrete structures.” This 

specification additionally references a now-superseded definition of mass concrete from ACI 116R 

(2000) which reads, “any volume of concrete with dimensions large enough to require that 

measures be taken to cope with generation of heat from hydration of the cement and attendant 

volume change to minimize cracking.” 

 

ACI 308R (2016) makes mention of specific structures most frequently qualifying as mass 

concrete. These structures include “piers, abutments, dams, heavy footings, and similar massive 

construction.” It then asserts, “the impact of temperature rise and thermal gradients should be 

considered in all concrete, whether the concrete is reinforced or not.”  
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Figure 1.3 Adapted ACI PRC-207.1 definition of mass concrete as a function of equivalent cement 

content (ECC) of the concrete and minimum dimension. 

[This figure is essentially a table where across the top of the table are twenty columns with 

headings showing minimum dimensions of any concrete element to be considered where the values 

range from 0.5ft to 10ft in increments of 0.5ft. Down the left side of the table is a listing of 16 

equivalent cement contents in units of pounds per cubic yard ranging from 250 to 1000pcy in 

increments of 50pcy. In the field of the table each cell is colored red, green, or yellow denoting, 

bad, good, and borderline, respectively, when considering if a concrete element might present with 

mass concrete problems. Lastly, the figure has an equivalent cement content calculator to the right 

of the table where slag, fly ash, silica fume, and metakaolin are given multipliers of 0.8 to 1.0, 0.5 

or 0.8, 1.2, and 1.2, respectively, to compute the Portland cement equivalent.] 

 

Two temperature limitations exist for curing concrete: differential temperature and maximum 

concrete temperature, or peak temperature. ACI 201.2R (2016) recommends to not exceed 158°F 

to minimize the risk of negatively impacting concrete durability as a result of delayed ettringite 

formation (DEF) reactions. This is a type of sulfate attack that damages cured concrete due to the 

expansion of cement hydration products during repeated wetting and drying and typically only 

occurs in concrete that has been exposed to temperatures in excess of 158°F while curing (ACI, 

2021). Table 6.2.2.2 in ACI 201 (2016), as well as Table 3.10 in ACI 308R (2016), further provide 

conditions to minimize, but not eliminate, risk of expansion when temperatures are between 158°F 

and 185°F. Per both ACI 201.2R Table 6.2.2.2 (2016) and ACI 308R Table 3.10 (2016), one of 

the following conditions excerpted below may be used to achieve this: 

1. Portland cement meeting requirements of ASTM C150/150M moderate or high sulfate-

resisting and low-alkali cement with a fineness value less than or equal to 430 m3/kg 

2. Portland cement with a 1-day mortar strength less than or equal to 2850 psi (20 MPa) 

3. Any Portland cement meeting requirements of ASTM C150/150M in combination with the 

following proportions of pozzolan or slag cement: 

a. Greater than or equal to 25% fly ash meeting the requirements of ASTM C618 for 

Class F fly ash 
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b. Greater than or equal to 35% fly ash meeting the requirements of ASTM C618 for 

Class C fly ash 

c. Greater than or equal to 35% slag cement meeting the requirements of ASTM 

C989/C989M 

d. Greater than or equal to 5% silica fume meeting the requirements of ASTM C1240 

in combination with at least 25% slag cement 

e. Greater than or equal to 5% silica fume meeting the requirements of ASTM C1240 

in combination with at least 20% Class F fly ash 

f. Greater than or equal to 10% metakaolin meeting the requirements of ASTM C618 

4. An ASTM C595/C595M or ASTM C1157/C1157M blended hydraulic cement with the 

same pozzolan or slag cement content as listed in Item 3 

Under no circumstances should internal concrete temperature exceed 185°F (ACI Committee 201, 

2016; ACI Committee 308, 2016). 

 

Regarding differential temperature, ACI 301 (2016) states that the maximum temperature 

differential between the center of an element and the surface “shall not exceed 35°F.” For marine 

structures involving thick sections and rather high cement factors to achieve appropriate in-place 

strengths before exposure to sea water, ACI 201.2R (2016) also recommends treating these 

structures as “mass concrete in which the effect of heat of hydration is considered.” When these 

conditions are present, ACI 201.2R (2016) states that recommendations in ACI 207.1R, ACI 

207.2R, and ACI 224R apply. Similarly, ACI 308.R (2016) states that temperature rise and 

gradient issues are “exacerbated where high-strength and high cementitious-materials contents are 

required.” 

 

For projects located in the state of Florida, the specifications discussing mass concrete 

considerations published by the FDOT include: 

• Standard Specifications for Road and Bridge Construction 

• Structures Design Guidelines 

 

FDOT size-based guidelines for physical element dimensions can be contradictory. In the state 

of Florida where differential and peak temperatures are limited to 35°F and 180°F, respectively, 

drilled shafts are not evaluated for potential temperature issues when used to support miscellaneous 

structures, regardless of size, which may unintentionally lead to reduced durability/longevity: 

 

346-3.3 Mass Concrete “Mass concrete control provisions are not required for 

drilled shafts supporting sign, signal, lighting or intelligent transportation (ITS) 

structures.” FDOT Standard Specifications for Road and Bridge Construction 

(2019a) 
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In the FDOT Structures Design Guidelines, drilled shafts have a minimum diameter limitation of 

6 feet before being considered mass concrete: 

 

1.4.4 Mass Concrete C.2 “All drilled shafts with design diameters greater than 6 

feet shall be designated as mass concrete.” FDOT Structures Design Guidelines 

(2019b) 

 

The same specification, however, states: 

 

“… When the minimum dimension of the concrete exceeds 3 feet and the ratio of 

volume of concrete to the surface area is greater than 1 foot, provide for mass 

concrete.” FDOT Structures Design Guidelines (2019b) However, drilled shafts 

are excluded from consideration in the latest version (2023). 

 

This criterion would then include shafts as small as 4 feet in diameter, which have been shown in 

some instances to exceed mass concrete temperature thresholds. The current use of excess 

cementitious materials to promote high early strengths in the field further aggravates the situation 

by increasing the likelihood of inducing core temperatures higher than 180°F and causing 

differential temperatures that exceed 35°F. A study in 2007 (Mullins & Kranc, 2007) showed 

shafts as small as 48 inches in diameter can exceed both differential and peak temperature limits. 

More recently in 2020, augered cast-in-place piles as small as 30 inches in diameter also exceeded 

both differential and peak temperature limits (Mullins, 2021). This suggests that the mass concrete 

definitions dependent on physical dimensions have become unreliable, especially in cases where 

high-early-strength or high-performance concretes are used. Therefore, with these specifications, 

one can expect some drilled shafts built in Florida to have poor durability. 

 

1.2.4 Drilled Shaft Construction 

 

Drilled shafts are cast-in-place, deep foundational elements. Drilled shaft lengths can be 

upwards of 300 feet with diameters anywhere from 2 to 30 feet (Gunaratne, 2014). As a cast-in-

place element, prior to concrete placement, an excavation is first completed using an auger with a 

diameter of the shaft that will be constructed (Figure 1.4). A steel casing is also used and can be 

partial or full length, temporary or permanent. A slurry material consisting of either bentonite or 

polymer is used to stabilize the borehole when full length casing is not used and the soil is 

inherently unstable. This includes high water table conditions. Once the excavation is complete, a 

reinforcement cage is lowered into place within the excavation (Figure 1.5), and concrete is placed. 

During concreting, a tremie or pump truck slick line is lowered down to the bottom of the 

excavation and the concrete level rises from the bottom up displacing the slurry. In the example 

presented in Figure 1.6, the casing was temporary and was removed near the end of concrete 
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placement (Figure 1.6, middle). An above ground form was then added to complete concreting and 

bring the top of shaft to the finished above-grade surface (Figure 1.6, right). 

 

 
Figure 1.4 Drilled shaft excavation. 

[This is two photographs showing the excavation process for a drilled shaft foundation. The photo 

on the left shows the drilled shaft site with the staged reinforcement cage, partial excavation with 

a steel casing installed, and a drilled rig in operation. The photo on the right is a more detailed 

photo of the partial excavation with installed steel casing and drill rig emptying the auger.] 

 

 
Figure 1.5 Drilled shaft reinforcement cage placement. 

[This is a series of three photos showing the installation of the reinforcement cage for a drilled 

shaft foundation. The photo on the left shows the reinforcement cage alignment with the 

excavation; the center photo shows the reinforcement cage partially lowered into the excavation; 

and the photo on the right shows the reinforcement cage lowered into the excavations roughly two-

thirds of the way.] 
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Figure 1.6 Drilled shaft concrete placement. 

[This is a series of three photos showing drilled shaft concrete placement. The photo on the left is 

a detail photo of the drilled shaft excavation with visible slurry and a concrete delivery truck 

actively pouring concrete into the tremie; the center photo shows the drilled shaft after concrete 

was overpoured and the temporary casing was removed; and the photo on the right shows the 

drilled shaft after a beauty ring was installed and surrounding area was cleaned with finishing 

concrete being placed.] 

 

The method of construction always requires at least a temporary surface casing (if not full 

length) “from at least 1 foot above the ground surface to at least 1-1/2 shaft diameters below the 

ground surface to prevent caving of the surface soils and to aid in maintaining shaft position and 

alignment” (FDOT 2023 Standard Specifications, 455-15.1.3).  

Surface casings described above are virtually always larger than the design diameter which brings 

about the term as-built diameter. This term is referenced in Section 346-4.2 (FDOT 2023) where 

“instrumentation and temperature monitoring are not required for miscellaneous drilled shafts 

supporting sign, signal, lighting or Intelligent Transportation System (ITS) structures when the as built 

diameter is six feet or less, and the total cementitious materials content of the concrete mix design is 

less than or equal to 752 pounds per cubic yard.” This now puts some oversight on shafts supporting 

miscellaneous structures.  

For the full-length temporary casing method, the outer diameter of the casing can be the same as 

the design diameter of the shaft; hence, the as-built diameter is the design diameter in that case. The 

Structures Design Guidelines Section 1.4.4-C.2 references the design diameter and not the as-built 

diameter: “All drilled shafts with design diameters greater than 6-feet shall be designated as mass 

concrete.” This could lead to larger elements that do not meet the as-built dimension limit; the worst 

case, however, can only be 12 inch larger than the design diameter per Section 455-15.1.3 “Do not use 

a temporary casing larger than 12 inches of the shaft diameter” (FDOT 2023 Standard Specifications). 
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1.2.5 Drilled Shaft Quality Assurance and Quality Control 

 

As a below-grade, cast-in-place concrete structural element, the quality assurance of drilled 

shafts is just as important as above ground elements but more difficult to guarantee. Various 

methods to assess structural integrity of the fully cured concrete have been developed, such as 

gamma gamma logging (GGL) and crosshole sonic logging (CSL); another test method takes 

advantage of the temperature rise from heat of hydration that takes place during concrete curing. 

Taking temperature measurements during curing is non-destructive and can be used to evaluate 

both concrete integrity and homogeneity as well as reinforcement cage location relative to the true 

center of cast-in-place concrete foundation elements such as bored piles, drilled shafts, continuous 

flight auger piles, barrettes, dams, or diaphragm walls (ASTM, 2014). ASTM D7949 (2014) 

designates this test as Thermal Integrity Profiling of Concrete Deep Foundations. Thermal 

Integrity Profiling (TIP) involves recording temperature measurements along the length of a drilled 

shaft at discrete locations around the reinforcement cage via one of two measurement techniques: 

Method A - use of a thermal probe lowered into access tubes, or Method B - multiple embedded 

thermal sensors. The probe system is fitted with four laterally directed, orthogonally aligned 

infrared thermal sensors and measures access tube wall temperatures in all directions as it is 

lowered into the shaft at access tube locations. The thermal wire system includes cables fitted with 

evenly spaced sensors and samples thermal data from each installed wire at time intervals specified 

by the user, typically every 15 minutes. The advantage of probe systems is that the device is 

reusable; the advantage of thermal wires (one-time use) is the ability to take measurements 

continuously with time. Figure 1.7 shows thermal wires being tied to a shaft reinforcing cage at 

one of the studied sites. Figure 1.8 shows a TIP probe system in use. The data collected from both 

techniques results in a continuous vertical temperature profile. A combination of several physical, 

chemical, and molecular principles is incorporated into this type of evaluation and explains the 

mechanisms behind heat production of the curing concrete, heat diffusion into the surrounding 

soil, and the temperature distribution created by an ideally shaped drilled shaft (Mullins, 2010). 
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Figure 1.7 Installation of thermal wires to a shaft reinforcing cage at a construction site located on 

the University of South Florida Tampa Campus. 

[This is a photograph of a project site located on the University of South Florida Tampa Campus 

primarily showing three graduate students installing thermal wires on a drilled shaft reinforcing 

cage. There are eight rods evenly spaced down the length of the reinforcement cage and are set 

through the center to allow for easy access to the thermal wire throughout the length of the 

reinforcement cage. The first rod in the foreground also holds the thermal wire spool.] 
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Figure 1.8 TIP probe system in use. 

[This is a photograph of a project site showing a recently installed drilled shaft with access tubes 

coming up out of the top of the shaft. The principal investigator is in the process of using the 

Thermal Integrity Profiling (TIP) probe system.] 

 

Analysis of the collected time, temperature, and depth data includes creating shaft temperature 

profiles over time for given depths, as well as plotting all temperature data versus depth (see 

Figures 1.8 and 1.9). The two immediate benefits of the thermal integrity technology are: (1) 

determination of the as-built shape of the shaft and provided concrete cover and (2) verification 

that reinforcing steel is appropriately centered in the concrete (Johnson, 2014; Johnson, 2016; 

Mullins, 2010). In some cases, routine thermal integrity tests (Figure 1.10 [left]) have discovered 

unsafe temperatures (>>158°F) at the cage location which raises the question: how hot did the 

center of the shaft get? Figure 1.10, left, presents routine data collected from a drilled shaft as part 

of an FDOT project (HEFT II) in June 2018 in Miami, Florida. 
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Figure 1.9 Example of a temperature versus time plot at a discrete drilled shaft depth. 

[This figure is an example plot of average drilled shaft temperature measurements taken at the 

reinforcement cage versus time. The time period these measurements were taken spans three days 

(April 9, 2021 to April 12, 2021), and the temperature measurements start at just over 90ºF, rise 

steeply to just over 160ºF on April 11, 2021 then gradually fall to just over 130ºF when data 

recording ended on April 12, 2021 12:00 PM.] 
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Figure 1.10 Example of an average drilled shaft temperature profile that includes individual 

thermal wire data measured via a four-wire installation as well as the average profile resulting 

from all four wires. This profile represents the basic shape of the shaft. 

[This figure is an example plot of an average drilled shaft temperature profile that includes the 

individual thermal wire data measured via a four-wire installation at the reinforcement cage, as 

well as the average profile resulting from all four wires. The y-axis of the plot illustrates the sensor 

position or elevation with a zero elevation at the top. The x-axis is the measured temperature data. 

This profile represents the basic shape of the drilled shaft.] 

 

1.3 Organization of the Report 

 

This report is divided into five ensuing chapters that track the various tasks performed in the 

process of determining peak temperatures in drilled shafts excluded from mass concrete 

consideration in current specifications. Chapter 2 discusses the collection and cataloging of 

thermal integrity data from previous testing. Chapter 3 presents newly collected thermal data from 

five drilled shafts constructed in or near the Tampa Bay area with a focus on shaft core temperature 

distributions. Along with temperature data, environmental conditions during construction, 

concrete mix design, and mill certificates associated with each drilled shaft were also collected, 
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cataloged, and presented in this chapter. Chapter 4 details the modeling approach and verification 

used to generate 330 model temperature distributions over a time period of 200 hours; 110 models 

for three unique concrete mix designs. Temperature distributions are presented as contour plots 

dependent on drilled shaft diameter and total cementitious content. This chapter also describes the 

analysis methods used to develop ten closed-form equations to be used to predict peak and 

differential temperatures of drilled shafts either at the design phase or as a quality assurance 

method to confirm temperature limits have not been exceeded in the field. Chapter 5 provides a 

summary and discussion with recommendations.   
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2 Chapter Two: Obtain Previously Collected Data 

 

This chapter highlights the cataloging of previously collected thermal integrity profiles, 

corresponding project information including site location, shaft size, thermal profile data, mix 

design, date of testing, and hydration time/age when tested. A summary of the profiles and project 

information catalogued as well as an exploratory analysis of this catalogued information and 

relevant discussion of the results.  

 

2.1 Introduction 

 

Three databases of drilled shaft thermal data and available project information were mined for 

relevant information to shaft internal temperatures. The first database contained data from 118 

drilled shafts evaluated as part of the Lee Roy Selmon Expressway Connector project in 

Hillsborough County, Florida. The second database contained data from 232 drilled shafts 

evaluated as part of the Lee Roy Selmon Expressway Re-decking project in Hillsborough County, 

Florida. Finally, the third database was obtained from local engineering consultants, which 

contained 207 project folders, many containing datasets for multiple drilled shafts. 

 

In total, this phase of data collection included thermal integrity information from 662 drilled 

shafts. Included with the temperature data was project and shaft dimension information including: 

 

• Drilled shaft location by county 

• Thermal testing date 

• Concrete age at time of testing 

• Maximum drilled shaft temperature measured at the cage as reported in readily available 

testing results documents or deliverable reports 

• Average drilled shaft temperature as reported in readily available testing results 

documents or deliverable reports 

• Reinforcement cage diameter as reported in readily available testing results documents 

or deliverable reports 

• Inventory of file contents with specific attention to availability of raw thermal data files, 

testing method used (wire or probe), number of wires or tubes tested in each shaft, 

availability of results documents or deliverable reports, availability of project photos or 

videos, availability of mix tickets, concrete supplier (if known), availability of mill 

certificates, availability of Standard Penetration Test (SPT) borings, availability of 

FDOT drilled shaft logs, and whether any other integrity reports or analysis spreadsheets 

were available [e.g. cross sonic logging (CSL) or gamma-gamma logging (GGL) 

analysis]. 
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2.2 Summary of Catalogued Drilled Shafts 

 

A total of 662 drilled shafts had preliminary information cataloged from the three available 

databases. The concrete age at time of thermal testing ranges from 8.7 to 139.8 hours. Average 

drilled shaft temperatures measured at the cage as reported in readily available testing results 

documents, deliverable reports, or thermal data files range from 83.5°F to 160.7°F. Peak average 

drilled shaft temperatures measured at the cage as reported in readily available testing results 

documents, deliverable reports, or thermal data files range from 86.8°F to 183.8°F. Local 

maximum shaft temperatures measured at the cage as reported in readily available testing results 

documents, deliverable reports, or thermal data files range from 86.8°F to 188.9°F. Cataloged 

drilled shafts were found to be located in the following Florida counties: Broward, Duval, Citrus, 

Miami-Dade, Lake, Hillsborough, Palm Beach, Hernando, Polk, St. Lucie, and Okeechobee. Six 

drilled shaft locations are unknown. A breakdown of the number of drilled shafts per county can 

be found in Table 2.1. 

 

Regarding file inventory, all cataloged drilled shafts include availability to raw thermal data 

per wire or tube, depending on testing method used; 227 drilled shafts include available FDOT 

drilled shaft logs, 78 drilled shafts include available SPT borings; and 202 shafts include both the 

concrete supplier and available mix designs. 

 

 

Table 2.1 Breakdown of the number of drilled shafts per county 

County 
Number of 

Drilled Shafts 

Broward 170 

Duval 2 

Citrus 6 

Miami-Dade 74 

Lake 2 

Hillsborough 350 

Palm Beach 27 

Hernando 3 

Polk 8 

St. Lucie 12 

Okeechobee 1 
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2.3 Exploratory Analysis 

 

This preliminary exploratory analysis of cataloged information focused on general trends seen 

between drilled shaft size (by way of reported reinforcement cage diameter), concrete age at time 

of testing, average shaft temperatures, and local maximum temperatures. This analysis did not 

consider variations in concrete mix design. The 662 data points were sorted by reinforcement cage 

size and plotted to explore various temperature distributions as they relate to concrete age.  

 

Local maximum cage temperatures from the 662 shafts were first plotted against shaft 

diameters (Figure 2.1). The data shows a wide range of maximum temperatures for each shaft 

size/diameter which indicates another variable is contributing to the peak temperature (e.g. 

ambient temperature, mix design, or concrete age at time of testing). This plot also helps clarify 

how the data points are sorted with different marker sizes and colors. Larger markers indicate 

larger diameter shafts; marker colors and sizes are kept consistent throughout. 

 

 
Figure 2.1 Plot presenting maximum cage temperature (at time of testing) vs drilled shaft diameter. 

[This figure shows 662 data points where local maximum temperature is plotted against shaft 

diameter. A violet to red color spectrum is used to identify the shaft size in the field of data points 

where red represents larger shafts and violet represents smaller shafts. It shows that cage 

diameter, and therefore shaft size, is not controlling maximum temperatures. This plot also helps 

to clarify how the data points are displayed.] 
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Maintaining the breakdown by shaft diameter, local maximum temperatures were then plotted 

versus concrete age at time of testing (Figure 2.2). There does appear to be a general trend of 

increasing temperature up to 24 to 48 hours, then a subtle reduction thereafter. 

