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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 

in.2 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 1,000 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 

 

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 
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SYMBOL WHEN YOU KNOW MULTIPLY BY TO FIND SYMBOL 

FORCE and PRESSURE or STRESS 

lbf poundforce 4.45 newtons N 

lbf/in.2 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 in.2 

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 

 

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 
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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/in.2 

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 

 

The term “mattressing” is a relatively new term coined by a joint task force formed by the Deep 

Foundation Institute and European Foundation Federation Committee (DFI/EFFC). Mattressing is 

defined as a pattern of creases on the surface of drilled shafts or slurry walls where the pattern 

reflects the reinforcing cage layout and which gives the appearance of a quilted mattress top. The 

presence of creases does not substantially affect the volume of placed concrete and therefore is 

not detected by routine drilled shaft inspector logs where the anticipated/theoretical shaft volume 

is directly compared to the as-placed volume.  

 

The creases are formed as the concrete level inside the cage builds up enough pressure to push the 

concrete radially into the cover region and where the concrete separates as it passes around the 

rebar cage elements. Higher hydrostatic pressure and/or when the slurry is free from suspended 

solids minimize creasing, allowing the separated flow paths to visually recombine. The presence 

of creases, when found, was thought to be an unusual occurrence caused by out-of-spec concrete 

flow (low or borderline slump) or slurry heavily laden with suspended soil particles (high sand 

content). Two studies leading up to this work identified that (1) concrete flow is radial and not 

vertically rising in the cover region and (2) creases always formed when mineral slurry was used 

in large-scale laboratory shaft specimens where the concrete was tremie-placed and slurry 

displacing. The potential seriousness of the latter condition made it imperitive to determine if field-

cast shafts developed the same degree of creasing as laboratory-cast shafts when mineral slurries 

were used. 

 

The laboratory component of the project involved the examination of 59 large-scale, laboratory-

cast shaft specimens for the visual presence of creases, the effect of the creases on concrete 

strength and rebar bond, and the resulting corrosion resistance or durability that could be expected 

from various drilling slurry types and consistencies. Slurry types included mineral (bentonite and 

attapulgite), polymer (three manufacturers), and natural slurry (water). Slurry viscosity of mineral 

and polymer slurries was varied over the widest expected range of use in field applications. 

 

The surface texture of the shaft specimens, when cast against simulated steel casing, was found to 

be notably degraded when mineral slurries were used, regardless of slurry viscosity. This included 

the presence of creases and slurry products trapped between the concrete and the casing. Smooth 

surfaces where found for virtually all polymer and water specimens with some occurrences of 

hairline creases only visible by wetting and subsequent drying. The slurry trapping was identified 

as a probable cause of concrete-soil interface bond reductions previously attributed to filter cakes 

that form as mineral slurry flows into the surrounding soil and deposits the clay minerals along 

the side walls. 

 

Concrete strength within the core of the shaft cage was compared to the cover regions via an 

extensive coring program designed to identify subtle variations in concrete strength and quality. 

For specimens cast in mineral slurry, an 18% reduction in strength was noted. For polymer and 

water conditions, the values varied by 14% and 8%, respectively, at the worst-case locations along 

a vertical crease.  The rebar pullout bond was also examined as part of the strength effects 

investigation. The bond was found to be materially affected by the presence of mineral or polymer 

slurry but not for water conditions. A statistical evaluation of these tests identified the need for a 
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development length multiplier of 1.5-2 for slurry casting environments similar to that applied for 

epoxy coatings (1.2-1.5) or top vs.. bottom steel in horizontally cast beams. 

 

Corrosion resistance provided by the cover concrete in tremie-placed, slurry-displaced foundation 

elements was also found to be significantly affected by slurry type and not nearly as much by 

consistency. Surface potential measurements were used as the primary mechanism for comparison 

where copper-copper sulfate electrodes were applied to the wetted concrete surface and the 

millivolt potential difference between the electrode, and the reinforcement cage was mapped over 

a large portion of the entire shaft surface. All bentonite cage specimens showed higher probability 

of corrosion where 82% were actively corroding. Polymer shafts had a lower percentage of 

corroding specimens (29%), and one water-cast (6%) specimens showed signs of active corrosion. 

Interestingly, the surface texture (roughness) was identified to be a direct indication of poor 

corrosion protection where specimens with a roughness greater than 6 in3 of void volume per 

square foot of surface area were actively corroding. 

 

The field component of the study included the underwater inspection of five bridges selected to 

be representative of shafts cast in water, bentonite, or attapulgite. Water is used when a casing is 

employed to stabilize the excavation; bentonite is used when fresh water conditions are present 

and slurry is required for stability; and attapulgite is used instead of bentonite in salt water 

conditions. Over-water bridges were selected due to the ability to check the concrete surface 

quality without soil excavation. However, most of the shafts inspected still had a majority of the 

permanent casings in place (required to form concrete up to the water surface). Therefore, 3 ft x 3 

ft windows were cut in the casing to examine the concrete surface. Comparison of the electro-

chemical failure ratios in the lab to the visual surface conditions in the field showed that the results 

were very similar: The percentage of degraded or creased shaft surfaces were 100% for bentonite-

cast shafts, 45% for attapulgite-cast shafts, and 0% for water-cast shafts when single cages were 

used. For water-cast shafts cast with two concentric cages, all (3 out of 3) showed minor 

irregularities or creasing, indicating poorer concrete flow.  
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1. Chapter One: Introduction 

 

Drilled shafts are cylindrical, cast-in-place concrete, deep foundation elements that may be 

selected over driven piles on the basis of cost effectiveness, the soil strata encountered, or the need 

to control vibrations due to sensitive surroundings.  In general, the process of constructing shafts 

involves the drilled excavation of soil or rock using large diameter augers to form a deep 

cylindrical void space.  Within the excavation, placement of the necessary reinforcing steel is 

followed by concreting (Figure 1.1).   

 

 

Figure 1.1 Shaft construction: excavation (left), cage placement (center) and concreting (right) 

 

Unless permanent casing is used, the process requires the in situ soils to act as the formwork and 

thereby define the shape of the concrete.  In Florida, the high water table often dictates the use of 

slurry to stabilize the excavation walls and concreting is always tremie-placed.  

 

The two most common complications that arise during shaft construction stem from, and in the 

order of operation: (1) excavation stability and if successful, then (2) concrete-related flow 

properties. The latter of which is further complicated by the reinforcing cage congestion/spacing 

and the properties of the slurry that must be displaced by the concrete.  

 

This study focuses on concrete flow-related effects on the constructed element performance and 

how the presence of drill slurry (mineral, polymer or natural) affects various aspects of the 

performance. Use of self-consolidating concretes (SCC) in lieu of standard Class IV shaft mixes 

is also addressed. As not all SCC mix designs use the same constituents or admixtures, the effects 

on the concrete performance in the presence of various slurry materials are at present unknown. 

Therefore, it is important that the behavior of both the concrete and slurry be fully understood. 
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 Background 

The stability of a drilled shaft excavation (prior to and during concreting) can be maintained 

mechanically, hydrostatically, or with a combination of both means.  Mechanical stability implies 

the use of a full-length steel casing (a large diameter, thin-walled pipe) that holds the soil in place 

while the construction process is performed within.  Upon completion of concreting, the casing is 

often fully extracted before the concrete cures, and the wet/fluid concrete flows/pushes out against 

the excavation walls.  For this process to be successful, the concrete must still be fluid with 

sufficient flowability to move outward to the excavation walls upon casing extraction to promote 

side shear resistance. Alternately, slurry stabilization can be used where the freshly placed concrete 

comes into immediate contact with the soil strata but the concrete must fully displace the slurry. 

 

Slurry Stabilization. Hydrostatic stabilization is the process of using fluid or slurry to stabilize the 

excavation. The slurry level is maintained higher than the surrounding ground water table, and 

thus, a net pressure (or flow) is always directed outward into the soil walls to prevent side wall 

collapse.  The slurry can be natural ground water or sea water (natural slurry), or a mixture formed 

by mineral or polymer additives can be used.  However, it is never an acceptable practice to allow 

the ground water to flow into the excavation as a means to introduce slurry (natural) as fluids 

flowing out of the soil will result in soil loosening, side wall collapse, and/or end bearing soil 

relaxation. 

 

The selection of slurry products or additives is somewhat controversial as various states permit or 

restrict the use of some products.  Most commonly, a powdered clay mineral called bentonite 

(sodium montmorillonite) is mixed with water to form a slurry with a density slightly higher than 

water, but with the added advantage of greatly slowing or completely sealing off flow into the 

surrounding soil while maintaining the pressure differential; this exerts a force against the soil that 

maintains stability.  Alternately, polymer slurry products can be used that tend to only slow the 

inflow rate but do not seal off the excavation walls. In all cases, the slurry pressure / elevation 

within the excavation must be higher than that of the existing ground water.  

 

At the time of concreting, the slurry properties should be clean or free from excess suspended 

solids (sand content < threshold) and it should be light enough to be easily displaced by the rising, 

tremie-placed concrete (density < threshold). The quality of the slurry composition also applies if 

a mineral or polymer slurry is used; therein the viscosity of the slurry should demonstrate proper 

flow properties and stay within a tight range of acceptance. So in almost all cases (in Florida), 

concrete placement is performed blindly below water or slurry and therefore the concrete 

constantly interacts with the slurry during concreting.  

 

Drilled Shaft Concrete. FDOT state specifications require that the Class IV drilled shaft mixes 

have an initial slump between 7 and 9 in. at the onset of concreting and must maintain at least a 5-

in. slump throughout the entire concreting process. When temporary casing is used, the flow 

properties of the concrete at the time of casing extraction (after all concrete has been placed) is of 

vital importance. If the concrete is unable to flow due to sudden loss in slump/flowability, then the 

casing may become stuck and abandoned as permanent casing. This lower slump threshold is a 

type of practical construction limit.  
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More startling, however, is when the casing can be extracted but the concrete does not flow 

outward. In this case, the shaft becomes essentially slip-formed in place with an annular gap 

between the shaft concrete and the surrounding soils. This results in unwittingly constructing a 

shaft with zero side shear resistance. Garbin (2003) conducted studies on 1/10th scale drilled shafts 

that were constructed over a wide range of slump conditions at the time of casing extraction and 

showed that a significant reduction in side shear occurred at the then-permitted 4-in. slump loss 

(Figure 1.2). A 5-in. slump loss was later adopted on the basis of these findings. However, even at 

5-in. slump a marked reduction in capacity was observed. Another ramification from these findings 

could be to remove slump loss restrictions when no temporary casing is used, as the concrete would 

have already made contact with the soil strata at the onset of concreting. 

 

 

Figure 1.2 Side shear reduction caused by reduced slump (Garbin, 2003). 

 

The flow of concrete in a shaft has been idealized as a rising fluid that displaces the lighter slurry 

effortlessly (e.g. oil on water). However, studies have shown that the rising concrete is drastically 

affected by the presence of the reinforcing cage (Mullins and Ashmawy, 2005; Deese, 2004; Deese 

and Mullins, 2005). Figure 1.3 shows a conceptual comparison of this misconception. 

 

The studies showed that the tightness of the cage and fill/flow rate of the concrete were linked to 

the differential concrete level between the inside and outside of the cage. This differential was 

found to be the driving force for concrete to fill the cover region, and the head loss required for 

the concrete to pass through the cage had to be overcome with an equal magnitude of internal 

concrete head. These findings dismissed years of preconception that the rising concrete would 

scour the sidewalls and remove unwanted slurry clay buildup (filter cake) deposited by the outward 

flow of slurry into the surrounding soils.  
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Figure 1.3 Comparison of idealized flow with observed (Mullins, 2005). 

 

Small-scale lab specimens (Figure 1.4) showed concrete flows up beside the tremie in the 

remaining unobstructed portion of the cage. This was also observed in the field by weighted tape 

measurements taken from inside and outside the cage. For smaller-diameter shafts where the 

tremie diameter may occupy a large fraction of the interior cage region/volume, the differential 

may be even more drastic given a substantial increase in the upward concrete velocity from a 

standard concrete truck placement rate (e.g., 0.5 – 1 yd3/min); smaller diameter shafts are filled 

more quickly where the rising vertical flow rate of the concrete is significantly higher than larger 

shafts. Similar to head loss computations in water distribution systems, the concrete head increase 

was shown to be proportional to the square of velocity (Figure 1.5). 

 

Extending these findings, when the data in Figure 1.6 is sliced vertically at a constant flow rate 

(e.g., 1.5 ft/min) a practical cut off can be shown below which larger head differentials would 

occur. A cage spacing that produced a clear-spacing-to-maximum-aggregate-diameter ratio (CSD) 

smaller than 8 could result in more concrete buildup inside the cage, which in turn has a higher 

potential for inclusions (outside the cage) and may prevent concrete from sufficiently bonding to 

the surrounding soil. 
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Figure 1.4 Laboratory tests with small-diameter aggregate and tight reinforcement (CSD = 19). 

 

Figure 1.5 Inside-outside cage-head differential vs.. upward concrete fill velocity (Deese and 

Mullins, 2005). 
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Figure 1.6 Recommended CSD ratio above which very little head differential was observed. 

 

State and federal specifications have been established to control fresh concrete and slurry 

properties with the aim of circumventing the potential for problematic shafts.  However, despite 

these efforts (specifications), problems persist.  Figure 1.7 shows an example of a shaft that 

exhibited concrete flow problems, either from fresh concrete or slurry properties. Recent 

conversations with engineers in the UK indicated that this type of concrete flow (termed there as 

“quilting” or “mattressing”) has been suspected but never confirmed. This image reinforced their 

fears. Since then and with this awareness, multiple occurrences have been documented. 

 

Self-Consolidating Concrete. Self-consolidating concretes at first inspection seem to be natural 

candidates for drilled shaft applications as the poor flow that resulted in the Figure 1.7 observation 

might be alleviated. The first SCC prototypes were developed in the late 1980s (Osama et al, 1989) 

and hence are relatively new to construction as a whole. SCC is distinguished from conventional 

concrete by its water-like, free-flowing characteristics, which allow the mixes to flow into forms 

and around obstacles such as reinforcing steel under only the force of gravity (like shafts with no 

applied vibration). Recently, SCC concrete has become commonplace in precast yards (Figure 1.8) 

due to the reduced casting and finishing times. 
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Figure 1.7 Shaft exhumed to show poor concrete flow performance from slurry properties or fresh 

concrete properties (courtesy of the FDOT State Materials Office). 

 

Figure 1.8 SCC used to cast prestressed piles requires almost no finishing as it pours out level. 
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For drilled shaft applications, several cases have been documented but the post construction 

evaluation methods (if any) are, at present, unclear. The evaluation of SCC performance in drilled 

shaft applications was one focus of this study. 

 

 Report Organization 

The recurring finding of poor concrete flow through drilled shaft cages was the primary motivation 

for this study. The alarming condition of shafts found like that shown in Figure 1.7 raised the 

question, how often does this occur? This coupled with the findings of previous studies (Figures 

1.3-1.6) further confirmed a general lack of understanding pertaining to concrete flow in tremie-

placed, slurry displacing conditions. At the onset of this study, SMO/FDOT engineers along with 

USF researchers discussed the scope of the project and thereby narrowed the focus from the 

development of a potentially viable SCC mix for shafts to the present project, Part 1: an exploratory 

venture to identify the frequency/probability of poorly-cast underground structures and the effects 

of poor concrete flow on shaft performance and durability. 

 

The ensuing eleven chapters discuss the efforts undertaken. Chapter 2 provides a literature review 

of SCC and Class IV shaft mix performance. Chapter 3 presents the construction of 58 large-scale 

shaft specimens cast in an outdoor research facility. Chapter 4 contains the rheological modeling 

completed to simulate tremie-placed, support-fluid-displaced concreting operations. Chapter 5 

assesses the effects of support fluid on rebar bond through the evaluation of 227 pull out tests. 

Chapter 6 scrutinizes the lab specimens for corrosion resistance / durability and compares the 

effects of the various casting/slurry conditions and concrete types. Chapter 7 details the 

construction of an instrumented drill used to map concrete strength during coring operations. 

Chapter 8 presents the results of mercury porosimetry and x-ray diffraction tests of samples taken 

from the large-scale lab specimens. Chapter 9 looks at two methods used to quantify the surface 

condition of each of 52 laboratory-constructed shafts.  Chapter 10 contains the findings from 

underwater evaluation of in-service bridges cast with bentonite, attapulgite, and natural (water) 

slurry conditions. Chapter 11 details the process for successfully operating the underwater laser 

scanner for evaluating the surface texture of submerged shafts. The data analysis procedure is also 

described. Chapter 12 provides a narrative summary of the results of all testing. The results from 

key data sets are then graphed together to reveal trends. Chapter 13 concludes the report with a 

summary of the findings and extended points of concern. 

 

Appendices have been prepared corresponding to the various chapters and the respective data sets. 
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2. Chapter Two: Literature Review 

 

 Types of Deep Foundations 

In terms of deep foundation construction, the most commonly used elements are drilled shafts or 

driven piles. However, other types of deep foundations exist such as micropiles and continuous 

flight auger (auger cast) piles/drilled displacement piles. These types of deep foundation elements 

are described in the following sections. 

 Driven Piles 

Driven piles are prefabricated elements made of concrete, steel, or timber. Precast concrete 

elements are typically 12 to 36 in. in width or diameter and are installed using a pile driving 

hammer. Steel H piles and pipe piles can be installed using vibratory hammers and in some cases 

by water jetting. Driven piles cannot typically breach hard materials or rock. The most common 

types of piles used for transportation structures are steel H piles, pipe piles, and prestressed 

concrete piles. (Brown, et al., 2010) 

 Micropiles 

Micropiles are smaller than driven piles, with diameters typically 12 in. or less. This type of pile 

is constructed using a high-strength steel rod or pipe, which is either driven or drilled into place. 

They are almost always grouted into the bearing strata once the desired depth/location is achieved. 

While this type of pile is a very small structural element, it can achieve a very high axial resistance 

and can be drilled into hard rock. In contrast, given the small cross sections, very little bending 

resistance can be developed. These elements are used extensively in structural repairs/foundation 

remediation where limited access is available for mobile drilling equipment.  

 Continuous Flight Auger (CFA) Piles and Drilled Displacement Piles 

This form of pile is typically 12 to 30 in. in diameter and is only used in soils or weak rock. These 

elements are characterized by the installation procedure, which uses a full-length auger with 

continuous flights that allows the target foundation depth to be achieved in a single drilling stroke. 

Once the target depth has been achieved, concrete or grout is pumped down the center of the auger 

stem (which is hollow) and the auger is slowly extracted leaving a cast-in-place concrete or grout 

element. Reinforcing steel can be inserted immediately thereafter while the concrete/grout is still 

fluid. This, however, can limit the amount of steel and complexity of the reinforcing steel cage 

design. 
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 Drilled Shafts 

Drilled shafts, typically 3 to 12 ft in diameter, are cylindrical, cast-in-place, reinforced concrete 

elements constructed to depths of up to 300 ft. Being one of the largest diameter foundation 

options, significant bending and lateral resistance can be developed, which in some cases provides 

economic benefits. These elements differ from CFA piles as augers with only one or two flights 

are used, and the excavation process involves multiple trips down an open hole to remove material 

and reach the target depth. Hence, an open excavation is first created in which the reinforcing steel 

and concrete are then placed. Drilled shafts are often selected over other options as the drilling 

process to create the cast-in-place formwork that can penetrate stiff soil or rock strata not easily 

penetrated by driven pile or CFA options. Drilled shafts are the focus of the project and are 

therefore discussed in further detail. 

 Drilled Shaft Construction 

Constructing drilled shafts involves three basic steps: (1) excavation, (2) installation of the 

reinforcing cage, and (3) concreting. For the purposes of this report, concreting is a primary focus. 

However, the mechanisms by which the excavation is held open/stable in the presence of ground 

water can greatly affect concrete placement and therefore is also discussed. 

 Methods of Construction 

There are three methods of excavation used for drilled shafts: the dry method, the casing method, 

and the wet method. Once a method of construction has been determined, a concrete placement 

method can be selected (e.g. free-fall or tremie-placed). 

Dry Method 

The dry method of construction is the most favorable from an economic standpoint. This method 

can be utilized when soil and rock are located above the water table and will not cave in while the 

hole is being drilled or after. A homogeneous stiff clay for example, would be ideal for this method 

of drilling, while a loose sand would not. However, any type of soil is vulnerable to caving near 

the surface, thus a small, short piece of steel casing called a “surface casing” is typically inserted 

there. This form of casing may be temporary or permanent.  

 

The construction process for the dry method is as follows. First, the shaft is excavated to the desired 

depth. This will most likely be completed using a simple rotary auger, which will also likely have 

teeth to break up the soil. This ensures the most amount of material possible per pass is removed. 

Next, the base of the shaft is cleaned using a bucket or flat bottom tool to remove any loose debris 

and potential water (Brown, et al., 2010). This is followed by the insertion of a reinforcement cage 

(for most projects), and then finished by placing the concrete. This can be done using the “free-

fall” method of placing concrete where the flow is directed to the center of the hole in effort to not 

hit the reinforcement cage or sides of the borehole. Concrete can also be placed utilizing a short 

section of tremie pipe or centering device.  



11 

 

Casing Method 

The casing method is not as simple as the dry method. It is most applicable in soils prone to caving 

or where rock deformation may occur during excavation. The casing method can also be used to 

extend shaft formation through water to reach a dry, stable formation. This method is commonly 

used with the addition of drilling fluid or water, however it is not always needed. 

 

There are three general methods for the installation of casing. The first is to excavate an oversized 

hole via the dry method, then place the casing into the hole. However, this method is only 

acceptable in soils that are generally dry or with slow seepage. The second method is to use a 

drilling fluid to displace the soil while drilling the hole through the shallow permeable strata, the 

casing can then be placed and advanced into the bearing layer. Once the casing is sealed to a stable 

layer the drilling fluid can be removed from inside the casing. The third and most common method 

is to first install the casing through the soil strata and into the bearing layer, then excavate the shaft 

within the casing with or without fluid. The casing can be driven using methods such as a casing 

oscillator, impact or vibratory hammers, or a rotator with sufficient torque and downward force to 

advance the casing. 

 

For all methods, while permanent casing can be used, most casing is recovered after the concrete 

is placed. In most cases as well the shaft excavation will continue past the bottom of the casing 

and thus it is important that the casing achieves a seal into the bearing layer to prevent caving 

and/or seepage. The use of a full-length reinforcement cage is generally required for all methods, 

as it is difficult to keep a partial cage in the proper orientation.  

Wet Method 

The wet method of construction is where the excavation is kept filled with a prepared drilling fluid, 

or slurry (discussed in detail in 2.3), designed to keep the borehole open by maintaining its 

stability, or filled with water if the hole is stable during the entire construction process. There are 

several cases where it is necessary to use the wet method, for example if the shaft is to be drilled 

into a sand or permeable layer that will collapse or demonstrate instability during excavation. 

Another case would be where the foundation is stable, however the shaft is to extend through 

caving or water-bearing soils that would be difficult to drive casing through because of the soils 

depth and thickness, the drilling fluid would be able to keep the excavation stable and prevent 

groundwater infiltration.  Another circumstance is when full length casing is driven (method 3 of 

casing method), however the soil conditions at the base are permeable. This is an example of when 

plain water can be used instead of drilling fluid. The last instance for use of this method would be 

when the hole is cased into a stable rock, but the groundwater has an inflow of greater than 12 in. 

per hour. Thus, drilling fluid is used to prevent groundwater infiltration. (Brown, et al., 2010) 

 

The use of drilling fluid works by forming a hydraulic gradient between the fluid in the borehole 

and the soil. This is done by keeping the drilling fluid elevation higher than that of the groundwater 

in the soil, thus the drilling fluid exerts a pressure causing it to try and flow out into the soil. This 

seepage pressure provides stability to the excavation sidewall. Common drilling fluids used are 

polymer and bentonite, which have the ability to hold higher levels of viscosity than water. A 

higher viscosity simultaneously reduces the rate of fluid loss within the excavation, which will 

result in the formation of the hydraulic gradient just discussed by keeping a hydraulic slurry head 

of at least 5 or more feet above the hydraulic head from the groundwater. (Brown, et al., 2010) 
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Construction for this method includes casing insertion, excavation and simultaneous filling with 

drilling fluid, reinforcement cage insertion, and concreting. Concreting is performed via tremie 

placement (section 2.2.2.2). By whatever means necessary it is also important to avoid potential 

inclusions of slurry or suspended sand into the concrete. 

 Concrete Placement 

Placement of concrete into the drilled shaft is performed by two methods. The first method is free-

fall concreting and the second is tremie placement. Both methods are discussed in the following 

sections.  

Free-Fall 

Free-fall concrete placement is only permitted for dry excavations, because if the shaft excavation 

is not completely dry the concrete and excess water will mix, resulting in a concrete mix with 

excessive water or even a zone of washed aggregate. To avoid this there should be less than 3 in. 

of water at the bottom of the excavation. Other precautions necessary when using this method are 

to avoid hitting the reinforcement cage and sides of the borehole. When the concrete hits the 

reinforcement cage the cage can get distorted, segregation in the concrete can also be produced. If 

the concrete hits the side of the borehole, this risks soil or debris being knocked into or mixing 

with the concrete.  

 

To ensure that the concrete is placed in the center, a drop chute can be used. This can be composed 

of a short section of stiff or rigid pipe, a flexible hose should not be used as the flow may be 

difficult to direct. It should be noted that the Florida Department of Transportation (FDOT) still 

requires a tremie for depositing the concrete for dry excavations and states the free-fall of the 

concrete should be less than 5 ft at all times (FDOT, 2018); as such free-fall concreting is not 

discussed any further. 

Tremie Placement 

A gravity tremie places concrete by using a steel tube, typically with a hopper on top. Concrete 

can be placed directly from the concrete truck, from a pump, or by discharging from a bucket. 

Typical inside diameters of tremie pipes are 8 to 12 inches, however this is dependent on the 

diameter and depth of the excavation. It is important for the tremie pipe to be watertight. This will 

prevent drilling fluid from entering during placement. It is also critical for the tremie to be smooth 

and clean on the inside, minimizing drag forces. 