 

 
Figure 2.2 Plot presenting maximum cage temperature vs concrete age. 

[This figure shows 662 data points where the local maximum temperature and concrete age are 

sorted by shaft diameter. A violet to red color spectrum is used to identify the shaft size in the field 

of data points where red represents larger shafts and violet represents smaller shafts. It shows a 

general trend of increasing temperature up to 24 - 48 hours, then a subtle reduction thereafter.] 

 

In a similar format to Figure 2.2, average shaft temperatures at the cage were plotted against 

concrete age at time of testing (Figure 2.3). This is the average of the average between all tubes or 

wires (depending on method of testing). 

 

Lastly, peak average temperatures at the cage were plotted against concrete age at time of 

testing (Figure 2.4). 

 



20 

 

 
Figure 2.3 Plot presenting average temperature vs concrete age. 

[This figure shows 662 data points where the average temperature and concrete age are sorted by 

shaft diameter. A violet to red color spectrum is used to identify the shaft size in the field of data 

points where red represents larger shafts and violet represents smaller shafts.] 
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Figure 2.4 Plot presenting peak average temperature vs concrete age. 

[This figure shows 662 data points where the peak average temperature and concrete age are 

sorted by shaft diameter. A violet to red color spectrum is used to identify the shaft size in the field 

of data points where red represents larger shafts and violet represents smaller shafts.] 
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3 Chapter Three: Collection of New Data 

 

This chapter discusses the collection of new temperature data and associated field 

documentation from newly constructed cast-in-place concrete foundation elements. Six sites were 

investigated using internal temperature schemes: four project sites were FDOT shaft sites 

coordinated/provided by district engineers and/or consultants working for FDOT, one site was at 

the University of South Florida Tampa Campus, and the last was a cell tower foundation. The 

following is a list of these projects: 

 

1. Judy Genshaft Honors College (University of South Florida) in Tampa, Florida. 

2. Polk Parkway Drilled Shaft OC-13 in Auburndale, Florida. 

3. I-4 Drilled Shaft OC-19 in Polk City, Florida. 

4. I-395, SR 836, and I-95 Intersection in Miami, Florida.  

5. N. Florida & Sinclair Hills Drilled Shaft in Tampa, Florida. 

6. US 17 Drilled Shaft 1-4 in Bartow, Florida. 

 

3.1 Judy Genshaft Honors College Drilled Shaft DS-6, Tampa, Florida 

 

Drilled shaft DS-6 was constructed by R.W. Harris, Inc. on April 9, 2021, as part of the Judy 

Genshaft Honors College project located on the University of South Florida (USF) campus in 

Tampa, Florida (Figure 4.1). This drilled shaft was designed to be 42 inches in diameter, 82 feet 

long, and was cast with a full-length temporary casing (no slurry was used). 

 

 
Figure 3.1 Satellite imagery illustrating the general location of DS-6. 
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[Figure 3.1 Detailed Description: This is a photo of satellite imagery illustrating the general 

location of drilled shaft DS-6, which is denoted by a yellow star. The main cross streets are USF 

Genshaft Drive and USF Alumni Drive on the USF Tampa Campus. DS-6 is located in the 

northwest quadrant just north of the Muma College of Business.] 

 

Testing began on April 9, 2021, and concluded on April 12, 2021, during which the air 

temperature averaged approximately 72°F. The concrete mix design is provided in Table 3.1 with 

the complete concrete mix design submittal document included in Appendix A. 

 

Table 3.1 DS-6 concrete mix proportions 

Material Amount 

Cement 275 lb 

Slag 425 lb 

Coarse Aggregate 1,450 lb 

Fine Aggregate 1,362 lb 

Water 275 lb 

Admixture (Air Entrainer) 0.5 oz/cy 

Admixture (Stabilizer) 2.00 to 10.00 oz/cwt 

Admixture (Water Reducer) 2.00 to 10.00 oz/cwt 

Shaft Diameter 42 in. 

Cementitious Material 700 lb/yd3 

Slag Percentage 60.7% 

w/cm Ratio 0.39 

 

3.1.1 Instrumentation 

 

Instrumentation included the following sensor and data collection components: TIPTM Thermal 

Wire and Thermal Acquisition Ports (TAP), both manufactured by Pile Dynamics, Inc. The 

thermal wires used included digital thermal sensors positioned every 12 inches along the length of 

the wire. Using a combination of plastic wire ties and PEX tie wire, four 90-foot thermal wires 

were installed along the length of the reinforcement cage and positioned roughly 90 degrees apart 

around the circumference of the cage (Figure 3.2). An additional center thermal wire, 25 feet in 

length, was installed along an additional rebar positioned and secured using rebar cross bracing at 

the center of the reinforcement cage (Figure 3.3) located at the top 25 feet of the drilled shaft. 

Figure 3.4 shows the fully instrumented reinforcement cage ready to be placed before concreting. 

The thermal wire connector ends and above-concrete sensors were bundled and protected using 

heavy duty plastic bags tightly wrapped in all-weather duct tape to ensure they remained clean 

during concrete placement. Once concrete placement was complete, the protective plastic was 

removed and TAP boxes were connected to each thermal wire (Figure 3.5). Each TAP was 
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powered by a rechargeable battery and automatically sampled and recorded temperature 

measurement data provided the thermal wire was properly connected and was not damaged during 

construction. For purposes of this study, data was collected every 15 minutes. 

 

 
Figure 3.2 Installation of thermal wires along the length of the DS-6 reinforcement cage. 

[This is a photo taken from inside the DS-6 reinforcement cage showing a completely installed 

thermal wire at the top right and an in process thermal wire installation at the bottom right.] 
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Figure 3.3 Installation of center wire along additional center rebar.  

[Figure 3.3 Detailed Description: This is a photo taken from inside the DS-6 reinforcement cage 

showing the in-process installation of the center thermal wire. Center rebar cross bracing and a 

25-foot center rebar have already been installed.] 

 

 
Figure 3.4 Fully instrumented DS-6 reinforcement cage ready to be placed for concrete casting. 

[This is a photo of the DS-6 reinforcement cage laying on its side showing the full cage length and 

diameter taken from the top of the cage. All cage thermal wires and center thermal wire have been 

installed, and all above-concrete sensors and wire connector ends have been bundled and secured 

in heavy-duty plastic bags and Gorilla tape. The cage is staged for auger location placement and 

concrete casting.] 
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Figure 3.5 Connection of the Thermal Acquisition Port boxes after concrete placement. 

[This is a photo of DS-6 after concrete placement with approximately five feet of rebar stick-up 

illustrating the connection of Thermal Acquisition Port boxes to the thermal wires to begin data 

collection.] 

 

3.1.2 Collected Data 

 

Temperature measurement data from the installed thermal wires, environmental conditions 

during construction, concrete mix design, and mill certificates associated with drilled shaft DS-6 

were collected and cataloged. Data was collected from April 9th through the 12th, 2021.  

 

General information pertaining to the test shaft is presented in Figure 3.6 from the TIP 

Reported software. This includes the time at which data collection started, elapsed data time, 

drilled shaft diameter, reinforcement cage diameter, drilled shaft length, average temperature, and 

local minimum and maximum temperatures. This information is typically used in the assessment 

of the shaft integrity, size and shape, and cage concentricity. For this study, this information was 

used to correlate such parameters with peak and differential temperature measurements. Elapsed 

data time is a feature of thermal testing via wire method as data is collected every 15 minutes, 

which allows for a time/temperature trace for each sensor.  
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Figure 3.6 DS-6 Temperature Analysis Shaft Information (4/11/21 0232hrs). 

[This is a screenshot displaying temperature analysis shaft information from the TIP Reporter 

software. The information shown is: time of test start at 4/9/21 1531hrs, data time at 4/11/21 

0232hrs, cage diameter of 36 inches, shaft length/diameter of 80 feet/42 inches, average 

temperature of 129.55ºF, minimum temperature of 109.85ºF at 78 feet (wire 1) where local 

average is 118.81ºF, and maximum temperature is 144.28ºF at 17 feet (wire 4) where local 

average is 136.82ºF.] 

 

Figure 3.7 shows all temperature data versus depth for DS-6 recorded 35 hours after casting. 

This is when peak average cage temperature occurred, where average refers to the average 

temperature of all four thermal wires located at the reinforcement cage. The average temperature 

profile is given as the bold black line marker also denoted as “AVG” in the plot legend. The 

location of peak average cage temperature is marked at 39 feet where the local peak average 

temperature was 141.1°F. This depth location was used to plot the temperature evolution over time 

for the entire data collection duration (Figure 3.8).  

 

In addition to the cage wire data, the center wire data versus depth is also presented in Figure 

3.9. This plot presents two data series: the peak temperatures for each individual sensor which 

occurred at varied times (denoted as “Max”), and center wire measurements recorded 30.3 hours 

into testing when the peak temperature of any sensor was recorded. This occurred at a depth of 16 

feet with the maximum temperature measuring 161.26°F. Again, data from this depth was used to 

plot the temperature evolution at that depth over time for the entire testing duration (Figure 3.10). 
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Figure 3.7 Plot presenting DS-6 cage temperature versus depth data at peak average cage 

temperature (35 hours into testing). 

[This is a plot presenting temperature data on the x-axis versus depth data on the y-axis and 

includes temperature measurements from all four thermal wires installed at the reinforcement 

cage as well as the thermal wire installed along a center rebar. The depth reaches just past 80 

feet, and temperature measurements range from approximately 90°F to 160°F. There is also an 

annotation noting the peak average cage temperature of the shaft located at 39 feet measuring 

141.1°F.] 
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Figure 3.8 Plot presenting DS-6 temperature versus time data at a depth of 39 feet, where peak 

average cage temperature occurred (35 hours into testing). 

[This is a plot presenting temperature data on the y-axis versus time on the x-axis at a depth of 40 

feet and includes temperature measurements from all four thermal wires installed at the 

reinforcement cage. The time ranges from 0 hours to 63 hours, and the temperature measurements 

range from approximately 90ºF to 138ºF.] 

 



30 

 

 
Figure 3.9 Plot presenting DS-6 center wire temperature versus depth data at the time of peak 

temperature of the center wire (30 hours into testing). 

[This is a plot presenting center wire temperature data on the x-axis versus depth data on the y-

axis. The depth reaches 25 feet, and temperature measurements range from approximately 135ºF 

to 161ºF.] 
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Figure 3.10 Plot presenting DS-6 center wire temperature versus time data at a depth of 16 feet, 

where peak center wire temperature occurred. 

[This is a plot presenting temperature data on the y-axis versus time on the x-axis at a depth of 40 

feet and includes temperature measurements from the center thermal wire. The time ranges from 

0 hours to 63 hours, and the temperature measurements range from approximately 90ºF to 161ºF.] 

 

Figure 3.11 presents the radius versus depth profile for DS-6. This plot also includes concrete 

cover results based on the location of the reinforcement cage. The Radius Analysis Shaft 

Information table from the TIP Reporter software is shown in Figure 3.12. Rather than average, 

minimum, and maximum temperature information, this provides average, minimum, and 

maximum shaft radius information.  

 

The last results plot generated by TIP Reporter is a 3D radius view of the shaft. This plot is 

interactive and can be rotated within the software. Due to the static nature of the figures in this 

report, however, Figure 3.13 provides a view of the general shaft shape. It should be noted that 

this figure is not to scale, and the vertical dimensions do not correspond to the lateral dimension.  
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Figure 3.11 Plot presenting DS-6 radius versus depth data. 

[This is a plot presenting radius and concrete cover data on the x-axis versus depth data on the y-

axis and includes radius values for the locations of all four thermal wires installed at the 

reinforcement cage. The depth reaches just over 80 feet, and radius values range from 

approximately 22 to 26 inches. Concrete cover values range from approximately 2 to 8 inches.] 

 

 
Figure 3.12 DS-6 Radius Analysis Shaft Information. 

[This is a screenshot displaying radius analysis shaft information from the TIP Reporter software. 

The information shown is: time of test start at 4/9/21 1531hrs, data time at 4/11/21 0302hrs, cage 

diameter of 36 inches, shaft length/diameter of 80 feet/42 inches, average radius of 23.27 inches, 

minimum radius of 16.79 inches at 0 feet (wire 4) where local average is 17.32 inches, and 

maximum radius of 26.73 inches at 82 feet (wire 4) where local average is 25.62 inches.] 
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Figure 3.13 DS-6 3D radius view. 

[Figure 3.13 Detailed Description: This is a plot generated by TIP reporter showing 3D radius 

view of DS-6. It can be seen that the general shape of the drilled shaft is not symmetrical with 

varying concrete cover.] 

 

3.2 Polk Parkway Drilled Shaft OC-13, Auburndale, Florida 

 

Drilled shaft OC-13 was constructed by Conti Corporation on November 4, 2021, on the north 

side of US 92 just east of the Polk Parkway in Auburndale, Florida (Figure 3.14). This drilled shaft 

had a design diameter of 72 inches, length of 44 feet and was cast with a full-length, 84-inch 

diameter temporary casing.  
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Figure 3.14 Satellite imagery illustrating the general location of OC-13. 

[This is a photo of satellite imagery illustrating the general location of drilled shaft OC-13, which 

is denoted by a yellow star. The main crossroads are State Road 570 (Polk Parkway) and US 92 

in Auburndale, Florida. OC-13 is located in the northeast quadrant on the north should of US 92 

just east of the exit off the Polk Parkway.] 

 

Testing began on November 4, 2021, and concluded on November 8, 2021, during which the 

air temperature averaged approximately 66°F. The concrete mix proportions from each truck ticket 

are provided in Tables 3.2 through 3.10. Interestingly, these tables show similarities in the first 7 

trucks with w/c ratios of 0.38-0.39 but the last two trucks with about half the volume of the first 

trucks reported w/c ratio of 0.28. It is unclear if these trucks were excepted with slump testing or 

further Q/C. Copies of the delivery tickets are provided in Appendix B.  
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Table 3.2 OC-13 truck #1 (9 cubic yards) concrete mix proportions. 

Material Amount 

Cement 2,375 lb (263.89 lb/yd3)  

Slag 3,540 lb (393.33 lb/yd3) 

Coarse Aggregate (2% moisture) 14,440 lb (1,604.44 lb/yd3) 

Fine Aggregate (4.2% moisture) 12,040 lb (1,337.78 lb/yd3) 

Batch Water 1,516 lb (168.44 lb/yd3) 

Admixture (Air) 6 oz. 

Admixture (Water Reducer #1) 621 oz. 

Admixture (Water Reducer #2) 207 oz. 

Cementitious Material 687.22 lb/yd3 

Slag Percentage 60% 

w/cm Ratio 0.39 

 

 

Table 3.3 OC-13 truck #2 (9 cubic yards) concrete mix proportions. 

Material Amount 

Cement 2,370 lb (263.33 lb/yd3) 

Slag 3,550 lb (394.44 lb/yd3) 

Coarse Aggregate (2% moisture) 14,560 lb (1,617.78 lb/yd3) 

Fine Aggregate (4.2% moisture) 11,960 lb (1,328.89 lb/yd3) 

Batch Water 1,441 lb (160.11 lb/yd3) 

Admixture (Air) 7 oz. 

Admixture (Water Reducer #1) 621 oz. 

Admixture (Water Reducer #2) 207 oz. 

Cementitious Material 657.78 lb/yd3 

Slag Percentage 60% 

w/cm Ratio 0.38 
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Table 3.4 OC-13 truck #3 (9 cubic yards) concrete mix proportions. 

Material Amount 

Cement 2,375 lb (236.89 lb/yd3) 

Slag 3,535 lb (392.78 lb/yd3) 

Coarse Aggregate (2% moisture) 14,440 lb (1,604.44 lb/yd3) 

Fine Aggregate (4.2% moisture) 12,000 lb (1,333.33 lb/yd3) 

Batch Water 1,441 lb (160.11 lb/yd3) 

Admixture (Air) 6 oz. 

Admixture (Water Reducer #1) 621 oz. 

Admixture (Water Reducer #2) 207 oz. 

Cementitious Material 656.67 lb/yd3 

Slag Percentage 60% 

w/cm Ratio 0.38 

 

 

Table 3.5 OC-13 truck #4 (9 cubic yards) concrete mix proportions. 

Material Amount 

Cement 2,385 lb (265 lb/yd3) 

Slag 3,550 lb (394.44 lb/yd3) 

Coarse Aggregate (2% moisture) 14,460 lb (1,606.67 lb/yd3) 

Fine Aggregate (4.2% moisture) 12,080 lb (1,342.22 lb/yd3) 

Batch Water 1,441 lb (160.11 lb/yd3) 

Admixture (Air) 6 oz. 

Admixture (Water Reducer #1) 621 oz. 

Admixture (Water Reducer #2) 207 oz. 

Cementitious Material 659.44 lb/yd3 

Slag Percentage 60% 

w/cm Ratio 0.38 
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Table 3.6 OC-13 truck #5 (9 cubic yards) concrete mix proportions. 

Material Amount 

Cement 2,385 lb (265.00 lb/yd3) 

Slag 3,525 lb (391.67 lb/yd3) 

Coarse Aggregate (2% moisture) 14,200 lb (1,577.78 lb/yd3) 

Fine Aggregate (4.2% moisture) 12,080 lb (1,342.22 lb/yd3) 

Batch Water 1,441 lb (160.11 lb/yd3) 

Admixture (Air) 6 oz. 

Admixture (Water Reducer #1) 621 oz. 

Admixture (Water Reducer #2) 210 oz. 

Cementitious Material 656.67 lb/yd3 

Slag Percentage 60% 

w/cm Ratio 0.38 

 

 

Table 3.7 OC-13 truck #6 (9 cubic yards) concrete mix proportions. 

Material Amount 

Cement 2,385 lb (265.00 lb/yd3) 

Slag 3,525 lb (391.67 lb/yd3) 

Coarse Aggregate (2% moisture) 14,260 lb (1,584.44 lb/yd3) 

Fine Aggregate (4.2% moisture) 12,140 lb (1,348.89 lb/yd3) 

Batch Water 1,441 lb (160.11 lb/yd3) 

Admixture (Air) 5 oz. 

Admixture (Water Reducer #1) 621 oz. 

Admixture (Water Reducer #2) 210 oz. 

Cementitious Material 656.67 lb/yd3 

Slag Percentage 60% 

w/cm Ratio 0.38 
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Table 3.8 OC-13 truck #7 (8 cubic yards) concrete mix proportions. 

Material Amount 

Cement 2,105 lb (263.13 lb/yd3) 

Slag 3,140 lb (392.50 lb/yd3) 

Coarse Aggregate (2% moisture) 12,900 lb (1,612.50 lb/yd3) 

Fine Aggregate (4.2% moisture) 10,640 lb (1,330.00 lb/yd3) 

Batch Water 1,282 lb (160.25 lb/yd3) 

Admixture (Air) 6 oz. 

Admixture (Water Reducer #1) 555 oz. 

Admixture (Water Reducer #2) 183 oz. 

Cementitious Material 655.63 lb/yd3 

Slag Percentage 60% 

w/cm Ratio 0.38 

 

 

Table 3.9 OC-13 truck #8 (4 cubic yards) concrete mix proportions. 

Material Amount 

Cement 1,055 lb (263.75 lb/yd3) 

Slag 1,560 lb (390.00 lb/yd3) 

Coarse Aggregate (2% moisture) 6,460 lb (1,615.00 lb/yd3) 

Fine Aggregate (4.2% moisture) 5,320 lb (1,330.00 lb/yd3) 

Batch Water 391 lb (97.75 lb/yd3) 

Admixture (Air) 3 oz. 

Admixture (Water Reducer #1) 276 oz. 

Admixture (Water Reducer #2) 93 oz. 

Cementitious Material 653.75 lb/yd3 

Slag Percentage 60% 

w/cm Ratio 0.28 
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Table 3.10 OC-13 truck #9 (6 cubic yards) concrete mix proportions. 

Material Amount 

Cement 1,580 lb (263.33 lb/yd3) 

Slag 2,360 lb (393.33 lb/yd3) 

Coarse Aggregate (2% moisture) 9,660 lb (1,610.00 lb/yd3) 

Fine Aggregate (4.2% moisture) 8,000 lb (1,333.33 lb/yd3) 

Batch Water 583 lb (97.17 lb/yd3) 

Admixture (Air) 4 oz. 

Admixture (Water Reducer #1) 414 oz. 

Admixture (Water Reducer #2) 138 oz. 

Cementitious Material 656.67 lb/yd3 

Slag Percentage 60% 

w/cm Ratio 0.28 

 

3.2.1 Instrumentation 

 

Similar to DS-6, instrumentation of OC-13 included the following sensor and data collection 

components: TIPTM Thermal Wire and Thermal Acquisition Ports (TAP). Using a combination of 

plastic wire ties and PEX tie wire, four 50-foot thermal wires were installed along the length of 

the reinforcement cage and positioned roughly 90 degrees apart around the cage circumference 

(Figure 3.15). An additional center thermal wire, 25 feet in length, was installed along a 10-foot 

rebar positioned and secured using rebar cross bracing at the center of the reinforcement cage 

(Figures 3.16 and 3.17) extending 6.5 to 16.5 feet below the top of the drilled shaft. The length of 

the center rebar made use of the first 10 out of 25 available sensors along the center thermal wire. 

The remaining 15 sensors were positioned across the shaft diameter and secured to the center rebar 

cross bracing (Figure 3.18). These remaining sensors allowed temperature data to be collected 

along three cross bracing legs to give the radial temperature distribution. Figure 3.19 shows the 

fully instrumented reinforcement cage ready to be placed in the excavation. The thermal wire 

connector ends and above-concrete sensors were bundled and protected using heavy duty plastic 

bags tightly wrapped with all-weather duct tape to ensure they remained clean during concrete 

placement. Figure 3.20 shows the fully instrumented reinforcement cage placed in the excavation 

prior to concreting. Once concrete placement was complete, the protective plastic was removed, 

and TAP boxes were connected to each thermal wire (Figure 3.21). 
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Figure 3.15 Installation of thermal wires along the length of the OC-13 reinforcement cage. 

[This is a photo taken from the top of the OC-13 reinforcement cage showing installed cage 

thermal wires positioned roughly 90 degrees apart radially.] 

 

 
Figure 3.16 Installation of the center rebar cross bracing for drilled shaft OC-13. 

[This is a photo taken from inside the OC-13 reinforcement cage showing a graduate student 

securing the cross bracing that will be used to secure the center rebar for the center thermal wire.] 
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Figure 3.17 Installation of center thermal wire in OC-13 reinforcement cage. 

[This is a photo taken showing the inside of the OC-13 reinforcement cage where several graduate 

students are installing the center thermal wire along the 10-foot center rebar.] 

 

 
Figure 3.18 Installation of the bottom 15 sensors of the center thermal wire in an across-shaft 

configuration along the bottom rebar cross bracing in OC-13 reinforcement cage. 
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[Figure 3.18 Detailed Description: This is two side-by-side photos taken inside the OC-13 

reinforcement cage showing a graduate student installing the bottom 15 sensors of the center 

thermal wire. The left photo shows a graduate student securing the wire to the bottom rebar cross 

bracing with a PEX rebar tie gun. The right photo shows a graduate student taking measurements 

between each sensor after installation.] 

 

 

 
Figure 3.19 Fully instrumented OC-13 reinforcement cage ready to be placed for concrete casting. 

[This is a photo taken from outside the top of the OC-13 reinforcement cage. All cage thermal 

wires and center thermal wire have been installed, and all above-concrete sensors and wire 

connector ends have been bundled and secured in heavy-duty plastic bags and Gorilla tape.] 

 



43 

 

 
Figure 3.20 Fully instrumented OC-13 reinforcement cage placed in the augered location prior to 

concrete placement. 

[This is a photo of the open excavation of OC-13 with the installed full-length temporary casing 

prior to concrete placement.] 

 

 
Figure 3.21 Two out of five total OC-13 TAP boxes connected to their respective thermal wires. 

[This is a photo of two TAP boxes hanging from the top stirrup of the OC-13 reinforcement cage 

and connected to their respective thermal wires after concrete placement. The front of one of the 

TAP boxes is visible showing an illuminated green light indicating successful connection.] 
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3.2.2 Collected Data 

 

Temperature measurement data from the installed thermal wires, environmental conditions 

during construction, FDOT drilled shaft log, concrete mix design, and mill certificates associated 

with drilled shaft OC-13 were collected and cataloged. Below are graphical presentations, 

generated in Excel, of particular, relevant portions of the data collected from November 4th 

through the 8th, 2021. However full datasets are archived in both Excel and TIP Reporter formats. 

Upon data review, it was found that the center thermal wire for this study was unable to collect 

data after concrete placement. During construction, the rigid concrete pump line was observed to 

surge vertically during pumping. This led to the pump line coupler hitting the top center bar cross 

bracing and ultimately cause separation at the pump line coupling and damage to the thermal wire. 

Figure 3.22 shows the disconnected slick line just above the slurry level. OC-13 was also tested 

via the TIP probe method.  

 

 
Figure 3.22 Tremie separation during OC-13 concrete placement. 

[Figure 3.22 Detailed Description: This is a photo looking down into the augered location of OC-

13. The hole is partially filled with concrete that is covered in slurry. In the upper left corner of 

the photo is the concrete pump line that is separated at one of the segment couplings.] 

 

Table 3.11 below presents the software-reported Temperature Analysis Shaft Information for 

OC-13 based on the thermal probe data.  
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Table 3.11 OC-13 temperature analysis shaft information. 

Drilled Shaft Diameter: 72 inches 

Cage Diameter: 60 inches 

Drilled Shaft Length: 41.5 feet 

Average Temperature: 129.49°F 

Local Minimum 

Temperature: 
116.96°F at 18.6 feet on Tube 4 

Local Maximum 

Temperature: 
136.3°F at 24.4 feet on Tube 1 

 

Figure 3.23 is a plot generated in TIP reporter presenting all temperature data at a depth of 27 

feet over the entire testing time. This is the depth where peak average cage temperature occurred 

(based on the usable thermal wire data). Recall, this peak average is the average temperature of all 

four thermal wires located at the reinforcement cage and represents the temperature at the cage 

when centered within the concrete mass. When reviewing Figure 3.23, peak average cage 

temperature occurred late 11/5/21. Figure 3.24 shows the temperature profiles from probe data 

collected on 11/7, and shows the average probe temperature profile for that specific testing time 

and is given as the bold black line marker also denoted as “AVG” in the plot legend. Thermal wire 

data in this format was not available due to the previously mentioned sensor failures. These failures 

are shown in Figure 3.23 as sharp discontinuities where the recorded temperature falls off scale. 

 

 
Figure 3.23 Plot presenting OC-13 temperature versus time thermal wire data at a depth of 27 feet, 

where peak average cage temperature occurred. Sensor failures are also present at this depth for 

wire #1.  
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[Figure 3.24 Detailed Description: This is a plot presenting wire temperature data on the y-axis 

versus time on the x-axis at a depth of 27 feet and includes temperature measurements from all 

four thermal wires installed at the reinforcement cage. This plot also illustrates the sensor failures 

that occurred and are shown as temperature data drops that drop well below the temperature 

evolution curve. The time ranges from 11/3/21 to 11/8/21, and the temperature measurements 

range from approximately 85ºF to 136ºF.] 

 

 
Figure 3.24 Plot presenting OC-13 temperature versus depth probe data. 

[This is a plot presenting probe temperature data on the x-axis versus depth data on the y-axis and 

includes temperature measurements from all six access tubes installed at the reinforcement cage. 

The depth reaches 44 feet, and temperature measurements range from approximately 75ºF to 

135ºF.] 

 

Figure 3.25 presents the radius versus depth profile for OC-13 resulting from the collected 

probe data. This plot also includes concrete cover results based on the location of the reinforcement 

cage. Like the Temperature Analysis Shaft Information, the Radius Analysis Shaft Information is 

presented in Table 3.12 but summarizes the average, minimum, and maximum shaft radius 

information. 
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Figure 3.25 Plot presenting OC-13 radius versus depth probe data.  

[This is a plot presenting radius and concrete cover data on the x-axis versus depth data on the y-

axis and includes radius values for the locations of all six probe access tubes installed at the 

reinforcement cage. The depth reaches just past 42 feet, and radius values range from 

approximately 38 to 44 inches. Concrete cover values range from approximately 8 to 14 inches.] 

 

Table 3.12 OC-13 radius analysis shaft information 

Average Radius: 42.9 inches 

Local Minimum Radius: 39.07 inches at 21.6 feet at Tube 4 

Local Maximum Radius: 45.60 inches at 44.4 feet at Tube 1 

 

The 3D radius view of the shaft is shown in Figure 3.26.  
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Figure 3.26 OC-13 3D radius view. 

[This is a plot generated by TIP reporter showing 3D radius view of OC-13. It can be seen that 

the general shape of the drilled shaft is not symmetrical with varying concrete cover.] 
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3.3 I-4 Drilled Shaft OC-19, Polk City, Florida 

 

Drilled shaft OC-19 was constructed by Conti Corporation on November 23, 2021, on the north 

side of I-4 just east of the Polk Parkway in Polk City, Florida (Figure 3.27). This drilled shaft had 

design diameter of 72 inches, length of 37 feet long, and was cast with a 10-foot long partial-

length, 84-inch diameter temporary casing (Figure 3.28). 

 

 
Figure 3.27 Satellite imagery illustrating the general location of OC-19. 

[This is a photo of satellite imagery illustrating the general location of drilled shaft OC-19, which 

is denoted by a yellow star. The main crossroads are Church Road and I-4 in Polk City, Florida. 

OC-19 is located in the northeast quadrant on the north shoulder of I-4 westbound just east of 

Church Rd.] 
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Figure 3.28 Excavation of drilled shaft OC-19 with partial-length casing installed. 

[This is a photo showing the construction location of drilled shaft OC-19. The location is still in 

the process of being augered with slurry flowing from a large hose line. The partial-length casing 

is already placed inside the augered portion.] 

 

Testing began on November 23, 2021, and concluded on November 29, 2021, during which 

the air temperature averaged approximately 60°F. The concrete mix proportions for each truck are 

provided in Tables 3.13 through 3.18 with all original concrete delivery tickets included in 

Appendix C. The truck tickets confirm a more consistent concrete mix from all trucks where the 

w/c ratio only varied slightly from 0.39 to 0.4 
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Table 3.13 OC-19 truck #1 (9 cubic yards) concrete mix proportions. 

Material Amount 

Cement 2,395 lb (266.11 lb/yd3) 

Slag 3,545 lb (393.89 lb/yd3) 

Coarse Aggregate (1.9% Moisture) 14,540 lb (1,615.56 lb/yd3) 

Fine Aggregate (3.9% Moisture) 11,900 lb (1,322.22 lb/yd3) 

Batch Water 1,599 lb (177.71 lb/yd3) 

Admixture (Air) 5 oz. 

Admixture (Water Reducer #1) 531 oz. 

Admixture (Water Reducer #2) 207 oz. 

Cementitious Material 5940 lb (660.00 lb/yd3) 

Slag Percentage 60% 

w/cm Ratio 0.39 

 

 

Table 3.14 OC-19 truck #2 (9 cubic yards) concrete mix proportions. 

Material Amount 

Cement 2,370 lb (263.33 lb/yd3) 

Slag 3,540 lb (393.33 lb/yd3) 

Coarse Aggregate (1.9% Moisture) 14,280 lb (1,586.67 lb/yd3) 

Fine Aggregate (3.9% Moisture) 11,940 lb (1,326.67 lb/yd3) 

Batch Water 1,599 lb (177.71 lb/yd3) 

Admixture (Air) 6 oz. 

Admixture (Water Reducer #1) 534 oz. 

Admixture (Water Reducer #2) 207 oz. 

Cementitious Material 5910 lb (656.67 lb/yd3) 

Slag Percentage 60% 

w/cm Ratio 0.40 
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Table 3.15 OC-19 truck #3 (9 cubic yards) concrete mix proportions. 

Material Amount 

Cement 2,365 lb (262.78 lb/yd3) 

Slag 3,530 lb (392.22 lb/yd3) 

Coarse Aggregate (1.9% Moisture) 14,560 lb (1,617.78 lb/yd3) 

Fine Aggregate (3.9% Moisture) 11,960 lb (1,328.89 lb/yd3) 

Batch Water 1,599 lb (177.71 lb/yd3) 

Admixture (Air) 6 oz. 

Admixture (Water Reducer #1) 531 oz. 

Admixture (Water Reducer #2) 207 oz. 

Cementitious Material 5925 lb (655.00 lb/yd3) 

Slag Percentage 60% 

w/cm Ratio 0.40 

 

 

Table 3.16 truck #4 (9 cubic yards) concrete mix proportions. 

Material Amount 

Cement 2,430 lb (270 lb/yd3) 

Slag 3,550 lb (394.44 lb/yd3) 

Coarse Aggregate (1.9% Moisture) 14,380 lb (1,597.78 lb/yd3) 

Fine Aggregate (3.9% Moisture) 11,960 lb (1,328.89 lb/yd3) 

Batch Water 1,599 lb (177.71 lb/yd3) 

Admixture (Air) 6 oz. 

Admixture (Water Reducer #1) 534 oz. 

Admixture (Water Reducer #2) 207 oz. 

Cementitious Material 5980 lb (664.44 lb/yd3) 

Slag Percentage 59% 

w/cm Ratio 0.39 
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Table 3.17 OC-19 truck #5 (9 cubic yards) concrete mix proportions. 

Material Amount 

Cement 2,390 lb (265.56 lb/yd3) 

Slag 3,530 lb (392.22 lb/yd3) 

Coarse Aggregate (1.9% Moisture) 14,540 lb (1,615.56 lb/yd3) 

Fine Aggregate (3.9% Moisture) 12,000 lb (1,333.33 lb/yd3) 

Batch Water 1,599 lb (177.71 lb/yd3) 

Admixture (Air) 6 oz. 

Admixture (Water Reducer #1) 531 oz. 

Admixture (Water Reducer #2) 207 oz. 

Cementitious Material 5920 lb (657.78 lb/yd3) 

Slag Percentage 60% 

w/cm Ratio 0.40 

 

 

Table 3.18 OC-19 truck #6 (7 cubic yards) concrete mix proportions. 

Material Amount 

Cement 1,860 lb (265.71 lb/yd3) 

Slag 2,755 lb (393.57 lb/yd3) 

Coarse Aggregate (1.9% Moisture) 11,280 lb (1,611.43 lb/yd3) 

Fine Aggregate (3.9% Moisture) 9,340 lb (1,334.29 lb/yd3) 

Batch Water 1,216 lb (173.74 lb/yd3) 

Admixture (Air) 4 oz. 

Admixture (Water Reducer #1) 414 oz. 

Admixture (Water Reducer #2) 159 oz. 

Cementitious Material 4615 lb (659.29 lb/yd3) 

Slag Percentage 60% 

w/cm Ratio 0.39 

 

3.3.1 Instrumentation 

 

Instrumentation of OC-19 included the following sensor and data collection components: 

TIPTM Thermal Wire and Thermal Acquisition Ports (TAP). Using a combination of plastic wire 

ties and PEX tie wire, four 50-foot thermal wires were installed along the length of the 

reinforcement cage and positioned roughly 90 degrees apart radially (Figure 3.29). An additional 

center thermal wire, 25 feet in length, was installed along an additional 10-foot rebar positioned 

and secured using rebar cross bracing at the center of the reinforcement cage (Figure 3.30) located 
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6.5 feet below the top of the drilled shaft. The length of the center rebar made use of the first 10 

out of 25 available sensors along the center thermal wire. The remaining 15 sensors were 

positioned across the shaft diameter and secured to the center rebar cross bracing (Figure 3.31). 

These remaining sensors provided for temperature data to be collected along three cross bracing 

legs. Figure 3.32 shows the fully instrumented reinforcement cage ready to be placed for concrete 

casting, and Figure 3.33 provides a sensor layout schematic. This schematic includes the full 

reinforcement cage layout (not to scale) (left), a plan view of the sensors installed along the cross 

bracing (top right), and a detail view of the full center wire with numbered sensors (bottom right). 

The starred sensor in the top right schematic represents sensor number 10, the first sensor located 

on the cross-bracing configuration. The thermal wire connector ends and above-concrete sensors 

were bundled and protected using heavy duty plastic bags tightly wrapped in all-weather duct tape 

to ensure they remained clean during concrete placement. Once concrete placement was complete, 

the protective plastic was removed, and TAP boxes were connected to each thermal wire. 

 

 
Figure 3.29 Installation of thermal wires along the length of the OC-19 reinforcement cage. 

[This is a photo taken from the top of the OC-19 reinforcement cage showing installed cage 

thermal wires positioned roughly 90 degrees apart radially.] 
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Figure 3.30 Installation of the center rebar cross bracing and the bottom 15 sensors of the center 

thermal wire in an across-shaft configuration along the bottom rebar cross bracing in OC-19 

reinforcement cage. 

[This is two side-by-side photos taken inside the OC-19 reinforcement cage showing a graduate 

student installing the center rebar cross bracing and the bottom 15 sensors of the center thermal 

wire. The left photo shows a graduate student securing the rebar cross bracing with rebar tie wire. 

The right photo shows a graduate student securing the bottom 15 sensors of the thermal wire to 

the bottom rebar cross bracing with a PEX rebar tie gun.] 
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Figure 3.31 Complete installation of center thermal wire inside OC-19 reinforcement cage. 

[This is a photo taken inside the OC-19 reinforcement cage showing center thermal wire 

installation including across shaft sensor configuration. The bottom 15 thermal sensors are shown 

to be installed on three out of four legs of the bottom cross bracing.] 

 

 
Figure 3.32 Fully instrumented OC-19 reinforcement cage ready to be placed for concrete casting. 

[This is a photo taken from outside the top of the OC-19 reinforcement cage. All cage thermal 

wires and center thermal wire have been installed, and all above-concrete sensors and wire 

connector ends have been bundled and secured in heavy-duty plastic bags and Gorilla tape.] 
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Figure 3.33 OC-19 thermal sensor layout schematic. 

[This is a diagram illustrating the thermal sensor layout for drilled shaft OC-19. On the left shows 

a full reinforcement cage layout with four thermal wires located at the cage with sensors 

highlighted in red and a center thermal wire with sensors highlighted in black. On the right shows 

a detailed view of the center wire sensor layout with 10 sensors along a center rebar and the 

remaining 15 sensors along the rebar cross bracing in a N-S and E-W across-shaft configuration.] 
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3.3.2 Collected Data 

 

Temperature measurement data from the installed thermal wires, environmental conditions 

during construction, FDOT drilled shaft log, concrete mix design, and mill certificates associated 

with drilled shaft OC-19 were collected and cataloged. Table 3.19 presents the Temperature 

Analysis Shaft Information for OC-19.  

 

Table 3.19 OC-19 temperature analysis shaft information. 

Data Collection Start Time: 11/23/21 15:34 

Drilled Shaft Diameter: 84 inches 

Cage Diameter: 60 inches 

Drilled Shaft Length: 36.96 feet 

Average Temperature: 117.1°F 

Local Minimum 

Temperature: 
109.85°F at 29 feet on Wire 3 

Local Maximum 

Temperature: 
130.44°F at 7 feet on Wire 2 

 

Figure 3.34 presents all longitudinal temperature data versus depth for OC-19 recorded 47 

hours after concreting. This is when peak average cage temperature occurred. The average 

temperature profile is given as the bold black line marker also denoted as “AVG”. The location of 

peak average cage temperature occurred in the oversized temporary surface casing at 6 feet with 

the temperature measurement of 130.67°F. This depth location was used to plot the temperature 

evolution at that depth for the entire testing duration (Figure 3.35). 
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Figure 3.34 Plot presenting OC-19 temperature versus depth data at peak average cage temperature 

(47 hours into testing). 

[This is a plot presenting temperature data on the x-axis versus depth data on the y-axis and 

includes temperature measurements from all four thermal wires installed at the reinforcement 

cage as well as the thermal wire installed along a center rebar. The depth reaches just past 35 

feet, and temperature measurements range from approximately 110ºF to 142ºF.] 
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Figure 3.35 Plot presenting OC-19 temperature versus time data at a depth of 6 feet, where peak 

average cage temperature occurred (47 hours into testing). 

[This is a plot presenting temperature data on the y-axis versus time on the x-axis at a depth of 6 

feet and includes temperature measurements from all four thermal wires installed at the 

reinforcement cage. The time ranges from 0 to 135 hours, and the temperature measurements 

range from approximately 75ºF to 135ºF.] 

 

Figures 3.36 and 3.37 present the data that was collected at the time of peak center wire 

temperature, where Figure 3.36 is temperature versus depth and Figure 3.37 is temperature 

evolution over time. The peak center wire temperature occurred in the first sensor at a depth of 7 

feet and was measured to be 144.03°F. Looking at Figure 3.34 it can be inferred that an even higher 

core temperature was likely to have occurred at a depth of 5 feet which was more in the center of 

the oversized casing region. 
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Figure 3.36 Plot presenting OC-19 center wire temperature versus depth data at the time of peak 

temperature of the center wire (49 hours into testing). 

[This is a plot presenting temperature data on the x-axis versus depth data on the y-axis and 

includes temperature measurements from the thermal wire installed along a center rebar. The 

depth begins at 7 feet and ends at 16 feet where the sensors were transitioned to an across-shaft 

configuration, and temperature measurements range from approximately 118ºF to 144ºF.] 
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Figure 3.37 Plot presenting OC-19 center wire temperature versus time data at a depth of 1 foot, 

where peak center wire temperature occurred. 

[This is a plot presenting temperature data on the y-axis versus time on the x-axis where the depth 

of interest is 7 feet and includes temperature measurements from the thermal wire installed along 

a center rebar. The time ranges from 0 to 144 hours, and the relevant temperature measurements 

range from approximately 75ºF to 144ºF.] 

 

Figure 3.38 presents the across-shaft temperature distribution. The center bar was located at a 

zero radius and the cage was at plus or minus 30 inch radial locations relative to the center bar. 