 

There are two typical procedures that can be followed to minimize concrete contamination when 

slurry or water is used in the excavation. The first is to install a closed tremie where the bottom is 

sealed with a cover plate. The second method is to install an open tremie and insert a traveling 

plug ahead of the concrete. (Brown, et al., 2010)  

 

Tremie placement delivers concrete first to the bottom of the shaft and then the tremie pipe is 

slowly raised. It is important to always keep the bottom of the tremie at least 10 ft below the rising 

surface of fresh concrete to prevent the concrete mixing with the slurry (Brown, et al., 2010; 

FDOT, 2018). However, there is always a time early-on when concrete has not yet filled 

significantly above the bottom of the tremie level. This report focuses on tremie-placed concrete. 
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 Drilling Fluid 

As discussed in section 2.2.1.3, drilling fluid can be used to press against the soil walls of the 

borehole in order to maintain stability. There are two main circumstances where drilling fluid is 

needed. The first is when casing is installed and sealed into an impermeable layer; once this is 

achieved, the drilling fluid can be pumped out from the inside of the casing; this is a rare case. The 

second scenario is anytime an excavation is performed below the water table and where casing is 

not used to maintain sidewall stability. When using this method, the concrete must be tremie-

placed so that the drilling fluid is properly displaced. Figures 2.1 to 2.5 display the slurry types 

discussed being displaced by concrete, these figures also indicate the ease of displacement. 

 Natural (Water) 

While not always possible, in some situations water can be used as a drilling fluid (Figure 2.1). 

The Federal Highway Administration (FHWA) drilled shaft manual recommends the use of water 

as a drilling fluid when the soil layers being penetrated are permeable, but unable to slough or 

erode when exposed to water in the borehole. For example a sandstone or cemented sand would 

work much better in comparison to a loose sand where water would rush in from the bottom faster 

than it could be pumped in, in turn also loosening the soil at the tip changing the SPT (standard 

penetration test) blow count. If water is chosen for use, the water level in the excavation must be 

kept above the piezometric surface so that seepage only occurs from excavation into the formation 

and not the opposite. (Brown, et al., 2010) 

 

 

Figure 2.1 Natural slurry (water) exiting the form during concreting. 

 Mineral Slurry 

Mineral slurry is the most common for the wet construction method. This slurry is formed by the 

combination of dry mineral clay powder (either sodium or calcium montmorillonite) and water. 

There are several types of mineral clay powder: attapulgite, sepiolite, and bentonite, the latter of 

which is typically used for construction. 
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Bentonite 

In the United States, the majority of bentonite comes from the state of Wyoming. Bentonite is 

classified as a sodium montmorillonite. When bentonite clay powder and water are mixed, the clay 

particles form a suspension (O’Neill and Reese, 1999). This suspension is caused when the 

bentonite powder is bound by water, causing it to scatter into microscopic plate-like particles. 

These particles then go on to constantly repel each other, similar to magnets when the same poles 

are trying to touch. This allows for an almost indefinite particle suspension. The hydration of 

bentonite can take up to several hours to complete, once finished the slurry is ready for final mixing 

and use (Brown, et al., 2010). Figure 2.2 shows bentonite slurry displacing out of a construction 

form. 

 

The primary need for use of bentonite (mineral) slurry is excavation stabilization. Bentonite slurry 

works in two ways to achieve this. The first is through what is known as a filter cake. The filter 

cake is a thin layer that is formed along the sidewalls by the slurry as the suspended clay particles 

are deposited onto the excavation walls, and the mix water migrates into the soils. This aids 

stabilization by reducing outflow into the soil; however, the filter cake has been shown to 

negatively affect shaft side shear when the bentonite sits in the excavation for eight hours or more 

prior to concrete placement (Allen, 2016). The second form of stabilization is through the exertion 

of a positive fluid (hydrostatic) pressure which acts against the filter cake membrane and borehole 

sidewalls (Brown, et al., 2010). This along with the filter cake also aids to prevent groundwater 

intrusion.  

 

 

Figure 2.2 Bentonite slurry exiting the form during construction. 

 

Attapulgite and Sepiolite 

While attapulgite and sepiolite are mineral clay powders, they perform quite differently from 

bentonite. They are typically used where bentonite performs poorly, such as in marine 

environments which causes bentonite to flocculate. These clay minerals, in contrast to bentonite, 

are not hydrated by water and therefore have the ability to be used immediately after mixing. 

Figure 2.3 shows attapulgite slurry being displaced from a construction form. They also do not 

have the same suspension longevity as bentonite and therefore must be agitated frequently to 

ensure effectiveness. Another differing aspect is the filter cake, instead a soft clay layer is created 
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on the walls of the excavation. This layer is an effective filter which is thought to be scoured off 

more easily by rising concrete, which is ideal considering this layer has a lower shear strength 

(O’Neill and Reese, 1999). However, the concept of “scour” as it pertains to excavation side walls 

is debatable and has been shown to not occur in tremie-placed application with standard to 

congested cages. 

 

  

Figure 2.3 Attapulgite slurry exiting the form during concreting. 

 Polymer 

Polymer slurries, where approved, are a relatively new alternative to mineral slurry, (Figures 2.4 

and 2.5). Polymer slurries were introduced to the market around the 1980’s. “The term polymer 

refers to any of numerous natural and synthetic compounds, usually of high molecular weight, 

consisting of individual units (monomers) linked in a chain-like structure” (Brown, et al., 2010). 

Polymer slurry is formed through the mixture of polyacrylamides and water. This mixture forms 

long chain-like molecules. These molecules are negatively charged, promoting molecular 

repulsion (O’Neill and Reese, 1999).  

 

Polymer slurries, like mineral slurries, are used to provide excavation stability. Also like mineral 

slurries, polymers require a minimum amount of head to provide the needed hydrostatic pressure. 

Polymer slurries differ from mineral though, as their structure prevents the formation of a filter 

cake. Thus, to overcome the groundwater intrusion, a sufficient head differential must be 

maintained. To obtain excavation stability without the formation of a filter cake, polymer slurry 

continuously flows into the walls of the excavation. This is done at a slower rate due to the 

increased viscosity. 
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Figure 2.4 Polymer slurry exiting the form during concreting. 

 

 

Figure 2.5 Close-up of a thicker viscosity polymer slurry exiting the form. 

 

 Blended Slurry 

A blended slurry is the mixture of a mineral and polymer slurry, with bentonite typically used as 

the mineral slurry. This is done to take advantage of the benefits that each slurry type has to offer. 

However, blended slurries are not common and require expertise in the area beyond what is 

typically available. (Brown, et al., 2010) 
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 Marsh Funnel Test 

It has been established that slurry in general is used to provide excavation stability. This is 

generally executed by introducing the slurry to the excavation and maintaining it at an elevation 

of at least four feet above the groundwater table (FDOT, 2018). The slurry viscosity greatly affects 

the performance in maintaining stability. Slurry viscosity is tracked and measured through the 

Marsh funnel test method (API, 2009). This method works by timing how quickly a known volume 

of fluid discharges with falling head from a standardized funnel, Figure 2.6 (API, 2009). The unit 

of measurement for viscosity is seconds per quart. The thicker the slurry, the higher the Marsh 

funnel viscosity.  For reference, the Marsh funnel viscosity of water is 26 sec/qt, this is the lower 

viscosity limit for drilling fluids. Typical workable ranges for mineral slurry are from 30 to 50 

sec/qt (Brown, et al., 2010) and 50 to 90 sec/qt for polymer slurry (Mullins, et al., 2018). 

 

 

Figure 2.6 A Marsh funnel viscosity test in progress. 

 Concrete Selection for Drilled Shafts 

Placing concrete with a tremie pipe in a support-fluid-filled excavation is a unique construction 

method and as such the concrete used must possess certain specific basic characteristics: resistance 

to leaching and segregation, self-weight compaction, high durability (low porosity) and high 

workability. Of these, the workability is of primary importance as it determines the ability of a 

concrete to flow freely out of the tremie pipe and through the reinforcement cage to restore lateral 
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stress against the sides of the excavation.  The most effective way to accomplish this is with a 

highly fluid mix design. As mechanical vibration is impractical and could lead to unwanted mixing 

of concrete and support fluids, the mix design should be self-weight compacting. Additionally, 

drilled shaft concrete must maintain its fluid state throughout the depth of the excavation for the 

full time required to complete placement (Reese and O’Neill, 1999). 

 

Concrete used for drilled shafts, considered Class IV concrete by FDOT, must be highly flowable 

so it can flow through the tremie pipe and fill the excavation. FDOT specifies a target slump of 

8.5 in. and range of 7 to 10 in. (FDOT, 2018), whereas FHWA recommends a range of 7 to 9 in.  

(Brown, et al., 2010). FDOT further specifies that the concrete must maintain a minimum 5-in. 

slump throughout the entire concreting process (FDOT, 2018). In addition, FDOT mandates a 

minimum 28-day concrete compressive strength of 4,000 psi (FDOT, 2018).  

 

Considering the large amounts of concrete used in the casting of a drilled shaft, construction 

temperature must be monitored, and measures should be taken to prevent excessive heat generation 

by the concrete (i.e. the concrete should have a low heat of hydration). Concrete must have low 

permeability to minimize corrosion potential and be cohesive in nature to resist leaching from the 

drilling fluid (Brown, et al., 2010). 

 Concrete Deficiencies 

The realities of concrete flow in a drilled shaft (Figure 2.7) creates a situation for possible concrete 

deficiencies. As the concrete flows through the reinforcement cage it is cleaved by the vertical and 

horizontal rebar and then rejoins on the outside of the cage. This provides an inherit opportunity 

for laterally forming laitance interfaces to become trapped, creating creases in the cover concrete 

(Figure 2.7). These creases often extend to the surface and reflect the reinforcement cage layout 

(Figure 2.8); this phenomenon is termed mattressing by the Deep Foundations Institute (Beckhaus, 

2016). 

 

 

Figure 2.7 Laitance channel formation 
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Figure 2.8 Mattressing on a drilled shaft test specimen. 

 

The potentially negative impacts of flow-induced anomalies and laitance crease formation are 

threefold: (1) laitance channels can create direct pathways for the transport of environmental 

chlorides to the reinforcing steel network, negating the protective qualities of the concrete cover 

and increasing the opportunity for corrosion, (2) the presence of trapped laitance can compromise 

the strength of the cover region and reduce structural capacity by cracking and reductions in the 

ultimate bending strength, and (3) the presence of trapped laitance and slurry along the shaft side 

walls has been attributed to filter cake formation, even in low-permeability soils. While filter cake 

formation is not the focus of this research, trapped laitance or slurry can be quantified by the 

surface texture for later consideration. 

 Self-Consolidating Concrete 

Concrete flow remains one of the most significant issues when tremie-placing concrete in shafts. 

As a result, many studies have been performed to investigate the use of self-consolidating concrete 

(SCC) for drilled shafts. SCC is a highly flowable concrete, which contains viscosity modifying 

admixtures to prevent segregation. It is also classified by having a limited aggregate content and 

low water-to-powder ratio (Okamura and Ouchi, 2003). All studies examined thus far have 

concluded that SCC is an acceptable alternative to the standard FDOT Class IV drilled shaft 

concrete (Hodgson III, et al., 2005; Brown, et al., 2007; Rausche, et al., 2005); however, some 

have also decided it was not worth the cost as the same result could be accomplished using smaller 

diameter rounded aggregate (Brown, et al., 2007). SCC mixes also usually require higher amounts 

of binder, which are both expensive and heat producing. With shaft diameters greater than 4 ft, 

this presents new problems in controlling internal temperature levels and temperature distributions 

to prevent high temperature-induced cracking and decreases in durability (Mullins, et al., 2018).  
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 Concrete Flow 

The intended performance of fresh concrete is to expel and displace drilling fluid while the fluid 

concrete rises in the shaft. This is a blind process that is only recently being understood. 

 Misconception of Concrete Flow 

In 2005, Deese and Mullins documented the misconception of concrete flow in drilled shafts. 

Previously, tremie-placed concrete was believed to rise in a uniform vertical layer across the shaft, 

displacing all slurry, and where upward flow in the cover would scour the soil side walls of slurry 

buildup as well as the reinforcement. Deese and Mullins showed instead that there was a buildup 

of concrete within the reinforcing cage before the concrete was then pushed radially through the 

cage into the cover region. For this to occur, a critical differential concrete height must be achieved 

between the center of the cage and cover region. This differential height was shown to be affected 

by clear spacing of the rebar, rate of concrete placement, and the maximum coarse aggregate size. 

This research showed that concrete does not displace slurry in a manner similar to oil over water, 

but instead slurry has the ability to become trapped in and/or against the sidewalls of the concrete.  

(Deese and Mullins, 2005) 

 

Images of shafts have later shown the presence of this concrete buildup, but in cases where shafts 

were found to have been incompletely concreted. This further highlights that at the end of a 

concrete pour, when the concrete in the cage has reached the top of the cage, the cover concrete 

will still be lower and that only the toppling of concrete over the top edge of the cage will fill the 

final several feet of cover regions. This toppling action implies segregation of this concrete as it 

falls through the slurry in the cover. Figure 2.9 shows two shafts at different degrees of concrete 

completion when the tremie was extracted and where the buildup in the cage can be seen. In both 

cases, the tremie-placed portion of the concrete pour was assumed to be complete and a surface 

formwork was used to dry-pour the top of the shaft pedestal for a light mast fixture. 

 Impacts of Poor Concrete Flow and Slurry Environment 

Summary of Studies 

Numerous studies have shown that when compared to water- or polymer-cast shafts, the use of 

bentonite slurry in excavation support results in as much as a 50-percent reduction in concrete-to-

soil bond (Majano, 1992; Brown, 2002; Lam, et al., 2014; Lam and Jefferis, 2015). Initial 

explanations credited this reduction in side shear to the filter cake that forms as the bentonite slurry 

flows into the surrounding soil and deposits clay particles on the excavation walls. While this is 

partially responsible, a far more significant mechanism for the deposition of bentonite along the 

side walls is from the trapping of bentonite due to the radial concrete flow (Caliari de Lima, 2017).   
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Figure 2.9 Concrete buildup inside the cage that provides lateral pressure to fill the cover. 

 

Bowen (2013) 

Bowen (2013) investigated the upper viscosity limit for bentonite slurry. However, during testing 

concrete flow issues were recognized. For this research, 18 small-scale shafts were cast that were 

42-in. diameter and 24-in. tall using No.8 bars as reinforcement with 6-in. clear cover and spacing. 

A projection of the reinforcing cage could be seen on the concrete surface for almost all of the 

bentonite specimens (Figures 2.10 and 2.11). This was a result of laitance creases which form as 

radially flowing concrete fills the cover region, as depicted by Mullins and Deese. 

 

While this research was focused on bentonite, several polymer shafts were cast as well. These 

shafts did not demonstrate the severity of mattressing noted with bentonite. Light crease lines were 

only noticed when closely examining the shafts. Bowen’s work concluded by defining an upper 

viscosity limit for bentonite use in the state of Florida to be 40 sec/qt to prevent pronounced 

quilting/mattressing in bentonite cast shafts. (Bowen, 2013) 
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Figure 2.10 Shaft 7 30 sec/qt bentonite (left), shaft 8 40 sec/qt bentonite (right). 

 

Figure 2.11 Shaft 4 55 sec/qt bentonite (left), shaft 5 90 sec/qt bentonite (right). 

 

Lucas and Allen (2017) 

Lucas and Allen (2017) evaluated the effects of slurry type and the time of exposure on the 

concrete soil interface. The motivation for the study was to define an upper time limit for slurry 

in-hole prior to concreting. The study involved casting 32, 1/10th scale shafts in sandy soil where 

the excavations were left open with slurry flowing into the surrounding soils for 2 to 96 hours. 

Full-scale shafts were also constructed where the open excavation times ranged from 1 to 48 hours. 

The small-scale shaft study showed polymer slurry had no time-related effects on the side shear 

(soil/concrete bond), but bentonite showed a marked reduction in side shear over the first 8 hours 

(33% with peak reduction at 8% per hour for the first 4 hours) and a more subtle reduction (0.1% 

per hour) thereafter (Figure 2.12). 
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Figure 2.12 Effect of slurry type and exposure time on side shear pull-out resistance of small-

scale shafts. 

 

The full-scale results showed less drastic differences over the exposure time frame (2 to 48 hr) 

where the 2-hr and 48-hr bentonite shafts showed the same average side shear resistance (Figure 

2.13). However, a reduction in side shear (16-26% at 1-inch displacement) was noted for bentonite-

cast shafts when compared to polymer-cast shafts. As much as 38% reduction was noted between 

a high-viscosity polymer shaft (100 sec/qt) and the bentonite 40 sec/qt shaft (B0-40). In Figure 

2.13, P denotes polymer; B, bentonite; 40, 60 and 100 describe the Marsh funnel viscosity in 

seconds per quart (Figure 2.6). 

 

Unfortunately, both the small-scale and large-scale shafts tested did not have full reinforcing cages 

that Bowen (2013) showed to cause mattressing, and Deese (2004) noted the importance of 

building a head differential across the cage. In fact, Lucas and Allen conclude the lack of 

reinforcing cage (center bar only) may have increased the scouring effects in the large-scale test 

shafts, and therefore reduced the differences between shafts. Small-scale shafts, which showed up 

to a 55% reduction in side shear, were concreted with very low energy flow (1-2 ft of gravity head 

in a tremie) compared to the large-scale shafts that were pumped via concrete pump directly to the 

bottom of the shaft.  
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Figure 2.13 Results of full-scale shaft pull-out tests show 16-38% reduction in side shear from 

using bentonite. 

 Summary 

This chapter provides the backdrop necessary to better understand concrete flow in tremie-placed, 

slurry displacing drilled shaft applications. In short, concrete flows radially into the annular cover 

region only after filling the inside of the cage to a sufficient height to overcome the head loss/flow 

restrictions of the cage lattice.  

 

When fluid or slurry is present, the height necessary to produce the radial driving force is 

essentially doubled due to the buoyancy effects. Other factors affecting this height differential 

were shown to include the cage tightness and the speed at which the concrete is placed. In fact, 

head loss was shown to be proportional to the square of concrete flow, similar in theory and 

practice of pipe-flow head losses. 

 

Radial flow is also the primary mode of laitance crease formations that lead to mattressing, which 

in turn provided the primary motivation and formed the main objective for this study: to define the 

effects of concrete flow on shaft performance. 

 

Finally, the effects of slurry type were briefly introduced to show what is known with regards to 

the concrete-soil interface. Bentonite slurry, the most commonly used product and the most 

effective at maintaining soil-side-wall stability, has negative effects on side shear and those effects 

worsen with time of exposure. 
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3. Chapter Three: Test Specimens 

 

The motivation for this study stemmed from observations of specimens cast for previous 

University of South Florida research projects (Costello, 2018, Mullins, et al, 2014; Bowen 2013). 

The first 22 shaft specimens were cast for a study in which the upper viscosity limit of bentonite 

and polymer support fluid was established (Bowen, 2013). Though previous work (Deese, 2005) 

introduced the concept of flow-related laitance creasing, it was only after the first set of forms was 

removed that mattressing was visually confirmed. The surface condition of several of the initial 

test shafts was alarming and warranted further verification. Thirty-six additional shafts were 

constructed using varied concrete types, support fluid characteristics, and reinforcement spacing 

in attempts to identify the variables pertinent to the problem.  This study sought to quantify the 

magnitude of impacts resulting from mattressing.  

 

Overall, a total of 58 test shafts were prepared. Each shaft measured 42 in. in diameter and 24 in. 

in height. Shaft specifics are provided in Table 3.1. Shaft 10 and shaft 44 were omitted from this 

study due to discontinuous reinforcement. Basic details for each concrete pour are included in 

Appendix A. 

 Casting of Test Specimens 

This section details the construction of shafts 1 to 58. The details include form construction, 

reinforcing cage layout, concreting details, and concrete placement.  

 General Form Construction 

The concrete forms used for casting the test specimens were prepared similarly for all concrete 

pours. First, collapsible children’s pools of 6-ft. diameter and 15-in. height were laid out in the 

decided pour configuration as a means of slurry containment. This dimension was chosen as the 

volume of the pools was large enough to hold almost all (to be) displaced slurry, providing enough 

time for the extraction pump to prime and transport it to the slurry storage tank. Following this, a 

¾-in. thick plywood sheet of 4 ft by 4 ft dimensions was carefully placed into the center of each 

pool. Next, the steel forms for the external walls of the shafts were prepared. The steel forms were 

fabricated using 18-gauge sheet steel rolled into a circular shape with angle iron welded to the ends 

to lock the forms. The ends of the forms were locked using three C-clamps on the upper, middle, 

and lower portions of the angles to form a circular shape. The dimensions of the enclosed steel 

forms resulted in shafts of 42-in. diameter and 24-in. height in all cases. The clamped steel forms 

were centered on the plywood.  

 

Following form placement, a reinforcement cage, detailed in 3.1.2, was placed in the center of the 

steel form. Within each form, 2- x 4-in. wood blocks with a 1-in. holes cut out were attached from 

the cage to the form to aid in maintaining the circular nature of the forms and thus attaining the 

desired clear cover spacing along the perimeter of the shaft. These blocks were necessary to ensure 

proper clear cover was maintained during pouring operations.  

 

To prevent fluid loss, silicone was used to seal the base of the steel forms to the plywood. Silicone 

was placed on both the inside and outside of the form, as well as along the seal where the angles 
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were clamped together. Once the silicone was dry each form was tested to ensure that it was water 

tight. Figures 3.1 and 3.2 depict the overall form set up. 

 

 

Figure 3.1 Forms set up prior to slurry and concrete placement. 

 

Figure 3.2 The inside of the form prior to slurry and concrete placement. 

 

 Reinforcement Cage 

The reinforcing cage described in this section is nearly identical to that of shafts 1 to 18, previously 

cast by Bowen, aside from the varying bonded length. For construction, No. 8 reinforcement bars 
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were used for the longitudinal steel and No. 3 stirrups were used for transverse steel.  The cages 

were constructed to have 6 in. of clear spacing for the longitudinal and transverse steel, thus 

meeting the preferred tightest cage spacing criteria stated by the Florida Department of 

Transportation (FDOT, 2018). The clear cover used was also 6 in. 

 

For cage construction the outer seven bars, which were used as structural reinforcement and not 

for pullout testing, were spaced and attached to the inside of the steel stirrups using steel tie-wire 

(Figure 3.3). The type of tie wire connection used was the quadruple-snap (Camilo Builes-Mejia, 

et al., 2014). Next, two rings of non-structural ½ in. polyethylene pipe (PEX pipe) were attached 

to the top and bottom hoops on the inside of the seven outer bars using plastic zip-ties. Finally, the 

debonded pullout bars were inserted and attached using zip-ties on the interior of the PEX pipe, 

this can also be seen in Figure 3.2. It should be noted that the steel stirrups did not come in contact 

with the longitudinal steel to be tested for pullout capacity.    

 

 

Figure 3.3 Outer seven longitudinal bars attached to the inside of the transverse reinforcement. 

 

The construction of the pullout specimens began by cutting to a length of 4 ft in order to 

accommodate the hydraulic ram and steel spacers used for testing. The bars were machined down 

to 7/8 in. diameter on the top and subsequently threaded to provide a point of resistance for the 

hydraulic ram during testing. Debonding on each bar was accomplished using 1-in. thin walled 

PVC pipe sealed with tape on the upper 8 inches and lower 10 inches of embedment length, 

resulting in a 6-in. bond length per bar (Figure 3.4).   
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Figure 3.4 The six six-inch debonded section of bar through the use of PVC pipe sections. 

 

The 6-in. bonded length was determined by Bowen to be ideal for testing. For a deformed No. 8 

bar the required development length according to ACI 318-14 is 47 in. (for 4,000 psi concrete); 

however, given the size of the test shafts, this dimension was unattainable. Bowen started with an 

initial bonded length of 18 in.; however, the pullout capacity was much higher than expected. He 

then gradually decreased the bonded length, finding the ideal length to be 6 in. (Bowen, 2013). 

Note: the 7/8-in. threaded ends on the 1-in. diameter bars resulted in a 60% reduction in bar area 

affecting the available tensile force for testing. 

 Slurry 

For testing, varied slurry products and viscosities were used. As some of the slurry information is 

the proprietary property of the manufacturer, only basic descriptions have been provided. All sets 

of test shafts cast after the initial 18 by Bowen include a water-cast shaft as a control for the set.  

 

Two mineral slurries were used for testing: bentonite and attapulgite. The bentonite used was a 

pure bentonite. The same product was used for all bentonite-cast specimens. The same attapulgite 

product was also used throughout the testing program. For polymer slurry, products from three 

different manufacturers were tested.  For comparison purposes, the same number of pullout bars 

was prepared per manufacturer. Slurry viscosities were tested and recorded using the Marsh funnel 

method described in 2.3.5 prior to and on the day of concreting. 

 Concreting 

Per FDOT specifications, slurry was always placed in the forms the morning of concreting no more 

than 8 hr before concreting (FDOT, 2018). All shafts were cast using tremie placement to simulate 

field conditions. 
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 Slump 

At the beginning of each pour, a concrete slump/flow test was performed. Standard slump test 

equipment was used for Class IV concrete and a wider base plate (spread board) was used for SCC 

concrete to measure the spread. This section will discuss both test procedures. 

Standard Slump Test 

The standard slump test (ASTM C143) is administered by first attaching the slump cone to a level 

base. The cone is then filled in three equal layers, with each layer being rodded 25 times. The top 

layer is then leveled off so that it is flush with the top of the cone. The cone is then lifted carefully 

off the base (within 3 to 5 seconds) to allow the concrete to spread or ‘slump’. The removed cone 

is then flipped upside-down and placed on the base. The slump of the concrete is the measurement 

from the top of the ‘slumped’ concrete to the top of the cone. This process in shown in Figure 3.5. 

 

 

Figure 3.5 The phases of performing a standard slump test; from left to right: rodding 25 times per 

layer, leveling the top of the cone, removing the cone to measure the slump value. 

 

SCC Spread/Slump Test 

The SCC slump is tested and measured in a different manner as SCC is highly fluid and does not 

hold the shape of the cone once removed. For this test, the same slump cone is used, however with 

a wider base plate (spread board). The slump cone is placed upside-down on the base plate and 

then completely filled with fresh concrete (Figure 3.6). The cone is once more carefully lifted 

allowing the concrete to spread (Figure 3.6). The diameter of the concrete is then measured at two 

perpendicular locations and the average is recorded as the concrete spread.  

 

 

Figure 3.6 SCC slump/spread test where the standard slump cone is filled upside-down (left), the 

cone is lifted (center), and the diameter of the spread is measured (right). 
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Cylinder Preparation 

Following slump testing, 4-in. by 8-in. cylinders were prepared to evaluate the concrete 

compressive strength. Preparation methods varied for Class IV concrete and SCC. Class IV 

concrete cylinders were made in accordance with ASTM C192 by adding concrete in two layers, 

rodding each layer 25 times, then leveling the concrete at the top, (Figure 3.7). SCC cylinders were 

simply filled and leveled, (Figure 3.8). 

 

 

Figure 3.7 A Class IV concrete cylinder post leveling. 