The direction of the individual cage wire locations is also related to the radial locations. Looking 

back at Figure 3.31, the instrumentation that spans across the full shaft corresponded to the wire 2 

to 4 direction (E-W). The perpendicular partial instrumentation corresponds to data extending from 

the center to the wire 1 cage location (north). Parabolic functions were also fit to these temperature 

distributions and returned R2 values of 0.9961 and 0.9999, respectively. Figure 3.38 also shows 

the temperature differential between the top of the parabola and the cage location to be 

approximately 23°F. Temperature differential between parabola peak and cage location was also 

evaluated for the I-395, SR 836, and I-95 Intersection project discussed in Section 3.4, where 

several datasets have been collected from smaller elements. 
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Figure 3.38 Plot presenting OC-19 data taken from the center wire sensors installed in an across-

shaft configuration.  

[This is a plot presenting temperature data on the y-axis versus radial location on the x-axis where 

the center of the shaft is located at a zero radius and the cage is at plus or minus radial locations 

in inches relative to center. There is a full temperature distribution for the portion across shaft 

between cage wires 2 and 4, and there is a half temperature distribution for the portion across 

shaft between the center and cage wire 1. The temperature differential between the cage locations 

and the peak is approximately 23ºF. The plot also includes parabolic equations for each 

distribution series and R values for each fit. These R values are 0.9961 and 0.9999, respectively.] 

 

Similar to the Temperature Analysis Shaft Information, the Radius Analysis Shaft Information is 

presented in Table 3.20. Figure 3.39 presents the radius versus depth profile for OC-19. This plot 

also includes concrete cover results based on the size and location of the reinforcement cage. 

Figure 3.40 plots TIP Reporter-generated 3D radius view of the shaft.  

 

 

Table 3.20 OC-19 radius analysis shaft information. 

Average Radius: 37.13 inches 

Local Minimum Radius: 34.56 inches at 36 feet at Wire 2 

Local Maximum Radius: 42.28 inches at 5 feet at Wire 2 
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Figure 3.39 Plot presenting OC-19 radius versus depth data. 

[This is a plot presenting radius and concrete cover data on the x-axis versus depth data on the y-

axis and includes radius values for the locations of all four thermal wires installed at the 

reinforcement cage. The depth reaches 36 feet, and radius values range from approximately 35 to 

42 inches. Concrete cover values range from approximately 5 to 12 inches.] 
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Figure 3.40 OC-19 3D radius view (not to scale). 

[This is a plot generated by TIP reporter showing 3D radius view of OC-19. It can be seen that 

the general shape of the drilled shaft is not symmetrical with varying concrete cover.] 

 

 

3.4 I-395, SR 836, and I-95 Intersection in Miami, Florida 

 

While this study is named to focus on and determine the peak temperature of drilled shafts, all 

cementitious structural elements have the potential of generating elevated internal temperature 

distributions. Above-ground structural elements have unique temperature control issues not 

directly relatable to elements cast completely underground. Augered Cast-in-Place (ACIP) piles 

are similar to drilled shafts although their size is generally limited to be 4 feet in diameter or less. 

Nevertheless, temperature data from ACIP piles are just as valuable as that from drilled shafts.  

 

ACIP piles installed in Miami for the I-395 Expansion Project were reviewed for inclusion in this 

study where high temperatures were recorded. All piles installed on this project were instrumented 

with thermal wire systems where four wires were installed on the cage. Many of the piles included 

a center bar with a fifth thermal wire (exactly like this Task). In these cases, the data was directly 

applicable to the Task goals. This site was particularly interesting given the measured temperatures 

were much higher than expected for such small elements. This was due to a high cementitious 

materials content discussed later. Table 3.21 presents a summary of twenty 36-inch diameter 

auger-cast-in-place elements where center bar instrumentation was included (not listed). The 

rationale for including center wire measurements was to confirm core temperatures were not 
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exceeding safe limits. However, peak center bar temperatures do not reflect peak core temperatures 

if the cage is not centered in the pile. Likewise, the peak cage temperature may not reflect the 

hottest portion of the pile (at depth). So, the Table values list how and where the peak temperatures 

occurred: 

• Max Avg: the maximum average temperature which represents the average of all four 

wire strings at a given depth.  

• Elevation at Max: the location along the pile length where the Max Avg occurred 

• Max Cage: the highest cage temperature recorded which may not occur at the same 

depth as the Max Avg 

• Avg at Peak: the average of all four sensors at the depth where the Max Cage was 

measured. 

• Avg Pile Temp: the average of all sensors from all depths which is used to determine a 

temperature to radius constant 

• Grout Volume and Pile Length: used to determine the average pile radius 

 

Table 3.21 Summary of ACIP cage temperature measurements. 

Bridge Pile # 

Nom 

Pile 

Size 

Grout 

Age 

Max 

Avg 

Elevation 

at Max 

Max 

Cage 

Avg at 

Peak 

Avg Pile 

Temp 

Grout 

Volume 

Pile 

Length 

  (in) (hrs) (F) (ft) (F) (F) (F) (cuyd) (ft) 

8 19 36 27:47:00 174.5 -87.0 180.4 173.6 168.8 46.8 130.4 

8 42 36 31:10:00 167.0 -68.0 176.8 166.2 160.8 46.5 130.5 

8 43 36 30:49:00 175.5 -61.0 184.0 175.5 165.5 46.7 130.3 

8 49 36 31:45:00 163.7 -66.0 171.5 163.7 156.5 46.7 127.2 

8 59 36 31:52:00 170.1 -86.0 176.9 170.1 161.5 45.9 131.2 

8 61 36 29:05:00 173.13 -87.3 178.25 173.13 165.16 47.5 130.2 

8 66 36 29:02:00 162.0 -72.0 168.7 160.7 156.3 45.0 125.2 

8 71 36 29:11:00 172.0 -90.0 177.6 170.6 165.8 46.2 131.0 

8 79 36 29:21:00 165.5 -86.0 171.6 165.5 158.2 45.1 126.4 

8 80 36 33:23:00 161.9 -72.0 167.5 161.9 152.6 46.3 131.1 

8 85 36 29:00:00 171.0 -95.0 171.6 167.1 158.2 44.3 126.6 

8 86 36 29:40:00 168.0 -72.0 172.7 167.5 159.8 46.6 130.2 

8 91 36 31:28:00 162.0 -71.0 163.0 161.0 154.8 41.2 126.8 

8 95 36 33:39:00 160.3 -59.0 168.8 160.3 152.2 44.3 126.3 

8 99 36 29:21:00 157.0 -51.0 169.5 157.0 151.3 41.6 117.2 

8 100 36 33:29:00 156.6 -73.0 168.1 156.6 149.7 38.1 127.0 

8 107 36 26:33:00 167.0 -70.0 174.4 165.6 154.3 40.2 126.4 

8 108 36 27:51:00 162.0 -60.0 171.1 160.1 146.3 41.4 126.9 

8 112 36 28:07:00 163.0 -68.0 173.1 162.5 153.2 43.6 127.1 

8 118 36 28:05:00 163.0 -78.0 170.0 161.0 154.5 44.4 127.3 

8 123 36 26:38:00 164.2 -69.0 173.5 164.2 152.5 41.4 128.4 
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In several cases, the Max Cage temperatures exceeded the FDOT upper temperature limit of 180ºF. 

Center wire temperatures (Figure 3.41) were often higher than max cage measurements but in 

some cases were similar or lower indicating lateral movement of the cage within the pile where 

one side of the cage moved nearer the center of the pile. 

 

A second outcome of the center wire measurements is and was to establish a simplistic center of 

pile temperature determination method based on empirical results. Thereby the average cage 

temperature profile was compared to the center bar temperature profile (Figure 3.41) to determine 

a cage to center of pile differential temperature for this grout mix design and pile size.  

 

 
Figure 3.41 Typical average cage and center wire temperature profiles. 

[This is a plot presenting temperature data on the x-axis and sensor position in feet on the y-axis. 

Three series of data are included on this plot: average temperature located at the reinforcement 

cage, center temperature, and a calculated true peak.] 

 

The cage to center temperature difference at any given depth somewhat confirmed a constant 

relationship where the cage diameter and pile diameter were constant. For these piles the upper 40 

feet of cage was larger in diameter to meet structural bending resistance needs, the lower portion 

of the cage was reduced in diameter and number of main bars to a minimum amount needed to 

extend thermal integrity sensors to the bottom of the piles. Therefore, warmer cage temperatures 

are observed in the lower half along with smaller cage to core differentials (Figure 3.42).  

 

On average, the upper portion of the piles showed a differential temperature of 15ºF, and the lower 

portion of the piles was 12ºF (Table 3.22). Localized worst case differential values were somewhat 
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higher, as high as 20ºF in one case. The usefulness of this approach and a goal for this study is and 

was to use cage-based measurements to predict the most probable core temperature. This was 

extended to all piles where cage-based temperature measurements should not exceed 165ºF 

(180ºF-15ºF) for 36-inch piles in the upper portion and 170ºF (180ºF-10ºF) in the lower portions 

(based on less restrictive 10ºF differential and not the 12ºF average differential shown in Table 

3.22). A similar 10ºF differential was also applied to the smaller 30-inch piles on the project based 

on similar center-to-cage radial distance. Data from the 30-inch piles was also obtained for this 

project and added to the database. 

 

 
Figure 3.42 Temperature versus depth plot illustrating warmer cage temperatures are observed in 

the lower half along with smaller cage to core differentials. 

[This is a plot presenting temperature data on the x-axis and sensor position in feet on the y-axis. 

Two series of data are included on this plot: true differential and measured difference.] 
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Table 3.22 Average cage to peak to cage temperature differentials for 36-inch elements.  
Avg Temp Diff (F) Peak Temp Diff (F) 

Pile Upper Lower Upper Lower 

P-26 15.3 10.3 18.0 15.3 

P-42 15.5 13.5 17.7 17.0 

P-43 14.4 11.6 16.4 15.6 

P-49 12.7 9.8 14.4 11.2 

P-59 14.4 11.6 16.4 15.6 

P-61 14.9 11.6 17.8 14.9 

P-71 15.1 11.3 17.1 13.5 

P-80 15.5 12.9 19.9 17.7 

P-95 15.1 10.6 17.9 13.7 

P-107 15.3 15.9 18.2 24.0 

P-108 14.1 11.5 19.4 18.9 

P-112 13.6 12.6 15.1 16.0 

P-118 15.2 9.5 18.0 11.9 

P-123 12.3 10.1 14.7 15.5 

Avg 15 12 17 16 

 

Both Figures 3.41 and 3.42 note the true center and differential temperatures are needed to account 

for when a center bar (and wire) is not truly centered due to cage movement. An algorithm was 

developed to correct for cage movement based on a best fit equation, discussed later. In short, the 

algorithm iterates the cage position until the average cage temperature on both sides of the shaft 

best fits the polynomial curve formed by the center and opposite side cage temperature 

measurements (Figure 3.43). This is performed in both the north/south and east/west directions.  

 

Figure 3.43 shows the lateral temperature distribution for the same pile shown in Figures 3.41 and 

3.42 where the pile size was 36 inches in diameter, the center of pile is plotted at 18 inches on the 

x-axis, the radial location of the thermal sensors was ±10.75 inches from center of cage, the 

computed E-W offset was 1.9 inches, and the N-W offset was 0.4 inches. The cage and center of 

cage locations are shown as the dashed black lines. 
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Figure 3.43 Best fit cage position based on the best fit average cage temperature. 

[This is a plot presenting lateral sensor position in inches on the x-axis and temperature data on 

the y-axis for sensors at a depth of 35 feet. Data in the N-S direction and E-W direction are 

included.] 

 

3.5 North Florida Avenue and Sinclair Hills Drilled Shaft, Tampa, Florida 

 

The Sinclair Hills drilled shaft was constructed by R.W. Harris, Inc. on July 7, 2022, on the 

east side of North Florida Avenue just south of Sinclair Hills Road (Figure 3.44). This drilled shaft 

was designed to be 72 inches in diameter, 36 feet long, and was cast with an 84-inch diameter, 

partial-length temporary casing (Figure 4.45). 
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Figure 3.44 Satellite imagery illustrating the general location of the Sinclair Hills drilled shaft. 

[This is a photo of satellite imagery illustrating the general location of the Sinclair Hills drilled 

shaft, which is denoted by a yellow star. This shaft is located on N. Florida Avenue just south of 

Sinclair Hills Road in Tampa, Florida.] 
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Figure 3.45 Excavation of the Sinclair Hills drilled shaft with partial-length casing installed. 

[This is a photo showing the construction location of the Sinclair Hills drilled shaft. The location 

is still in the process of being augered with slurry flowing from a large hose line. The partial-

length casing is already placed inside the augered portion.] 

 

Testing began on July 7, 2022, and concluded on July 12, 2022, during which the air 

temperature averaged approximately 85°F. The concrete mix proportions are provided in Table 

3.23 with the complete concrete mix design submittal document and all original concrete delivery 

tickets included in Appendix D. 
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Table 3.23 Sinclair Hills drilled shaft concrete mix proportions. 

Material Amount 

Cement (Type IL) 564 lb 

Fly Ash (Class F) 140 lb 

Coarse Aggregate 1614 lb 

Fine Aggregate  1324 lb 

Water 283 lb 

Admixture (Air) 2.5 oz/cy 

Admixture (Stabilizer) 1-15 oz/cwt CM 

Admixture (Water Reducer #2) 1-15 oz/cwt CM 

Cementitious Material 704 lb 

Fly Ash Percentage 20% 

w/cm Ratio 0.40 

 

3.5.1 Instrumentation 

 

Instrumentation of the Sinclair Hills drilled shaft included the following sensor and data 

collection components: TIPTM Thermal Wire and Thermal Acquisition Ports (TAP). Using a 

combination of plastic wire ties and PEX tie wire, four 90-foot thermal wires were installed along 

the length of the reinforcement cage and positioned roughly 90 degrees apart around the 

circumference of the cage (Figure 3.46). An additional center thermal wire, 25 feet in length, was 

installed in an across-shaft cross configuration along rebar cross bracing at the center of the 

reinforcement cage (Figures 3.47 and 3.48) located 7 feet below the top of the drilled shaft. Figure 

3.49 shows the fully instrumented reinforcement cage ready to be placed in the excavation. Figure 

3.50 shows the sensor layout schematic unique to this shaft. This schematic includes the full 

reinforcement cage layout (not to scale, left) and a plan view of the sensors installed along the 

cross bracing (right). The thermal wire connector ends and above-concrete sensors were bundled 

and protected using heavy duty plastic bags tightly sealed with all-weather duct tape to ensure they 

remained clean during concrete placement. Once concrete placement was complete, the protective 

plastic was removed, and TAP boxes were connected to each thermal wire. 
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Figure 3.46 Installation of thermal wires along the length of the Sinclair Hills drilled shaft 

reinforcement cage. 

[This is a photo taken from the top of the Sinclair Hills shaft reinforcement cage showing graduate 

students installing cage thermal wires positioned roughly 90 degrees apart radially.] 

 



75 

 

 
Figure 3.47 Installation of the rebar cross bracing and the center thermal wire in an across-shaft 

configuration along the rebar cross bracing. 

[This is two side-by-side photos taken inside the Sinclair Hills shaft reinforcement cage showing 

graduate students installing the center rebar cross bracing and the center thermal wire. The left 

photo shows a graduate student securing the rebar cross bracing with rebar tie wire. The right 

photo shows graduate students securing the thermal wire to rebar cross bracing with a PEX rebar 

tie gun.] 
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Figure 3.48 Complete installation of center thermal wire inside Sinclair Hills drilled shaft 

reinforcement cage. 

[This is a photo taken inside the Sinclair Hills shaft reinforcement cage showing center thermal 

wire installation including across shaft sensor configuration.] 
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Figure 3.49 Fully instrumented Sinclair Hills drilled shaft reinforcement cage ready to be placed 

for concrete casting. 

[This is a photo taken from outside the top of the Sinclair Hills shaft reinforcement cage. All cage 

thermal wires and center thermal wire have been installed, and all above-concrete sensors and 

wire connector ends have been bundled and secured in heavy-duty plastic bags and Gorilla tape.] 
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Figure 3.50 Sinclair Hills drilled shaft thermal sensor layout schematic. 

[This is a diagram illustrating the thermal sensor layout for the Sinclair Hills drilled shaft. On the 

left shows a full reinforcement cage layout with four thermal wires located at the cage with sensors 

highlighted in red and a center thermal wire with sensors highlighted in black. On the right shows 

a detailed view of the center wire sensor layout with all 25 sensors along rebar cross bracing in a 

N-S and E-W across-shaft configuration.] 
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3.5.2 Collected Data 

 

Temperature measurement data from the installed thermal wires, environmental conditions 

during construction, concrete mix design, and mill certificates associated with the Sinclair Hills 

drilled shaft were collected and cataloged. Table 4.24 presents the Temperature Analysis Shaft 

Information for the Sinclair Hills drilled shaft.  

 

Table 3.24 Sinclair Hills drilled shaft temperature analysis shaft information. 

Data Collection Start Time: 7/7/22 17:41 

Drilled Shaft Diameter: 84 inches 

Cage Diameter: 72 inches 

Drilled Shaft Length: 33 feet 

Average Temperature: 129.53°F 

Local Minimum 

Temperature: 
121.66°F at 16 feet on Wire 2 

Local Maximum 

Temperature: 
144.16°F at 7 feet on Wire 3 

 

Figure 3.51 presents all longitudinal temperature data versus depth for the Sinclair Hills drilled 

shaft recorded 23 hours after concreting. This is when peak average cage temperature occurred. 

The average temperature profile is given as the bold black line marker also denoted as “AVG.” 

The location of peak average cage temperature is marked at 4 feet with a temperature measurement 

of 144.11°F. This depth location was used to plot the temperature evolution over time at that depth 

for the entire testing duration (Figure 3.52). In this plot it can be seen that the sensor in Wire 2 

exhibited the telltale signs of intermittent readings from sensor failure. Fortunately, this did not 

significantly affect the analysis of this shaft.  

 

Figure 3.53 presents the across-shaft temperature distribution where the center of the rebar 

cross bracing is located at a zero radius and the cage is at plus or minus radial locations in inches 

relative to the center of the rebar cross bracing. The direction of the individual cage wire locations 

is also related to the radial locations. Parabolic functions were fit to these temperature distributions 

and each returned an R2 value of 0.9975. Figure 3.53 also shows that the temperature differential 

between the top of the parabola and the cage location to be approximately 40°F. However, by 

evaluating the slope of the function at a cage radius of 36 inches, the gradient can be calculated to 

be approximately 1.67 °F/in. When extending this slope to the edge of shaft with a 6 inch cover an 

additional 10°F can be included in the true core to shaft edge differential temperature, or 50°F. 
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Figure 3.51 Plot presenting Sinclair Hills drilled shaft temperature versus depth data at peak 

average cage temperature (23 hours into testing). 

[This is a plot presenting temperature data on the x-axis versus depth data on the y-axis and 

includes temperature measurements from all four thermal wires installed at the reinforcement 

cage. The depth reaches 34 feet, and temperature measurements range from approximately 115ºF 

to 142ºF.] 
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Figure 3.52 Plot presenting Sinclair Hills drilled shaft temperature versus time data at a depth of 4 

feet, where peak average cage temperature occurred (23 hours into testing). 

[This is a plot presenting temperature data on the y-axis versus time on the x-axis at a depth of 4 

feet and includes temperature measurements from all four thermal wires installed at the 

reinforcement cage. The time ranges from 0 to 130 hours, and the temperature measurements 

range from approximately 99ºF to 147ºF.] 

 

 
Figure 3.53 Plot presenting Sinclair Hills drilled shaft data taken from the center wire sensors 

installed in an across-shaft configuration. 
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[Figure 3.53 Detailed Description: This is a plot presenting temperature data on the y-axis versus 

radial location on the x-axis where the center of the shaft is located at a zero radius and the cage 

is at plus or minus radial locations in inches relative to center. There are full temperature 

distributions for the portion across shaft between cage wires 2 and 4 and wire 1 and 3, 

respectively. The temperature differential between the cage locations and the peak is 

approximately 40ºF. The plot also includes parabolic equations for each distribution series and R 

values for each fit. These R values are each 0.9975.] 

 

 

Similar to the Temperature Analysis Shaft Information, the Radius Analysis Shaft Information 

is presented in Table 3.25. Rather than average, minimum, and maximum temperature information, 

this provides average, minimum, and maximum shaft radius information. Figure 3.54 presents the 

radius versus depth profile for the Sinclair Hills drilled shaft. This plot also includes concrete cover 

results based on the size and location of the reinforcement cage.  

 

Table 3.25 Sinclair Hills drilled shaft radius analysis shaft information. 

Average Radius: 43.74 inches 

Local Minimum Radius: 40.05 inches at 16 feet at Wire 2 

Local Maximum Radius: 48.24 inches at 3 feet at Wire 3 
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Figure 3.54 Plot presenting Sinclair Hills drilled shaft radius versus depth data. 

[This is a plot presenting radius and concrete cover data on the x-axis versus depth data on the y-

axis and includes radius values for the locations of all four thermal wires installed at the 

reinforcement cage. The depth reaches 34 feet, and radius values range from approximately 40 to 

48 inches. Concrete cover values range from approximately 4 to 12 inches.] 