 

 

Figure 3.8 SCC cylinder preparation: pouring the concrete into cylinders (left) and leveling the 

tops (right). 
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Concrete Mix 

The previously constructed 18 shafts were all cast with Class IV concrete from Preferred Materials, 

Inc. Five test shafts were constructed using self-consolidating concrete where two providers were 

used, Preferred Materials, Inc. and Argos USA. 

Shafts 19 to 22 

Shafts 19 to 22 were cast with Class IV concrete from Preferred Materials, Inc. The primary 

purpose of these samples was to test the pullout capacity of the second polymer manufacturer, thus 

the concrete properties had to be comparable. The slump of this concrete was measured to be 8.5 

in. (Figure 3.9). Shaft properties can be found in Table 3.1. 

 

Table 3.1 Slurry type, viscosity, concrete mix, and bonded length for shafts 19 to 22. 

Shaft # Concrete Mix Slurry Type 
Marsh Funnel 

Viscosity (sec/qt) 

Bonded 

Length (in.) 

19 

Preferred Class 

IV 

Polymer 2 63 6 

20 Polymer 2 121 6 

21 Bentonite 42 6 

22 Water 26 6 

 

 

Figure 3.9 Measurement of 8.5-in. slump for shafts 19 to 22. 

 

Shafts 23 to 24 

Shafts 23 and 24 were cast at the same time as 19 to 22; however, with Preferred SCC instead of 

Class IV concrete. Table 3.2 shows the slurry type and viscosity for each cast shaft in this pour 

and the previous Preferred SCC shafts. These shafts were cast prior to the purchasing of proper 

spread testing equipment and thus a spread was not recorded for these specimens.  
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Table 3.2 Slurry type, viscosity, and concrete mix for shafts 23 to 24. 

Shaft # Concrete Mix Slurry Type 
Marsh Funnel 

Viscosity (sec/qt) 

23 
Preferred SCC 

Water 26 

24 Bentonite 40 

 

Shafts 31 to 36 

Shafts 31 to 36 were cast with the same Class IV concrete from Preferred Materials, Inc. that was 

used for shafts 1 to 22. The purpose of these specimens was to test the varying viscosities of 

attapulgite slurry in terms of concrete flow and pullout capacity so that this data could be compared 

to the other slurry types. This pour also tested two more shafts using polymer manufacturer 2. The 

slump of this concrete was determined to be 7 in. by the standard slump test; (Figure 3.10). Table 

3.3 displays shaft details such as slurry type, viscosity, and bonded length.  

 

Table 3.3 Slurry type, viscosity, concrete mix, and bonded length for shafts 31 to 36.  

Shaft # Concrete Mix Slurry Type 
Marsh Funnel 

Viscosity (sec/qt) 

Bonded 

Length (in.) 

31 

Preferred Type 

IV 

Polymer 2 98 6 

32 Water 26 6 

33 PG Bentonite 39 6 

34 Attapulgite 39 6 

35 Attapulgite 200+ 6 

36 Polymer 2 47 6 

 

 

Figure 3.10 Measurement of 7-in. slump for shafts 31 to 36. 
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Shafts 47 to 49 

Test shafts 47 to 49 were cast with a different provider of SCC. The distributor selected was Argos 

USA. Slurry conditions were kept close to the SCC shafts already cast. The spread of this concrete 

was 28 in., Figure 3.11. Shaft details can be found in Table 3.4. 

 

Table 3.4 Slurry type, viscosity, concrete mix, and bonded length for shafts 47 to 52. 

Shaft # Concrete Mix Slurry Type 
Marsh Funnel 

Viscosity (sec/qt) 

Bonded 

Length (in.) 

47 

Argos SCC 

Water 26 6 

48 PG Bentonite 39 6 

49 PG Bentonite 31 6 

 

 

Figure 3.11 Measurement of spread for Argos SCC mix for shafts 47 to 52. 

 

Shafts 53 to 58 

Test shafts 53 to 58 were cast to investigate a third polymer manufacturer. To be consistent, Class 

IV concrete from Preferred Materials was used. The slump of this concrete was measured to be 9 

in. by the standard slump test; (Figure 3.12). Table 3.5 displays shaft details such as slurry type, 

viscosity, and bonded length. 

 

Table 3.5 Slurry type, viscosity, concrete mix, and bonded length for shafts 47 to 52. 

Shaft # Concrete Mix Slurry Type 
Marsh Funnel 

Viscosity (sec/qt) 

Bonded 

Length (in.) 

53 

Preferred Class 

IV 

Polymer 3 49 6 

54 Polymer 3 58 6 

55 Polymer 3 120 6 

56 Polymer 3 85 6 

57 Bentonite 40 6 

58 Water 26 6 
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Figure 3.12 Measurement of 9-in. slump for shafts 53 to 58.  

 

Concrete Placement 

Once the concrete slump/spread was approved, the concreting process was initiated. For each shaft 

the tremie pipe was prepared by capping the base with a metal plate, placing a plastic bag over the 

plate/base of the tremie pipe, and taping to seal/hold the connection (Figure 3.13). The capped 

tremie pipe was then inserted into the center of the shaft and lowered to the bottom of the form. 

Next the tremie pipe was filled with concrete from the chute. Once full, the tremie pipe was slightly 

elevated allowing the concreting process to begin and displacing the slurry from the shaft form 

(Figure 3.14). Once placement was completed the tops of the shafts were levelled and labeled.  

Post concreting, the samples were allowed time to achieve at least three-quarters of their design 

compressive strength before the steel forms were removed.    

 

 

Figure 3.13 Tremie pipe preparation; placement of cap (left), covering of cap with plastic 

(center), taping of plastic around (not to) tremie pipe (right). 
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Figure 3.14 Displacement of slurry through the concreting process. 
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Table 3.6 Summary of all 58 shaft specimens  

Shaft 

# 

Concrete 

Mix 

Support fluid 

Type 
Viscosity 

Average 

Pullout 

Strength (kip) 

Average Concrete 

Compressive Strength 

(psi) 

1 4KDS PG Bentonite 44 57.234 6150 

2 4KDS PG Bentonite 105 49.704 6150 

3 4KDS PG Bentonite 40 36.894 4358 

4 4KDS PG Bentonite 55 32.697 4358 

5 4KDS PG Bentonite 90 38.094 4358 

6 4KDS Water 26 54.304 4358 

7 4KDS PG Bentonite 30 28.754 4530 

8 4KDS PG Bentonite 40 24.212 4530 

9 4KDS PG Bentonite 50 20.524 4530 

10 4KDS PG Bentonite 90 23.139 4530 

11 4KDS SP Polymer 65 32.338 4530 

12 4KDS SP Polymer 66 33.941 4530 

13 4KDS PG Bentonite 30 25.636 4753 

14 4KDS PG Bentonite 30 27.641 4753 

15 4KDS PG Bentonite 56 19.804 4753 

16 4KDS SP Polymer 85 24.077 4753 

17 4KDS SP Polymer 85 26.247 4753 

18 4KDS Water 26 34.042 4753 

19 4KDS KBI Polymer 63 20.9 4100 

20 4KDS KBI Polymer 121 19.3 4100 

21 4KDS PG Bentonite 42 20.7 4100 

22 4KDS Water 26 21.8 4100 

23 SCC Water 26 Not Tested Not Tested 

24 SCC PG Bentonite 40 Not Tested Not Tested 

25 SCC Attapulgite 40 14.3 5210 

26 SCC Water 26 Not Tested 5210 

27 SCC PG Bentonite 40 Not Tested 5210 

28 SCC SP Polymer 90 Not Tested 5210 

29 SCC SP Polymer 50 Not Tested 5210 

30 SCC PG Bentonite 30 Not Tested 5210 

31 4KDS KBI Polymer 98 42.6 6150 

32 4KDS Water 26 41.8 6150 

33 4KDS PG Bentonite 39 42.3 6150 

34 4KDS Attapulgite 39 43.6 6150 

35 4KDS Attapulgite 200+ 37.6 6150 

36 4KDS KBI Polymer 47 48.9 6150 

37 SCC Water 26 Not Tested Not Tested 

38 SCC SP Polymer 55 Not Tested Not Tested 
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Table 3.6 (Continued) 

Shaft 

# 

Concrete 

Mix 

Support fluid 

Type 
Viscosity 

Average 

Pullout 

Strength (kip) 

Average Concrete 

Compressive Strength 

(psi) 

1 4KDS PG Bentonite 44 57.234 6150 

40 SCC PG Bentonite 41 Not Tested Not Tested 

41 SCC PG Bentonite 28 Not Tested Not Tested 

42 SCC Attapulgite 37 Not Tested Not Tested 

43 4KDS PG Bentonite 37 Not Tested Not Tested 

44 4KDS PG Bentonite 37 Not Tested Not Tested 

45 4KDS PG Bentonite 37 Not Tested Not Tested 

46 4KDS Water 26 Not Tested Not Tested 

47 SCC Water 26 Not Tested 9128 

48 SCC PG Bentonite 39 Not Tested 9128 

49 SCC PG Bentonite 31 Not Tested 9128 

50 SCC SP Polymer 57 Not Tested 9128 

51 SCC SP Polymer 90 Not Tested 9128 

52 SCC Attapulgite 39 Not Tested 9128 

53 4KDS Matrix Polymer 49 Not Tested 5940 

54 4KDS Matrix Polymer 58 Not Tested 5940 

55 4KDS Matrix Polymer 120 Not Tested 5940 

56 4KDS Matrix Polymer 85 Not Tested 5940 

57 4KDS PG Bentonite 40 Not Tested 5940 

58 4KDS Water 26 Not Tested 5940 

PG Bentonite- CETCO Puregold Gel © 

SP Polymer – Shore Pac ® 

KBI Polymer – SlurryPro® CDP ™ 

Matrix  Polymer- Big Foot ® 
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4. Chapter Four: Rheology Modeling 

 Overview  

To better understand the phenomena causing the observed quilting in the cover region, it is 

necessary to examine how tremie-placed concrete flows into a reinforced, slurry-filled excavation. 

As stated previously, the commonly held concept that concrete displaces slurry like oil over water 

in a flat rising surface is a misconception. Deese and Mullins (2005) have shown that concrete, in 

fact, builds up a head inside the reinforcement cage prior to flowing radially into the annular cover 

region (Figure 4.1). While physical studies provide visual verification, numerical modeling is a 

cost-effective means by which to test variations in concrete material properties and reinforcement 

configuration. The modeling contained herein considers the use of a self-consolidating concrete as 

well as a typical FDOT Class IV drilled shaft mix design. 

 

Self-consolidating concrete (SCC) is a highly flowable concrete mix that is increasingly chosen 

over standard mix designs due to its workability. There is a notable difference between the way 

self-consolidating concrete fills a drilled shaft excavation as opposed to other structural members 

like roof slabs, beams, and columns. The drilled shaft is cast below ground level, and the casting 

is done in the shaft that is formed by the drilled excavation of soil to the specified size and depth 

from the ground level. In most cases, the in situ soils act as the formwork and the excavation 

establishes the shape of the shaft concrete.  In Florida, due to the presence of a high water table, 

drilling fluid is used to stabilize the excavation walls and concreting is always tremie-placed. 

 

Considering the above factors, in the simulation of SCC flow in the drilled shaft, the following 

mechanisms are to be taken into account: 

 

 Flow of SCC through the tremie pipe placed at the center of the shaft. The tremie extends 

from the top of the shaft to the bottom of the shaft leaving a gap of 6 to 10 inches from the 

excavation bottom. 

 SCC flowing out from the tremie pipe spreads out radially throughout the entire cross section 

of the shaft, passing through the reinforcement steel and displacing the drilling fluid. 

 Filling of SCC in the shaft from bottom to top and displacing the drilling fluid.  

 

Figure 4.1 shows the above flow mechanisms in the drilled shaft in an idealized and actual flow 

pattern.  

 

Even though the objective is to create a 3-D model simulation, 2-D modeling was initially 

performed as a precursor, given the challenges of the flow involving (1) resolution of the concrete-

slurry interface, (2) the rheology of the fluids, and (3) the complex flows expected potentially 

characterized by pockets of slurry trapped within the concrete. 
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Figure 4.4.1 Flow Mechanism in Drilled Shaft: Idealized and Actual Flow Pattern (Deese and 

Mullins, 2005). 

The numerical modeling and simulation of SCC flow in a drilled shaft can also be applied to 

normal concrete flow in a drilled shaft. Hence, in the following sections, the flow mechanism is 

referred to as concrete flow that is applicable to both normal drilled shaft concrete (NC) and SCC. 

Analysis is performed for both SCC and NC flows.    

 Modeling and Simulation in 2-D 

2-D modeling and simulations have been performed with a finite element CFD (computational 

fluid dynamics) model built using COMSOL Multiphysics® software (COMSOL, 2016). The 

COMSOL CFD Module with incompressible laminar fluid flow has been considered for the 

modeling. The simulation of concrete flow in a drilled shaft involves two fluids consisting of the 

concrete flowing from the tremie pipe and the outgoing slurry from the excavation, displaced by 

the concrete. Tracking the moving interface between the two fluids is of prime importance in the 

study of the flow patterns of SCC and NC that is required for the evaluation of SCC for use in 

drilled shafts. Considering the axis symmetry of the shaft, an axisymmetric model was developed 

so that the problem size and computational expense could be greatly reduced. The modeling and 

simulation process can be divided into two parts:  
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Pre-processing, in which the model geometry is entered, the mesh is generated, boundary 

conditions are set, and the fluid properties are assigned. Computation, in which the fluid mechanics 

equations are numerically solved on the mesh. 

 Model Geometry  

Geometry is formed as a combination of solid objects, mainly rectangular shapes, joined using 

Boolean operations like union, intersection, and difference. For this study, as shown in Figure 4.2, 

a shaft excavation of four-foot diameter and five-foot depth is modeled as a rectangular element. 

The steel rebars are modeled as horizontal elements (stirrups) with gaps that match the spacing in 

a full-scale shaft. In the geometry, the 10-inch diameter tremie pipe is modeled as a rectangular 

element. The tremie pipe element is provided at the center of the drilled shaft from the top of the 

shaft to 6 inches above the bottom of excavation. Note that the model shown in Figure 4.2 does 

not distinguish between the upward flow of concrete between the cage and tremie, and the upward 

flow between the cage and wall. The flow demonstrated is simply from the inlet and outlet shown. 

 

 

Figure 4.4.2 2-D Model in COMSOL: Shaft Model Geometry. 
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 Material Properties 

The material properties, used in the modeling, for SCC, NC, and the slurry are given in Table 4.1.  

 

Table 4.1 Properties of Concrete, SCC, and Slurry. 

Materials 
Properties 

Density in  
lb/ft3 

Viscosity  
Pa-s 

NC 156 (2,400) 50 - 100 

SCC 150 (2,300) 20 - 100 

Slurry 75 (1,150) 0.10 - 0.5 

 

 Boundary Conditions  

Boundary conditions have been set at the inlet and outlet of the axisymmetric model (see Figure 

7.2). The inlet for the concrete flow is at the bottom of tremie pipe where the concrete flows out 

into the shaft excavation. The outlet is at the top of the excavation where the slurry flows out of 

the excavation. Velocity at the inlet and pressure at the outlet have been given as the boundary 

conditions. The inlet velocity value given is equivalent to the velocity of concrete flow in the 

tremie pipe, which was calculated from the concrete supply rate from the truck at the field. 

Considering a 10-cubic yard capacity truck discharging concrete in the shaft excavation in 20 min, 

the inlet velocity is calculated for the tremie size. The no-slip condition is enforced at the vertical 

side wall of the shaft excavation and at the bottom of the excavation. At the rebar surface, free slip 

is considered. 

 Rheological Model  

Apart from initial computation that assumed Newtonian fluid behavior for both the concrete and 

the slurry, the axisymmetric model also considered non-Newtonian behavior for concrete and 

Newtonian behavior for slurry. With the CFD module, a predefined Carreau model has been used 

to input the viscosity values for concrete, and the model describes the variation of viscosity with 

shear rate (Andrade et al., 2007). For slurry, Newtonian behavior has been followed as the flow 

behavior is expected to be close to that of water. 

 Governing Equations 

The fluid motion is governed by the Navier-Stokes equation, which is Newton’s second law of 

motion for fluids (Hibbeler, 2015): 

 

                                    
𝐃𝐮

Dt
g - p +(u + (u)T))                                (4.1) 

 

The Navier-Stokes equation is a vector equation with components in x, y, and z directions. In these 

equations  = (
∂

∂x
+

∂

∂y
 +

∂

∂z
) and2 =(

∂2

∂x2
+

∂2

∂y2
 +

∂2

∂z2
). Also, u is the velocity vector, g is 
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gravity, p is pressure, is density, and  is viscosity. The left side of the equation represents 

acceleration. The three terms on the right side are the gravitational force, the pressure gradient, 

and the viscous term. 

 

For an incompressible flow, the conservation of mass or continuity equation is  

 

                                                                    ∇u = 0          (4.2) 
 

which is solved in conjunction with the Navier-Stokes equation. 

 Level Set Method 

In the case of two-phase or multi-fluid flow, the objective is to characterize the moving interfaces. 

The two important methods to characterize the moving interfaces are interface-tracking and 

interface-capturing techniques. In COMSOL, the interface is captured by using the Level Set 

method, which is an interface tracking technique. This method is widely adopted and is well-suited 

to applications where topological changes and/or sharp corners are present. In the Level Set 

method, a smooth function denoted as 𝛼 is the level set function, which is used to represent the 

interface between the two fluids: the concrete (conventional shaft concrete or SCC) and drilling 

fluid (slurry or water). The interface is represented by the 0.50 contour of the function 𝛼which 

divides the fluid region into zones, each corresponding to the two fluids. The zones where 𝛼is less 

than 0.5 correspond to concrete and the zones where 𝛼is greater than 0.5 correspond to slurry. For 

incompressible multi-fluid flows, the level set equation that is solved in the CFD module of 

COMSOL is as follows: 

 

                                         
𝜕𝛼

𝜕𝑡
 +u∇𝛼 =  ∇ {∇𝛼𝛼𝛼

∇ 𝛼

|∇α|
    (4.3)  

 
The left side of the equation defines the motion of the interface while the right side provides 

stabilization or reinitialization. The parameter defines the interface thickness and parameter  

introduces the intensity of reinitialization or stabilization. For example, if  is too small, the 

thickness of the interface may not remain constant and parasitic oscillations may appear in the 

level set function 𝛼. If  is too large, the interface may move incorrectly. As noted in the COMSOL 

manual, a recommended value of is the maximum absolute value of the flow velocity (COMSOL, 

2016). 

 

For incompressible two-phase flow, the above level set equation is coupled with the Navier-Stokes 

equation as shown below:  

 

 
𝐃𝐮

Dt
 = g - p + (u + (u)T)) + Kn        (4.4) 



where  is the surface tension, K is curvature of the interface, n is the unit normal to the interface, 

and is the delta function. The expression Kn denotes the surface tension force at the interface. 

Furthermore, the density and viscosity are defined as, 


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 = 1 + (2-1)𝛼      (4.5) 

 

  = 1 + (2-1) 𝛼       

 

where, 1 and 2 are the densities of concrete and slurry, respectively, and 1 and 2 are the 

dynamic viscosities of concrete and slurry, respectively. 

 Meshing 

The model geometry has been partitioned with a triangular element mesh consisting of 48,972 

elements shown on Figure 4.3.  

 

 

Figure 4.4.3 2-D Model in COMSOL: Shaft Model Meshing. 

 

 Computations 

Computations are performed using the BDF (Backward Differentiation Formulas) time-dependent 

solver for a four-minute simulation time.  The motion of the interface is captured and thus the 

concrete flow patterns are obtained. The flow patterns, in terms of the volume fraction of concrete, 

are saved at 15-second time intervals and the plots are extracted at the required time intervals. A 

typical volume fraction plot with the concrete flow pattern from the COMSOL output is shown in 

Figure 4.4. The flow pattern clearly shows a concrete head differential between inside and outside 

the reinforcement. This phenomenon has been observed in the field measurements carried out by 

Mullins and Ashmawy, (2005), as described earlier. 

  

The computations are performed to study the concrete flow pattern for different concrete 

viscosities, different rebar spacing, and different concrete flow velocities. In the computations 

shown in Figure 4.5, concrete viscosities of 100 Pa-s at infinite shear rate and 1,000 Pa-s at zero 

shear rate, 7 rebars at a 9-in. vertical spacing, and a concrete flow velocity of 1.14 ft /min (0.0058 
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m/s) are considered. Figure 4.5 shows the concrete flow pattern at various flow time intervals. For 

example, the head differential is 10 in. (250 mm) at 210 s flow time. Figure 4.6 shows variation of 

concrete head differential with respect to the concrete inflow velocity when the other parameters, 

like viscosity values of concrete and drilling fluid, shaft size, and rebar arrangement, are kept the 

same.   

 

Figure 4.4.4 2-D Model in COMSOL: Typical Volume Fraction Plot, the color scale to the right 

represents α. 

 

As expected from field measurements, the head differential, Hdiff, increases with increasing 

concrete inflow velocity (Deese, 2005; Mullins and Ashmawy, 2005). Figure 4.7 shows Hdiff plots 

for different rebar spacing. The values are taken at 210 s. When studying the effect of rebars, there 

is an increase in the concrete head as the rebar spacing reduces or as the number of bar increases. 

Similar scenarios were observed during shaft construction in the field by others where the concrete 

flow was affected by the rebar blockage (Hodgson et al., 2005). 
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Figure 4.4.5 2-D Model in COMSOL: Concrete Flow Patterns at Different Flow Time Intervals. 
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Figure 4.4.6 2-D Model in COMSOL: Concrete Flow Velocity (v) vs. Head Differential (Hdiff).  

 

 

Figure 4.4.7 2-D Model in COMSOL: Concrete Flow Velocity (v) vs. Head Differential (Hdiff) 

for Different Rebar Spacing. 

 Limitations of 2-D Simulations 

Considerable approximations had to be made in the 2-D modeling. The concrete flow from the 

central tremie pipe to the excavation and the rebar arrangement are not fully representative of 

conditions in the field. For example, vertical rebars were not considered in the model geometry. In 

spite of these limitations and approximations, the flow pattern from the simulation shows the 
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expected phenomena. However, performing the simulation using a 3-D shaft model was 

anticipated to provide a closer agreement with experimental data. 

 Modeling and Simulation in 3-D 

 3-D Simulation in COMSOL  

In the case of 3-D modeling, the number of nodes and number of elements were expected to be 

larger when compared to the corresponding 2-D model developed. Hence, selecting the suitable 

shaft size for the 3-D model was important in order to perform the analysis in a reasonable amount 

of time and obtain reliable results. Thus, a somewhat unrealistic 3-D shaft model was initially used 

with an 18-inch diameter and 20-inch depth to perform the analysis. For this simulation, the mesh 

size was in the range of 0.08 to 1.10 in. 

 

The tremie pipe size was four-inch diameter and centrally placed from the top of the shaft to six 

inches above the shaft bottom.  Reinforcement cages were placed at four-inch cover. The vertical 

rebars were six No. 8 bars (one-inch diameter) placed at five-inch spacing. The horizontal ties 

were in the form of a helix using No. 4 (half-inch diameter) bars with a six-inch pitch. The shaft 

geometry was developed with cylindrical solid type objects and the meshing was auto-generated. 

The number of elements generated was 95,189. The shaft model geometry and the mesh generated 

are shown in Figure 4.8.  The material properties were the same as considered in the 2-D analysis 

and given in Table 4.1. Similar to the 2-D analysis, simulations were performed with the finite 

element formulation in COMSOL Multiphysics®software with non-Newtonian behavior for the 

concrete and Newtonian behavior for slurry. The viscosity of concrete was set according to the 

non-Newtonian Carreau model.  

Computations  

Computations were performed in the same approach as in 2-D analysis using the BDF time-

dependent solver method. The Level Set method was used to track the interface between concrete 

and the drilling fluid. The analyses were performed for 80-second flow times; the results were 

stored at prescribed time intervals, and the volume fraction plots were extracted to study the 

concrete flow patterns. Parametric studies were carried out for the re-initialization intensity 

parameter , surface tension , and interface thickness ε. The flow pattern obtained from the 

parametric study performed for  with values 0.5, 0.1, 0.05, and 0.01, are given in Appendix B. 

Based on the study, a  value of 0.05 m/s (9.84 ft/min) was selected. Other values of  led to 

generation of unphysical pockets of slurry within the concrete. For , flow patterns were studied 

for the values 0.05, 0.1, and 0.50 N/m, and a value of 0.1 N/m was selected because it showed a 

realistic flow pattern of the concrete in the excavation compared to other values. For, a value of 

0.007 m (0.28 inches) was selected after studying the flow patterns for the values of 0.005, 0.007, 

0.010, and 0.015 m. The flow patterns obtained from the parametric studies for  and  are also 

given in Appendix B.  
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Figure 4.4.8 3-D Model in COMSOL: Shaft Geometry and Meshing 

 

Figure 4.9 shows the concrete flow patterns simulated from the 3-D model, at different time 

intervals. For the shaft model of 18-inch diameter and 20-inch height, the computational solution 

time was 13 hr running on a desktop Dell computer. Even though the concrete filling was 

progressing in the excavation, the realistic concrete flow pattern with concrete head differential 

inside and outside the rebar cage was not apparent as had been observed in the 2D simulation 

presented earlier. Figure 4.10 shows the flow pattern at different horizontal planes at each time 

interval.  

 

When observing the concrete flow at the rebar locations and at the concrete cover region in Figure 

4.11, the simulation showed the concrete did not flow around the vertical rebars but flowed across 

the vertical rebars, which is not realistic and is attributed to poor resolution. To get a simulation 

with better resolution, it was essential to generate a finer mesh. Considering the large number of 

components, such as tremie pipe, vertical rebars, and the horizontal ties, involved in representing 

the geometry, and taking into account the number of elements needed to adequately represent the 

areas around the rebars and in the shaft cover region, it is estimated that at least four to five million 

elements would be required to accurately resolve the flow around the rebars. Moreover, these 

computations necessitate parallel computing using multiple parallel processors in order to be 

carried out in a reasonable amount of time. When observing the concrete flow at the rebar locations 

and at the concrete cover region in Figure 4.11, the simulation showed the concrete did not flow 

around the vertical rebars, rather it flowed across the vertical rebars, which is not realistic and is 

attributed to poor resolution.  
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Figure 4.4.9 3-D Model in COMSOL: Flow Pattern on Vertical Planes at Different Time 

Intervals. 

 

Figure 4.4.10 3-D Model in COMSOL: Flow Pattern on Horizontal Planes at Different Time 

Intervals. 