 

3.6 US 17 Drilled Shaft 1-4, Bartow, Florida 

 

Bartow drilled shaft 1-4 was constructed by Reliable Constructors, Inc. on November 30, 2022, 

at the northwest corner of US 17 and Spirit Lake Road (Figure 3.55). This drilled shaft was 

designed to be 54 inches in diameter, 17 feet long, and was cast with a 59-inch diameter, partial-

length temporary surface casing (Figure 3.56). 
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Figure 3.55 Satellite imagery illustrating the general location of Bartow drilled shaft 1-4. 

[This is a photo of satellite imagery illustrating the general location of the Bartow drilled shaft, 

which is denoted by a yellow star. The main crossroads are US-17 and Spirit Lake Road in Bartow, 

Florida. The Bartow shaft is located in the northeast quadrant on the north shoulder of US-17 

westbound just west of Spirit Lake Road.] 
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Figure 3.56 Partially augered location of Bartow shaft 1-4 with partial-length casing installed. 

[This is a photo showing the construction location of the Bartow drilled shaft. The location is still 

in the process of being augered. The partial-length casing is already placed inside the augered 

portion.] 

 

Testing began on November 30, 2022, and concluded on December 3, 2022, during which the 

air temperature averaged approximately 67°F. The concrete mix proportions for each concrete 

truck are provided in Tables 3.26 and 3.27 with original concrete delivery tickets and mill 

certificates included in Appendix E. 
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Table 3.26 Bartow shaft 1-4 truck #1 (9 cubic yards) concrete mix proportions. 

Material Amount 

Cement (Type IL) 2,510 lb 

Slag 3,985 lb 

Coarse Aggregate (1.7% Moisture) 16,380 lb 

Fine Aggregate (4.1% Moisture) 10,240 lb 

Batch Water 1,857.59 lb 

Admixture (Air) 7 oz. 

Admixture (Water Reducer #1) 519 oz 

Admixture (Water Reducer #2) 132 oz. 

Cementitious Material 6,495 lb 

Slag Percentage 61% 

w/cm Ratio 0.39 

 

Table 3.27 Bartow shaft 1-4 truck #2 (4 cubic yards) concrete mix proportions. 

Material Amount 

Cement (Type IL) 1,135 lb 

Slag 1,755 lb 

Coarse Aggregate (1.7% Moisture) 7,280 lb 

Fine Aggregate (4.1% Moisture) 4,580 lb 

Batch Water 824.67 lb 

Admixture (Air) 3 oz. 

Admixture (Water Reducer #1) 231 oz. 

Admixture (Water Reducer #2) 57 oz 

Cementitious Material 2,890 lb 

Slag Percentage 61% 

w/cm Ratio 0.39 

 

3.6.1 Instrumentation 

 

Instrumentation of Bartow shaft 1-4 included the following sensor and data collection 

components: TIPTM Thermal Wire and Thermal Acquisition Ports (TAP). Using a combination of 

plastic wire ties and PEX tie wire, four 56-foot thermal wire cutoffs from previously used 90-foot 

thermal wires were installed as four loops down along the length of the reinforcement cage, then 

returned back up the cage on an additional smaller rebar slightly offset approximately 3 inches 

inside the reinforcement cage using plastic spacers (Figure 3.57). This provided for thermal sensors 

to be aligned longitudinally but offset radially toward the center of shaft from the cage wire 



87 

 

locations. Once fully installed, the distance between each cage sensor and corresponding offset 

sensor was measured. Each thermal wire was positioned roughly 90 degrees apart around the 

circumference of the cage. Figure 3.58 shows the fully instrumented reinforcement cage ready to 

be placed in the excavation. Figure 3.59 provides a sensor layout schematic. The thermal wire 

connector ends and above-concrete sensors were bundled and protected using heavy duty plastic 

bags tightly wrapped in all-weather tape to ensure they remained clean during concrete placement. 

Once concrete placement was complete, the protective plastic was removed, and TAP boxes were 

connected to each thermal wire. 

 

 
Figure 3.57 Close up view of thermal wire installed at the reinforcement cage with offset return 

wire. 

[This is a detail view of the inside of the Bartow shaft reinforcement cage showing a thermal wire 

installed along a cage rebar with a concentrically offset smaller rebar on which the thermal wire 

is returned.] 
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Figure 3.58 Fully instrumented Bartow shaft 1-4 reinforcement cage ready to be placed for 

concrete casting. 

[This is a photo taken from outside the top of the Bartow shaft reinforcement cage. All cage thermal 

wires and center thermal wire have been installed, and all above-concrete sensors and wire 

connector ends have been bundled and secured in heavy-duty plastic bags and Gorilla tape.] 
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Figure 3.59 Bartow shaft 1-4 thermal sensor layout schematic. 

[This is a diagram illustrating the thermal sensor layout the Bartow drilled shaft with all sensors 

highlighted in red.] 

 

In addition to thermal wire sensors, several runs of thermal integrity probe testing were 

performed both one day and two days after concreting. The data collected via probe testing was 

not used below for traditional thermal integrity analysis but was analyzed using the individual 

infrared sensor readings. These data and subsequent analyses will be presented in detail in Chapter 

4. 
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3.6.2 Collected Data 

 

Temperature measurement data from the installed thermal wires, environmental conditions 

during construction, FDOT drilled shaft log, concrete mix design, and mill certificates associated 

with drilled shaft Bartow shaft 1-4 were collected and cataloged. Table 3.28 presents the 

Temperature Analysis Shaft Information for Bartow shaft 1-4.  

 

Table 3.28  Bartow shaft 1-4 temperature analysis shaft information. 

Data Collection Start Time: 11/30/22 14:12 

Drilled Shaft Diameter: 54 inches 

Cage Diameter: 42 inches 

Drilled Shaft Length: 17.02 feet 

Average Temperature: 121.65°F 

Local Minimum 

Temperature: 
100.83°F at 0 feet on Wire 1 

Local Maximum 

Temperature: 
130.99°F at 4 feet on Wire 1 

 

Figure 3.60 presents all longitudinal temperature data versus depth for Bartow shaft 1-4 

recorded 28 hours after concreting. This is when peak average cage temperature occurred. The 

average temperature profile is given as the bold black line marker also denoted as “AVG.” The 

location of peak average cage temperature is marked at 4 feet with the temperature measurement 

of 128.49°F shown. This depth location was used to plot the temperature evolution over time at 

that depth for the entire testing duration (Figure 3.61).  
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Figure 3.60 Plot presenting Bartow shaft 1-4 temperature versus depth data at peak average cage 

temperature (28 hours into testing). 

[This is a plot presenting temperature data on the x-axis versus depth data on the y-axis and 

includes temperature measurements from all four thermal wires installed at the reinforcement 

cage. The depth reaches 15 feet, and temperature measurements range from approximately 100ºF 

to 131ºF.] 
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Figure 3.61 Plot presenting Bartow shaft 1-4 temperature versus time data at a depth of 4 feet, 

where peak average cage temperature occurred (28 hours into testing). 

[This is a plot presenting temperature data on the y-axis versus time on the x-axis at a depth of 4 

feet and includes temperature measurements from all four thermal wires installed at the 

reinforcement cage. The time ranges from 0 to 66 hours, and the temperature measurements range 

from approximately 84ºF to 133ºF.] 

 

 

Figure 3.62 presents temperature gradient in °F/inch versus depth. The temperature gradient 

was calculated on one-foot depth increments by subtracting the temperature measured at the 

reinforcement cage location from the corresponding offset temperature measurement then dividing 

by each measured offset distance. Based on the across-shaft temperature distributions measured 

from the Sinclair Hills drilled shaft and OC-19, the relationship between temperature and distance 

at this location was assumed to be linear. 
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Figure 3.62 Plot presenting Bartow shaft 1-4 temperature gradient versus depth. 

[This is a plot presenting temperature data on the x-axis versus depth data on the y-axis and 

includes temperature gradients from all four thermal wires. The depth reaches 15 feet, and 

temperature gradients range from approximately 0.5ºF/in to 2.6ºF/in.] 

 

 

Similar to the Temperature Analysis Shaft Information, the Radius Analysis Shaft Information 

is presented in Table 3.29. Figure 3.63 presents the radius versus depth profile for Bartow shaft 1-

4. This plot also includes concrete cover results based on the size and location of the reinforcement 

cage.  

 

Table 3.29 Bartow shaft 1-4 radius analysis shaft information. 

Average Radius: 28.1 inches 

Local Minimum Radius: 27.09 inches at 6 feet at Wire 3 

Local Maximum Radius: 29.68 inches at 2 feet at Wire 4 
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Figure 3.63 Plot presenting Bartow shaft 1-4 radius versus depth data. 

[This is a plot presenting radius and concrete cover data on the x-axis versus depth data on the y-

axis and includes radius values for the locations of all four thermal wires installed at the 

reinforcement cage. The depth reaches 15 feet, and radius values range from approximately 27 to 

30 inches. Concrete cover values range from approximately 6 to 9 inches.] 

 

 

3.6.3 Data Availability 

 

All collected data was archived in various formats and posted on the USF research website 

for future queries (geotech.eng.usf.edu/downloads/PeakTemperatureProject). 
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4 Chapter Four: Data Analysis and Modeling 

 

This chapter discusses the data analysis and modeling of drilled shaft temperature distributions. In 

addition to the collection of new temperature data, numerical modeling in COMSOL 

Multiphysics® was performed. A total of 330 modeled radial temperature distributions over time 

(from 1 to 200 hours on one-hour increments) were developed.  

 

4.1 Modeling Approach 

 

Extending the works of Schindler and Folliard (2002; 2005), Poole (2007) modeled the 

hydration of concrete, and therefore evolution of heat, for different concrete mix designs while 

also including supplementary cementitious materials such as blast furnace slag and fly ash. This 

collection of work follows a common parameter format that defines the degree of hydration curve 

and formulates these parameters: the ultimate degree of hydration (u), the rate of acceleration 

phase (), and the start of acceleration phase (). Using the governing equations from Schindler, 

Folliard, and Poole (2002; 2005; 2007) as a heat source, Johnson (2017) developed a modeling 

method specific to COMSOL Multiphysics® that also incorporates heat diffusion into the soil. 

This model is a time dependent study that separates the time dependent solver into three segregated 

steps to properly apply the hydration model. These steps in order are: (1) Equivalent Age (te), (2) 

Degree of Hydration (), and (3) Temperature (T). Similar to the model parameter formats of 

Schindler, Folliard, and Poole, mill certificate data for all cementitious materials (Portland cement, 

slag, and/or fly ash) are required inputs. Mill certificates for the cement, flyash, and slag are 

provided in the Appendices, Figures C.7, F.3, and C.8, respectively. 

 

Following the general setup of the thermal model outlined in Johnson, 2017, a one-dimensional 

axisymmetric model using the Heat Transfer in Solids module with two separate Coefficient Form 

PDE modules was created in COMSOL Multiphysics®. This resulted in a two-dimensional 

geometry where a concrete shaft of diameter D is bounded by a concentric soil mass of diameter 

4D. The thermal properties of the soil mass were those consistent with high diffusivity saturated 

sand and were used for all models. Specifically, the thermal conductivity was specified as 3 

W/(mK), density as 1700 kg/m3, and heat capacity as 800 J/(kgK). Both the soil and initial 

concrete temperatures were specified as 73°F, where the initial concrete temperature is intended 

to correspond to the batch temperature of a concrete mix. Three concrete mix designs (Table 4.1) 

were used to create eleven mix proportions with varying total cementitious contents (TCC). 

Specifically, the total cementitious contents for each mix proportion were, 260 lb/yd3, 360 lb/yd3, 

460 lb/yd3, 560 lb/yd3, 660 lb/yd3, 760 lb/yd3, 860 lb/yd3, 960 lb/yd3, 1060 lb/yd3, 1160 lb/yd3, and 

1260 lb/yd3. Concrete shaft diameters ranged from one to ten feet, on one-foot increments, for each 

mix proportion. Water-to-cement ratios (by mass) and coarse-to-fine aggregate ratios (by volume) 

remained constant for each mix when scaling the cementitious contents. This resulted in a total of 
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330 modeled radial temperature distributions over time (from 1 to 200 hours on one-hour 

increments). 

 

Table 4.1 Mix designs used to create model mix proportions with varying cementitious contents. 

34% Fly Ash (Class F) 60% Slag (field site) 100% Cement 

Material Amount Material Amount Material Amount 

Cement 500 lb/yd3 Cement 266.1 lb/yd3 Cement 660 lb/yd3 

Fly Ash 255 lb/yd3 Slag 393.9 lb/yd3 Water 260 lb/yd3 

Water 312 lb/yd3 Water 260.0 lb/yd3 Coarse Agg. 1615 lb/yd3 

Coarse Agg. 1650 lb/yd3 Coarse Agg. 1615.6 lb/yd3 Fine Agg. 1322 lb/yd3 

Fine Agg. 990 lb/yd3 Fine Agg. 1322.2 lb/yd3  

 

 

4.2 Model Verification 

 

Model values were verified using the data collected from OC-19 (Figure 4.1, left and top right). 

The concrete mix design used in this drilled shaft corresponds to that found in Table 4.1 (center). 

The cage location data was first combined with the corresponding across-shaft data. Two different 

curves are shown (Figure 4.1, bottom right) corresponding to the two lengths of the crossing bars 

(E-W in the open round markers and N-S in the filled round markers); a zero radial position 

corresponds to the intersection of the cross bars and the location of the center bar. Figure 4.1 

(bottom right) also shows the highest measured temperatures did not occur at the center bar but 

rather 8.8 inches off-center in the N-S direction and 5.3 inches in the E-W direction. Two model 

value sets were overlayed for comparison: across shaft at the true center of the model (bold black 

curve) and across shaft at a 10-inch offset (bold dashed curve) resolved from the hypotenuse of 

the 8.8-inch and 5.3-inch N-S and E-W offsets, respectively. The offset model value set is nearly 

identical to the measured data set. Moreover, the across-shaft data at the true center of the model 

demonstrates that the true peak temperature is difficult to capture even with a center bar and cross 

bar installation.  

 

The field data was further superimposed onto the modeled 3-D spatial temperature distribution 

in Figure 4.2. This shows how the N-S and E-W sensor data did not cross through the center of the 

shaft where the highest core temperatures occurred. The average cage temperature from the four 

thermal wires at a depth of 16 feet is also shown as the dashed cage position. The edge of shaft 

temperature shown as a solid black line was determined from model data and was 10°F less than 

the average cage temperature. 
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Figure 4.1 Model verification using OC-19 measured data. 

[This is a compound figure with three plots: on the left is a plot where the x-axis is temperature 

and the y-axis is depth in feet with OC-19 temperature data from all four thermal wires located at 

the cage as well as the center thermal wire; the depth reaches 36 feet and the temperatures range 

from approximately 110°F to 143°F; the top right is a temperature evolution plot where the x-axis 

is hydration time in hours and the y-axis is temperature; the time ranges from 0 to 144 hours and 

the temperature ranges from approximately 75°F to 141°F; the bottom right is a plot presenting 

the across shaft temperature measurements from drilled shaft OC-19 with model values overlayed 

for model verification. Two model value sets are included: one from the true center of the model 

drilled shaft (bold solid curve) and another from a 10-inch offset of the center of the model drilled 

shaft (bold dashed curve).] 
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Figure 4.2 Three-dimensional illustration of N-S and E-W across-shaft temperature distributions 

overlayed on model temperature distribution mesh. 

[This is a three-dimensional plot with E-W and N-S radial positions on the x and y axes, 

respectively, and temperature on the z-axis. Measured across-shaft data has been overlayed on 

top of the model temperature distribution mesh. Also included is the average cage temperature 

from the four thermal wires at a depth of 16 feet shown as the dashed cage position and the edge 

of shaft temperature (determined from model data) shown as a solid black line.] 

 

 

4.3 Temperature Contour Plots 

 

Using the data generated from the 330 modeled temperature distributions, contour plots were 

created for both peak and differential temperatures for the three chosen concrete mix proportions 

(Table 4.1) across the varying cementitious contents and drilled shaft diameters. As expected, peak 

temperatures were found to occur at the center of each model, and edge-to-core differential 

temperatures were calculated by subtracting the temperature located at the edge of the shaft model 

from the center/peak temperature. In addition to edge-to-core differential temperatures, cage-to-

core differential temperatures were also calculated. Figures 4.3 to 4.5 show the peak temperature 

contours, Figures 4.6 to 4.8 edge-to-core differential temperature contours, and Figures 4.9 to 4.11 

are the cage-to-core differentials all for fly ash, slag, and pure cement mixes, respectively. 
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Figure 4.3 Peak temperature (°F) contour plot for 34% fly ash mix. 

[This is a contour plot presenting modeled peak temperatures for various cementitious material 

contents (ranging from 260 to 1260 lb/yd3 on the x-axis) for a 34% fly ash concrete mix and various 

drilled shaft diameters (ranging from 1 to 10 feet on the y-axis). The lowest contour line is 80ºF 

and the highest contour line is 200ºF.] 
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Figure 4.4 Peak temperature (°F) contour plot for 60% slag mix. 

[This is a contour plot presenting modeled peak temperatures for various cementitious material 

contents (ranging from 260 to 1260 lb/yd3 on the x-axis) for a 60% slag concrete mix and various 

drilled shaft diameters (ranging from 1 to 10 feet on the y-axis). The lower contour line is 80ºF 

and the upper contour line is 270ºF.] 
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Figure 4.5 Peak temperature (°F) contour plot for 100% Portland cement mix. 

[This is a contour plot presenting modeled peak temperatures for various cementitious material 

contents (ranging from 260 to 1260 lb/yd3 on the x-axis) for a 100% Portland cement concrete mix 

and various drilled shaft diameters (ranging from 1 to 10 feet on the y-axis). The lower contour 

line is 80ºF and the upper contour line is 260ºF.] 
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Figure 4.6 Edge-to-core differential temperature (°F) contour plot for 34% fly ash mix. 

[This is a contour plot presenting modeled differential edge-to-core temperatures for various 

cementitious material contents (ranging from 260 to 1260 lb/yd3 on the x-axis) for a 34% fly ash 

concrete mix and various drilled shaft diameters (ranging from 1 to 10 feet on the y-axis). The 

lower contour line is 5ºF and the upper contour line is 60ºF.] 
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Figure 4.7 Edge-to-core differential temperature (°F) contour plot for 60% slag mix. 

[This is a contour plot presenting modeled differential edge-to-core temperatures for various 

cementitious material contents (ranging from 260 to 1260 lb/yd3 on the x-axis) for a 60% slag 

concrete mix and various drilled shaft diameters (ranging from 1 to 10 feet on the y-axis). The 

lower contour line is 5ºF and the upper contour line is 100ºF.] 
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Figure 4.8 Edge-to-core differential temperature (°F) contour plot for 100% Portland cement mix. 

[This is a contour plot presenting modeled differential edge-to-core temperatures for various 

cementitious material contents (ranging from 260 to 1260 lb/yd3 on the x-axis) for a 100% 

Portland cement concrete mix and various drilled shaft diameters (ranging from 1 to 10 feet on 

the y-axis). The lower contour line is 5ºF and the upper contour line is 90ºF.] 
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Figure 4.9 Cage-to-core differential temperature (°F) contour plot for 34% fly ash mix. 

[This is a contour plot presenting modeled differential cage-to-core temperatures for various 

cementitious material contents (ranging from 260 to 1260 lb/yd3 on the x-axis) for a 34% fly ash 

concrete mix and various reinforcement cage radii (ranging from 0 to 4.5 feet on the y-axis). The 

lower contour line is 5ºF and the upper contour line is 45ºF.] 
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Figure 4.10 Cage-to-core differential temperature (°F) contour plot for 60% slag mix. 

[This is a contour plot presenting modeled differential cage-to-core temperatures for various 

cementitious material contents (ranging from 260 to 1260 lb/yd3 on the x-axis) for a 60% slag 

concrete mix and various reinforcement cage radii (ranging from 0 to 4.5 feet on the y-axis). The 

lower contour line is 5ºF and the upper contour line is 70ºF.] 
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Figure 4.11 Cage-to-core differential temperature (°F) contour plot for 100% Portland cement mix. 

[This is a contour plot presenting modeled differential cage-to-core temperatures for various 

cementitious material contents (ranging from 260 to 1260 lb/yd3 on the x-axis) for a 34% fly ash 

concrete mix and various reinforcement cage radii (ranging from 0 to 4.5 feet on the y-axis). The 

lower contour line is 5ºF and the upper contour line is 60ºF.] 
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4.4 Data Analysis 

 

The following explains the analysis and various prediction methods developed using both the 

collected field data and modeled temperature distributions presented in Chapter 3 and the 

preceding sections of Chapter 4. 