 

 

Figure 4.4.11 3-D Model in COMSOL: Concrete Flow Pattern at Rebar Locations. 
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In order to run the model on parallel computers available through CIRCE (Central Instructional 

Research Computing Environment) at University of South Florida, the model was transferred to 

ANSYS Fluent, which is a finite volume CFD code. Fluent implements the incompressible Navier-

Stokes equations, while tracking the interface between the concrete and slurry using the Volume 

of Fluid method, which is based on the marker-and-cell method discussed earlier, making use of a 

volume fraction function tracked via an advection equation similar to the Level Set function in 

Eqn. 6.3. The non-Newtonian Carreau model is also available in Fluent. The Fluent user manual 

should be consulted for more information.  

 2-D Simulation with Simple Model  

Before performing the shaft analysis in ANSYS-Fluent a preliminary analysis was carried out with 

a simple 2-D model. The objective was to verify the flow pattern and again estimate the mesh size 

required to be adopted in the 3-D model. A small size 2-D rectangular model, 12-inch width and 

18-inch depth with only one rebar with 1.0-inch diameter was considered. The distance between 

the rebar center and the outlet edge was kept at six inches to simulate the normal dimension used 

for the shaft cover region. Since the geometry was small and had only one rebar, extremely fine 

meshing having a mesh size ranging from 0.05 inch near the rebar to 0.11 inch away from the rebar 

was generated. The concrete flow patterns obtained are shown in Figure 4.12. The concrete flow 

patterns obtained from the simulation show better flow behavior behind the rebar that is similar to 

that observed in the laboratory investigation carried out by Mullins (2015), as shown in Figure 

4.13. This is in contrast to the behavior of the earlier 3-D simulations in which the concrete did 

not flow around the rebar, but rather crossed through it. Thus, in order to properly resolve the flow 

around the rebars, the mesh size (0.05 inch around the rebars) has to be much finer than the size 

of the rebars (1.0 inch).  

 

 

Figure 4.4.12 2-D Model in ANSYS-Fluent: Flow Pattern from a Simple Model Analysis. 
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Figure 4.4.13 Experimental Study with Cast Shafts at USF, (Mullins, 2015): Flow Pattern 

Observed. 

 

 3-D Simulation in ANSYS-Fluent  

Three- and four-foot diameter shafts were considered for the simulations. These size shafts 

represent the smallest and most common FDOT shaft foundations for various structures. The 

tremie pipe sizes of ten and twelve inches were considered for the three- and four-foot shafts, 

respectively. The tremie was placed from the top of the shaft to six inches above the shaft bottom.  

Reinforcement cages were placed with a six-inch cover. The vertical rebars were one-inch 

diameter in size and the horizontal ties were 1/2-inch diameter in size. Two types of rebar and tie 

arrangements were considered to study the pattern of concrete flow under these conditions. The 

details of the different model geometries considered for the analysis are given in Table 4.2.  

 

Table 4.2 Shaft and tremie sizes and reinforcement cage details  

Shaft Size 

(in.) 

Tremie Size 

(in.) 

Vertical Rebar Spacing 

(in.) 

Horizontal Tie Spacing 

(in.) 

48 12 7 6 

48 12 3.5 3.5 

36 10 6.3 6 

36 10 3.8 3.5 

 

Model Geometry  

3-D Model geometry was developed in SolidWorks (Planchard, 2015), and shaft sizes of 48-inch 

and 36-inch diameter were considered by creating a ninety-degree segmented model (Figure 4.14). 

The centrally placed tremie pipe, the vertical rebars, and the horizontal ties were incorporated in 

the geometry. The developed model was imported into ANSYS-Workbench  to generate the mesh. 
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The geometries of 48-inch diameter and 36-inch diameter shaft models with the rebar details are 

shown in Figure 4.14. 

 

 

 

Figure 4.4.14 3-D Model in ANSYS-Fluent: Geometry of 48-inch and 36-inch diameter shafts 

with 20-inch depth: (a) 48-inch diameter shaft model 4 vertical rebars and 4 ties (b) 48-inch 

diameter shaft model: 8 vertical rebars and 6 ties (c) 36-inch diameter shaft model: 3 vertical rebars 

and 4 ties (d) 36-inch diameter shaft model: 5 vertical rebars and 6 ties 

 

Meshing  

Based on the mesh sizes adopted in the simple model discussed in the previous section, meshing 

was generated in the size range 0.033 to 0.13 inch.  Since the model geometry consisted of shaft 

excavation, tremie pipe, vertical rebars, and horizontal ties, a mesh size within the range of 0.033 

to 0.13 inch required on the order of 1.1 million nodes and 6.3 million elements (see Table 4.3). 

With this mesh system, the simulation could capture the flow pattern that exhibited the realistic 

flow behavior around the rebars as well as in the concrete cover region. Figures 4.15 and 4.16 

show the meshes generated for 48-inch and 36-inch diameter shafts, respectively. Table 4.3 gives 

the details on the mesh sizes, the number of nodes, and the number of elements. 
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Table 4.3 Details of mesh sizes, number of nodes and number of elements. 

No Shaft Size 
Reinforcement 

Details 

Mesh size Number of 

Nodes 

Number of 

Elements Min. (in.) Max. (in.) 

1 
48-inch dia. 

20-inch depth 

4 Rebars and 

4 Ties 
0.033 0.12 1,188,233 6,366,030 

2 
48-inch dia. 

20-inch depth 

8 Rebars and 

6 Ties 
0.035 0.13 1,176,169 6,317,274 

3 
36-inch dia. 

20-inch depth 

3 Rebars and 

4 Ties 
0.03 0.11 99,4014 5,326,261 

4 
36-inch dia. 

20-inch depth 

5 Rebars and 

6 Ties 
0.03 0.11 1,069,758 5,718,755 

 

 

 

Figure 4.4.15 3-D Model in ANSYS-Fluent: Meshing for 48-inch Dia. Shaft. 
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Figure 4.4.16 3-D Model in ANSYS-Fluent: Meshing for 36-inch Dia. Shaft. 

 

Boundary Conditions  

As described for the earlier 2-D simulations, boundary conditions were set at the inlet and outlet. 

The inlet for the concrete flow was at the bottom of the tremie pipe and the outlet was at the top 

of the excavation. In the earlier COMSOL simulation, the inlet was at the top of the tremie pipe, 

whereas in the current cases with Fluent, the inlet was set at the bottom of the tremie pipe in order 

to reduce the size of the domain and thus the number of grid points (see Figure 4.17). Velocity at 

the inlet and the pressure at the outlet were given as the boundary conditions. The inlet velocity 

value given was equivalent to the velocity of concrete flow in the tremie pipe, which was again 

calculated from the concrete delivery rate in the field, from a typical 10 yd3 capacity truck in 20 

minutes. Table 4.4 gives the inlet velocity for both 48-inch and 36-inch shafts. No-slip conditions 

were considered at the interface with the vertical face of the shaft excavation to simulate the zero 

velocity for the flow of concrete and the slurry along the excavation face. At the outlet, the flow 

was out of the excavation and the pressure was equal to the atmospheric pressure. Symmetry 

boundary conditions were assigned at the azimuthal ends of the 90-degree segmented domains in 

Fluent. 
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Figure 4.4.17 3-D Model Boundary Conditions at Inlet: (a) CFD Model Built in COMSOL (b) 

CFD Model in ANSYS-Fluent. 

 

Table 4.4 Inlet velocity of concrete at tremie bottom. 

Shaft size  (in.) Tremie size  (in.) Inlet velocity (ft/min) 

48 12 17.7 

36 10 25.6 

 

Material Properties  

In the Navier-Stokes equations, the viscosity of the concrete was given by the non-Newtonian 

Carreau model. For both SCC and normal concrete, the viscosity values at zero shear rate () and 

at infinite shear rate (∞) are given in Table 4.5. For density, constant values were assigned for 

SCC and normal concrete. For slurry, Newtonian behavior was followed and constant values of 

density and viscosity were considered. Analysis was also performed with water as the drilling 

fluid. The properties of SCC, normal shaft concrete, slurry, and water used in the computations 

are given in Table 4.5. A high viscosity value of 2500 Pa-s was considered for for concrete so 

that, at very low shear rates, the material was nearly rigid. Very high values of initial viscosity in 

the range between 30,000 Pa-s to 160,000 Pa-s were chosen to input into the bi-viscosity model 

for a numerical simulation of concrete casting (also used by Vasilic et al. (2016)).   

 

Table 4.5 Properties of SCC, concrete, slurry, and water used in the computations . 

 Density  

Kg/m3 (lb/ft3) 

Viscosity (Pa-s 

 ∞ 

SCC 2300 (143.58) 250 25 

NC 2400 (149.83) 2500 100 

Slurry 1150 (71.79) 0.5 

Water 1,000 (62.43) 0.01 
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Computations 

The numerical model prepared with the shaft geometry and the mesh generated with the ANSYS-

Workbench was used to perform the simulations in ANSYS-Fluent. For the 48-inch and 36-inch 

diameter shafts, two types of reinforcement arrangements were considered to study the effect of 

rebar arrangement on the flow. Simulations were performed for both SCC and concrete, using 

slurry as the drilling fluid, to study and evaluate the flow performance for both the materials in the 

shaft excavation. Additional simulations were performed with water as a drilling fluid.  The 

summary of the cases simulated and studied are given in Table 4.6 and Table 4.7 for 48-inch and 

36-inch diameter shafts, respectively. To perform the computations, the number of time steps 

selected achieved the filling of the majority of the shaft to a depth of 20 inches.  

 

Table 4.6 48-inch diameter and 20-inch depth segmental shaft: summary of simulations.  

Case No Material Drilling Fluid 
Types of 

Reinforcement 
Model No 

1 SCC Slurry 4 Rebars and 4 Ties 5101 

2 SCC Slurry 8 Rebars and 6 Ties 5102 

3 SCC Water 4 Rebars and 4 Ties 5103 

4 SCC Water 8 Rebars and 6 Ties 5104 

5 NC Slurry 4 Rebars and 4 Ties 5105 

6 NC Slurry 8 Rebars and 6 Ties 5106 

7 NC Water 4 Rebars and 4 Ties 5107 

8 NC Water 8 Rebars and 6 Ties 5108 

 

Table 4.7 36-inch diameter and 20-inch depth segmental shaft: summary of simulations  

Case No Material Drilling Fluid 
Types of 

Reinforcement 
 Model No 

1 SCC Slurry 3 Rebars and 4 Ties 6001 

2 SCC Slurry 5 Rebars and 6 Ties 6002 

3 SCC Water 3 Rebars and 4 Ties 6003 

4 SCC Water 5 Rebars and 6 Ties 6004 

5 NC Slurry 3 Rebars and 4 Ties 6005 

6 NC Slurry 5 Rebars and 6 Ties 6006 

7 NC Water 3 Rebars and 4 Ties 6007 

8 NC Water 5 Rebars and 6 Ties 6008 

 

The time step size was chosen to ensure that the Courant-Friedrichs-Lewy (CFL) condition was 

satisfied. This is the condition for the relation to be maintained between the time step size and the 

mesh element size. The CFL condition is important to achieve the flow stability and for the solver 

to get solution for each element. The number of iterations was about 250 to 500 in order to achieve 

convergence for a single time step and still reduce residual levels to those recommended in the 
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Fluent user manual. The analysis was performed using the high-performance computing resources 

through the CIRCE cluster computer. 

 Results and Discussion  

 Concrete Flow Pattern from the Simulation 

Simulations were performed for eight cases each for 48-inch and 36-inch diameter shafts and are 

summarized in Table 4.6 and Table 4.7, respectively. The results were processed using ANSYS-

CFD Post, which is the post processing tool within ANSYS, and the concrete flow patterns were 

obtained on horizontal planes at different depths and on vertical sliced planes. A typical flow 

pattern obtained on horizontal planes at different depths in the shaft excavation is shown in Figure 

4.18 (indicated by volume fraction coloration). This flow pattern was obtained from the simulation 

of NC flow when casting under slurry and at flow time of 35 s. In the flow pattern, the creases that 

developed behind the rebars in the concrete cover region can be seen through the interface between 

the concrete and the slurry. A similar flow behavior was observed during the study carried out at 

University of South Florida (Mullins, 2015) with 24 cast shafts, 42-inch diameter and 2-foot height 

(Figure 4.19). 

 

 

Figure 4.4.18 3-D Model in ANSYS-Fluent: Typical Flow Pattern on Horizontal Planes. 
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Figure 4.4.19 Experimental Study with Cast Shafts at USF: Creases Behind Rebars, (Mullins, 

2015). 

 

In addition, the volume fraction patterns from the simulations were extracted from concentric 

vertical slices near the reinforcing cage and nearest the shaft/soil sidewall interface (Figure 4.20). 

Both vertical and horizontal creases are clearly seen nearest the cage; close to the shaft sides the 

horizontal creases are very faint. Similar patterns of vertical and the horizontal creases were 

observed during the experimental study with cast shafts and are shown in Figure 4.21. 

 

 

Figure 4.4.20 3-D Model in ANSYS-Fluent: Typical Volume Fraction Patterns - (a) Slice 1 in. 

outside the cage (b) Slice 1 in. from the Excavation Edge. 
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Figure 4.4.21 Experimental Study with Cast Shafts at USF: Vertical and Horizontal Creases 

Observed at the Edge of Cast Shaft, (Mullins, 2015). 

 

Moreover, the flow pattern extracted from a vertical plane shows the concrete head differential 

between inside and outside the rebar cage in Figure 4.22. This similar pattern of concrete flow was 

obtained, as shown in Figure 4.23, from the research study carried out at USF with the Lateral 

Pressure Cell (LCP) developed by Mullins and Ashmawy, (2005). The objective of Mullins and 

Ashmawy, (2005) was to study the rheology of concrete as it flows from the tremie bottom and 

rises inside the cage within an excavation.  

 

 

Figure 4.4.22 3-D Model in ANSYS-Fluent: Typical Flow Pattern on Vertical Plane. 
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Figure 4.4.23 Laboratory LCP Test at USF: Flow Pattern of Rising Mortar with Head Differential, 

(Mullins and Ashmawy, 2005). 

 

Head differentials of rising mortar between inside and outside the reinforcement cage were 

measured by the LCP tests. Figure 4.23 shows the pattern of rising mortar observed in the LCP 

test. Field testing programs were also carried out and the concrete head differential was measured 

at Port of Tampa, Essex Cement Company Project, Crosstown Expressway Reversible Lanes 

Bridge site, and at Alagon Condominium project. 

 

From the above comparison made between the concrete flow patterns obtained from the simulation 

and from the experimental study, it can be concluded that the 3-D model developed provides 

qualitatively reliable results.  It is not possible to make a stronger comparison between the model 

and experiments because the flow time was not measured in the experiments.  Furthermore, the 

viscosity of concrete given by the non-Newtonian Carreau model is for a homogeneous fluid, thus 

it does not consider the aggregates present in concrete. 

 

 Evaluation of Flow Performance of SCC and NC  

Evaluation Based on Creases in the Concrete from Simulation  

The flow patterns obtained from the simulations performed with SCC and NC for 48-inch diameter 

and 20-inch depth shaft models are shown in Figures 4.24 and 4.25, respectively. The flow patterns 

are again visualized on horizontal and vertical planes. The flow patterns on the horizontal planes 

are shown in Figures 4.24(a) and 4.25(a), and on the vertical planes in Figures 4.24(b) and 4.25(b).  

 

In the flow pattern of NC extracted on the horizontal planes, creases formed behind the vertical 

rebars in the concrete cover regions were observed. Similar flow patterns were seen on the 

horizontal planes. Meanwhile, in the case of SCC, these creases were not observed.  
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Figure 4.4.24 3-D Model in ANSYS-Fluent: Evaluation of Flow Performance of SCC-Shaft Size 

48-inch Diameter and 20-inch Depth, t =100 s, (a) on Horizontal Planes (b) on Vertical Plane. 

 

 

Figure 4.4.25 3-D Model in ANSYS-Fluent: Evaluation of Flow Performance of NC-Shaft Size 

48-inch Diameter and 20-inch Depth, t = 83 s, on Horizontal Planes (b) on Vertical Plane. 

 

Evaluation Based on Concrete Head Differential from Simulation  

The concrete head differential between inside and outside the rebar cage was obtained from the 

simulation of both SCC and NC. For the evaluation of flow performance, the flow pattern of SCC 

and NC were compared by keeping the other parameters like shaft size, tremie pipe size, number 

and size of vertical rebars, and horizontal tie arrangements the same. The shaft details are 48-inch 

diameter with 12-inch diameter tremie pipe, four one-inch diameter vertical rebars and four 1/2-

inch diameter horizontal ties in the 90-degree segmented shaft. For both the shaft models with 

SCC and NC, slurry was considered for the drilling fluid. The flow patterns obtained from the 

simulations extracted on the vertical plane are shown in Figure 4.24 (b) and Figure 4.25 (b) for 

SCC and NC, respectively. It can be seen that in the case of NC the head differential was about 

four inches, whereas for SCC, the head differential was negligible and less than an inch. 
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A similar evaluation was performed from the simulation obtained for 36-inch diameter shaft with 

SCC and NC. The flow pattern of SCC and NC extracted on the horizontal planes and vertical 

plane are shown in Figures 4.26 and 4.27.  

 

 

Figure 4.4.26 3-D Model in ANSYS-Fluent: Evaluation of Flow Performance of SCC-Shaft Size 

36-inch Diameter and 20-inch Depth, t = 50 s, (a) on Horizontal Planes (b) on Vertical Plane. 

 

 

Figure 4.27 3-D Model in ANSYS-Fluent: Evaluation of Flow Performance of NC-Shaft Size 36-

inch Diameter and 20-inch Depth, t = 50 s, (a) on Horizontal Planes (b) on Vertical Plane. 

 

As observed in the simulation of 48-inch diameter shaft model, the flow pattern of SCC shows no 

creases and the concrete head differential is less than an inch in height. But the flow pattern of NC 

extracted on the horizontal plane shows creases in the concrete cover region and the flow pattern 

on the vertical plane exhibits a concrete head differential of about 4.5 inches.  

 

Hence, from the simulations performed on both 48-inch diameter and on 36-inch diameter shaft 

models, it can be seen that, the flow behavior of SCC was free of creases, or if creases formed, 

they were negligible and significantly less concrete head differential formed. In contrast, the flow 

behavior of NC showed clear patterns of creases in the concrete cover region and with concrete 

head differentials on the order of four inches at the times the instantaneous solutions were plotted. 
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 Effect of Shaft Sizes on the Flow Performance 

The effect of shaft size on the flow performance was studied by comparing the results of the 

simulation with 48-inch and 36-inch diameter shaft models. The shaft depths were kept same at 20 

inches for both the shafts. The head differential from the simulation, obtained for the shaft with 

SCC, was negligible, whereas for the shaft with NC, the head differential obtained was about four 

inches. Hence, to determine the effect of shaft sizes, only the simulations with NC were considered. 

The flow patterns extracted on horizontal planes and a vertical plane for both models are given in 

Figure 4.28 and in Figure 4.29. Creases are observed in the flow patterns of both the models, and 

no considerable differences in the crease patterns between the two models can be seen. However, 

subtle differences are observed between the concrete head differential encountered in both models. 

The concrete flow velocities in the 48-inch and 36-inch models were 1.15 ft/min and 2.07 ft/min, 

respectively. The concrete head differentials obtained were four inches and four and one-half 

inches for the 48-inch and 36-inch shaft models, respectively, at t = 83 s and 50 s. This is in keeping 

with velocity-dependent head losses in fluid mechanics and is therefore deemed to be 

inconsequential when considering shaft size. Deese (2005) concluded the head differential was 

most affected by cage spacing, aggregate size, and concrete velocity. 

 

 

Figure 4.4.28 3-D Model in ANSYS-Fluent: Effect of Shaft Size on Flow Performance of NC-

Shaft Size 48-inch Diameter and 20-inch Depth, t = 83 s, (a) on Horizontal Planes (b) on Vertical 

plane. 
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Figure 4.4.29 3-D Model in ANSYS-Fluent: Effect of Shaft Sizes on Flow Performance of NC-

Shaft Size 36-inch Diameter and 20-inch Depth, t = 50 s, (a) on Horizontal Planes (b) on Vertical 

Plane. 

 

 Effect of Rebar Arrangement on the Flow Performance 

The effect of rebar arrangement or the spacing of vertical rebars on the flow performance was also 

studied. The flow patterns extracted on horizontal planes and vertical plane for both models of 48-

inch diameter shafts with four rebars at seven-inch spacing and with eight rebars at 3.5-inch 

spacing, (model No 5105 and model No 5106 as referred in Table 4.6) are given in Figure 4.30 

and in Figure 4.31, respectively. Creases are observed in the flow patterns obtained from both of 

the reinforcement arrangements and there was some increase in the intensity of crease pattern 

obtained in the flow pattern of model 5106, shown in Figure 4.31, where the reinforcements were 

kept at a closer spacing of 3.5-inch. Moreover, the concrete head differentials obtained from the 

simulation performed in these two models were 4-inch and 10.75-inch, respectively. This shows 

that the head differential increases as the reinforcement spacing decreases, which is a realistic flow 

behavior. The concrete head differentials from these models are shown in Figure 4.30(b) and 

4.31(b). 

   

The effect of the rebar arrangement on the flow performance was observed from the flow patterns 

viewed on the surface elevation planes. The planes were extracted in the concrete cover region 

close to the reinforcement as well as close to the shaft edge. These flow patterns are shown in 

Figure 4.32 and Figure 4.33. Creases are observed in the flow patterns obtained from both of the 

reinforcement arrangements. However, considerable increase in the intensity of the crease pattern 

is observed when the reinforcements were kept at a closer spacing of 3.5-inch. 
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Figure 4.4.30 3-D Model in ANSYS-Fluent: Effect of Rebar Arrangement on Flow Performance 

of NC- Shaft Size 48-inch Diameter with 4 Rebars and 4 Ties, 7-inch spacing, t = 83 s, (a) on 

Horizontal Planes (b) on Vertical Plane. 

 

 

Figure 4.4.31 3-D Model in ANSYS-Fluent: Effect of Rebar Arrangement on Flow Performance 

of NC- Shaft Size 48-inch Diameter with 8 Rebars and 6 Ties, 3.5-inch spacing, t = 70 s, (a) on 

Horizontal Planes (b) on Vertical Plane. 
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Figure 4.4.32 3-D Model in ANSYS-Fluent: Effect of Rebar Arrangement on Flow Performance 

of NC- Shaft Size 48-inch Diameter with 4 Rebars and 4 Ties, 7-inch spacing, t = 83 s, (a) on 

Surface Elevation at Concrete Cover Region (b) on Surface Elevation Close to the Shaft Edge. 

 

 

Figure 4.4.33 3-D Model in ANSYS-Fluent: Effect of Rebar Arrangement on Flow Performance 

of NC- Shaft Size 48-inch Diameter with 8 Rebars and 6 Ties, 3.5 inch spacing, t = 70 s, (a) on 

Surface Elevation at Concrete Cover Region (b) on Surface Elevation Close to the Shaft Edge. 

 

 Concrete Head Differential and the Concrete Flow Velocity  

The concrete head differential encountered in the concrete flow for both SCC and NC were 

compared with the flow velocity in the shaft excavation. The plots of head differential vs. the flow 

velocity, for 48-inch diameter and 36-inch diameter shafts, are shown in Figure 4.34. The concrete 

flow velocities in the 48-inch diameter shaft with 12-inch diameter tremie pipe and in the 36-inch 

diameter shaft with 10-inch diameter tremie pipe were 1.15 ft/min and 2.07 ft/min, respectively. 

In these plots, the vertical rebar spacing is 7 inches in the case of the 48-inch diameter shaft and 

6.3 inches in the case of the 36-inch diameter shaft. Even though only two results are available for 

this plot, the results show that as the flow rate increases, and thus the concrete flow velocity 

increases, there is an increase in the concrete head differential. This trend is again similar to the 

trend obtained in the experimental tests with the cast shafts of Mullins and Ashmawy (2005) shown 

in Figure 4.36. Similar plots of head differential vs. flow velocity, made for 48-inch diameter and 

36-inch diameter shafts with rebars placed at 3.5-inch and at 3.8-inch spacings, respectively, were 
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obtained for both SCC and NC as shown in Figure 4.35. The differential head values obtained 

from the models are given in Table 4.8. 

 

The plots of the head differential vs. concrete flow velocity obtained for SCC and NC from the 

simulations are compared with the actual field values of head differential vs. concrete flow velocity 

in Figure 4.36 (previous shown in Figure 4.7). Note that the field data is for different CSD (cage 

spacing-to-maximum-aggregate-diameter ratio) values and the results from the simulations are for 

different viscosities and rebar spacing, thereby making a direct comparison difficult. Also note 

that the simulations do not take into account the effect of the aggregates. In Figure 4.36, it can be 

seen that for the field data, the steeper slope plots correspond to lower CSD values, which indicates 

closer rebar spacing and thus lower flowability. Meanwhile, in the case of the simulations, lower 

flowability is achieved by NC relative to SCC, as can be seen by the steeper slopes in the plots of 

the former (Figures 4.34-4.36). 

  

 

Figure 4.4.34 3-D Model in ANSYS-Fluent: Concrete Head Differential (Hdiff) vs. Flow Velocity 

(v) - 48-inch Diameter Shaft with 4 Rebar and 36-inch Diameter Shaft with 3 Rebar. 
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Figure 4.4.35 3-D Model in ANSYS-Fluent: Concrete Head Differential (Hdiff) vs. Flow Velocity 

(v) - 48-inch Diameter Shaft with 8 Rebar and 36-inch Diameter Shaft with 5 Rebar. 

 

Table 4.8 3-D Model in ANSYS-fluent: head differential (hdiff)  

obtained from simulations  

Model No 
Shaft Diameter 

in. 

SCC/NC - 

Slurry 

Concrete Flow Velocity 

ft/min 

Hdiff 

in. 

5101 48 SCC-Slurry 1.15 0.75 

5102 48 SCC-Slurry 1.15 1.00 

5105 48 NC-Slurry 1.15 4.00 

5106 48 NC-Slurry 1.15 10.75 

6001 36 SCC-Slurry 2.07 0.75 

6002 36 SCC-Slurry 2.07 1.25 

6005 36 NC-Slurry 2.07 4.50 

6006 36 NC-Slurry 2.07 12.50 
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Figure 4.4.36 Concrete Head Differential vs. Flow Velocity: Comparison between Field Data, and 

Results from Simulation. Note: Field Data is from Mullins and Ashmawy (2005). 

 

 Flow Performance of Shafts Cast under Water as Drilling Fluid  

Simulations were performed for the SCC shaft cast with water as a drilling fluid. The flow patterns 

were obtained on horizontal planes and on a vertical plane for a 36-inch diameter shaft model with 

three vertical rebars, and for this model with five vertical rebars, and are shown in  Figures 4.37 

and 4.38, respectively. The flow patterns obtained from the simulations show that the creases in 

the concrete cover region were insignificant and the concrete head differentials encountered were 

only 0.5 and 1.25 inch for the shaft models with three and five vertical rebars, respectively. These 

simulations indicated that the flow performance of SCC in the shaft excavation with water as the 

drilling fluid was similar to the performance of SCC with slurry as the drilling fluid. Similar flow 

performances of SCC were observed in the experimental shafts, cast with water as the drilling 

fluid, by Mullins (2015). The cast shafts in these experiments exhibited no visible creases as shown 

in Figure 4.39.  
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Figure 4.4.37 3-D Model in ANSYS-Fluent: Flow Performance of SCC Shaft Cast under Water-

Shaft Size 36-inch Diameter with 3 Rebars and 4 Ties, t = 40 s, (a) on Horizontal Planes (b) on 

Vertical Plane. 

 

 

Figure 4.4.38 3-D Model in ANSYS-Fluent: Flow Performance of SCC Shaft Cast under Water-

Shaft Size 36-inch Diameter with 5 Rebars and 6 Ties, t = 35 s, (a) on Horizontal Planes (b) on 

Vertical Plane. 

 

 

Figure 4.4.39 Experimental Study with Cast Shafts at USF, (Mullins, 2015): Flow Performance of 

SCC Shaft Cast under Water- Shaft Size 48-inch Diameter. 
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 Chapter Summary 

This section discussed the flow patterns simulated from the 3-D model developed. In addition, it 

covered the qualitative validation of the 3-D model and the simulation. The validation was carried 

out by comparing the results from the model simulation with the experimental test data. The pattern 

of vertical and horizontal creases obtained from the simulations in the shaft concrete cover region 

were qualitatively compared with the creases developed in the experimental cast shafts. In 

addition, the concrete head differentials between inside and outside the reinforcement cage, 

observed in the flow pattern from the simulation were comparable to the results obtained at USF 

in laboratory experiments with LCP test apparatus (Mullins and Ashmawy, 2005).  

 

Using this model as a tool, the performance of SCC for drilled shaft application was evaluated. It 

was observed that the flow pattern of SCC in a drilled shaft excavation produced negligible creases 

and the concrete head differentials between inside and outside the rebar cage were minimal. In the 

case of NC, there were creases of considerable depth in the shaft concrete cover region and the 

concrete head differential was four inches to twelve inches, depending on the shaft size and the 

reinforcement cage arrangement. The slope of the head differential vs.. velocity curves increased 

with decrease in CSD. 

 

The normal concrete flow pattern from the simulation showed both horizontal and vertical creases 

developing from the splitting of the concrete flow as it passed around the rebars in the concrete 

cover region. In addition, the concrete head differentials encountered between the inside and 

outside of the reinforcement cage were observed from the simulations and were shown to be 

similar to those observed from earlier physical experiments carried out on the cast shafts at USF 

(Mullins, 2014). Various simulations were performed to study the effect of shaft sizes and the 

reinforcement arrangements on the flow performance.  

 

Simulations of SCC and NC flows in drilled shaft concreting were studied in terms of creases and 

concrete head differential. In the flow pattern of SCC, very few creases were observed, compared 

to NC. In addition, in the flow pattern of SCC, the concrete head differential encountered was only 

about one inch, whereas in the case of NC, the concrete head differential observed in the 48-inch 

model simulation was 4 inches when the vertical rebars were spaced at 7 inches apart and 10 inches 

when the rebars were placed at 3.5 inches apart. Based on this numerical evaluation of flow 

performance, it was concluded that the flow performance of SCC is better than that of NC, as the 

flow of the former minimizes or eliminates anomalies in the concrete cover. No chemical reactivity 

was incorporated into any of the models. 

 

The development of the present numerical model to simulate concrete flow in drilled shafts and 

subsequent evaluation of the concrete flow performance, as carried out in this research study, make 

use of state-of-the-art numerical techniques and physical modeling.  For example, the model 

developed takes into account the non-Newtonian nature of concrete flow. However, it does not 

take into account the effect of suspended aggregates in the concrete flow.  
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5. Chapter Five: Bond Strength Considerations 

 Background 

 Bond Strength 

Whereas development length is a practical parameter required to ensure proper reinforcing steel 

performance, its determination stems from studies focused on the bond stress (u) between concrete 

and reinforcing bars (Orangun, et al., 1975; Darwin, et al., 1992; Darwin, et al., 1996; Darwin, et 

al., 1998; Zuo and Darwin, 2000; Sozen and Moehle, 1990). In short, it is the minimum length a 

steel reinforcing bar must be embedded in concrete to ensure the full strength of the bar can be 

“developed.” Intuitively, the development length is dependent on both the steel and concrete 

strength parameters.  

 ACI 318-14 Development of the Current Bond Strength and Development/Splice 

Length Equation 

Currently there are two development length equations provided by the American Concrete Institute 

(ACI), one in ACI 318-14 and the other in ACI 408R-03. The origins of these equations are briefly 

described below under their respective sections, both stem from the works of Orangun et al. (1975). 

A primary difference between the two equations is that in ACI 318-14, the bond strength is 

proportional to the square root of the concrete compressive strength (f’c), whereas in ACI 408R-

03, the bond strength is proportional to the fourth root of the concrete compressive strength (when 

disregarding transverse reinforcement). Note that terms are defined as necessary and only 

redefined if the base definition is altered or base units vary. 

Orangun et al. (1975) 

The current ACI 318-14 equation initially stems from the work of Orangun et al. (1975). In this 

study an expression (Equation 5.1) was developed for the average bond stress at failure using 

statistical techniques. Note the expression was normalized to the square root of f’c. This was 

completed through a regression analysis based on 62 beams, for bars not confined by transverse 

reinforcement.  This equation relates the bond strength, uc, to the length of bond, encapsulating 

concrete cover thickness, size of bar, and concrete strength. 

 
𝑢𝑐

√𝑓𝑐
′

= 1.22 + 3.23
𝑐𝑚𝑖𝑛

𝑑𝑏
+ 53

𝑑𝑏

𝑙𝑑
     (Eq. 5.1) 

 

cmin = smaller of minimum concrete cover or ½ of the clear spacing between bars, in. 

ld= development or splice length, in. 

db= nominal diameter of bar being developed or spliced, in. 

 

This expression was then altered slightly by rounding to the form of Equation 5.2: 

 
𝑢𝑐

√𝑓𝑐
′

= 1.2 + 3
𝑐𝑚𝑖𝑛

𝑑𝑏
+ 50

𝑑𝑏

𝑙𝑑
      (Eq. 5.2) 
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Orangun et al. (1975) also examined bars confined by transverse reinforcement, which led to the 

inclusion of an additional term to account for the spacing and strength of confining steel (stirrups), 

Equation 5.3.  

 
𝑢𝑏

√𝑓𝑐
′

=
𝑢𝑐+𝑢𝑠

√𝑓𝑐
′

= 1.2 + 3
𝑐𝑚𝑖𝑛

𝑑𝑏
+ 50

𝑑𝑏

𝑙𝑑
+

𝐴𝑡𝑟𝑓𝑦𝑡

500𝑠𝑛𝑑𝑏
    (Eq. 5.3) 

 

Atr= area of transverse reinforcement normal to the plane of splitting through the anchored 

bars, in.2 

fyt = yield strength of transverse reinforcement, psi 

s = spacing of transverse reinforcement, in. 

n = number of bars or wires being developed or lap spliced along the plane of splitting 

 

Sozen and Moehle (1990) 

The other study influencing the ACI 318-14 equation is the work of Sozen and Moehle (1990). 

Therein, Sozen and Moehle completed a study investigating bond strength data from 16 various 

sources. Their goal was to outline a design procedure for determining required development/splice 

length. They concluded with an equation for allowable bond strength (Equation 5.4) as well as 

development length (Equation 5.6).  

 

𝑢 =
1

𝛼𝑎

1

𝛼𝑏

1

𝛼𝑐

1

𝛼𝑑
6√𝑓𝑐

′      (Eq. 5.4) 

 

where  u = allowable bond strength for design, psi 

f’c = compressive strength of concrete (6x12 in. cylinder), psi 

𝛼𝑎 = 1.0 if minimum concrete cover and clear bar separation are less than 2.5 times the bar 

diameter, or 2/3 if minimum concrete cover and clear bar separation are not less than 

2.5 times the governing bar diameter 

𝛼𝑏 = 1.0 if the amount of uniformly distributed reinforcement along require development 

or lap splice length does not satisfy Equation 5.5, or 2/3 if the amount of uniformly 

distributed transverse reinforcement along required development or lap splice length 

does satisfy Equation 5. 

 
𝐴𝑡𝑟𝑓𝑦

𝑁𝑑𝑏𝑠
≥ 3000𝑝𝑠𝑖      (Eq. 5.5) 

 

Atr = total cross-sectional area of transverse reinforcement within a spacing s and 

perpendicular to the plane of the bars being spliced or developed, in.2 

N = number of (transverse) bars being developed or spliced in a layer 

s = spacing of transverse reinforcement along bars developed or spliced, in. 

𝛼𝑐 = 1.3 if depth of concrete mix placed in one lift under horizontal reinforcing bar exceeds 

12 in. or 1.0 if depth of concrete mix placed in one lift under horizontal reinforcing 

bar does not exceed 12 in. 

𝛼𝑑 = 1.5 if the bar is coated with epoxy or 1.0 if the bar is not coated with epoxy  
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𝑙𝑠 = 𝛼𝑎𝛼𝑏𝛼𝑐𝛼𝑑
𝑓𝑦𝑑𝑏

24√𝑓𝑐
′
      (Eq. 5.6) 

 

Current Recommendation for the Development of Deformed Bars and Deformed Wires in 

Tension 

As indicated in Equations 4 and 6, Sozen and Moehle also normalized bond strength with respect 

to the square root of the concrete strength, f’c, which has been carried through to form the 

development length equation currently used by ACI 318-14 (Equation 5.7). 

𝑙𝑑 = (
3

40

𝑓𝑦

𝜆√𝑓𝑐
′

𝛹𝑡𝛹𝑒𝛹𝑠

(
𝑐𝑏+𝐾𝑡𝑟

𝑑𝑏
)
) 𝑑𝑏     (Eq. 5.7) 

where the confinement term 
𝑐𝑏+𝐾𝑡𝑟

𝑑𝑏
 shall not exceed 2.5. This is based on the condition that values 

above 2.5 will result in a pullout failure whereas under 2.5 splitting failures are likely to occur. 

(ACI 318-14) 

where 𝐾𝑡𝑟 =
40𝐴𝑡𝑟

𝑠𝑛
  

𝛹𝑒 = coating on the reinforcement factor; uncoated or zinc galvanized is 1, 1.5 if epoxy 

coated or zinc and epoxy dual coated with clear cover less than 3db or clear spacing 

less than 6db, other epoxy coated is 1.2 

𝛹𝑠 = size of reinforcement factor; #7 or larger is 1 

𝛹𝑡 = casting position factor; more than 12 in. of fresh concrete placed below horizontal 

reinforcement is 1.3, other is 1 

 

Table 5.1 shows the simplified development length equations due to the preselection of 
𝑐𝑏+𝐾𝑡𝑟

𝑑𝑏
 

value. The first case listed represents a preselected value of 1.5, whereas ‘other cases’ use a value 

of 1.0. (ACI Committee 318, 2014) 

 

Table 5.1 Simplified development length equations for ACI 318-14. (ACI Committee 318, 2014) 

Spacing and Cover 
No. 6 and smaller bars and 

deformed wires 
No. 7 and larger bars 

Clear spacing of bars or wires 

being developed or lap spliced 

not less than db, clear cover at 

least db, and stirrups or ties 

throughout ld not less than the 

Code minimum 

Or 

Clear spacing of bars or wires 

being developed or lap spliced 

at least 2db and clear cover at 

least db 

(
𝑓𝑦𝛹𝑡𝛹𝑒

25𝜆√𝑓𝑐
′
) 𝑑𝑏 (

𝑓𝑦𝛹𝑡𝛹𝑒

20𝜆√𝑓𝑐
′
) 𝑑𝑏 

Other cases (
3𝑓𝑦𝛹𝑡𝛹𝑒

50𝜆√𝑓𝑐
′
) 𝑑𝑏 (

3𝑓𝑦𝛹𝑡𝛹𝑒

40𝜆√𝑓𝑐
′
) 𝑑𝑏 



75 

 

 

The development length used shall be the greater of the length calculated from one of these 

equations using all necessary modification factors, or 12 in. Modification factors are necessary for 

lightweight concrete (𝜆), epoxy (𝛹𝑒), bar size (𝛹𝑠), and casting position (𝛹𝑡).   

 ACI 408R-03 Development of Proposed Bond Strength and Development/Splice 

Length Equation 

Darwin et al. (1992) 

The development of the current ACI 408R-03 equations again stem from the work of Orangun et 

al. (1975), as seen in 5.1.2.1. Following their work was the work of Darwin et al. (1992), which 

included reanalyzing the Orangun et al. (1975) data for bars not confined by transverse 

reinforcement leading to Equation 5.8, where cmin and cmax were incorporated as well.  

 
𝑇𝑐

√𝑓𝑐
′

=
𝐴𝑏𝑓𝑠

√𝑓𝑐
′

= 6.67𝑙𝑑(𝑐𝑚𝑖𝑛 + 0.5𝑑𝑏) (0.08
𝑐𝑚𝑎𝑥

𝑐𝑚𝑖𝑛
+ 0.92) + 300𝐴𝑏   (Eq. 5.8) 

 

where Ab = area of bar being developed or spliced 

fs = steel stress at failure, psi 

cmax = maximum of cbot or cs, (cmax/cmin ≤ 3.5), in. 

cbot = bottom concrete cover for reinforcing bar being developed, in. 

cs = minimum of (cso, csi +0.25) or min (cso, csi), in. 

csi = ½ the bar clear spacing between bars, in. 

cso = side concrete cover for reinforcing bars, in. 

 

Darwin et al. (1996) 

Now using a larger data base, Darwin et al. (1996) completed a study with 133 specimens not 

confined by transverse reinforcement and 166 specimens which were confined, all of which were 

bottom-cast bars.  It was determined through analysis of these specimens that using the fourth root 

minimized the spread in data from variations in concrete strength, f’c, and thus it provided a better 

representation of concrete strength for purposes of development length. This study also included 

the effect of relative rib area, Rr. The 1996 study resulted in Equations 5.9 and 5.10 for bars not 

confined and bars confined by transverse reinforcement, respectively.  

 
𝑇𝑐

𝑓𝑐
′1/4 =

𝐴𝑏𝑓𝑠

𝑓𝑐
′1/4 = [63𝑙𝑑(𝑐𝑚𝑖𝑛 + 0.5𝑑𝑏) + 2130𝐴𝑏] (0.1

𝑐𝑚𝑎𝑥

𝑐𝑚𝑖𝑛
+ 0.9)   (Eq. 5.9) 

 

where (0.1
𝑐𝑚𝑎𝑥

𝑐𝑚𝑖𝑛
+ 0.9) ≤ 1.25 

 
𝑇𝑏

𝑓𝑐
′

1
4

=  
𝐴𝑏𝑓𝑠

𝑓𝑐
′

1
4

= [63𝑙𝑑(𝑐𝑚𝑖𝑛 + 0.5𝑑𝑏) + 2130𝐴𝑏] (0.1
𝑐𝑚𝑎𝑥

𝑐𝑚𝑖𝑛
+ 0.9) + 2226𝑡𝑟𝑡𝑑

𝑁𝐴𝑡𝑟

𝑛
+ 66  

(Eq. 5.10) 

 

where Tb = total bond force of a developed or spliced bar 

= Tc + Ts 
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tr = term representing the effect of relative rib area on Ts 

= 9.6Rr + 0.28  

td = term representing the effect of bar size on Ts 

   = 0.72db + 0.28  

N = number of transverse stirrups or ties within the development length 

 

It should be noted that these equations are based on the best-fit or average expression. Hence, a 

reduction factor was suggested to avoid under-prediction half of the time. In 1998 Darwin et al. 

produced a publication analyzing this strength reduction factor for bond, φb. The process is 

summarized in the subsequent paragraphs. 

Darwin et al. (1998) 

For bond, there are three reduction factors (φ) to consider. The first is φb, the strength reduction 

factor for bond. Next is φ which is the strength reduction factor for the main loading (i.e. bending). 

Last is φd, the effective strength reduction factor used in calculating development/splice length (φd 

= φb/φ). (Darwin, et al., 1998) 

 

The first step in this analysis is to choose the level of confidence or reliability index needed. For 

structures, a reliability index of 3.5 is commonly used, which correlates to a 1 in 4149 failure ratio. 

Using 3.5 also produces a probability of failure equal to about one-fifth of that obtained with 3.0, 

which is commonly used for reinforced concrete beams and columns (Darwin, et al., 1998).  

 

It should be noted Darwin et al. (1998) used random variables to conduct Monte-Carlo simulations; 

however, not all variables need to be random to complete this calculation. There are several 

variables of importance. The first is the nominal ratio of live load to dead load, denoted as 

(QL/QD)n. Values used for these calculations were 0.5, 1, and 1.5. Next, X(2) and X(3) were actual-

to-nominal dead and live load random variables, respectively. Darwin et al. stated for reinforced 

concrete structures X(2) and X(3) are 1.03 and 0.975, respectively. VQD and VQL (the coefficient 

of variation for the dead load and live load) were also given as 0.093 and 0.25, respectively. Load 

factors used (ɣD, ɣL) depend on the code used. These variables impact the calculation of the mean 

random loading variable, 𝑞̅, and the coefficient of variation of the random loading variable (Vφq), 

Equations 5.11 and 5.12.  

 

𝑞̅ = [
𝑋(2)+𝑋(3)(

𝑄𝐿
𝑄𝐷

)
𝑛

𝛾𝐷+𝛾𝐿(
𝑄𝐿
𝑄𝐷

)
𝑛

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅

]      (Eq. 5.11) 

 

𝑉∅𝑞 =
{[𝑋(2)̅̅ ̅̅ ̅̅ ̅𝑉𝑄𝐷

]
2

+[𝑋(3)̅̅ ̅̅ ̅̅ ̅(
𝑄𝐿
𝑄𝐷

)
𝑛

𝑉𝑄𝐿
]

2

}

1/2

𝑋(2)̅̅ ̅̅ ̅̅ ̅+𝑋(3)̅̅ ̅̅ ̅̅ ̅(
𝑄𝐿
𝑄𝐷

)
𝑛

     (Eq. 5.12) 

 

The random resistance variables, including mean test-prediction ratio (𝑟̅) and the coefficient of 

variation of the resistance random variable Vr can be randomly generated as well or calculated 

from test data. When using a set of data for analysis, 𝑟̅ and Vr can be found by taking the mean of 

the measured/prediction ratio (𝑟̅), finding the standard deviation, and then dividing the standard 

deviation by the mean to solve for the coefficient of variation (Vr). 
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Using all variables discussed above the strength reduction factor for bond can be calculated using 

Equation 5.13.  

∅𝑏 =
𝑟̅

𝑞̅
𝑒−(𝑉𝑟

2+𝑉∅𝑞
2 )

1/2
𝛽

     (Eq. 5.13) 

Once the bond reduction factor has been found, it is then divided by the strength reduction 

factor for loading (φ) to yield the effective strength reduction factor, φd. This reduction factor is 

then applied to applicable development length and bond stress equations.  

Zuo and Darwin (2000) 

Continuing to build upon past work, Zuo and Darwin released another paper on bond strength in 

2000. For this research a total of 64 beam splice specimens were tested with various reinforcing 

bar sizes, concrete properties (strength and aggregate), and with or without the utilization of 

stirrups.  While analyzing this data in conjunction with past data (171 specimens), a new form of 

equation 5.9 (equation 5.14) was produced, differing only slightly in that 63 decreased to 59.8 and 

the coefficient for Ab decreased to 2350 from 2130. (Zuo and Darwin, 2000) 

 
𝑇𝑐

𝑓𝑐
′1/4 =

𝐴𝑏𝑓𝑠

𝑓𝑐
′1/4 = [59.8𝑙𝑑(𝑐𝑚𝑖𝑛 + 0.5𝑑𝑏) + 2350𝐴𝑏] (0.1

𝑐𝑚𝑎𝑥

𝑐𝑚𝑖𝑛
+ 0.9)  (Eq. 5.14) 

 

Regarding splices with transverse reinforcement, it was concluded that while the fourth root 

function of f’c for the concrete contribution (Tc) remained the most effective, the three-quarter 

power was most accurate for the transverse reinforcement (Ts). This led to the development of 

Equation 5.15. (Zuo and Darwin, 2000) 

 
𝑇𝑠

𝑓𝑐
′3/4 = 31.14𝑡𝑟𝑡𝑑

𝑁𝐴𝑡𝑟

𝑛
+ 3.99    (Eq. 5.15) 

 

td = term representing the effect of bar size on Ts 

 = 0.78db + 0.22  

 

Combining Equations 5.14 and 5.15 results in Equation 5.16.  

 
𝑇𝑏

𝑓𝑐
′1/4 =  

𝐴𝑏𝑓𝑠

𝑓𝑐
′1/4 = [59.8𝑙𝑑(𝑐𝑚𝑖𝑛 + 0.5𝑑𝑏) + 2350𝐴𝑏] (0.1

𝑐𝑚𝑎𝑥

𝑐𝑚𝑖𝑛
+ 0.9) + (31.14𝑡𝑟𝑡𝑑

𝑁𝐴𝑡𝑟

𝑛
+ 3.99)√𝑓𝑐

′     (Eq. 5.16) 

 

Current Recommendation for the Development of Deformed Bars and Deformed Wires in 

Tension 

ACI Committee 408 has since made minor changes to Equations 14 and 16, as seen in ACI 408R-

03 (2003), to produce Equations 5.17 and 5.18.  
𝑇𝑐

𝑓𝑐
′1/4 =

𝐴𝑏𝑓𝑠

𝑓𝑐
′1/4 = [59.9𝑙𝑑(𝑐𝑚𝑖𝑛 + 0.5𝑑𝑏) + 2400𝐴𝑏] (0.1

𝑐𝑚𝑎𝑥

𝑐𝑚𝑖𝑛
+ 0.9)  (Eq. 5.17) 

 
𝑇𝑏

𝑓𝑐
′1/4 =  

𝐴𝑏𝑓𝑠

𝑓𝑐
′1/4 = [59.9𝑙𝑑(𝑐𝑚𝑖𝑛 + 0.5𝑑𝑏) + 2400𝐴𝑏] (0.1

𝑐𝑚𝑎𝑥

𝑐𝑚𝑖𝑛
+ 0.9) + (30.88𝑡𝑟𝑡𝑑

𝑁𝐴𝑡𝑟

𝑛
+ 3)√𝑓𝑐

′  (Eq. 5.18) 
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In terms of development length, Equation 5.19 was produced from Equations 5.17 and 5.18. To 

ensure a low probability of failure, reduction factors were then found per the Darwin et al. 1998 

process. ACI Committee 408 recommends using a strength reduction factor of 0.82 for dead and 

live load factors of 1.2 and 1.6, respectively, corresponding to a 0.9 reduction factor for bending. 

This was then applied to Equation 5.19 to yield Equation 5.20, the design equation recommended 

by ACI Committee 408.  (ACI Committee 408, 2003) 

 

𝑙𝑑

𝑑𝑏
=

(
𝑓𝑦

∅𝑓𝑐
′ 1/4−2400𝜔)𝛼𝛽𝜆

76.3(
𝑐𝜔+𝐾𝑡𝑟

𝑑𝑏
)

     (Eq. 5.19) 

 

𝑙𝑑

𝑑𝑏
=

(
𝑓𝑦

𝑓𝑐
′ 1/4−1970𝜔)𝛼𝛽𝜆

62(
𝑐𝜔+𝐾𝑡𝑟

𝑑𝑏
)

     (Eq. 5.20) 

 

β = coating factor; uncoated reinforcement is 1, epoxy-coated is 1.5 with cover less than 

3db or clear spacing less than 6db, other epoxy-coated is 1.2  

λ = lightweight concrete factor; normal weight concrete is 1 

α = reinforcement location factor; 1.3 if reinforcement placed so 12 in. or more of fresh 

concrete is cast below the development length, other is 1.0 

 𝜔 = 
𝑐𝑚𝑎𝑥

𝑐𝑚𝑖𝑛
+ 0.9 ≤ 1.25  

 

 Note here the bond/development length concrete compressive strength uses the fourth root 

instead of the square root. The term 
𝑐𝜔+𝐾𝑡𝑟

𝑑𝑏
 must be less than or equal to 4.0. Modification factors 

taken into account are lightweight concrete (λ), epoxy (β), and casting position (α). 

 American Association of State Highway and Transportation Officials (AASHTO) 

The current recommendations for the American Association of State Highway and Transportation 

Officials (AASHTO) are adapted from ACI 318-14, with the primary difference being that ksi is 

used instead of psi for concrete and steel strength (f’c and fy, respectively). The expression 

recommended has two parts, Equations 5.21 and 5.22.  

 

𝑙𝑑 = 𝑙𝑑𝑏 (
𝜆𝑟𝑖𝜆𝑐𝑓𝜆𝑟𝑐𝜆𝑒𝑟

𝜆
)                                               (Eq. 5.21) 

 

𝑙𝑑𝑏 = 2.4𝑑𝑏
𝑓𝑦

√𝑓𝑐
′
                                                     (Eq. 5.22) 

Modification factors included in this equation are lightweight concrete (λ), epoxy (λcf), 

reinforcement location or casting position (λri), and reinforcement confinement (λrc). The 

reinforcement confinement term is satisfied by the equation
𝑑𝑏

𝑐𝑏+𝐾𝑡𝑟
 where 𝑘𝑡𝑟 = 40𝐴𝑡𝑟/(𝑠𝑛) and 

0.4 ≤ λrc ≤ 1.0, this is equivalent to the 2.5 limitation placed on the inverse of this term, seen in 

ACI 318-14. (AASHTO, 2017) 
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 Slurry Effects on Bond Strength 

None of the above codes (ACI 318-14, ACI 408R-03, AASHTO 2017) mention the potential 

effects of slurry on bond strength. ACI 408R-03 does mention bar cleanliness, where 

“reinforcement must be free of mud, oil, and other nonmetallic coatings” (ACI Committee 408, 

2003). The FHWA manual, which references AASHTO’s equations, does provide a section on 

bond and slurry. It states, “Fleming and Sliwinski (1977) report that the general opinion is that 

there is no significant reduction of bond between concrete and the reinforcing steel in drilled shafts 

constructed under bentonite slurry” (Brown, et al., 2010). They go on to give an acknowledgement 

from the Federation of Piling Specialists to increase bond, but not more than 10% of the value for 

plain bars.  However the conclusions made in this section are predominantly based on testing 

completed by Butler and are as follows: “The current state of knowledge on this topic suggests 

that the use of mineral and polymer slurries for drilled shaft construction does not reduce the bond 

resistance between concrete and reinforcing bars. There is currently no reason to account for the 

use of drilling fluids when considering development length of rebar in drilled shafts” (Brown, et 

al., 2010). 