 

4.4.1 Model Data Summaries 

 

As noted, a total of 330 modeled radial temperature distributions over time were developed for 

three unique concrete mix designs, or 110 modeled radial temperature distributions for each mix 

design. The slag and fly ash mix designs were representative of common shaft mixes presently 

used in Florida and were based on two typical mixes found to occur most frequently in the database 

of shafts where temperature measurements and mix design were furnished. The pure Portland 

cement mix, while not commonly used, was presented for context and for possible later 

consideration by utility companies that are reluctant to use any replacement cementitious materials 

in transmission line power pole foundations. Summaries have been tabulated below for each mix 

design with respect to which conditions result in a failing drilled shaft based on a 160°F peak 

temperature or 35°F edge-to-core differential temperature (Tables 6.1–6.3). 
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Table 4.2 Drilled shaft diameter limits for each TCC – 34% fly ash mix. 

TCC (pcy) Diameter Limit (ft) 

260 All diameters passed both peak and edge-to-core differential limits. 

360 All diameters passed both peak and edge-to-core differential limits. 

460 All diameters passed both peak and edge-to-core differential limits. 

560 All diameters passed both peak and edge-to-core differential limits. 

660 
All diameters passed 160°F and 180°F peak temperature limit 

>7 ft fails edge-to-core differential 

760 

All diameters passed 180°F peak temperature limit 

>9 ft fails 160°F peak 

>5 ft fails edge-to-core differential 

860 

All diameters passed 180°F peak temperature limit 

>6 ft fails 160°F peak 

>4 ft fails edge-to-core differential 

960 

>9 ft fails 180°F peak 

>5 ft fails 160°F peak 

>4 ft fails edge-to-core differential 

1060 

>7 ft fails 180°F peak 

>4 ft fails 160°F peak 

>3 ft fails edge-to-core differential 

1160 

>7 ft fails 180°F peak 

>3 ft fails 160°F peak 

>3 ft edge-to-core differential 

1260 

>4 ft fails 180°F peak 

>3 ft fails 160°F peak 

>3 ft fails edge-to-core differential 
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Table 4.3 Drilled shaft diameter limits for each TCC – 60% slag mix. 

TCC (pcy) Diameter Limit (ft) 

260 All diameters passed both peak and edge-to-core differential limits. 

360 All diameters passed both peak and edge-to-core differential limits. 

460 
All diameters passed 160°F and 180°F peak temperature limit 

>8 ft fails edge-to-core differential 

560 

All diameters passed 180°F peak temperature limit 

>9 ft fails 160°F peak 

>6 ft fails edge-to-core differential 

660 

>9 ft fails 180°F peak 

>6 ft fails 160°F peak 

>5 ft fails edge-to-core differential 

760 

>7 ft fails 180°F peak 

>5 ft fails 160°F peak 

>4 ft fails edge-to-core differential 

860 

>5 ft fails 180°F peak 

>4 ft fails 160°F peak 

>3 ft fails edge-to-core differential 

960 

>4 ft fails 180°F peak 

>3 ft fails 160°F peak 

>3 ft fails edge-to-core differential 

1060 

>4 ft fails 180°F peak 

>3 ft fails 160°F peak 

>3 ft fails edge-to-core differential 

1160 

>3 ft fails 180°F peak 

>2 ft fails 160°F peak 

>2 ft fails edge-to-core differential 

1260 

>3 ft fails 180°F peak 

>2 ft fails 160°F peak 

>2 ft fails edge-to-core differential 
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Table 4.4 Drilled shaft diameter limits for each TCC – 100% Type IL cement mix. 

TCC (pcy) Diameter Limit (ft) 

260 All diameters passed both peak and edge-to-core differential limits. 

360 
All diameters passed 160°F and 180°F peak temperature limit 

>9 ft fails edge-to-core differential 

460 

All diameters passed 180°F peak temperature limit 

>9 ft fails 160°F peak 

>5 ft fails edge-to-core differential 

560 

All diameters passed 180°F peak temperature limit 

>5 ft fails 160°F peak 

>4 ft fails edge-to-core differential 

660 

>6 ft fails 180°F peak 

>4 ft fails 160°F peak 

>3 ft fails edge-to-core differential 

760 

>4 ft fails 180°F peak 

>3 ft fails 160°F peak 

>2 ft fails edge-to-core differential 

860 

>3 ft fails 180°F peak 

>2 ft fails 160°F peak 

>2 ft fails edge-to-core differential 

960 

>3 ft fails 180°F peak 

>2 ft fails 160°F peak 

>2 ft fails edge-to-core differential 

1060 

>2 ft fails 180°F peak 

>2 ft fails 160°F peak 

>2 ft fails edge-to-core differential 

1160 

>2 ft fails 180°F peak 

>1 ft fails 160°F peak 

>1 ft edge-to-core differential 

1260 

>2 ft fails 180°F peak 

>1 ft fails 160°F peak 

>1 ft edge-to-core differential 

 

 

4.4.2 Predictive Design Equations 

 

Closed-form expressions for the contour plots presented above were also developed to aid the 

prediction of peak and differential temperature values. Using both non-linear and linear regression 

techniques, three-dimensional mathematical functions were derived for peak (T) and edge-to-core 

differential (ΔT) temperature distributions contour plots for each mix design. Plots were created 

for both edge-to-core differential temperature and peak temperature versus shaft radius for each 

mix design (Figures 4.12 through 4.17). Temperatures were grouped by total cementitious content. 

A non-linear regression (2nd order polynomial) was performed on the temperature versus shaft 

radius data for each cementitious content group. The non-linear regression coefficients were then 

plotted versus cementitious content (Figures 4.18 through 4.23), on which a second regression was 
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performed. This is a convenient way to develop three dimensional equations (one dependent 

variable, T; two independent variables, shaft radius, R, and total cementitious content, TCC). For 

the slag and fly ash mix models, a linear regression was performed at this step; for the 100% 

Portland cement mix model, a non-linear regression (2nd order polynomial) was necessary. For the 

a3, b3, and c3 coefficient regressions, the intercept was set to the concrete placement temperature 

used in the model, 73°F. This allows for concrete placement temperature to also be considered in 

the development of these closed-form expressions. 

 

This analysis resulted in a total of six predictive equations (Equations 1–6 below), each 

dependent on total cementitious content (TCC), the concrete temperature when batched (Tconc, can 

be taken as average air temperature on the day of concrete batching), and shaft radius (R). 

 

 
Figure 4.12 Model edge-to-core differential temperature (°F) versus shaft radius for 34% fly ash 

mix. 

[Figure 4.12 Detailed Description: This is a plot presenting modeled edge-to-core differential 

temperatures on the y-axis and various reinforcement cage radii (ranging from 0 to 5 feet on the 

x-axis) for various cementitious material contents (ranging from 260 to 1260 lb/yd3) for a 34% fly 

ash concrete mix. Each cementitious content is an individual data series, therefore this plot 

displays 11 individual curves.] 

 

 

∆𝑇𝐹𝐴 = 𝑎2𝑅2 + 𝑎1𝑅 + 𝑎0 
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Figure 4.13 Model peak temperature (°F) versus shaft radius for 34% fly ash mix. 

[This is a plot presenting modeled peak temperatures on the y-axis and various reinforcement cage 

radii (ranging from 0 to 5 feet on the x-axis) for various cementitious material contents (ranging 

from 260 to 1260 lb/yd3) for a 34% fly ash concrete mix. Each cementitious content is an individual 

data series, therefore this plot displays 11 individual curves.] 

 

 

 
Figure 4.14 Model edge-to-core differential temperature (°F) versus shaft radius for 60% slag mix. 

𝑇𝐹𝐴 = 𝑎5𝑅2 + 𝑎4𝑅 + 𝑎3 

∆𝑇𝑆 = 𝑏2𝑅2 + 𝑏1𝑅 + 𝑏0 
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[Figure 4.14 Detailed Description: This is a plot presenting modeled edge-to-core differential 

temperatures on the y-axis and various reinforcement cage radii (ranging from 0 to 5 feet on the 

x-axis) for various cementitious material contents (ranging from 260 to 1260 lb/yd3) for a 60% 

slag concrete mix. Each cementitious content is an individual data series, therefore this plot 

displays 11 individual curves.] 

 

 

 
Figure 4.15 Model peak temperature (°F) versus shaft radius for 60% slag mix. 

[Figure 4.15 Detailed Description: This is a plot presenting modeled peak temperatures on the y-

axis and various reinforcement cage radii (ranging from 0 to 5 feet on the x-axis) for various 

cementitious material contents (ranging from 260 to 1260 lb/yd3) for a 60% slag concrete mix. 

Each cementitious content is an individual data series, therefore this plot displays 11 individual 

curves.] 

 

𝑇𝑆 = 𝑏5𝑅2 + 𝑏4𝑅 + 𝑏3 
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Figure 4.16 Model edge-to-core differential temperature (°F) versus shaft radius for 100% Type 

IL cement mix. 

[This is a plot presenting modeled edge-to-core differential temperatures on the y-axis and various 

reinforcement cage radii (ranging from 0 to 5 feet on the x-axis) for various cementitious material 

contents (ranging from 260 to 1260 lb/yd3) for a 100% Type IL cement concrete mix. Each 

cementitious content is an individual data series, therefore this plot displays 11 individual curves.] 

 

 

 
Figure 4.17 Model peak temperature (°F) versus shaft radius for 100% Type IL cement mix. 

∆𝑇𝐶𝑀 = 𝑐2𝑅2 + 𝑐1𝑅 + 𝑐0 

 

𝑇𝐶𝑀 = 𝑐5𝑅2 + 𝑐4𝑅 + 𝑐3 
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[Figure 4.17 Detailed Description: This is a plot presenting modeled peak temperatures on the y-

axis and various reinforcement cage radii (ranging from 0 to 5 feet on the x-axis) for various 

cementitious material contents (ranging from 260 to 1260 lb/yd3) for a 100% Type IL cement 

concrete mix. Each cementitious content is an individual data series, therefore this plot displays 

11 individual curves.] 

 

 
Figure 4.18 a2, a1, and a0 regression coefficients versus cementitious contents for 34% fly ash mix. 

[This is a plot presenting regression coefficients for a2, a1, and a0 on the y-axis and for various 

cementitious material contents (ranging from 260 to 1260 lb/yd3 on the x-axis) for a 34% fly ash 

concrete mix. Each regression parameter is an individual data series, therefore this plot displays 

3 individual curves with linear trendlines applied to each data series. Trendline equations and R2 

values are also included in the plot. The trendline equation for the a0 data series is  

a0=-0.0078(TCC)-0.3838 with an R2=0.9727. The trendline equation for the a1 data series is 

a1=0.0289(TCC)-2.1532 with an R2=0.9991. The trendline equation for the a2 data series is  

a2=-0.0036(TCC)+0.7019 with an R2=0.9966.] 
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Figure 4.19 a5, a4, and a3 regression coefficients versus cementitious contents for 34% fly ash mix. 

[This is a plot presenting regression coefficients for a5, a4, and a3 on the y-axis and for various 

cementitious material contents (ranging from 260 to 1260 lb/yd3 on the x-axis) for a 34% fly ash 

concrete mix. Each regression parameter is an individual data series, therefore this plot displays 

3 individual curves with linear trendlines applied to each data series. Trendline equations and R2 

values are also included in the plot. The trendline equation for the a3 data series is  

a3=-0.0058(TCC)+73 with an R2=0.6723. The trendline equation for the a4 data series is  

a4=-0.0528(TCC)-2.6048 with an R2=0.9992. The trendline equation for the a5 data series is  

a5=-0.0065(TCC)+0.9422 with an R2=0.9982.] 
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Figure 4.20 b2, b1, and b0 regression coefficients versus cementitious contents for 60% slag mix. 

[This is a plot presenting regression coefficients for b2, b1, and b0 on the y-axis and for various 

cementitious material contents (ranging from 260 to 1260 lb/yd3 on the x-axis) for a 60% slag 

concrete mix. Each regression parameter is an individual data series, therefore this plot displays 

3 individual curves with linear trendlines applied to each data series. Trendline equations and R2 

values are also included in the plot. The trendline equation for the b0 data series is  

b0=-0.0173(TCC)+3.0441 with an R2=0.9972. The trendline equation for the b1 data series is 

b1=0.0451(TCC)-8.4546 with an R2=0.9935. The trendline equation for the b2 data series is  

b2=-0.005(TCC)+1.5964 with an R2=0.963.] 
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Figure 4.21 b5, b4, and b3 regression coefficients versus cementitious contents for 60% slag mix. 

[This is a plot presenting regression coefficients for b5, b4, and b3 on the y-axis and for various 

cementitious material contents (ranging from 260 to 1260 lb/yd3 on the x-axis) for a 60% slag 

concrete mix. Each regression parameter is an individual data series, therefore this plot displays 

3 individual curves with linear trendlines applied to each data series. Trendline equations and R2 

values are also included in the plot. The trendline equation for the b3 data series is  

b3=-0.0154(TCC)+73 with an R2=0.9986. The trendline equation for the b4 data series is 

b4=0.0836(TCC)-13.537 with an R2=0.9951. The trendline equation for the b5 data series is  

b5=-0.0093(TCC)+2.4694 with an R2=0.9748.] 
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Figure 4.22 c2, c1, and c0 regression coefficients versus cementitious contents for 100% Type IL 

cement mix. 

[This is a plot presenting regression coefficients for c2, c1, and c0 on the y-axis and for various 

cementitious material contents (ranging from 260 to 1260 lb/yd3 on the x-axis) for a 100% Type 

IL cement concrete mix. Each regression parameter is an individual data series, therefore this plot 

displays 3 individual curves with linear trendlines applied to each data series. Trendline equations 

and R2 values are also included in the plot. The trendline equation for the c0 data series is  

c0=-0.00003(TCC)-0.0387(TCC)+5.2756 with an R2=0.9902. The trendline equation for the c1 

data series is c1=-0.00002(TCC)+0.0778(TCC)-9.2491 with an R2=0.9989. The trendline 

equation for the c2 data series is c2=0.000002(TCC)-0.0091(TCC)+1.5018 with an R2=0.9975.] 
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Figure 4.23 c5, c4, and c3 regression coefficients versus cementitious contents for 100% Type IL 

cement mix. 

[This is a plot presenting regression coefficients for c5, c4, and c3 on the y-axis and for various 

cementitious material contents (ranging from 260 to 1260 lb/yd3 on the x-axis) for a 100% Type 

IL cement concrete mix. Each regression parameter is an individual data series, therefore this plot 

displays 3 individual curves with linear trendlines applied to each data series. Trendline equations 

and R2 values are also included in the plot. The trendline equation for the c3 data series is  

c3=-0.00003(TCC)-0.0256(TCC)+73 with an R2=0.952. The trendline equation for the c4 data 

series is c4=-0.00002(TCC)+0.1282(TCC)-13.041 with an R2=0.9993. The trendline equation for 

the c5 data series is c5=0.000002(TCC)-0.0145(TCC)+2.0152 with an R2=0.9986.] 

 

∆𝑇𝐹𝐴 = 𝑎2𝑅2 + 𝑎1𝑅 + 𝑎0 (1) 

where 

𝑎0 = −0.0078(𝑇𝐶𝐶)  −  0.3838 

𝑎1 =  0.02892(𝑇𝐶𝐶)  −  2.1532 

𝑎2 =  −0.0036(𝑇𝐶𝐶)  +  0.70185 

 

 

(1.a) 

(1.b) 

(1.c) 

 

𝑇𝐹𝐴 = 𝑎5𝑅2 + 𝑎4𝑅 + 𝑎3 (2) 

where 

𝑎3 = −0.0058(𝑇𝐶𝐶) + 𝑇𝑐𝑜𝑛𝑐 

𝑎4 =  0.05283(𝑇𝐶𝐶) − 2.6048 

𝑎5 =  −0.0065(𝑇𝐶𝐶) + 0.94216 

 

 

(2.a) 

(2.b) 

(2.c) 
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∆𝑇𝑆 = 𝑏2𝑅2 + 𝑏1𝑅 + 𝑏0 (3) 

where 

𝑏0 = −0.0173(𝑇𝐶𝐶)  +  3.04413 

𝑏1 =  0.04509(𝑇𝐶𝐶)  −  8.4546 

𝑏2 =  −0.005(𝑇𝐶𝐶) +  1.5964 

 

(3.a) 

(3.b) 

(3.c) 

  

𝑇𝑆 = 𝑏5𝑅2 + 𝑏4𝑅 + 𝑏3 (4) 

where 

𝑏3 = −0.0154(𝑇𝐶𝐶) + 𝑇𝑐𝑜𝑛𝑐 

𝑏4 =  0.08356(𝑇𝐶𝐶) − 13.537 

𝑏5 =  −0.0093(𝑇𝐶𝐶) + 2.46944 

 

 

(4.a) 

(4.b) 

(4.c) 

 

∆𝑇𝐶𝑀 = 𝑐2𝑅2 + 𝑐1𝑅 + 𝑐0 (5) 

where 

𝑐0 = 0.0000253(𝑇𝐶𝐶)2  −  0.03869(𝑇𝐶𝐶) + 5.275553 

𝑐1 =  −0.0000232(𝑇𝐶𝐶)2 + 0.07782(𝑇𝐶𝐶) − 9.24907 

𝑐2 =  0.0000019(𝑇𝐶𝐶)2 − 0.0091(𝑇𝐶𝐶) + 1.501816 

 

 

(5.a) 

(5.b) 

(5.c) 

 

𝑇𝐶𝑀 = 𝑐5𝑅2 + 𝑐4𝑅 + 𝑐3 (6) 

where 

𝑐3 = 0.00003(𝑇𝐶𝐶)2 − 0.0256 (𝑇𝐶𝐶) + 𝑇𝑐𝑜𝑛𝑐 

𝑐4 =  −0.000032(𝑇𝐶𝐶)2 + 0.128232 (𝑇𝐶𝐶) − 13.0412 

𝑐5 =  0.0000022(𝑇𝐶𝐶)2 − 0.01453 (𝑇𝐶𝐶) + 2.015242 

 

(6.a) 

(6.b) 

(6.c) 

 

4.4.3 Quality Assurance Estimation Equations: Model Cage-to-Core Method 

 

The cage-to-core differential temperatures resulting from the modeling were also used to 

derive closed-form expressions that can be used to predict cage-to-core differential temperature 

with the following information: reinforcement cage radius, total cementitious content, and type of 

supplementary cementitious material (fly ash or slag), if applicable. The calculated cage-to-core 

differential temperature can then be added to the average measured temperature at the 

reinforcement cage (such as those collected for thermal integrity profiling) to predict the core 

temperature from field measurements taken at the time of peak cage temperature. When/if applied 

to other times of testing, the predicted core temperature at that time will be higher than actual but 

would still underpredict the peak core temperature at the worst-case time. 
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Similar to the predictive design equations in Section 4.4.2, cage-to-core differential 

temperatures were grouped by total cementitious content and plotted versus reinforcement cage 

radius (Figures 4.24, 4.25, and 4.26). A non-linear regression (2nd order polynomial) was 

subsequently performed on the data for each cementitious content group. The non-linear regression 

coefficients were then plotted versus total cementitious content (Figure 4.27, 4.28, and 4.29), on 

which another regression was performed. For the slag mix and fly ash mix models, a linear 

regression was performed at this step, and for the 100% Portland cement mix model, a non-linear 

regression (2nd order polynomial) was performed. 

 

This analysis, once again, resulted in a total of three predictive equations (Equations 7–9 

below), each dependent on total cementitious content (TCC) and reinforcement cage radius (Rcage). 

 

 
Figure 4.24 Model cage-to-core differential temperature (°F) versus reinforcement cage radius for 

34% fly ash mix. 

[This is a plot presenting modeled cage-to-core differential temperatures on the y-axis and various 

reinforcement cage radii (ranging from 0 to 4.5 feet on the x-axis) for various cementitious 

material contents (ranging from 260 to 1260 lb/yd3) for a 34% fly ash concrete mix. Each 

cementitious content is an individual data series, therefore this plot displays 11 individual curves.] 

 

 

∆𝑇𝐶𝑎𝑔𝑒−𝐹𝐴 = 𝑎8𝑅𝑐𝑎𝑔𝑒
2 + 𝑎7𝑅𝑐𝑎𝑔𝑒 + 𝑎6 
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Figure 4.25 Model cage-to-core differential temperature (°F) versus reinforcement cage radius for 

60% slag mix. 

[This is a plot presenting modeled cage-to-core differential temperatures on the y-axis and various 

reinforcement cage radii (ranging from 0 to 4.5 feet on the x-axis) for various cementitious 

material contents (ranging from 260 to 1260 lb/yd3) for a 60% slag concrete mix. Each 

cementitious content is an individual data series, therefore this plot displays 11 individual curves.] 

 

∆𝑇𝐶𝑎𝑔𝑒−𝑆 = 𝑏8𝑅𝑐𝑎𝑔𝑒
2 + 𝑏7𝑅𝑐𝑎𝑔𝑒 + 𝑏6 
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Figure 4.26 Model cage-to-core differential temperature (°F) versus reinforcement cage radius for 

100% Type IL cement mix. 

[This is a plot presenting modeled cage-to-core differential temperatures on the y-axis and various 

reinforcement cage radii (ranging from 0 to 4.5 feet on the x-axis) for various cementitious 

material contents (ranging from 260 to 1260 lb/yd3) for a 100% Type IL cement concrete mix. 

Each cementitious content is an individual data series, therefore this plot displays 11 individual 

curves.] 