Seal Slab to Pile Bond 

Research conducted on tremie-placed seal slabs around steel H-piles and prestressed concrete piles 

revealed that the slurry or fluid to be displaced by the concrete can have an effect on the bond 

between the pile and seal slab (Sosa, 1999; Mullins, et al., 1999; Mullins, et al., 2001; Mullins, et 

al., 2002). Prior to this research, seal slab design assumed bond to be negligible or was fully 

discounted. Test results demonstrated that significant bond could be expected in some cases; 

however, when the fluid displaced was bentonite slurry, a notable reduction in bond was seen. The 

effects of fluid type on tremie-placed seal-slab-to-steel-pile bond are shown in Figure 5.1 below. 

For this study, full-scale seal slabs were cast around W14x90 steel pile sections and 14-in. 

prestressed concrete square piles located in cofferdams that were flooded with water or bentonite 

slurry. Dry conditions were also tested as controls. The concrete piles and steel pile tests gave 

similar results. Specifically for the steel piles, when compared to the dry construction values, water 

conditions produced average bond values 4% lower, and bentonite slurry showed up to a 54% 

reduction in bond by comparison. Polymer slurry was not tested. 
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Figure 5.1 Steel pile to seal slab bond.  

 

Jones and Holt (2004) 

Jones and Holt investigated the effects of bentonite and polymer slurries on bond strength through 

previously performed laboratory and field testing. The first set of test data inspected were from the 

Construction Industry Research and Information Association (CIRIA) laboratory testing in 1967. 

Piles were cast by injecting concrete into the base of the form to displace the drilling fluid, hence 

the No. 7 ribbed reinforcement bar was vertical for casting. It should be noted that no transverse 

reinforcement was used in this study. Three casting conditions were tested: air, bentonite, and 

bentonite with added clay and sand. Six samples were produced per drilling condition, yielding 18 

total samples. For testing, specimens were loaded in the direction of the concrete flow.   

 

The results of this study showed that the average control (air) bond stress were 1.5 times higher 

than either bentonite average bond stress. Testing for slip was also performed and showed there 

was more slip for bentonite cast specimens at any given stress. Also included in this testing 

program were identical tests for straight and twisted bars. These bar types showed no significant 

loss of bond or stiffness and thus it was concluded that the flow of concrete sufficiently removes 

the bentonite in those cases. However, the same cannot be said for ribbed bars, where a bentonite 

residue was left on the tops of the ribbing, producing a reduction in bond stress. 

 

The next study considered was site testing by Rail Link Engineering (RLE) in 2000. In this 

program, two 7-m-long piles were constructed per drilling condition. Each pile contained 6 No. 10 

bars debonded along their length and anchored at varying depths. Thus 60 total samples were 

tested, 12 per drilling condition. The casting conditions tested were air, water, bentonite, polymer 

60, and polymer 100; where 60 and 100 represent the target viscosity for polymer in sec/qt. The 

bentonite Marsh funnel viscosity was kept above 30 sec/qt, but below 50 sec/qt. Minimal 
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transverse reinforcement were used, and it was assumed that concrete was filled from the base, 

thus resulting in loading in the direction of concrete flow.  

 

Based on the assumed characteristic yield strength, anything below this value was assumed to be 

bond failure and anything above assumed to be the bar yielding. While air and bentonite showed 

bond stresses above the yield stress at all depths, water and polymer performed poorly at the base 

of the pile. While water was only poor at the base, polymer performance was variable throughout 

the entire length of the pile. This trend was worse in the polymer 100 than polymer 60.  

 

While the poor behavior seen at the bottom could be from contamination of the base and position 

of the reinforcement, it was unclear why this poor performance was only seen in water and 

polymer, and not bentonite. Additionally, data was recorded to monitor slip however no consistent 

trends were noted. It was concluded that the accuracy of the testing may not be sufficient to 

produce reliable data. 

 

The last set of test data examined was laboratory data from the Building Research Establishment 

(BRE) in 2001. This testing was prepared similarly to CIRIA as concrete was injected at the base 

and no transverse reinforcement was used. The primary difference was that the piles were cast so 

that testing could be performed on both ends to investigate the impact of testing direction with 

regards to concrete flow. The piles were cut in two with debonded and bonded regions on both 

sides of the cut. There were 10 reinforcement bar test samples per casting condition, 5 top and 5 

bottom, making for 40 total test samples. The drilling conditions tested were air, bentonite, 

polymer 60, and polymer 100.  

 

This testing concluded that top loading (in the direction of concrete flow) gave 10% lower bond 

stresses on average for slurry conditions than bottom loading (the opposite direction of concrete 

flow), which gave higher mean bond stresses. Load slip data was taken again with this 

experimentation but produced unreliable results. 

 

While CIRIA indicated a significant drop in bond with the use of bentonite, using corrected bond 

values BRE showed all specimens were performing above what had been assumed from the code. 

Site testing from RLE showed no adverse effects from the use of bentonite slurry. It is important 

to recognize that both CIRIA and BRE testing did not include the use of transverse steel and RLE 

testing only included a minimal amount. The use of transverse steel will improve bond strength, 

however it also has the potential to make it worse.   

 

CIRIA testing showed that in ideal-flow concreting, slurry contamination is removed from the 

bottom of the reinforcement ribbing, however pockets of slurry are trapped on the tops. As exposed 

by Deese and Mullins, tremie-placed concrete flows radially, not uniformly and not vertically, and 

under these conditions Jones and Holt warn “is it possible for voids full of bentonite to be formed 

between the main bars and pile wall.” Jones and Holt also acknowledge quilting that may be seen 

on the surface and state that “in this situation the loss of bond capacity seen may be significantly 

greater and unlikely to be covered by a simple factor on the bond length.” They go on to 

recommend further research in this area. (Jones and Holt, 2004) 
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Bowen (2013) 

As mentioned above in section, Bowen performed research investigating the upper viscosity limit 

for bentonite slurry. One of many methods used to achieve this was through pullout capacity 

testing. While the procedure for construction of these samples can be found in Chapter 3 of this 

report, a few key points of his findings will be summarized here. Bowen cast the initial 18 shafts 

whose data are used in this report. These samples were not all cast with a bonded length of 6 in., 

as Bowen initially tested 18-in. and decreased to a 6-in. bonded region after finding the bond was 

too strong. Table 5.2 summarizes the qualities of these 18 shafts, which resulted in 126 pullout test 

specimens. Testing showed that rebar bond degraded by as much as 70% when cast with bentonite 

slurry, which was considered acceptable by most state construction specifications at the time.  This 

issue can be related back to concrete flow issues as the concrete does not fully encapsulate the bar, 

leaving potential voids and potential pockets of trapped slurry. 

 

Table 5.2 Summary of 18 shafts previously cast and tested by Bowen (2013).  

Shaft 

# 

Concrete 

Mix 

Slurry 

Type 
Viscosity 

Bonded 

Length 

(in.) 

Average 

Pullout 

Strength (kip) 

Average Concrete 

Compressive 

Strength (psi) 

1 4KDS Bentonite 44 18 57.234 6,150 

2 4KDS Bentonite 105 18 49.704 6,150 

3 4KDS Bentonite 40 10 36.894 4,358 

4 4KDS Bentonite 55 10 32.697 4,358 

5 4KDS Bentonite 90 10 38.094 4,358 

6 4KDS Water 26 8, 10, 12 54.304 4,358 

7 4KDS Bentonite 30 6 28.754 4,530 

8 4KDS Bentonite 40 6 24.212 4,530 

9 4KDS Bentonite 50 6 20.524 4,530 

10 4KDS Bentonite 90 6 23.139 4,530 

11 4KDS Polymer 1 65 6 32.338 4,530 

12 4KDS Polymer 1 66 6 33.941 4,530 

13 4KDS Bentonite 30 6 25.636 4,753 

14 4KDS Bentonite 30 6 27.641 4,753 

15 4KDS Bentonite 56 6 19.804 4,753 

16 4KDS Polymer 1 85 6 24.077 4,753 

17 4KDS Polymer 1 85 6 26.247 4,753 

18 4KDS Water 26 6 34.042 4,753 

Polymer 1- Polymer manufacturer one 

 

Another highlight of his findings was the examination of radial cores taken at the intersection of 

these creases that revealed the concrete was not contiguous at the creases. This was made 

exceedingly apparent when the high viscosity bentonite slurry sample was cored, it separated into 

four pieces defined by laitance crease locations. All four pieces were found to be coated with 

trapped bentonite slurry. Results from the coring can be seen in Figures 5.2 to 5.6, which show 

cores from a water-cast shaft, 60 sec/qt polymer-cast shaft, 30 sec/qt bentonite-cast shaft, 40 sec/qt 

bentonite-cast shaft, 50 sec/qt bentonite-cast shaft, and 90 sec/qt bentonite-cast shaft. On the water-
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cast shaft, there is a clean bond interface where the concrete meets the reinforcement bar. The 

polymer sample displayed a light slurry coating around the reinforcement bar. 

 

 

Figure 5.2 Radial coring set up. 
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Figure 5.3 An empty core hole showing the surface crease extending to the reinforcing steel. 

 

Figure 5.4 A water core (left) and 60 sec/qt polymer core (right). 



85 

 

 

Figure 5.5 A 30 sec/qt bentonite core (left) and 40 sec/qt bentonite core (right). 

 

Figure 5.6 Pieces from a 50 sec/qt bentonite core (left) and a 90 sec/qt bentonite core (right). 

 

 Previously Accepted Pullout Capacity Testing Methods 

This section discusses two testing procedures to investigate bond strength completed by Butler 

(1973) and Smith-Emery Laboratories, Inc. (2015). Both methods of testing were flawed and not 

representative of construction practices. While Smith-Emery Laboratories testing was for Matrix 

polymer slurry used in the state of California, Butler’s tests are currently referenced in the FHWA 

drilled shaft manual leading to the conclusion that there is no reason to account for drilling fluids 

when considering bond. 
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Butler (1973) 

The research performed by Butler only included two pullout tests on No.8 reinforcement bars in 

bentonite-cast, tremie-placed concrete. One of the specimens failed from cover spalling through 

poor jack alignment and the other was a bond splitting failure with 2.25 in. of cover in a 30-in. 

diameter shaft. Additionally, the bentonite used for this testing was not pure bentonite, but a 

bentonite-polymer blend denoted as a high-yield bentonite. This product has half the amount of 

suspended solids as pure bentonite and is often not accepted for bridge construction applications 

(FDOT, 2018). The viscosity of the slurry was not reported, but it can be approximated to be 30 

sec/qt based on the documented mix ratio of 0.21 lb/gal (Butler, 1973) and mix-ratio-to- viscosity 

correlations known for this type of slurry (Mullins, et al., 2013). 

 

In addition to the two pullout tests performed on full-scale specimens, Butler also prepared 12 

laboratory samples. Six of the samples were straight bars and the remaining 6 were deformed bars. 

From each set of six, three bars were cast in dry conditions and the other three were “coated with 

mud slurry before casting in concrete,” but not tremie-placed, slurry displacing concreting (Butler, 

1973). Thus, there were only five applicable tests conducted upon which the FHWA guidelines for 

slurry effects on bond are based. In addition, none of these tests are representative of the 

construction practices. 

Smith-Emery Laboratories (2015) 

Currently Florida and California are two of the strictest states regarding polymer slurries. Polymers 

must be tested and approved prior to usage in these states; however, testing methods used are often 

inadequate (FDOT, 2018). An example of this can be demonstrated from Matrix polymer slurry 

testing for use in California. While the report from Smith-Emery Laboratories references ASTM 

A944 and C192 for bond strength and casting/curing concrete test specimens, respectively, it also 

states that modifications to these standards were necessary. Thus, instead of following the 

procedure for casting of the test specimen outlined in ASTM A944, a modification was made. For 

their testing, 18-inch long No.5 reinforcement bars were placed in 6-in. by 12-in. cylinders. The 

samples were prepared by first soaking the bottom 6 inches of the bars in the slurry to be tested 

for 12 hours. Then one soaked bar was embedded 6 inches below the top of the cylinder mold in 

the center of the test sample, hence the tip of the slurry-soaked portion was 6 inches below the 

cylinder’s surface. This differs from ASTM A944, as it states that the specimen shall be “cast in a 

block of reinforced concrete” 23 to 25 in. long by 7.5 to 8.5 in. + db wide and a minimum of db + 

cb + le +2.5 in. tall (ASTM A944). On dimensions alone, if the test was to be conducted with the 

cylinder on its side, the length is approximately half of the recommended value and the diameter 

is less than the recommended width and height. ASTM A944 also suggests the use of stirrups. 

Additionally, the use of PVC pipes as bond breakers is mentioned to “avoid a localized cone-type 

failure of the concrete at the loaded end on the specimen” (ASTM A944). This testing did not 

make use of debonded regions and was therefore susceptible to this type of failure.  

 

The concrete used was Quickrete 5000 Concrete Mix. Based on the compressive strengths in the 

report, the concrete strength was just beyond the recommended strength for testing, 4500 to 5500 

psi.  The concreting process of the cylinders was performed using ASTM C192, where the concrete 

is added in three equal layers and rodded 25 times per layer. This differs from ASTM A944 as 

vibration is the stated method of consolidation to be used. In either method, this will not produce 

results comparable with tremie placement, as the concreting process is wholly different. By adding 
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concrete in three equal layers and rodding or vibrating each layer, the slurry that would be trapped 

on the top of the ribbing due to tremie placement, as noted by Jones and Holt, would most likely 

not be there. As this residue is what primarily caused a fluctuation in bond stress with tremie-

placed concrete (Jones and Holt, 2004), this test fabrication cannot be stated as equivalent.  For 

pullout capacity testing, a station was set up similar to what is depicted in ASTM A944; however, 

instead of the unit performing a horizontal test, the sample was placed upside-down for testing.  

 

Overall, these accepted test methods do not reflect field conditions for two substantial reasons. 

The creation and casting of the specimen should have been in tremie-placed conditions to simulate 

a realistic environment, and a debonded region should have been utilized to avoid a localized cone-

type failure of the concrete.  

 

During the RLE testing, performance results from polymer slurries proved to be variable and at 

times insufficient (Jones and Holt, 2004). In short, present test methods to verify slurry 

performance are inadequate. 

 

The information stated above shows a clear research gap where some codes at least acknowledge 

bar cleanliness (under which slurry-coated reinforcement could fall), others do not acknowledge 

slurry effects on reinforcement at all. It is further concerning that FDOT would require such testing 

on new slurry products if slurry did not propose an issue to bond strength. This report focuses on 

the analysis of slurry effects on rebar bond where concrete is tremie-placed and slurry displacing.  

 Testing  

This section outlines the testing procedures performed. The first testing procedure outlined is the 

process whereby the pullout bars were tested for capacity. A numerical model has been included 

which was created to confirm the credibility of the method used to complete pullout tests. 

 Pullout Testing 

ACI 408R-03 has four different pullout testing configurations defined: (a) the pullout specimen, 

(b) the beam end specimen, (c) the beam anchorage specimen, and (d) the splice specimen (ACI 

Committee 408, 2003). None of the given configurations were practical for the specimens tested 

in this report, therefore a combination of cases (a) and (b) (Figure 5.7), was adopted to allow for a 

direct pullout of vertically cast specimens with debonded regions, case (c) (Figure 5.7).  



88 

 

                

Figure 5.5.7 Pullout testing methods (a) pullout specimen and (b) beam end specimen and (c) the 

pullout testing method for tremie-placed specimens used in this study. 

 

ACI 408R-03 notes case (a) to be the least realistic option as the stress fields produced rarely match 

construction (ACI 408R-03, 2001). To reduce this effect, precautions were taken during 

construction of the samples through the debonded regions. As discussed above, during 

construction, the upper 8 in. and lower 10 in. of each pullout sample were debonded. Debonding 

of the upper 8 in. of the bars was designed to reduce the effects of the jacking-induced compressive 

stress seen at the surface (ACI 408R-03, 2001).  This was confirmed through numerical modeling 

to drastically reduce the compression stress in the bonded region. The lower debonded portion of 

the bar allowed for adjustments in bonded length. 

Numerical Model of Test Method 

A numerical model was generated to confirm the reduction of compressive stresses in the bonded 

region. This model was fabricated using Comsol 5.2a software. A general description and build of 

the model is as follows: First the type of model was selected, a three-dimensional, stationary 

structural model. Two models were generated for comparison, one with a 6-in. bond at the top of 

the shaft followed by an 18-in. debonded region, and the other using an 8-in. debonded top section 

followed by a 6-in. bond followed by a 10-in. debonded region, to simulate the test specimens. 

Both models depict 42-in. diameter, 24-in. tall shafts with 7 equally spaced No. 8 reinforcing bars. 

Only the pullout bars were incorporated into the model, not the entire reinforcing cage 

configuration. The other bars and transverse reinforcement were excluded as they do not have any 

influence on the pullout bar stresses.  

 

Debonding was achieved by leaving a small space (0.05 in.) around the bars. The fabricated model 

can be seen in Figure 5.8 from multiple views. Note that the model shown has 8-in. and 10-in. 

debonded regions. The model was separated material wise into concrete and reinforcing steel. 

Figure 5.9 shows the highlighted section representing concrete, and the highlighted bars selected 

as reinforcing steel. Properties of the steel used for the pullout bars and of the concrete used for 

the shaft can be found in Tables 5.3 and 5.4, respectively. Note a concrete compressive strength of 

4 ksi was used for this model. 
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Figure 5.8 The generated model in Comsol 5.2a software. 

 

 

Figure 5.9 Material properties for models: highlighted sections represent concrete (left) and steel 

(right). 

 

Table 5.3 Input material properties for reinforcing steel. 

Property Value 

Density 7850 kg/m3 

Young’s Modulus 29,000 ksi 

Poisson’s Ratio 0.30 
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Table 5.4 Input material properties for shaft concrete. 

Property Value 

Density 2,300 kg/m3 

Young’s Modulus 3,600 ksi 

Poisson’s Ratio 0.20 

 

As seen in Figure 5.10 (left), cut planes were inserted to isolate an 8-in. by 8-in. square to represent 

the equal and opposite force applied to the concrete by the loading jack. For ease of modeling, 

loads were made input parameters as part of a parametric study, where the load at the tip of the 

tested reinforcing bar was P and the square region of concrete was loaded to –P (Figure 5.10). 

 

 

Figure 5.10 Loading parameters of model: load applied at tip of reinforcement tested, P (left), 

load applied to area concrete impacted by loading jack, -P (right). 

 

The model was fixed on the side of the concrete walls, then a physics-controlled finer mesh was 

applied. The model was then run at values of 10, 20, 30, 40, and 50 kip; (1 kip = 1,000 lbf). A side-

by-side comparison of a 6-in. bond directly below the concrete surface versus debonding the top 

8 in. has been provided in Figure 5.11. 
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Figure 5.11 The loading of each model at 10, 20, 30, 40, and 50 kip; the top 6-in. bonded (left), 

the top 8-in. debonded (right). 
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Figure 5.11 (Continued) 

 

For modeling purposes, 50 kip was assumed to be the greatest magnitude encountered. The scales 

seen on the right side of the images in Figure 5.11 are identical for all, representing positive 2000 

psi to -1,500 psi, tension to compression, respectively, where zero is neutral. Thus, the darker royal 

blue colors noted are the extreme end of the modeled compression scale. Note that the compressive 

stress seen on the concrete from the loading jack is generated in the same region as the tensile 

stress generated from the loading of the pullout bar when the 6-in. bond is next to the concrete 

surface (case (a)) (Figure 5.12), versus an almost linear division of compressive and tensile stresses 

when the bonded region is 8-in. below the concrete surface (Figure 5.13). Note regions of tension 

and compression have been exaggerated to illustrate the stress fields. 
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Figure 5.12 Zoomed in tension and compression fields for 6 in.-bond at the top. 
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Figure 5.13 Zoomed in tension and compression stress fields for reinforcing bar pullout test 

method. 
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Thus this modeling has confirmed that the proposed pullout test procedure combining cases (a) 

and (b), is acceptable as the jacking-induced compressive stress seen is drastically reduced in the 

bonded region when the upper 8-in. of the bar are debonded. 

Pullout Testing Procedure 

The procedure for pullout testing conducted on the first 18 shafts can be found in Bowen’s thesis 

document Bowen (2013). The procedure used for all other specimens is almost identical with 

subtle variances in the equipment. For pullouts conducted on the new shaft specimens, the 

procedure and equipment used were as follows.  

 

A 60-ton capacity hollow-core hydraulic ram was placed over the bar to be tested and onto lead 

plates used to level the concrete surface. An 8-in. diameter load cell was then placed over the bar 

along with spacers and an upper steel plate. Double nuts at the top of the bar were used to secure 

the loading assembly and distribute the load along the entire threaded region. A displacement 

transducer was also attached to the side of the hydraulic ram to monitor movement. This assembly 

is displayed in Figure 5.14. A manually-operated hydraulic pump was used to conduct pullout 

testing, as it was able to apply a slow loading rate of approximately 100 lb/s. 

 

Using a computerized data acquisition system, the load cell and displacement transducer were 

monitored at a sampling rate of 10 Hz, ensuring peak force would be captured (Figure 5.15). 

Testing was only performed once the concrete reached a minimum compressive strength of 4 ksi. 

All testing was completed on the same day as cylinder compressive strength testing. In total, 

including pullout specimens from Bowen’s testing, 268 tests were performed. This included 138 

tests in mineral slurry, 82 in polymer slurry, and 47 in water. 
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Figure 5.14 General assembly used for pullout testing: loading jack, load cell, steel plate, double 

nuts, and a displacement transducer. 

 

 

Figure 5.15 Testing of the pullout bars: as the bar is being loaded the computer is being 

monitored. 
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 Pullout Testing Initial Results 

As detailed in above, pullout testing was performed only after the concrete reached the desired 

compressive strength. Compressive strength testing was performed using 4-in. by 8-in. concrete 

cylinders that were cast using the same concrete batched for the shafts. On the day of pullout 

capacity testing, two concrete cylinders were tested; the average of the concrete compressive 

strength results can be found in Table 5.5. 

 

Table 5.5 Average concrete compressive strength determined from concrete test cylinders. 

Shaft Grouping Shaft Numbers Average Compressive Strength (psi) 

19 to 22 19 to 22 6,130 

23 to 24 23, 24 6,130 

31 to 36 31, 34 to 36 6,130 

31 to 36 32, 33 6,160 

47 to 52 47 to 49 9,130 

53 to 58 53, 54 5,950 

53 to 58 55 to 58 6,020 

 

Results of the pullout strength testing have been divided by concrete placement date/shaft 

grouping. Shafts 19 to 24, 31 to 36, 47 to 49, and 53 to 58 are shown below in Tables 5.6, 5.7, 5.8, 

and 5.9, respectively. In Tables 5.6 through 5.9, slurry type and viscosity are denoted by the initial 

of the slurry type used during the casting process (i.e. B, P, W, A stands for bentonite, polymer, 

water, attapulgite, respectively) followed by the measured viscosity. Results highlighted in red 

indicate that the bar broke during testing, this can also be stated as a bar failure. At the bottom of 

each table the maximum and minimum pullout capacity, along with the average and standard 

deviation have been provided. It should be noted only 6 pullout bars per shaft were tested for shafts 

47, 48, and 49. 
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Table 5.6 Pullout data from shafts 19 to 24. 

 

Class IV Concrete  Preferred SCC 

Shaft 19 

P63 

Shaft 20 

P121 

Shaft 21 

B42 

Shaft 22 

W26 

Shaft 23 

W26 

Shaft 24 

B40 

Bar # 
Max Load 

(kip) 

Max Load 

(kip) 

Max Load 

(kip) 

Max Load 

(kip) 

Max Load 

(kip) 

Max Load 

(kip) 

1 26.47 9.57 19.91 32.17 57.22 15.07 

2 24.24 19.40 20.80 29.54 44.20 23.26 

3 20.34 23.52 18.31 22.52 44.57 29.87 

4 17.53 17.13 19.22 27.05 53.50 17.69 

5 17.71 18.05 20.31 27.99 56.39 23.73 

6 21.26 25.90 20.26 21.83 52.29 16.47 

7 18.74 21.32 26.36 24.70 49.59 17.21 

Maximum 26.47 25.90 26.36 32.17 57.22 29.87 

Minimum 17.53 9.57 18.31 21.83 44.2 15.07 

Average 20.90 19.27 20.74 26.54 51.11 20.47 

Standard 

Deviation 
3.39 5.27 2.61 3.76 5.25 5.33 

 

Table 5.7 Pullout data from shafts 31 to 36. 

  

Class IV Concrete 

Shaft 31 

P98 

Shaft 32 

W26 

Shaft 33 

B39 

Shaft 34 

A39 

Shaft 35 

A200+ 

Shaft 36 

P47 

Bar # 
Max Load 

(kip) 

Max Load 

(kip) 

Max Load 

(kip) 

Max Load 

(kip) 

Max Load 

(kip) 

Max Load 

(kip) 

1 52.62 55.01 35 34.22 38.71 59.25 

2 48.52 49.64 41.96 39.13 39.87 58.76 

3 28.77 43.03 41.15 48.13 50.22 59.71 

4 13.68 49.36 34.96 46.71 35.68 43.38 

5 42.06 56.13 42.78 37.4 32.68 37.73 

6 47.41 42.87 57.74 41.15 34.54 44.24 

7 41.38 40.92 42.5 49.06 31.68 39.13 

Maximum 52.62 56.13 57.74 49.06 50.22 59.71 

Minimum 13.68 40.92 34.96 34.22 31.68 37.73 

Average 39.21 48.14 42.30 42.26 37.63 48.89 

Standard 

Deviation 
13.59 6.07 7.61 5.77 6.30 9.95 
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Table 5.8 Pullout data from shafts 47 to 49. 

  

Argos SCC 

Shaft 47 

W26 

Shaft 48 

B39 

Shaft 49 

B31 

Bar # 
Max Load 

(kip) 

Max Load 

(kip) 

Max Load 

(kip) 

1 - 36.33 52.06 

2 27.82 50.35 51.10 

3 48.17 44.13 51.27 

4 46.65 45.15 48.76 

5 51.26 39.21 54.90 

6 55.11 37.22 48.95 

Maximum 55.11 50.35 54.90 

Minimum 27.82 36.33 48.76 

Average 45.80 42.06 51.17 

Standard 

Deviation 
10.56 5.42 2.26 

 

Table 5.9 Pullout data from shafts 53 to 58. 

 
Class IV Concrete 

Shaft 53 

P49 

Shaft 54 

P58 

Shaft 55 

P120 

Shaft 56 

P85 

Shaft 57 

B40 

Shaft 58 

W26 

Bar # 
Max Load 

(kip) 

Max Load 

(kip) 

Max Load 

(kip) 

Max Load 

(kip) 

Max Load 

(kip) 

Max Load 

(kip) 

1 56.60 59.05 45.88 48.58 45.86 58.68 

2 54.05 48.49 44.24 48.66 48.91 54.60 

3 56.22 36.17 36.97 49.59 38.04 51.58 

4 - 50.67 33.91 49.28 53.54 47.52 

5 50.41 49.55 37.78 47.53 36.70 49.67 

6 45.59 57.10 47.18 42.36 54.49 51.99 

7 54.05 56.80 46.01 51.58 43.42 49.21 

Maximum 56.60 59.05 47.18 51.58 54.49 58.68 

Minimum 45.59 36.17 33.91 42.36 36.70 47.52 

Average 52.82 51.12 41.71 48.23 45.85 51.89 

Standard 

Deviation 
4.17 7.79 5.34 2.87 7.00 3.76 

 

 

 



100 

 

 Analysis 

This section details the methods of analysis used for the testing program. The predicted pullout 

capacities were analyzed using two methods meant to confirm the findings, the level of reliability 

and Monte Carlo simulation. Using these analyses, resistance factors were generated for all slurry 

types aside from attapulgite in Class IV concrete in accordance with ACI 318-14 and ACI 408R-

03, as well as comments in AASHTO. Bentonite slurries were then examined by varying viscosity 

groupings, the polymer slurries by manufacturer, and water versus bentonite in terms of SCC. SCC 

and attapulgite slurry are also discussed separately in their respective sections.   

 Level of Reliability 

This method of resistance factor determination uses the desired level of reliability (reliability 

index) and an equation for the calculation of resistance factors. Details of this procedure can be 

found in Darwin et al. 1998, however this section will present the general calculation. 

 

The equation used for resistance factor determination is: 

 

∅𝑏 =
𝑟̅

𝑞̅
𝑒−(𝑉𝑟

2+𝑉∅𝑞
2 )

1/2
𝛽

    (Eq. 5.13) 

 

presented from Darwin et al. 1998, where ∅𝑏 is the bond resistance factor, 𝑞̅ is the mean loading 

random variable, Vφq is the loading coefficient of variation, 𝑟̅ is the mean resistance test-prediction 

ratio, Vr is the resistance coefficient of variation, and β is the reliability index.  

 

The calculation of the mean loading random variable and coefficient of variation have previously 

been discussed using equations 5.11 and 5.12. Resistance variables (𝑟̅ and Vr) are the mean bias 

and coefficient of variation calculated using the pullout data. The desired reliability index is 3.5, 

which translates to a failure ratio of 1 in 4149. While this has been deemed a reasonable value, the 

actual failure ratio of structural elements is far less. 

 Monte Carlo Simulation 

A Monte Carlo simulation is a randomly-generated probability model. In this report, Monte Carlo 

analyses were used to predict the probability of failure by generating one million random values 

for both the load (Q) and resistance (R). The simulation used in this report works in the following 

manner.  

 

Failure occurs when the resistance is less than the loading. The calculation of the number of 

failures is based upon the equation ∅𝑅𝑁 ≥ 𝑅𝑈 where 𝑅𝑁 is the nominal resistance and 𝑅𝑈, the 

factored load, is equivalent to 1.2𝐷𝐿 + 1.6𝐿𝐿. In this simulation the mean loading was considered 

an input value, thus solving for the mean resistance using the following process. 
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∅𝑅𝑁 ≥ 𝑅𝑈 

 

∅𝑅𝑁 = 1.2𝐷𝐿 + 1.6𝐿𝐿                                               (Eq. 5.23) 

 

𝑅𝑁 =
𝑅

𝑟
                                                            (Eq. 5.24) 

 

∅
𝑅

𝑟
= 1.2𝐷𝐿 + 1.6𝐿𝐿 

 

𝑅 =
𝑟(1.2𝐷𝐿 + 1.6𝐿𝐿)

∅
 

 

The following equation gives the mean resistance: 

 

𝑅̅ =
𝑟(1.2𝐷𝐿 + 1.6𝐿𝐿)

∅

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅
 

 

Here ∅, the strength reduction factor for the loading under consideration, is equivalent to the bond 

reduction factor. The variable r is the bias value for the resistance. This formulation was derived 

from Darwin et al. 1998.  

 

Now that a formula for mean resistance has been determined, it must be considered that the load 

input is a mean value. This predicates a mean load factor (LF) must be used as well. For this 

calculation a dead-to-live-load ratio of 2 was used: 

 

𝐿𝐹̅̅̅̅ =
1.2𝐷𝐿+1.6𝐿𝐿

𝐷𝐿+𝐿𝐿
=

1.2(2)+1.6(1)

2+1
=

4

3
= 1.33                           (Eq. 5.25) 

 

Thus the final equation for mean resistance is then: 

 

𝑅̅ =
𝑟(𝐿𝐹∗𝑄)

∅

̅̅ ̅̅ ̅̅ ̅̅
                                                       (Eq. 26) 

 

With mean values for resistance and load determined, the standard deviation can now be 

calculated. The standard deviation is equivalent to mean value times the coefficient of variation. 

For load, with a dead-to-live-load ratio of 2, a 0.102 coefficient of variation (COV) stays constant 

for all simulations. In terms of resistance, the same calculation is applied; however, the COV 

changes based on the data set under investigation (for this report, the casting condition). 

 

Considering the data follows a log-normal distribution, the calculated mean and standard deviation 

values for load and resistance were converted to fit a log-normal distribution using the following 

equations: 

𝜇𝑙𝑛𝑅,𝑄 = 𝑙𝑛𝜇𝑅,𝑄 −
1

2
𝜎𝑙𝑛𝑅,𝑄

2                                             (Eq. 5.27) 

 

𝜎𝑙𝑛𝑅,𝑄
2 = ln [1 + (

𝜎𝑅,𝑄

𝜇𝑅,𝑄
)

2

]                                             (Eq. 5.28) 
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where μ is equivalent to the mean and σ the standard deviation of either R or Q.  

 

Now that all variables needed for the simulation have been established, the Monte Carlo simulation 

can be generated in a few simple steps. In excel, establish columns for one hundred thousand 

generations of two random variables (X and Y, i.e. one for load and one for resistance). Each 

column will have the same formulation to create random variables X and Y. For the creation of a 

normal distribution, the excel function is norminv, which requires the probability (the random 

variable), mean (zero is used here), and standard deviation (one). The function in excel looks like 

this: “=norminv(rand(),0,1)”.  

 

To generate the random variable used for the failure ratio, the standard deviation of the load or 

resistance is now multiplied by X or Y, respectively, and added to the mean. While this is the 

general formula, as stated above this data follows a log-normal distribution and thus, the standard 

deviation and mean used for this process are in log form, established from equations 5.27 and 5.28 

above. To return the data to a normal distribution, the exponent of the randomly generated variable 

for failure ratio was taken.  

 

These two values were then compared so that if load was greater than the resistance, a failure 

would occur. The failures were then totaled. Ten simulations were run per condition to accumulate 

one million data points. To achieve the failure ratio the, total number of failures (of all ten trials) 

was divided by one million, then the inverse was taken, resulting in one in the numbert of failures 

calculated. An example of this sheet for further clarification can be found in Appendix C. 

 Analysis of Pullout Capacity Data 

Interpretation of this data was performed in several stages using a statistical analysis. Pullout 

results from the first 18 shafts cast by Bowen were included in this analysis. First the predicted 

pullout capacity was calculated using Equations 5.7 and 5.18, representing ACI 318-14 and ACI 

408R-03. Note Equation 5.7 was rearranged to solve for bond force yielding Equation 5.29: 

 

𝑇𝑏 = 10.472∅𝑏√𝑓𝑐
′ (𝑐𝑏 +

40𝐴𝑡𝑟

𝑠𝑛
) 𝑙𝑑                                 (Eq. 5.29) 

 

The resistance factor for these calculations was taken to be 1.0. An example of this calculation is 

shown below using data for shaft 34, variables can be found in Table 5.10.  
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Table 5.10 Variables for example. 

ACI 318 and 408R-03 

f’c 6,130 psi 

ld 6 in. 

Atr 0.11 in.2 

n 1 

ACI 318 

cb 6 in. 

s 6 in. 

ACI 408R-03 

cmin 3.25 in. 

cmax 3.25 in. 

Rr 0.071 

db 1 in. 

Ab 0.79 in.2 

N 1 

 

Example calculation for ACI 318-14 is: 

 

𝑇𝑏 = 10.472∅𝑏√𝑓𝑐
′ (𝑐𝑏 +

40𝐴𝑡𝑟

𝑠𝑛
) 𝑙𝑑 

 

𝑇𝑏 = 10.472(1)√6130 psi (6 in. +
40(0.11 𝑖𝑛.2 )

6 𝑖𝑛.∗ 1
) 6 in. = 33124 lb = 33.12 kip 

 

Example calculation for ACI 408R-03 is: 

 

𝑇𝑏 = (𝑓𝑐
′)1/4 [[∅𝑏59.9𝑙𝑑(𝑐𝑚𝑖𝑛 + 0.5𝑑𝑏) + ∅𝑏2400𝐴𝑏] (0.1

𝑐𝑚𝑎𝑥

𝑐𝑚𝑖𝑛
+ 0.9)

+ (30.88𝑡𝑟𝑡𝑑

𝑁𝐴𝑡𝑟

𝑛
+ 3) 𝑓′

𝑐

1
2] 

 

𝑡𝑟 = 9.6𝑅𝑟 + 0.28 = 0.952 

 

𝑡𝑑 = 0.78𝑑𝑏 + 0.22 = 1 

 

                                                 
1 (Darwin, Zuo, Tholen, & Idun, 1996) 
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𝑇𝑏 = (6130 𝑝𝑠𝑖)1/4 [[(1)59.9(6 𝑖𝑛. )(3.25 𝑖𝑛. +0.5(1 𝑖𝑛. ))

+ (1)2400(0.79 𝑖𝑛.2 )] (0.1
3.25 𝑖𝑛.

3.25 𝑖𝑛.
+ 0.9)

+ (30.88(0.952)(1)
(1)(0.11 𝑖𝑛.2 )

1
+ 3) (6130 𝑝𝑠𝑖)1 2⁄ ] = 33,020 𝑙𝑏𝑠

= 33.02 𝑘𝑖𝑝𝑠 

 

Once the calculations were completed for all samples, the results were then compared to 

the measured values. This comparison can be seen in Figures 5.16 and 5.17. Generally, the mean 

experimental values agreed with the predicted capacities. Given that most specimens had a similar 

concrete strength and bond length, many of the predicted capacity values were similar, resulting 

in vertical banding.   

 

Figure 5.16 Measured strength versus predicted strength for ACI 318-14. 
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Figure 5.17 Measured strength versus predicted strength for ACI 408R-03. 

 

Using the measured and predicted capacities, the bias (measured/predicted) for each sample was 

found. This was then plotted against the Marsh funnel viscosity for ACI 318-14 and ACI 408R-

03, in Figures 5.18 and 5.19, respectively. The lines seen on Figures 5.18 and 5.19 indicate the 

mean bias value per casting condition where ACI indicates dry conditions. A general trend can be 

noted on both figures of decreasing bias and therefore pullout capacity with increasing slurry 

viscosity. Similar to Figures 5.16 and 5.17, Figures 5.18 and 5.19 still demonstrate significant 

variability, but now for a given viscosity.  

 

With regards to slurry viscosity and soil type, higher viscosity slurry is requisite for more porous, 

free-flowing soil types, whereas lower viscosity slurry is appropriate for fine-grained, low 

permeability soils. Thus while lower viscosity slurry, which is typically closer to the viscosity of 

water, was seen to perform better in bond, it is not practical to restrict the use of higher viscosity 

slurry. Hence, a statistical evaluation of slurry effects was performed. For this the data was divided 

up by slurry types of water, polymer, and bentonite. Attapulgite was excluded as there was not 

enough data for an accurate analysis. 
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Figure 5.18 Bias versus slurry viscosity for ACI 318-14. 

 

 

Figure 5.19 Bias versus slurry viscosity for ACI 408R-03. 

 

After finding the bias, the standard deviation and coefficient of variation were determined for each 

slurry type. This information can be found in Table 5.11, the values for dry conditions were taken 

as those for ACI 318 and ACI 408R-03 recorded in ACI 408R-03 (ACI Committee 408, 2003).  
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Table 5.11 Mean bias, standard deviation, and CoV values for various conditions using ACI 318 

and ACI 408R-03. 
 Dry (ACI) Water Bentonite Polymer 

ACI Eq. 318 408R-03 318 408R-03 318 408R-03 318 408R-03 

Mean Bias (𝑟̅) 1.23 1.00 1.28 1.30 0.84 0.91 1.15 1.13 

Standard Deviation 0.30 0.12 0.32 0.32 0.27 0.25 0.39 0.40 

CoV (Vr) 0.24 0.12 0.25 0.25 0.32 0.27 0.34 0.35 

 

Using the mean bias and standard deviation values shown in Table 5.11, log-normal probability 

density curves were generated for the two prediction methods (Figures 5.20 and 5.21). Note that 

as stated above a resistance factor of 1 was used in these equations, so there is no resistance factor 

effect seen in these probability density curves. A vertical line was placed at 1.0 to show the 

threshold, where above or equal to 1.0, the measured capacity is generally acceptable; however, 

below 1.0 the measured capacity is unacceptable.   

 

Also noted in the legends of Figures 5.20 and 5.21 are the current failure ratios for each casting 

condition. In order to determine these failure ratios, Monte Carlo simulations were conducted for 

each casting condition (water, bentonite, polymer, and dry).  Failure ratios for ACI 318 ranged 

from 1:2.4 for bentonite slurry to 1:39.6 for natural slurry conditions, all of which can be seen in 

Figure 5.20. For ACI 408R-03 failure ratios ranged from 1:3.6 for bentonite slurry to 1:45.3 for 

natural slurry conditions, Figure 5.21 states the others. It should be noted that the failure ratio is 

not assigned on the basis of the fraction of bias below 1.0, but rather where the random variations 

in load and strength result in a strength/load ratio below 1.0. 

 

 

Figure 5.20 Lognormal probability density curve for ACI 318. 
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Figure 5.21 Lognormal probability density curve for ACI 408R-03. 

 

 Resistance Factor Generation 

 ACI 318-14 and ACI 408R-03 

Using the information in Table 5.11, the procedure outlined previously for the calculation of bond 

resistance factors by Darwin et al. (1998) was followed. All parameters, aside from the mean bias 

and coefficient of variation (found in Table 5.11), used for Equations 5.11 to 5.13 are shown in 

Table 5.12. Note that the dead-load (DL)-to-live-load (LL) ratio has three differently colored 

values. The different colors correspond to the random loading variable (𝑞̅) and coefficient of 

variation for the random loading variable, as their value is dependent on the DL/LL ratio.  

 

Table 5.12 Parameters used in equations 11, 12, and 13. 

Load Factor, DL 1.2 

Load Factor, LL 1.6 

DL/LL Ratio 0.67, 1, 2 

Reliability Index 3.5 

Load Bias, DL 1.03 

Load Bias, LL 0.975 

Load CoV, DL 0.093 

Load CoV, LL 0.25 

𝑞̅ 0.693, 0.716, 0.759 

Vφq 0.152, 0.131, 0.102 

 

Resistance factors were first calculated for all DL/LL ratios, then the worst case was selected, 

which happened to always correspond to a DL/LL ratio of 2, aside from the dry ACI 408R-03 
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condition where a DL/LL ratio of 0.67 controlled. The calculated bond resistance factors are 

displayed in Table 5.13. 

 

Table 5.13 Resistance factors for all casting conditions. 

 

 

 

 AASHTO 

In terms of predicting capacity, only ACI 318-14 and ACI 408R-03 are examined to this point of 

the report. However, AASHTO load factors and other parameters are also examined given that 

they differ from ACI values. Thus, this process was performed using corresponding AASHTO 

parameters as well. Parameters used for the calculation of AASHTO resistance factors are found 

in Table 4.5. These values were used in the same equation(s) used to calculate the ACI resistance 

factors, Equations 11 to 13. Again varying DL/LL ratios were calculated and the worst case was 

chosen. The predominant worst case, exactly as above, was a DL/LL ratio of 2, aside from dry 

conditions for ACI 408R-03, where the worst case was again a DL/LL ratio of 0.67. It should be 

noted that the AASHTO development length equation is equivalent to the one found in ACI 318-

14. Thus, the predicted capacities are equivalent to the values calculated for ACI 318-14 above. 

 

Table 5.14 AASHTO parameters. 

Load Factor, DL 1.25 

Load Factor, LL 1.75 

DL/LL Ratio 2 

Reliability Index 3.5 

Load Bias, DL 1.05 

Load Bias, LL 1.15 

Load CoV, DL 0.1 

Load CoV, LL 0.2 

 

While the ACI and AASHTO load parameters vary rather significantly from one another, the 

results are strikingly similar. Table 5.15 displays the bond resistance factor calculated using 

AASHTO variables.  The only difference that can be noted in this table relates to ACI 408R-03 

where the bond resistance factor increases from 0.74 to 0.75 using AASHTO factors.  

 

Table 5.15 AASHTO bond resistance factors, ACI included for comparison purposes. 

Parameters ACI Water Polymer Bentonite Dry 

AASHTO 
318 0.667 0.435 0.341 0.65 

408R-03 0.677 0.417 0.441 0.75 

ACI 
318 0.666 0.435 0.341 0.65 

408R-03 0.677 0.418 0.441 0.74 

Slurry Type Water Polymer Bentonite Dry 

ACI 318 0.666 0.435 0.341 0.65 

ACI 408R-03 0.677 0.418 0.441 0.74 
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 Resistance Factor Application 

After calculating the bond resistance factors, they were applied to Equations 5.18 and 5.28 and the 

predicted pullout capacities were recalculated resulting in new bias values. New probability 

density curves were then generated, which incorporated the new bond resistance factors, and are 

shown in Figures 5.22 and 5.23. Monte Carlo simulations were performed once more to confirm 

the bond resistance factors level of reliability. New failure ratios are noted in their respective 

figures, all exceeding the intended acceptable level of a 3.5 reliability index, which corresponds to 

a failure ratio 1:4149. 

 

 

Figure 5.22 Lognormal probability density for ACI 318 after applying resistance factors. 

 

Figure 5.23 Lognormal probability density for ACI 408R-03 after applying resistance factors. 

 Splitting Failure Limitation 

The analysis presented above suggests that the development length equations currently have 

unacceptable failure ratios, and that these ratios can be decreased to an acceptable level of 

reliability through the use of resistance factors. However, during the above analysis, no limitation 

was placed on the term (𝑐𝑏 + 𝐾𝑡𝑟)/𝑑𝑏, which is limited by ACI 318-14 to a value of 2.5 or less 
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and by ACI 408R-03 to 4.0 or less “to prevent pullout failures” (ACI Committee 318, 2014; ACI 

Committee 408, 2003). 

 ACI 318-14 

To account for this limitation, parts of the analysis completed above were repeated for ACI 318-

14 with the 2.5 limitation placed on this term. Table 5.16 shows the recalculated bias, standard 

deviation, and coefficient of variation for all casting conditions aside from dry. As the data used 

for dry conditions was not available, dry conditions were not included in this analysis. Notice the 

bias values significantly increase using this limitation.  

 

Table 5.16 Mean bias, standard deviation, and CoV values for various conditions using ACI 318-

14 and the 2.5 limitation. 

 Water Bentonite Polymer 

Mean Bias (𝑟̅) 3.46 2.26 3.10 

Standard Deviation 0.85 0.72 1.06 

CoV (Vr) 0.25 0.32 0.34 

 

Monte Carlo simulations were again performed to see the failure ratio prior to a resistance factor. 

Water casting conditions showed zero failures in one million trials, indicating that the 2.5 limit is 

more conservative than the target reliability index of 3.5 requires it to be. Bentonite and polymer 

slurries gave a failure ratios of 1:1642 and 1:24390, respectively. While the polymer failure ratio 

is acceptable based on the target reliability index of 3.5, the bentonite ratio is not.  

 

Using the equation for the level of reliability and the values from Table 4.3, new resistance factors 

were generated (Table 5.17). The calculated resistance factor for water indicates how conservative 

the predicted capacity already is. Monte Carlo simulations were completed for polymer and 

bentonite slurries, confirming that the use of the calculated resistance factors lead to an acceptable 

level of reliability. From the calculated resistance factors it can be noted that water casting 

conditions are 1.795 times more conservative than required and polymers are 1.171 times more 

conservative. 

 

Table 5.17 Resistance factors using 2.5 limitation. 

 

 

 

 

 ACI 408R-03 

As stated above, for ACI 408R-03, the (𝑐𝑏 + 𝐾𝑡𝑟)/𝑑𝑏 term is limited to 4.0 or less (ACI Committee 

408, 2003). In ACI 318-14, this term is fairly straightforward, where cb “is a factor that represents 

the least of the side cover, the concrete cover to the bar or wire, or one-half the center-to-center 

spacing of the bars or wires” (ACI Committee 318, 2014). Just as simple, 𝐾𝑡𝑟 = 40𝐴𝑡𝑟/𝑠𝑛 and db 

is simply the diameter of the bar (ACI Committee 318, 2014). Considering this term is kept in its 

(𝑐𝑏 + 𝐾𝑡𝑟)/𝑑𝑏 form in the bond strength equation, limiting this value is fairly easy. ACI 408R-03 

Slurry Type Water Polymer Bentonite 

ACI 318-14, 2.5 

limitation 
1.795 1.171 0.919 
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provides more of a challenge. Aside from db, which is the same as defined previously, c and Ktr 

are now defined as: 

 

𝑐 = (𝑐𝑚𝑖𝑛 + 0.5𝑑𝑏)(0.1
𝑐𝑚𝑎𝑥

𝑐𝑚𝑖𝑛
+ 0.9) 

 

𝐾𝑡𝑟 =
0.52𝑡𝑟𝑡𝑑𝐴𝑡𝑟

𝑠𝑛
√𝑓𝑐

′ 

 

Note ACI 318-14 references c as cb. This makes the limiting (𝑐 + 𝐾𝑡𝑟)/𝑑𝑏 equation:  

 
1

𝑑𝑏
[(𝑐𝑚𝑖𝑛 + 0.5𝑑𝑏) (0.1

𝑐𝑚𝑎𝑥

𝑐𝑚𝑖𝑛
+ 0.9) +

0.52𝑡𝑟𝑡𝑑𝐴𝑡𝑟

𝑠𝑛
√𝑓𝑐

′] ≤ 4.0   (ACI Committee 408, 2003) 

 

In order to limit this term for bond strength the following manipulation of Equation 5.18 was 

applied: 

 

𝑇𝑏 = (𝑓𝑐
′)1/4 [[59.9𝑙𝑑(𝑐𝑚 + 0.5𝑑𝑏) + 2400𝐴𝑏] (0.1

𝑐𝑀

𝑐𝑚
+ 0.9) + (30.88𝑡𝑟𝑡𝑑

𝑁𝐴𝑡𝑟

𝑛
+ 3) √𝑓𝑐

′] 

= (𝑓𝑐
′)1/4 [59.9𝑙𝑑(𝑐𝑚 + 0.5𝑑𝑏) (0.1

𝑐𝑀

𝑐𝑚
+ 0.9) + 2400𝐴𝑏 (0.1

𝑐𝑀

𝑐𝑚
+ 0.9)

+ 30.88𝑡𝑟𝑡𝑑

𝑁𝐴𝑡𝑟

𝑛
√𝑓𝑐

′ + 3√𝑓𝑐
′] 

 

Substituting: 𝑁 = 𝑙𝑑/𝑠, 𝑐 = (𝑐𝑚𝑖𝑛 + 0.5𝑑𝑏)(0.1
𝑐𝑚𝑎𝑥

𝑐𝑚𝑖𝑛
+ 0.9): 

 

= (𝑓𝑐
′)1/4 [59.9𝑙𝑑(𝑐) + 2400𝐴𝑏 (0.1

𝑐𝑀

𝑐𝑚
+ 0.9) + 59.9 (0.52𝑡𝑟𝑡𝑑

𝑙𝑑𝐴𝑡𝑟

𝑠𝑛
√𝑓𝑐

′) + 3√𝑓𝑐
′] 

 

Combining like terms and substituting in Ktr yields: 

 

𝑇𝑏 = (𝑓𝑐
′)1/4 [59.9𝑙𝑑(𝑐 + 𝐾𝑡𝑟) + 2400𝐴𝑏 (0.1

𝑐𝑀

𝑐𝑚
+ 0.9) + 3√𝑓𝑐

′] 

 

Last both sides must be divided by db: 

 

𝑇𝑏

𝑑𝑏
=

(𝑓𝑐
′)1/4

𝑑𝑏
[59.9𝑙𝑑(𝑐 + 𝐾𝑡𝑟) + 2400𝐴𝑏 (0.1

𝑐𝑀

𝑐𝑚
+ 0.9) + 3√𝑓𝑐

′] 

 

This finally forms Equation 5.30: 

 

𝑇𝑏 = 𝑑𝑏(𝑓𝑐
′)1/4 [(59.9𝑙𝑑 (

𝑐+𝐾𝑡𝑟

𝑑𝑏
)) + (

2400𝐴𝑏∗(0.1
𝑐𝑚𝑎𝑥
𝑐𝑚𝑖𝑛

+0.9)

𝑑𝑏
) + (

3√𝑓𝑐
′

𝑑𝑏
)]       (Eq. 5.30) 
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After determining Equation 5.30, the 4.0 limitation was applied and the same analysis was 

performed once more.  The mean bias, standard deviation, and coefficient of variation for water, 

bentonite, and polymer are noted in Table 5.18. Immediately it can be seen that the mean bias 

values are not as inflated as those seen from ACI 318-14. 

 

Table 5.18 Mean bias, standard deviation, and CoV values for various conditions using ACI 

408R-03 and the 4.0 limitation. 

 Water Bentonite Polymer 

Mean Bias (𝑟̅) 1.35 0.94 1.18 

Standard Deviation 0.33 0.25 0.41 

CoV (Vr) 0.24 0.27 0.35 

 

First, the level of reliability method to find resistance factors, again using the parameters from 

Table 5.12, was applied. Resistance factors found are shown in Table 5.19. The calculated 

resistance factors using the 4.0 limitation are not nearly as conservative as what is observed with 

the ACI 318-14 2.5 limitation.  

 

Table 5.19 Resistance factors using 4.0 limitation. 