 

 

∆𝑇𝐶𝑎𝑔𝑒−𝐶𝑀 = 𝑐8𝑅𝑐𝑎𝑔𝑒
2 + 𝑐7𝑅𝑐𝑎𝑔𝑒 + 𝑐6 
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Figure 4.27 a8, a7, and a6 regression coefficients versus cementitious contents for 34% fly ash mix. 

[This is a plot presenting regression coefficients for a8, a7, and a6 on the y-axis and for various 

cementitious material contents (ranging from 260 to 1260 lb/yd3 on the x-axis) for a 34% fly ash 

concrete mix. Each regression parameter is an individual data series, therefore this plot displays 

3 individual curves with linear trendlines applied to each data series. Trendline equations and R2 

values are also included in the plot. The trendline equation for the a6 data series is  

a6=-0.00609(TCC)-0.66487 with an R2=0.9736. The trendline equation for the a7 data series is 

a7=0.022279(TCC)-0.88051 with an R2=0.9975. The trendline equation for the a8 data series is  

a8=-0.00301(TCC)+0.525224 with an R2=0.9982.] 
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Figure 4.28 b8, b7, and b6 regression coefficients versus cementitious contents for 60% slag mix. 

[This is a plot presenting regression coefficients for b8, b7, and b6 on the y-axis and for various 

cementitious material contents (ranging from 260 to 1260 lb/yd3 on the x-axis) for a 60% slag 

concrete mix. Each regression parameter is an individual data series, therefore this plot displays 

3 individual curves with linear trendlines applied to each data series. Trendline equations and R2 

values are also included in the plot. The trendline equation for the b6 data series is  

b6=-0.01325(TCC)+1.811891 with an R2=0.9974. The trendline equation for the b7 data series is 

b7=0.036733(TCC)-6.31215 with an R2=0.9965. The trendline equation for the b8 data series is  

b8=-0.00453(TCC)+1.447961 with an R2=0.9694.] 
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Figure 4.29 c8, c7, and c6 regression coefficients versus cementitious contents for 100% Type IL 

cement mix. 

[This is a plot presenting regression coefficients for c8, c7, and c6 on the y-axis and for various 

cementitious material contents (ranging from 260 to 1260 lb/yd3 on the x-axis) for a 100% Type 

IL cement concrete mix. Each regression parameter is an individual data series, therefore this plot 

displays 3 individual curves with linear trendlines applied to each data series. Trendline equations 

and R2 values are also included in the plot. The trendline equation for the c6 data series is  

c6=0.0000147(TCC)-0.0241(TCC)+2.236676 with an R2=0.9865. The trendline equation for the 

c7 data series is c7=-0.0000227(TCC)+0.06278(TCC)-6.67458 with an R2=0.9994. The trendline 

equation for the c8 data series is c8=0.0000028(TCC)-0.00846(TCC)+1.34185 with an 

R2=0.9975.] 

 

∆𝑇𝐶𝑎𝑔𝑒−𝐹𝐴 = 𝑎8𝑅𝑐𝑎𝑔𝑒
2 + 𝑎7𝑅𝑐𝑎𝑔𝑒 + 𝑎6 (7) 

where 

𝑎6 = −0.00609(𝑇𝐶𝐶)  −  0.66487 

𝑎7 =  0.022279(𝑇𝐶𝐶)  −  0.88051 

𝑎8 =  −0.00301(𝑇𝐶𝐶)  +  0.525224 

 

(7.a) 

(7.b) 

(7.c) 

∆𝑇𝐶𝑎𝑔𝑒−𝑆 = 𝑏8𝑅𝑐𝑎𝑔𝑒
2 + 𝑏7𝑅𝑐𝑎𝑔𝑒 + 𝑏6 (8) 

where 

𝑏6 = −0.01325(𝑇𝐶𝐶)  +  1.811891 

𝑏7 =  0.036733(𝑇𝐶𝐶)  −  6.31215 

𝑏8 =  −0.00453(𝑇𝐶𝐶)  +  1.447961 

 

(8.a) 

(8.b) 

(8.c) 
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∆𝑇𝐶𝑎𝑔𝑒−𝐶𝑀 = 𝑐8𝑅𝑐𝑎𝑔𝑒
2 + 𝑐7𝑅𝑐𝑎𝑔𝑒 + 𝑐6 (9) 

where 

𝑐6 = 0.0000147(𝑇𝐶𝐶)2  −  0.0241(𝑇𝐶𝐶) + 2.236676 

𝑐7 =  −0.0000227(𝑇𝐶𝐶)2 + 0.06278(𝑇𝐶𝐶) − 6.67458 

𝑐8 =  0.0000028(𝑇𝐶𝐶)2 − 0.00846(𝑇𝐶𝐶) + 1.34185 

 

(9.a) 

(9.b) 

(9.c) 

 

4.4.4 Quality Assurance Estimation Equations: Field Gradient Method 

 

Both the modeled temperature distributions and collected thermal integrity temperature data 

show the across-shaft temperature distribution forms a bell shape. The inflection point along the 

edges of the bell occurs at the concrete/soil interface or slightly inside the concrete. Between the 

reinforcement cage, a parabolic shape exists. Figures 4.30 and 4.31 below illustrate these shapes 

for both the modeled temperature distributions and the collected thermal integrity temperature data 

from shaft OC-19, respectively. In Figure 4.31, note the strong parabolic fit quality (R2=0.9999 

and 0.9961) for the two across-shaft temperature distributions, each perpendicular to each other. 

It then stands to reason that a generic set of equations for the temperature distribution can be 

determined with the following considerations: the general equation for any parabola is 

 

𝑇(𝑥) = 𝑎𝑥2 + 𝑏𝑥 + 𝑐 (10) 

 

When the parabola is centered and x = 0 is at the core (and the hottest portion of a shaft), the 

equation can be reduced to Equation 10.a from the derivative of Equation 10. It is known that the 

slope at the top of the parabola will be flat and thus equal to zero. This is shown in Equation 10.b 

below. 

 

𝑇(𝑥) = 𝑎𝑥2 + 𝑐 (10.a) 

𝑇′(0) = 0 = 2𝑎(0) + 𝑏, therefore 𝑏 = 0 (10.b) 

 

Evaluation of the “𝑎” coefficient can be similarly performed using the derivative of Equation 10.a 

knowing the slope of the parabola at the cage positions x = -Rcage and x = Rcage, where Rcage is the 

radius of the reinforcement cage (temperature measurement location). This slope can be taken as 

a °F/in gradient (∇). With these known variables, evaluation of the “𝑎” coefficient becomes 

𝑇′(−𝑅𝑐𝑎𝑔𝑒) = ∇= 2𝑎(−𝑅𝑐𝑎𝑔𝑒) (10.c) 

𝑎 = −
∇

2𝑅𝑐𝑎𝑔𝑒
 (10.d) 
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The temperature gradient is specific to the concrete mix, time of testing, and depth location; Rcage 

is unique to the given shaft cage configuration. This leaves the core shaft temperature from 

Equation 10.a equal to coefficient “𝑐” (Equation 10.f). Core temperature can then be solved for 

each depth location in the drilled shaft to find the worst-case internal temperature value.  

 

𝑇(𝑅𝑐𝑎𝑔𝑒) = 𝑇𝑐𝑎𝑔𝑒 𝑎𝑣𝑔 = −
∇

2𝑅𝑐𝑎𝑔𝑒
𝑅𝑐𝑎𝑔𝑒

2 + 𝑐 (10.e) 

𝑐 = 𝑐𝑜𝑟𝑒 𝑡𝑒𝑚𝑝 =
∇

2
𝑅𝑐𝑎𝑔𝑒 + 𝑇𝑐𝑎𝑔𝑒 𝑎𝑣𝑔 (10.f) 

 

 
Figure 4.30 Modeled temperature distributions over time for a 6-foot shaft using the OC-19 

concrete mix design. 

[This is a plot where the x-axis is radial position in feet and the y-axis is temperature. The data 

presented is modeled across-shaft temperature distributions over time. Each across-shaft 

temperature distribution is generally parabolic in shape and as time increases, so does the height 

of each parabola.] 
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Figure 4.31 Plot presenting OC-19 data taken from the center wire sensors installed in an across-

shaft configuration. 

[This is a plot presenting temperature data on the y-axis versus radial location on the x-axis where 

the center of the shaft is located at a zero radius and the cage is at plus or minus radial locations 

in inches relative to center. There is a full temperature distribution for the portion across shaft 

between cage wires 2 and 4, and there is a half temperature distribution for the portion across 

shaft between the center and cage wire 1. The temperature differential between the cage locations 

and the peak is approximately 23ºF. The plot also includes parabolic equations for each 

distribution series and R values for each fit. These R values are 0.9961 and 0.9999, respectively.] 

 

While the slope of the parabolic temperature distribution of a drilled shaft is known as a 

temperature gradient, determining a value for the temperature gradient is a different matter. With 

full across-shaft temperature distributions (e.g. data collected from OC-19 and the Sinclair Hills 

drilled shaft), this gradient would be determined by calculating the change in temperature between 

two thermal sensors within the linear portion of the parabolic distribution and dividing by the 

distance between those sensors or by solving for the derivative of the bell curve function at x=Rcage.  

 

The instrumentation of Bartow shaft 1-4 explored determining this gradient with both thermal 

wire offset sensors and readings of the individual infrared probe sensors. The wire instrumentation 

of Bartow shaft 1-4 included thermal wires down the length of the reinforcement cage rebar with 

a known offset using plastic spacers. This provided for thermal sensors to be aligned longitudinally 

but offset concentrically. Gradient calculations from these measurements were presented in 

Chapter 3 (Figure 3.62).  

 

The thermal integrity probe method was also performed on Bartow shaft 1-4 (Figure 4.32). 

Access tubes consisted of both steel and PVC tubes. Specifically, tube numbers 1, 2, 4, 5, and 7 
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were steel and tube numbers 3 and 6 were PVC. Annotations specifying these tube numbers have 

been added to Figure 3.58 and presented below as Figure 4.33. The probe used (Figure 4.34) 

included four laterally directed infrared thermal sensors and measured the access tube wall 

temperature in four orthogonal directions. Probe sensors are numbered such that sensors 1 and 3 

and sensors 2 and 4 are directed in opposite directions on the probe (180 deg apart). This specific 

probe also included a six-axis motion tracking device that combines a three-axis gyroscope, three-

axis accelerometer, and digital motion processor (InvenSense, 2013), providing for the additional 

measurement of probe rotation angle. Several probe runs were performed where the probe was 

lowered, then paused at various depths to rotate within the access tube.  

 

 
Figure 4.32 Thermal integrity probe test performed on Bartow shaft 1-4 with gyroscopic sensor. 

[This is a photograph of a graduate student taking probe temperature measurements using a 

thermal probe equipped with a gyroscopic sensor. The graduate student is seen rotating the probe 

within the access tube.] 
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Figure 4.33 Fully instrumented Bartow shaft 1-4 reinforcement cage with annotated access tube 

numbers. 

[This is a photo taken from outside the top of the Bartow shaft reinforcement cage. All cage thermal 

wires and center thermal wire have been installed, and all above-concrete sensors and wire 

connector ends have been bundled and secured in heavy-duty plastic bags and Gorilla tape. Steel 

and PVC access tubes have been labeled with numbers 1 through 7 that are referenced within this 

report.] 

 

 

#1 

#2 

#3 

#4 

#5 

#6 

#7 
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Figure 4.34 Gyro probe (showing 2 of 4 orthogonal infrared thermal sensors) used to test Bartow 

shaft 1-4. 
[This is a detail photograph of the Thermal Integrity Profiling probe showing two of four infrared thermal 

sensors. Each infrared thermal sensor is positioned 90 degrees apart radially around the probe.] 

 

Figure 4.35 below presents sample temperature data plotted against the recorded probe rotation 

measurement from one of these trials, specifically data collected two days after concreting from 

PVC access tube number 3 at a depth of approximately 12 feet. This plot clearly shows a variation 

in temperature as the sensor direction was rotated within the access tube. As sensor 1 measured its 

lowest temperature, sensor 3 was measuring its highest temperature. Similarly, as sensor 2 

measured its lowest temperature, sensor 4 was measuring its highest temperature and vice versa. 

These internal tube temperature measurements were then plotted against the radial position within 

the access tube (Figure 4.36). When presented in this context, the linear relationship between the 

tube wall temperatures and radial shaft position within the access tube can be seen.  

 

Figure 4.37 compares the temperature gradient calculations from the thermal wire 

measurements presented in Chapter 3 to the opposing probe sensor readings measuring the inside 

of the access tube converted to gradient assuming a 2-inch tube outer diameter. The data from 

Figures 4.35 and 4.36 were collected by deliberately stopping the probe and spinning the wire from 

the top of shaft; the data in Figure 4.37, however, shows a periodic high to low temperature trend 

which is the byproduct of twisted conductors within the lead wire. Hence, all probes naturally spin 

under normal operation in response the subtle external protrusion of the conductors through the 

environmental protective extruded casing. The true temperature gradient at a given depth may or 

may not be captured from one of the two opposing sensor sets. So, the highest values recorded 

Infrared 
Thermal 
Sensors 
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represent when a set of sensors are focused directly inward and outward. This comparison shows 

a strong match between the two data collection methods.  

 

 
Figure 4.35 Plot presenting thermal probe spin test data: internal tube temperature versus probe 

rotation measurement for access tube #3 collected two days post concreting. 

[This is a plot where the x-axis is probe rotation measurement in degrees and the y-axis is internal 

tube temperature. The data presented are temperature measurements taken from one of several 

probe runs performed where the probe was lowered, then paused at various depths to rotate within 

the access tube.] 
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Figure 4.36 Plot presenting thermal probe spin test data: internal tube temperature versus radial 

position within the access tube. 

[This is a plot where the x-axis is internal tube temperature and the y-axis is radial position within 

the access tube in inches. The data presented are the same temperature measurements from Figure 

4.35 showing the linear relationship between temperature and radial position within an access 

tube.] 
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Figure 4.37 Temperature gradient comparison between thermal wire method and probe method. 

[This is a plot where the x-axis is temperature gradient in °F/in and the y-axis is depth. The data 

presented are a comparison between the temperature gradients presented in Chapter 3, Section 

3.6.2 and temperature gradients calculated from probe measurements.] 

 

 

Lastly, measured probe data collected from all access tubes was plotted versus depth and used 

to estimate core temperature versus depth by solving for constant c, the peak temperature, when 

the slope of the equation is known in Equation 10.f from probe gradient values (derivative of a 

parabolic function evaluated at the cage radius). Using the calculated temperature gradient, edge 

to core differential temperature was also estimated by extrapolating the bell curve slope to the shaft 

edge and subtracting that temperature from the estimated core temperature. Figure 4.38 presents 

these data and calculations and, at first glance, appears to be an acceptable drilled shaft with peak 

temperatures below 158°F, however differential temperatures exceed the 35°F threshold between 

the depths of 6 and 13 feet.  
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Figure 4.38 Plot presenting probe data collected from each steel access tube with corresponding 

calculated core and differential temperatures versus depth. 

[This is a plot where there are dual x-axes, the top being drilled shaft temperature and the bottom 

being differential temperature, and the y-axis is depth in feet. The data presented include probe 

temperature measurements taken from all steel access tubes from the Bartow drilled shaft as well 

as calculated core and differential temperatures versus depth. The peak differential temperature 

occurs at approximately 11 feet and reads approximately 48°F. The peak core temperature occurs 

at approximately 6 feet and reads approximately 157°F.]  
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5 Chapter Five: Summary and Conclusions 

 

With the objective of providing clarification as to what conditions constitute a drilled shaft as 

a mass concrete element, a study incorporating both specialized field temperature measurements 

and comprehensive numerical modeling was presented. 

 

5.1 Summary 

 

Within the past 20 years, drilled shaft installation plans for FDOT projects have transitioned 

from requiring no mass concrete information regardless of shaft diameter (e.g. Ringling Causeway 

Bridge built in 2002 is supported on two 9-foot diameter shafts where differential temperature cage 

to core reached 67°F) to requiring steps to control temperature for some shafts. However, the 

specifications at the time of this report were in conflict: 

 

• Concrete elements other than shafts are required to assess temperature for any element with 

a minimum dimension greater than 3 feet.  

• Shafts greater than 6 feet in diameter require a review of potentially high temperatures or 

a temperature control plan, but not with dimensions between 3.5 feet (FDOT minimum size 

shaft) and 6 feet. 

• For shafts supporting miscellaneous (non-bridge) structures, no temperature control is 

required regardless of dimensions.  

 

This conflict in part was the motivation for this study.  

 

In recent years, post-construction integrity testing of drilled shafts has become commonplace 

to determine the distribution of concrete volume, local radii, and cage eccentricity. This has been 

made possible via temperature measurements and good inspection records. However, the 

consideration of long-term durability of drilled shafts has not received equal attention as evidenced 

by the exclusion of drilled shafts in many mass concrete specifications when considering internal 

temperature limits. The term mass concrete historically stems from massive structures that would 

generate unsafe temperature levels, but with nominal strength concrete containing low 

cementitious material contents (e.g. the Hoover Dam built circa 1931-35 is 45 feet thick near the 

top and 660 feet thick near the bottom, 726 feet tall, and 1233 feet long). Today, concrete mix 

designs use far more cementitious materials per unit volume. Consequently, unsafe temperature 

levels can occur within nearly any size foundation element if the cementitious materials content is 

high enough. While the limiting temperature thresholds can be debated, concrete durability is 

negatively affected by multiple consequences of excessive temperature during curing.  

 

Recently, the American Concrete Institute (ACI) suggested restrictions on a concrete element 

dimension and the weight of cementitious materials per unit volume (Figure 1.3) to control peak 

and/or differential temperature generation. Unfortunately, it is unclear under what criterion (peak, 
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differential, mill certificate composition, etc.) an element size and cementitious material content 

either failed (red) or passed (green). Using the ACI criteria, a typical FDOT drilled shaft concrete 

with the minimum specified 600 lbs/yd3 of cementitious materials would be restricted to a size no 

larger than 2 feet in diameter; the minimum FDOT shaft diameter is 3.5 feet. Hence, the ACI 

criteria, if applied to FDOT projects, requires all shafts to provide a temperature control plan. The 

disconnect between FDOT shafts and the ACI criteria is two-fold: (1) the curing conditions of 

underground concrete are not the same as above-ground formed and poured elements, and (2) 

FDOT peak temperature limits are higher than ACI limits. 

 

This study explored three areas to better define when a drilled shaft should be considered for 

mass concrete review: (1) past thermal integrity data, (2) shafts instrumented with centralized 

temperature measurement apparatuses, and (3) numerical modeling calibrated by field 

measurements and extended to multiple size and concrete mix designs to predict internal peak and 

differential temperature magnitudes. 

 

In the first part of this study, shaft temperature information was obtained from hundreds of 

shafts routinely tested using thermal integrity methods. Time of testing (temperature 

measurements) ranged from 10 to 140 hours and recall thermal integrity measurements are taken 

at the location of the cage. Out of 662 cage-based measurements [not core temperatures], 5 shafts 

(0.8%) exceeded the FDOT 180°F peak temperature criterion and 90 (13.6%) exceeded the ACI 

158°F peak temperature limit (Figure 2.2). This raises two points: (1) core temperature will always 

be higher than the thermal integrity cage measurements, and (2) thermal integrity testing was not 

necessarily conducted at peak temperature. Some were close to the time of peak temperature (i.e. 

24-48 hours), but most were not. Thus, methods to predict the core temperature from cage 

measurements were developed. 

 

The second part of the study involved field measurements where the limitations of cage based 

thermal integrity measurements were remedied. To ensure the temperature was collected at the 

time of peak temperature, permanently installed thermal sensors were used where the temperature 

was monitored from the time of initial casting to well past the peak temperature. Secondly, a series 

of cage measurement modifications were introduced where crisscrossing rebar were used to secure 

thermal sensors at the center of the cage. However, as the cage is not always centered/concentric 

in the excavation, the center of cage is likely to not be the hottest region of the shaft cross section. 

Hence, additional sensors were secured to the crisscrossing rebar to show the diametric 

temperature distributions in orthogonal directions (e.g., N-S and E-W). These data showed a near 

perfect fit for temperature versus radial position with a parabolic function.  

 

With the success of the across-shaft temperature measurements, an offset thermal wire 

configuration was introduced with the intent of exploring temperature gradient. The measurements 

taken from the offset thermal wires were compared to thermal probe measurements and were found 
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to match closely. While this is a good start, these gradients over relatively small distances should 

be compared against corresponding full across-shaft temperature distributions to determine if the 

small gradient is truly representative of the parabolic slope.  

 

In part three, the results of extensive numerical modeling were presented with the intent of 

better quantifying the circumstances most likely to lead to mass concrete conditions in drilled 

shafts. Three typical cementitious material content proportions were considered: Portland cement 

and fly ash, Portland cement and slag, and pure Portland cement. Selection of the modeled fly ash 

and slag proportions were based on two typical mixes found to occur most frequently in the 

database of shafts where temperature measurements and mix design were furnished. Other 

cementitious materials proportions can be similarly modeled. 

 

Model results were verified using field measurements where the peak temperature, temperature 

distribution across the shaft, and temperature versus time relationships matched closely. With this 

validation, the temperature results from the wide range of modeled parameters were used to 

identify the conditions that cause a drilled shaft to exceed ACI and/or FDOT temperature limit 

criteria. Closed-form equations were developed for the three mix design types where the shaft size 

and total cementitious material content was input. Depending on the equation used, peak 

temperature, true differential (edge-to-core) temperature, or cage-to-core differential temperature 

can be estimated. The peak temperature and true differential temperature equations can be used as 

pre-construction design aids, while the cage-to-core differential temperature prediction can be 

added to the maximum average cage temperature routinely measured in the field to determine if a 

given shaft has exceeded the peak temperature limit (ACI and/or FDOT). The error associated with 

these equations was determined for drilled shafts three feet in diameter or larger with TCC between 

560-1060 lb/yd3 based on the fitted function value and the model determined values. The errors 

are as follows:  

• Cage-to-core differential equations  

▪ 34% fly ash, +1.9/-0.3°F  

▪ 60% slag, +2.4/-1.5°F  

▪ 100% Portland cement, +1.3/-1.1°F  

• Edge-to-core differential equations 

▪ 34% fly ash, +2.6/-1.0°F 

▪ 60% slag, +2.5/-2.6°F 

▪ 100% Portland cement, +6.5/-3.9°F 

• Peak temperature equations  

▪ 34% fly ash, +4.6/-2.0°F 

▪ 60% slag, +4.5/-2.4°F 

▪ 100% Portland cement, +3.3/-10.9°F 
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A database of thermal integrity tests for drilled shafts constructed with slag mixes was 

evaluated using the peak and differential temperature prediction relationships. This database 

consisted of a total of 70 shafts. Shaft diameters ranged from 42 to 78 inches and total cement 

contents ranged from 660 to 930 lbs/yd3. The most frequently occurring shaft diameter was 72 

inches; 68 of the 70 shafts were 72 inches or smaller, which were excluded from mass concrete 

considerations by FDOT specifications at the time of this study (FDOT, 2019c). The average TCC 

was 760 lbs/yd3. Figures 5.1 and 5.2 show the edge-to-core differential temperature and peak 

temperature predictions, respectively. All but one drilled shaft (98.6%) exceeded the ACI 

differential temperature limit of 35°F. Forty-three shafts (61%) exceeded the ACI peak 

temperature limit of 158°F and four (6%) exceeded the ACI never-to-exceed peak temperature 

limit of 185°F. The primary motivation behind these temperature limitations is to prevent long-

term durability issues in concrete structures.  

 

 

 

Figure 5.1 Plot presenting edge-to-core differential temperatures calculated from the database of 

drilled shafts with previously collected thermal data versus shaft diameter organized by TCC. 

[This is a plot presenting calculated edge-to-core differential temperatures on the y-axis versus 

shaft diameter on the x-axis for 70 drilled shafts where thermal data was previously collected (a 

subset of the data presented in Chapter 2 of this report). Temperatures range from approximately 

34°F to 59°F. All drilled shafts in this data subset were constructed with slag blended mixes. This 

plot also marks the differential temperature limit specified in ACI 201.2R at 35ºF.] 
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Figure 5.2 Plot presenting peak temperatures calculated from the database of drilled shafts with 

previously collected thermal data versus shaft diameter organized by TCC. 

[This is a plot presenting calculated peak temperatures on the y-axis versus shaft diameter on the 

x-axis for 70 drilled shafts where thermal data was previously collected (a subset of the data 

presented in Chapter 2 of this report). Temperatures range from approximately 145°F to 195°F. 

All drilled shafts in this data subset were constructed with slag blended mixes. This plot also marks 

the peak temperature limit specified in ACI 201.2R at 158°F.] 

 

In addition to mix design and shaft diameter, cementitious constituent composition also plays 

a significant role in peak temperature. Figure 5.3 illustrates the average temperature profiles (taken 

at the reinforcement cage) from the HEFT II shaft (Chapter 2) and OC-19 (Chapter 4); both were 

6 feet in diameter, and both were 60% slag mixes. OC-19 had a 7-foot diameter surface casing 

which made the upper 10 feet of the shaft warmer. Comparing just the hottest portion of the 6-foot 

diameter regions, the peak average temperatures were 118°F at 15 feet (OC-19) and 184°F at 23 

feet (HEFT II). At first glance, the logical explanation for the large difference in cage temperature 

would be the TCC (660 vs 924 lb/yd3). However, the peak temperature contours presented in 

Chapter 4 (Figure 4.4) indicate a 6-foot shaft with 924 lb/yd3 TCC is predicted to have a peak core 

temperature of approximately 193°F which is only slightly higher than the measured 184°F 

average cage temperature. Figure 5.4 shows the modeled across-shaft temperature distribution for 

six-foot shafts with TCC values ranging from 660lbs/yd3 (OC-19) to 960lbs/yd3 (just higher than 

the 925lbs/yd3 for the HEFT II shaft). The open diamond-shaped marker denotes the interpolated 

predicted cage temperature for the hotter shaft to be 145°F, 39°F less than measured. The corollary 

is the model-predicted core temperature of 193°F is likely to have underpredicted the actual core 

temperature by at least 39°F making the core >232°F. 
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Figure 5.3 Disparate temperature profiles. 

[This is a compound figure with a plot on the left where the x-axis is temperature and the y-axis is 

depth and the data presented includes the measured average cage temperatures for drilled shaft 

OC-19 with the corresponding model temperatures overlayed as well as the measured average 

cage temperatures for the HEFT-II drilled shaft with the corresponding model temperatures 

overlayed. On the right are the concrete mix designs for both drilled shafts.] 
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Figure 5.4 Comparison between model data, measured OC-19 data, and measured HEFT II data. 

[This is a plot where the x-axis is radial position in feet and the y-axis is temperature and the data 

presented includes across-shaft modeled temperature distributions for total cementitious contents 

ranging from 660 lb/yd3 to 906 lb/yd3, as well as data points for interpolated cage temperature for 

a 925 lb/yd3 mix, measured average cage temperature for drilled shaft OC-19, measured center 

wire temperature for drilled shaft OC-19, and measured average cage temperature for drilled 

shaft HEFT-II.] 

 

The 60% slag model results were based on the cementitious constituent compositions for OC-

19 and are representative of the most common shaft mixes presently used in Florida. The mill 

certifications for the cement and slag used in the HEFT II shaft were not available but were 

expected to have been quite different. Due to hydration being such a complex process, particularly 

with slag-blended cements, the differences in physical and chemical characteristics are likely to 

have drastically affected the heat energy production during curing (Zhu et al., 2022). It is known 

that alumina content, MgO/Al2O3 (M/A) ratio, and slag fineness all contribute to how much or fast 

heat energy is produced (Zayed et al., 2019). This extreme variation in curing performance gives 

cause to revisit the HEFT II shaft for core samples and testing. Since the HEFT II shaft construction 

in 2018, a sufficient amount of time has elapsed for any durability issues such as thermal cracking, 

delayed ettringite formation, or concrete strength reduction to be revealed.  

 

Variations in slag constituent composition is now being joined by changes in fly ash 

compositions and definitions. As of 2023, ASTM Committee C09 allows for the use of blended 

fly ash and bottom ash, resulting in coal ash (ASTM, 2023). This has the potential for significant 

changes in concrete performance, as bottom ash is known to be generally inert compared to fly ash 

(Thomas et al., 2017). Without accurate and standardized mill certificate reporting, modeling 
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results cannot be used reliably. With respect to minerology, typically Bogue calculations are used 

to determine C3S, C2S, C3A, and C4AF, however this can lead to discrepancies in quantification 

by up to 10%. Quantitative x-ray diffraction is more accurate for quantifying cementitious minerals 

and can identify specific mineral forms (e.g., calcium sulfate). Further, the , ,  parameters on 

which the modeling results are based do not account for the variability in slag and fly ash 

constituent compositions that are found in the field today. 

 

Where mass concreting programs are concerned, core and cage temperatures are typically used 

to determine differential temperature, however the cage-to-core and edge-to-core contour plots 

show that there can be as much as a 30°F difference between the two. This raises the questions: 

which is more correct, or are neither correct if a center bar is not centered? Should the differential 

between the hottest and coldest parts of the shaft (184-80=104°F, Figure 2.10) be considered 

regardless of where they occur? Or, is the largest temperature gradient (°F/in) most likely more 

important when identifying cracking stress potential? 

 

To date, the rationales for setting peak and differential temperature limits vary and are likely 

to continue to be in dispute given the variability of cementitious constituent compositions. This 

variability can be found in the materials used by the researchers leading up to these conclusions / 

specifications. This study did not aim to address which of the two temperature criteria are most 

correct, but rather focused on determining the actual peak and differential temperature in drilled 

shafts with varied concrete mix designs and from shafts of different diameters. However, the 

threshold of safety is left to the reviewer when using a given acceptance criteria (FDOT, ACI, or 

other). 

 

Finally, the current specifications for all concrete elements need to be unified. Drilled shafts 

should not be exempted from mass concrete specifications, nor should any element; even 30-in 

diameter elements have been shown to exceed peak temperature limits for both FDOT and ACI. 

 

5.2 Conclusions and Recommendations 

 

Based on the findings of this study the following points can be made: 

 

• Specialized field temperature measurements confirmed the relationship between 

temperature and radial position across the diameter of a drilled shaft within the 

reinforcement cage to be parabolic. 

• It is possible that the temperature measurements taken by the individual sensors of a 

thermal probe can be used to calculate temperature gradient across commonly placed 

access tubes in drilled shafts, however further investigation is needed to confirm this 

gradient is truly representative of the parabolic slope. 
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• Based on the predicted edge-to-core differential temperatures and peak temperatures 

estimated from a database of 70 drilled shafts constructed with concrete mixes using slag-

blended cement, most drilled shafts excluded from mass concrete considerations exceed 

one or both ACI temperature limitations (peak and differential).  

• Chemical and physical characteristics of cementitious material play a significant role in 

heat energy production and should be considered alongside cementitious material 

replacement level when designing drilled shafts. 

• Designer-friendly contour plots and closed-form equations were developed from models 

to determine when a given project should include a mass concrete control plan. The mill 

certs for the modeled cementitious materials can be considered typical, not highly reactive, 

and predicted temperature values should not overpredict field temperature values.  

• It is recommended that the HEFT II shaft in Miami, Florida be revisited for core samples 

and testing to determine if long-term concrete durability has been affected by extreme 

curing temperatures.  

• Further investigation into how differential temperature is determined is recommended, as 

it is unclear whether differential should be taken between the hottest and coldest parts of a 

shaft, between core and edge, or if the largest temperature gradient is more effective when 

identifying cracking stress potential.  

• The 35°F differential is exceeded by virtually all drilled shafts, yet a commensurate amount 

damage or cases have not been seen. A more robust criterion for differential temperature 

limits is needed. 

• Including mill certificates as part of shaft installation plans and/or submittal documents is 

recommended. 

• Mill certs are not presently standardized; standardized mill certificate reporting is 

recommended for all cementitious material types. 

• Sized-based guidelines for mass concrete considerations are obsolete given the increase in 

total cementitious contents used in recent years, therefore it is recommended that 

specifications move away from this approach with prioritization on performance-based 

guidelines.  

• Evaluation of all drilled shafts for possible mass concrete considerations is recommended. 
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A Appendix A:  Judy Genshaft Honors College Drilled Shaft DS-6 Construction Documents 

 

 
Figure A.1  Genshaft Honors College concrete mix design submittal page 1. 
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Figure A.2  Genshaft Honors College concrete mix design submittal page 2. 
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Figure A.3  Genshaft Honors College concrete mix design submittal page 3. 
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Figure A.4  Genshaft Honors College concrete mix design submittal page 4. 
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Figure A.5  Genshaft Honors College concrete mix design submittal page 5. 
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Figure A.6  Genshaft Honors College certification data submittal page 1. 
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Figure A.7  Genshaft Honors College certification data submittal page 2. 
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Figure A.8  Genshaft Honors College certification data submittal page 3. 
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Figure A.9  Genshaft Honors College certification data submittal page 4. 
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Figure A.10  Genshaft Honors College certification data submittal page 5. 
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Figure A.11  Genshaft Honors College certification data submittal page 6. 
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Figure A.12  Genshaft Honors College certification data submittal page 7. 
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Figure A.13  Genshaft Honors College certification data submittal page 8. 
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Figure A.14  Genshaft Honors College certification data submittal page 9. 
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Figure A.15  Genshaft Honors College certification data submittal page 10. 
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Figure A.16  Genshaft Honors College certification data submittal page 11. 
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Figure A.17  Genshaft Honors College certification data submittal page 12. 
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Figure A.18  Genshaft Honors College certification data submittal page 13. 
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Figure A.19  Genshaft Honors College certification data submittal page 14. 
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Figure A.20  Genshaft Honors College certification data submittal page 15. 
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Figure A.21  Genshaft Honors College certification data submittal page 16. 
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Figure A.22  Genshaft Honors College certification data submittal page 17. 
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Figure A.23  Genshaft Honors College certification data submittal page 18. 
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Figure A.24  Genshaft Honors College certification data submittal page 19. 
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Figure A.25  Genshaft Honors College certification data submittal page 20. 
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Figure A.26  Genshaft Honors College certification data submittal page 21. 
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Figure A.27  Genshaft Honors College certification data submittal page 22. 
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Figure A.28  Genshaft Honors College certification data submittal page 23. 
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Figure A.29  Genshaft Honors College certification data submittal page 24. 
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Figure A.30  Genshaft Honors College certification data submittal page 25. 
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Figure A.31  Genshaft Honors College certification data submittal page 26. 
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Figure A.32  Genshaft Honors College certification data submittal page 27. 
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Figure A.33  Genshaft Honors College certification data submittal page 28 
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Figure A.34  Genshaft Honors College certification data submittal page 29. 
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Figure A.35  Genshaft Honors College certification data submittal page 30. 
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Figure A.36  Genshaft Honors College certification data submittal page 31. 
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Figure A.37  Genshaft Honors College certification data submittal page 32. 
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Figure A.38  Genshaft Honors College certification data submittal page 33. 
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Figure A.39  Genshaft Honors College certification data submittal page 34. 
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Figure A.40  Genshaft Honors College certification data submittal page 35. 
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Figure A.41  Genshaft Honors College certification data submittal page 36. 

 



192 

 

 

Figure A.42  Genshaft Honors College certification data submittal page 37. 
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Figure A.43  Genshaft Honors College certification data submittal page 38. 
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Figure A.44  Genshaft Honors College certification data submittal page 39. 
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Figure A.45  Genshaft Honors College certification data submittal page 40. 

 



196 

 

 

Figure A.46  Genshaft Honors College certification data submittal page 41. 
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Figure A.47  Genshaft Honors College certification data submittal page 42. 
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Figure A.48  Genshaft Honors College certification data submittal page 43. 
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Figure A.49  Genshaft Honors College certification data submittal page 44. 
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Figure A.50  Genshaft Honors College concrete delivery ticket 1. 
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Figure A.51  Genshaft Honors College concrete delivery ticket 2. 
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Figure A.52  Genshaft Honors College concrete delivery ticket 3. 
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Figure A.53  Genshaft Honors College concrete delivery ticket 4. 
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Figure A.54  Genshaft Honors College concrete delivery ticket 5. 

 



205 

 

 
Figure A.55  Genshaft Honors College concrete delivery ticket 6. 
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B Appendix B:  Polk Parkway Drilled Shaft OC-13 Construction Documents 

 

 
Figure B.1  OC-13 concrete delivery ticket 1. 

 



207 

 

 
Figure B.2  OC-13 concrete delivery ticket 2. 
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Figure B.3  OC-13 concrete delivery ticket 3. 
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Figure B.4  OC-13 concrete delivery ticket 4. 
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Figure B.5  OC-13 concrete delivery ticket 5. 
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Figure B.6  OC-13 concrete delivery ticket 6. 
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Figure B.7  OC-13 concrete delivery ticket 7. 
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Figure B.8  OC-13 concrete delivery ticket 8. 
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Figure B.9  OC-13 concrete delivery ticket 9. 
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Figure B.10 OC-13 Type IL cement Sumterville Plant mill certificate. 

 



216 

 

 
Figure B.11  OC-13 Type IL cement Branford Plant mill certificate. 
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Figure B.12  OC-13 slag mill certificate. 
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C Appendix C:  I-4 Drilled Shaft OC-19 Construction Documents 

 

 
Figure C.1  OC-19 concrete delivery ticket 1. 

 



219 

 

 
Figure C.2  OC-19 concrete delivery ticket 2. 
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Figure C.3  OC-19 concrete delivery ticket 3. 
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Figure C.4  OC-19 concrete delivery ticket 4. 
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Figure C.5  OC-19 concrete delivery ticket 5. 
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Figure C.6  OC-19 concrete delivery ticket 6. 
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Figure C.7  OC-19 Type IL cement mill certificate. 
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Figure C.8  OC-19 slag mill certificate. 
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D Appendix D:  N. Florida and Sinclair Hills Drilled Shaft Construction Documents 

 

 
Figure D.1  Sinclair Hills drilled shaft concrete delivery ticket 1. 
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Figure D.2  Sinclair Hills drilled shaft concrete delivery ticket 2. 

 

 



228 

 

 

Figure D.3  Sinclair Hills drilled shaft concrete delivery ticket 3. 
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Figure D.4  Sinclair Hills drilled shaft concrete delivery ticket 4. 
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Figure D.5  Sinclair Hills drilled shaft concrete delivery ticket 5. 
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Figure D.6  Sinclair Hills drilled shaft concrete delivery ticket 6. 
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Figure D.7  Sinclair Hills drilled shaft certification data submittal page 1. 
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Figure D.8 Sinclair Hills drilled shaft certification data submittal page 2. 
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Figure D.9  Sinclair Hills drilled shaft certification data submittal page 3. 
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Figure D.10  Sinclair Hills drilled shaft certification data submittal page 4. 
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Figure D.11  Sinclair Hills drilled shaft certification data submittal page 5. 
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Figure D.12  Sinclair Hills drilled shaft certification data submittal page 6. 
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Figure D.13  Sinclair Hills drilled shaft certification data submittal page 7. 
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Figure D.14  Sinclair Hills drilled shaft certification data submittal page 8. 
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Figure D.15  Sinclair Hills drilled shaft certification data submittal page 9. 
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Figure D.16  Sinclair Hills drilled shaft certification data submittal page 10. 
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Figure D.17  Sinclair Hills drilled shaft certification data submittal page 11. 
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Figure D.18  Sinclair Hills drilled shaft certification data submittal page 12. 
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Figure D.19  Sinclair Hills drilled shaft certification data submittal page 13. 
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Figure D.20  Sinclair Hills drilled shaft certification data submittal page 14. 
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Figure D.21  Sinclair Hills drilled shaft certification data submittal page 15. 
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Figure D.22  Sinclair Hills drilled shaft certification data submittal page 16. 
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Figure D.23  Sinclair Hills drilled shaft certification data submittal page 17. 
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Figure D.24  Sinclair Hills drilled shaft certification data submittal page 18. 
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Figure D.25  Sinclair Hills drilled shaft certification data submittal page 19. 
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Figure D.26  Sinclair Hills drilled shaft certification data submittal page 20. 
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Figure D.27  Sinclair Hills drilled shaft certification data submittal page 21. 
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Figure D.28  Sinclair Hills drilled shaft certification data submittal page 22 
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Figure D.29  Sinclair Hills drilled shaft certification data submittal page 23. 
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Figure D.30  Sinclair Hills drilled shaft certification data submittal page 24. 
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Figure D.31  Sinclair Hills drilled shaft certification data submittal page 25. 
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Figure D.32  Sinclair Hills drilled shaft certification data submittal page 26. 
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Figure D.33  Sinclair Hills drilled shaft certification data submittal page 27. 
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Figure D.34  Sinclair Hills drilled shaft certification data submittal page 28. 
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Figure D.35  Sinclair Hills drilled shaft certification data submittal page 29. 
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Figure D.36  Sinclair Hills drilled shaft certification data submittal page 30. 
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Figure D.37  Sinclair Hills drilled shaft certification data submittal page 31. 
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Figure D.38  Sinclair Hills drilled shaft certification data submittal page 32. 
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Figure D.39  Sinclair Hills drilled shaft certification data submittal page 33. 
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E Appendix E:  US 17 Drilled Shaft 1-4 Construction Documents 

 

 
Figure E.1  Bartow drilled shaft 1-4 concrete delivery ticket 1. 
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Figure E.2  Bartow drilled shaft 1-4 concrete delivery ticket 2. 
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Figure E.3  Bartow drilled shaft 1-4 Type IL cement mill certificate. 
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Figure E.4  Bartow drilled shaft 1-4 Lehigh slag mill certificate page 1. 
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Figure E.5  Bartow drilled shaft 1-4 Lehigh slag mill certificate page 2. 
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F Appendix F:  34% Fly Ash (Class F) Model Concrete Mix Design and Mill Certificates 

 

 
Figure F.1 34% Fly Ash Model concrete mix design. 
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Figure F.2 34% Fly Ash Model mill certificate for Class F Fly Ash. 
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Figure F.3 34% Fly Ash Model mill certificate for Type II Portland Cement. 
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