 

 

Monte Carlo simulations were run pre- and post- resistance factor to generate the number of 

failures. Results confirmed that the limiting factor for ACI 408R-03 makes the equation only 

mildly more conservative, as water showed a failure ratio of 1 in 28, bentonite 1 in 3.8, and polymer 

1 in 3.8. Using the calculated resistance factors in Table 5.19 yields improved failure ratios of 1 in 

4484, 1 in 4673, and 1 in 5291 for water, bentonite, and polymer, respectively. 

 Bentonite Viscosity Ranges 

In the above analysis, all bentonite samples were averaged. In this portion, the samples were 

divided into their respective viscosity categories. The categories were 30 to 40 sec/qt, 40 to 50 

sec/qt, 50 to 70 sec/qt, and 90+ sec/qt. Viscosities were separated this way as FDOT only allows 

bentonite viscosities in the range of 30 to 40 sec/qt for drilling; however, other states have varied 

upper viscosity limits (FDOT, 2018). The last two categories were divided based on sample size 

and available data. 

  

The analyses presented in the above sections were performed (the reliability index method and 

Monte Carlo simulations) for samples grouped by viscosity. Tables 5.20 and 5.21 display the mean 

bias, standard deviation, coefficient of variation, initial failure ratios, determined resistance 

factors, and final failure ratios for ACI 318-14 without and with the splitting failure limitation, 

respectively. 

 

 

Slurry Type Water Bentonite Polymer 

ACI 408R-03, 

4.0 limitation 
0.707 0.449 0.434 
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Table 5.20 Statistical information and results from analysis for ACI 318-14 with no limitation for 

bentonite viscosity ranges. 

Bentonite Viscosity (sec/qt) 30 to 40 40 to 50 50 to 70 90+ 

Mean Bias (𝑟̅) 1.03 0.85 0.70 0.71 

Standard Deviation 0.22 0.32 0.11 0.19 

CoV (Vr) 0.21 0.38 0.16 0.27 

Initial Failure Ratio 1 in 10 1 in 2.3 1 in 1.5 1 in 1.6 

Resistance Factor (RF) 0.596 0.283 0.47 0.346 

RF Failure Ratio 1 in 4219 1 in 4202 1 in 6098 1 in 4329 

 

Table 5.21 Statistical information and results from analysis for ACI 318-14 with 2.5 limitation 

for bentonite viscosity ranges. 

Bentonite Viscosity (sec/qt) 30 to 40 40 to 50 50 to 70 90+ 

Mean Bias (𝑟̅) 2.77 2.29 1.89 1.91 

Standard Deviation 0.58 0.87 0.30 0.51 

CoV (Vr) 0.21 0.38 0.16 0.27 

Initial Failure Ratio 
0 in 

1,000,000 
1 in 349 

1 in 

1,000,000 
1 in 1,715 

Resistance Factor (RF) 1.606 0.763 1.288 0.932 

RF Failure Ratio 1 in 4,310 1 in 4,219 1 in 5,236 1 in 4,329 

 

As expected, without the splitting failure limitation, all specimens need the use of a resistance 

factor to reach the desired reliability; however, it can be seen that bentonite viscosities of 30 to 40 

sec/qt provide a resistance factor of almost double what was generated for overall viscosities, 

(0.341), thus notably performing better.  When assessing the mean bias per viscosity grouping of 

Table 5.20 and comparing it with the generated value for all viscosities in Table 5.11, it can be 

seen that 30 to 40 sec/qt and 40 to 50 sec/qt fall above the mean bias for all viscosities (0.84), 

versus 50 to 70 sec/qt and 90+ sec/qt which are below. While it would seem fitting for the trend 

of better to worse to follow throughout, this is not the case. The primary reason behind this being 

the coefficient of variation. For viscosities from 40 to 50 sec/qt the calculated coefficient of 

variation was 0.38, which is higher than all of the others. This value indicates that this data is prone 

to more scatter, as also evident by the highest standard deviation of all groupings. Thus, when 

calculating a resistance factor or failure ratio this heavily impacts the performance. It should also 

be noted, that the sample size of this viscosity range is the highest, which can have an influence 

on this as well (more data can equal more scatter, but also be more realistic).  

 

The same result is found when the 2.5 limitation is used, however this is much more critical. With 

a 2.5 limitation, the calculated resistance factor is still 0.763 for 40 to 50 sec/qt. The only other 

viscosity range not meeting the desired reliability index was 90 + sec/qt, which gave a resistance 

factor of 0.932. However, viscosity ranges 30 to 40 sec/qt and 50 to 70 sec/qt provided adequate 

or conservative resistance factors of 1.606 and 1.288, respectively. Note: computed resistance 

values greater than 1.0 are generally capped at 1.0. 

 

To maintain consistency, the same analysis was performed for ACI 408R-03 conditions. All 

statistical information and results from the reliability index method and Monte Carlo simulations 

can be found in Tables 5.22 and 5.23, without and with the splitting failure limitation, respectively.  
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The same predicament occurs where the standard deviation and coefficient of variation are much 

higher for the bentonite viscosity range of 40 to 50 sec/qt; however, the difference is not as drastic 

for ACI 408R-03. Overall, the calculated resistance factor values seem to scatter above or below 

the generated value for all viscosities presented above; this applies for both with and without the 

limitation.  

 

Table 5.22 Statistical information and results from analysis for ACI 408R-03 with no limitation 

for bentonite viscosity ranges. 

Bentonite Viscosity (sec/qt) 30 to 40 40 to 50 50 to 70 90+ 

Mean Bias (𝑟̅) 1.00 0.97 0.74 0.89 

Standard Deviation 0.23 0.29 0.15 0.17 

CoV (Vr) 0.23 0.30 0.21 0.19 

Initial Failure Ratio 1 in 6.9 1 in 4.1 1 in 1.8 1 in 4.4 

Resistance Factor (RF) 0.544 0.420 0.432 0.553 

RF Failure Ratio 1 in 4255 1 in 4237 1 in 4310 1 in 4831 

 

Table 5.23 Statistical information and results from analysis for ACI 408R-03 with 4.0 limitation 

for bentonite viscosity ranges. 

Bentonite Viscosity (sec/qt) 30 to 40 40 to 50 50 to 70 90+ 

Mean Bias (𝑟̅) 1.04 0.99 0.76 0.90 

Standard Deviation 0.24 0.30 0.15 0.17 

CoV (Vr) 0.23 0.30 0.20 0.19 

Initial Failure Ratio 1 in 8.7 1 in 4.5 1 in 2.0 1 in 5.0 

Resistance Factor (RF) 0.560 0.426 0.454 0.567 

RF Failure Ratio 1 in 4255 1 in 4444 1 in 4630 1 in 4739 

 

For this set of data, the sample count was 28, 35, 21, and 21, for ranges 30 to 40 sec/qt, 40 to 50 

sec/qt, 50 to 70 sec/qt, and 90+ sec/qt, respectively. As an adequate sample size for analysis is 

typically taken as 30, only one category of this data fulfills this guideline. 

 Performance VariabilityBetween Polymers 

During the course of the testing for this report, three polymers from different manufacturers were 

examined. As company names are confidential, they have been labeled 1, 2, and 3, consistent with 

previously stated polymers 1, 2, and 3 in Chapter 3. Currently polymer performance can vary 

heavily between manufacturers, as there can be many varying properties. The testing results 

presented here confirm the variability seen in the industry. By first considering ACI 318-14 with 

no limitation, all statistical data and failure ratios have been noted in Table 5.24. Looking primarily 

at the mean bias and coefficient of variation, each polymer manufacturer is slightly different. 

Polymer 1 seems to best represent the “average”, polymer 2 has a similar mean bias, but has a 

coefficient of variation more than double that of polymer 1, and polymer 3 has a smaller coefficient 

of variation than polymer 1, and also has a much higher mean bias. From polymer manufacturer 1 

to 3, the initial failure ratios are 1 in 7.8, 1 in 2.7, and 1 in 30303, respectively. The resistance 
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factors calculated are 0.557, 0.232, and 1.068 for 1, 2, and 3, respectively, corresponding to 

massive performance gaps. 

 

Table 5.24 Statistical information and results from analysis for ACI 318-14 with no limitation for 

polymers 1 to 3. 

Polymer Manufacturer 1 2 3 

Mean Bias (𝑟̅) 1.01 0.97 1.48 

Standard Deviation 0.23 0.46 0.20 

CoV (Vr) 0.23 0.48 0.14 

Initial Failure Ratio 1 in 7.8 1 in 2.7 1 in 30303 

Resistance Factor (RF) 0.557 0.232 1.068 

RF Failure Ratio 1 in 4425 1 in 4545 1 in 5917 

 

When analyzing this data included the splitting failure limitation (Table 5.25), the same general 

trends are noted between mean bias and coefficient of variation. This critical aspect seen in Table 

5.25 is the initial failure ratio. While polymers 1 and 3 yield zero failures in one million trials, 

polymer 2 shows a 1 in 155 failure ratio. Thus, the 2.5 limitation does not make this product 

conservative enough to achieve a 3.5 reliability index on its own.  

 

Table 5.25 Statistical information and results from analysis for ACI 318-14 with a 2.5 limitation 

for polymers 1 to 3. 

Polymer Manufacturer 1 2 3 

Mean Bias (𝑟̅) 2.73 2.61 3.98 

Standard Deviation 0.62 1.24 0.55 

CoV (Vr) 0.23 0.48 0.14 

Initial Failure Ratio 
0 in 

1,000,000 
1 in 155 

0 in 

1,000,000 

Resistance Factor (RF) 1.501 0.625 2.876 

RF Failure Ratio 1 in 4587 1 in 4202 1 in 5780 

  

For ACI 408R-03 the same analysis was again prepared, the results can be found in Tables 5.26 

and 5.27 for values without and with a limitation, respectively. The results were very similar to 

ACI 318-14 where polymer 3 performed best, followed by polymer 1 and lastly polymer 2.  

 

Table 5.26 Statistical information and results from analysis for ACI 408R-03 without limitation 

for polymers 1 to 3. 

Polymer Manufacturer 1 2 3 

Mean Bias (𝑟̅) 0.96 0.97 1.47 

Standard Deviation 0.22 0.46 0.20 

CoV (Vr) 0.22 0.48 0.14 

Initial Failure Ratio 1 in 5.8 1 in 2.7 1 in 18182 

Resistance Factor (RF) 0.535 0.233 1.062 

RF Failure Ratio 1 in 4854 1 in 4566 1 in 6494 

 

 



117 

 

Table 5.27 Statistical information and results from analysis for ACI 408R-03 with 4.0 limitation 

for polymers 1 to 3. 

Polymer Manufacturer 1 2 3 

Mean Bias (𝑟̅) 1.00 1.02 1.54 

Standard Deviation 0.22 0.48 0.21 

CoV (Vr) 0.22 0.48 0.14 

Initial Failure Ratio 1 in 7.4 1 in 3.0 1 in 10,0000 

Resistance Factor (RF) 0.556 0.243 1.111 

RF Failure Ratio 1 in 4608 1 in 4149 1 in 5682 

 

 Attapulgite 

While initially the intention was to use attapulgite data to generate a mineral slurry factor, this data 

did not follow the trends noted with bentonite slurry. A data analysis has been performed (Table 

5.28); however, considering the sample size is only 14, more testing should be performed to have 

a better understanding of attapulgite’s performance. Based on the information provided in Table 

5.28, it can be seen that attapulgite performs quite well. When the ACI 318-14 2.5 limitation is 

applied, the level of conservativeness is above that calculated for water, which could be 

misleading. One possible element that may change greatly with a large sample size is the 

coefficient of variation, determined for all cases to be a value of 0.16, which is a relatively small 

value. As more data is accumulated, there may be more scatter, possibly raising the coefficient of 

variation and lowering the calculated resistance factors.  

 

Table 5.28 Statistical information and results from analysis for ACI 318-14 and ACI 408R-03 for 

attapulgite. 

 ACI 318-14 ACI 408R-03 

Limitation None 2.5  None 4.0 

Mean Bias (𝑟̅) 1.21 3.25 1.21 1.26 

Standard Deviation 0.19 0.51 0.19 0.20 

CoV (Vr) 0.16 0.16 0.16 0.16 

Initial Failure Ratio 1 in 180 
0 in 

1,000,000 
1 in 179 

1 in 370 

Resistance Factor (RF) 0.827 2.22 0.827 0.865 

RF Failure Ratio 1 in 5618 1 in 5618 1 in 5650 1 in 5263 

 

 Self-Consolidating Concrete 

As with attapulgite, the sample sizes for self-consolidating concrete are only 12 and 19 for water 

and bentonite, respectively, and therefore this analysis should be viewed as preliminary. While the 

sample size is small, it provides insights to a potential issue between bentonite slurry and SCC. 

Note the viscosity range for the bentonite slurry evaluated is 31 to 42 sec/qt. With regards to ACI 

318-14 Tables 5.29 and 5.30 provide data without and with the limitation. While in both 

circumstances SCC water specimens seem to outperform Class IV water specimens, SCC bentonite 
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is underperforming. Under the 2.5 limitation, bentonite in SCC still provides a failure ratio of 1 in 

42, generating a resistance factor of 0.56 to reach the desired 3.5 reliability index. SCC water 

however proves to be extremely conservative, generating a resistance factor of 2.151. 

 

Table 5.29 Statistical information and results for ACI 318-14 without limitation for SCC. 

Slurry Water Bentonite 

Mean Bias (𝑟̅) 1.37 0.63 

Standard Deviation 0.29 0.24 

CoV (Vr) 0.21 0.38 

Initial Failure Ratio 1 in 185 1 in 1.4 

Resistance Factor (RF) 0.799 0.208 

RF Failure Ratio 1 in 4237 1 in 4115 

 

Table 5.30 Statistical information and results for ACI 318-14 with limitation for SCC. 

Slurry Water Bentonite 

Mean Bias (𝑟̅) 3.70 1.70 

Standard Deviation 0.78 0.66 

CoV (Vr) 0.21 0.38 

Initial Failure Ratio 0 in 1,000,000 1 in 42 

Resistance Factor (RF) 2.151 0.560 

RF Failure Ratio 1 in 4405 1 in 4149 

 

In terms of ACI 408R-03, Tables 5.31 and 5.32 provide the analysis data generated. The same 

general trends are seen, where SCC water out performed Class IV water-casting conditions and 

SCC bentonite underperforms, for both cases. Resistance factors generated without a limitation 

were 0.878 and 0.329 for water and bentonite and with a limitation were 0.933 and 0.333, 

respectively.  

 

Table 5.31 Statistical information and results for ACI 408R-03 without limitation for SCC. 

Slurry Water Bentonite 

Mean Bias (𝑟̅) 1.41 0.82 

Standard Deviation 0.27 0.27 

CoV (Vr) 0.19 0.32 

Initial Failure Ratio 1 in 575 1 in 2.2 

Resistance Factor (RF) 0.878 0.329 

RF Failure Ratio 1 in 5263 1 in 4329 

 

Table 5.32 Statistical information and results for ACI 408R-03 with limitation for SCC. 

Slurry Water Bentonite 

Mean Bias (𝑟̅) 1.48 0.85 

Standard Deviation 0.27 0.28 

CoV (Vr) 0.19 0.33 

Initial Failure Ratio 1 in 1453 1 in 2.4 

Resistance Factor (RF) 0.933 0.333 

RF Failure Ratio 1 in 5556 1 in 4167 
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 Chapter Summary 

Rebar bond and development length are key reinforcement design parameters. As engineering 

practice has developed and moved from ASD to LRFD design methods, resistance factors have 

become integral to the design process. This chapter detailed the procedure for testing rebar bond 

and then analyzed the resulting data using several empirical equations currently accepted as 

standard. Those results were then scrutinized using statistical methods with the final outcome 

being a recommended resistance factor for the presence of support fluid during concreting 

operations.  
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6. Chapter Six: Electrochemical Testing 

 

Corrosion is the process through which metal deteriorates as it reacts with the environment. If left 

unprotected, metals in wet environments will uniformly corrode, meaning a chemical or 

electrochemical reaction is occurring over a large surface area.  This reaction will continue to 

deteriorate the metal, thinning it to the point of failure. Though a monumentally destructive force, 

uniform corrosion is not a major industry concern because it is commonly preventable and 

characteristically predictable (Fontana, 1967). 

 

Civil engineering structures are designed to resist corrosion. Exposed metals vulnerable to 

corrosion are often coated, painted or protected by some means. In the case of reinforced concrete, 

the concrete theoretically acts as a barrier between the reinforcing steel and the surrounding 

environment. Corrosion resistance in reinforced concrete is a designable parameter dictated by 

concrete quality and cover thickness. However, the presence of possible pathways leading directly 

to the reinforcing steel is of great importance and yet rarely addressed. This chapter focuses on the 

electrochemical properties of 52 large-scale, lab-cast drilled shaft specimens. Perhaps most 

important, all specimens were cast using the tremie placement method where some fluid type was 

displaced by the rising fluid concrete.  

 

The testing was multifaceted: (1) establish electrical continuity of the reinforcement system, (2) 

conduct baseline half-cell potential measurements, and (3) conduct additional half-cell potential 

measurements after a set increment of time. This second set of tests allowed for the analysis of 

changes in half-cell potential over time. 

 Corrosion Rate Expressions 

In the field of corrosion engineering, metals are often compared on the basis of their corrosion 

resistance. This comparison can only be made meaningful through quantification. There are 

several expressions used to quantify corrosion resistance, many of which simply describe the 

amount of material lost, or thinning, over a specific period of time. The expression mils per year 

(mpy) is the one most commonly used in engineering as it uses whole numbers (non decimals) and 

can be further applied to structural lifespan prediction. The formula is stated as follows:  

 

𝑚𝑝𝑦 =
534𝑊

𝜌𝐴𝑇
 

 

wherein: W  weight loss (mg) 

  ρ density of specimen (g/cm3) 

  A area of specimen (in.2) 

  T exposure time (hr) 

  534 unit conversion factor  

 

(6.1) 
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 Corrosion Lifespan Analysis 

Corrosion is best understood using the basic model of an electrolytic cell. An electrolytic cell is a 

system involving two electrodes (an anode and a cathode) and two types of chemical reactions, 

one to supply electrons and one to consume them (Carino, 1999). Generally, these systems are 

built using two dissimilar metals in an electrolyte solution. In the case of reinforced concrete, 

heterogeneities in the surface of the steel and the variable nature of concrete means a single piece 

of reinforcing steel acts as both the anode and the cathode, creating a short- circuited electrolytic 

cell with corrosion occurring at the anode. In order for concrete to act as a sufficient electrolyte to 

initiate corrosion, the dissolved chloride ions in the pores of the paste must surpass the critical 

concentration conditions needed to destroy the passive coating on the steel. Without the 

introduction of environmental chlorides, this process is unlikely. As a result, the life expectancy 

and serviceability of a drilled shaft (or any reinforced concrete element) is dependent on several 

parameters focused on the idea of staving off the initiation of the corrosion process. These factors 

are: concrete quality, concrete cover, the surrounding conditions, and the ability of the embedded 

reinforcement to withstand aggressive environments.  These parameters can be defined as: 

 

 𝐶𝑠 Concentration of chloride ions at the concrete surface (environment) 

 𝑥𝑐𝑜𝑣𝑒𝑟 Concrete cover  

 D Apparent diffusion coefficient (concrete quality) 

 𝐶𝑇 Chloride threshold at which corrosion initiates (steel type dependent) 

 

The corrosion process is destructive and as such, the amount of time between the construction of 

a structure and the initiation of corrosion can be directly correlated to the life expectancy of the 

structure. While some chloride ions can be inherently present in the moist concrete pore fluid, the 

concentration is rarely sufficient to initiate corrosion; thus, corrosion initiation time (ti) is most 

commonly defined as the time period necessary for concentrated chloride ions from the concrete 

surface to diffuse through the cover region and reach the reinforcing steel. This diffusion time can 

be estimated using the parameters listed above (Sagüés, 2002; Mullins, et al., 2009).  The corrosion 

initiation time is commonly computed using an error function wherein Cs, xcover, D, and CT are all 

inputs.  

 

𝐶𝑇 = 𝐶𝑠(1 − 𝑒𝑟𝑓
𝑥

2√𝐷𝑡𝑖

) 

 

Of those parameters, only xcover and D are designable elements. Where D is a by-product of the 

mix design, which for drilled shafts is somewhat constant. The cover thickness (xcover), however is 

specified by the Florida Department of Transportation to be 6 inches for a drilled shaft with a 1.5-

inch reinforcing steel offset tolerance, meaning 4.5-inches of cover is permissible. Assuming a 

worst-case scenario diffusion coefficient and a conservative chloride concentration, the resulting 

time to initial corrosion is more than 500 years. That being said, if the cover region is cracked or 

mattressing creases exist, the cover thickness goes to zero and corrosion can initiate immediately.  

(6.2) 
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 Anomalies and Corrosion Potential 

Design lifespan computations assume a contiguous concrete cover. As noted in Chapter 2, field 

and laboratory observations have shown mattressing (laitance channel formation) in shaft 

specimens constructed in wet conditions, where concrete is tremie-placed and the support fluid is 

displaced by the heavier fluid concrete. Mattressing introduces the possibility of direct ground or 

sea water access to the reinforcing cage. This concept was demonstrated in a study conducted at 

the University of South Florida (Campbell, 2014). When a tank was attached to the surface of a 

drilled shaft test specimen and filled partially with water (Figure 6.1), the water began to leak out 

along the surface creases (Figure 6.2) and immediately poured out below the encased 

reinforcement (Figure 6.3). This shows any protection provided by the concrete has been negated. 

This in essence results in a zero cover thickness. Quantifying the effects of mattressing or other 

surface anomalies forms the basis for much of the efforts in this chapter.  

 

 

Figure 6.1 Water filled tank attached to concrete surface 

 

 

Figure 6.2 Water draining from the tank into the creases  
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Figure 6.3 Water leaking below reinforcement in the bottom (left) and the top (right) of the shaft 

 Establishing Electrical Continuity 

Corrosion in reinforced concrete is electrochemical in nature. The corrosion process involves the 

flow of electrons from an anodic site to a cathodic site on the reinforcing steel system. Corrosion 

requires four basic elements: anode, cathode, electrolyte and metallic path. The anode is the site 

of the corrosion and constitutes the source of current flow. The cathode is corrosion free and 

receives the flow of current. The electrolyte is a medium capable of conducting electrical current.  

In reinforced concrete, the fluid-filled pores serve as the electrolyte. The metallic path is the 

connection between the anode and the cathode that allows the return of current. In the simplest 

terms, cathodic protection is the process of converting anodic sites to cathodic sites through an 

applied current. Establishing a metallic path, hereafter referred to as electrical continuity as per 

industry nomenclature, is essential to this process.  

 

Many organizations have published cathodic protection installation guidelines stating that 

electrical continuity must exist. However, specifications regarding a procedure to establish 

continuity are vague, varied, or non-existent. Literature suggests continuity guidelines roughly fall 

into two general categories: undefined and poorly defined. Undefined guidelines state continuity 
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is required without referencing a procedure (Sagues, 1995; NACE, 2007; NACE, 2016).  Poorly 

defined guidelines require continuity be established through the testing of electric potential (SIKA, 

2010; DTI, 1981; Kentucky, 2011; Clear, 1993). This test makes voltage measurements between 

two rebar in an effort to assess the electrical connectivity and where less than a 1mV threshold is 

used to delineate when connectivity exists (greater than 1mV it does not). Mutual resistance is a 

similar test but where a 1-ohm threshold is used. 

 

The Strategic Highway Research Program published the New Cathodic Protection Installation 

guide (Clear, 1993), which references an AASHTO standard that was still in draft form (AASHTO, 

1994). The referenced specification was mislabeled by Clear as AASHTO TF29-650.37 as it was 

only a draft and an incomplete document. Today it can only be found in AASHTO TF29-650.30.15 

from the published Task Force 29 report, Guide to Specifications for Cathodic Protection of 

Concrete Bridge Decks. This volume, currently out of print, established the following requirements 

for electrical continuity: “Electrical continuity exists between reinforcing bars or between 

reinforcing bars and other metal items when the millivolt difference between them is no more than 

1.0 mV, the DC resistance is less than 1 ohm and the DC resistance measured in the forward and 

reverse directions does not exceed 1 ohm,” (AASHTO, 1994). Though Clear states the AASHTO 

procedure was utilized to establish electrical continuity, no indication was given where resistance 

measurements were taken, and relied on millivolt data (not resistance) to support assertions of 

continuity.  Nevertheless, Clear (1993) may be the only work that cites the now-out-of-print 

AASHTO recommended procedure. 

 

This inconsistency in specifications creates uncertainty regarding a satisfactory practice.  Further, 

few procedures have been established, and there are no justifications given for a particular practice 

(e.g. the rationale for less than 1mV potential difference). A previous study conducted at the 

University of South Florida (Mobley, 2017) consisted of a series of experiments performed to 

determine the statistical validity of methods used to establish electrical continuity and provide 

justification for implementation of a common practice. A brief summary of the experimental 

process and results is herein presented.   

 Experimental Procedure 

The 2017 study conducted mutual potential and mutual resistance tests on all vertical 

reinforcement bars for each of twenty-three drilled shaft specimens. Prior to testing, the exposed 

end of each vertical rebar was drilled, tapped, and a stainless-steel screw was installed to establish 

a satisfactory electrical connection (Figure 6.4). The seven vertical rebar on each shaft were 

labeled, and testing was completed between all bar combinations (21 combinations per shaft). 
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Figure 6.4 Stainless steel connection 

 

When the mutual potential is graphed against the mutual resistance, the data is banded along the 

zero-millivolt potential line horizontally, and above 100-Ω the data is banded vertically. The data 

points scattered along the potential axis between zero and five are indicative of a well-connected 

system, as this reading reflects a negligible potential difference. The data points above five 

millivolts that are also above 100 Ω would generally indicate a poorly connected system as they 

exceed the inherent resistance between two pieces of reinforcing steel and exhibit a loss in potential 

across the system. The points of particular interest are the points positioned at the base of the 

vertical band in the data (Figure 6.5). These points have a resistance over 100-Ω but show 

negligible loss of potential.  
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Figure 6.5 Mutual potential vs.. mutual resistance 

In Figure 6.5, the area in red indicates a discontinuous rebar system, meaning that the potential 

value is higher than expected. The area shown in green contains readings with low potential values, 

and resistance values ranging from very low to less than about 100 ohms, indicating a continuous 

rebar system. The area in question is circled and contains the values with high resistances and low 

potentials.  

 

The initial assumption that these high resistance, low potential points were statistical scatter was 

disproven when the sample data distribution for all points over 100 Ω was plotted against the 

normal standard distribution curve for the same data range (Figure 6.6). The normal distribution 

curve, created from a set of 300 randomly generated numbers, shows a 5% occurrence of points 

within the -5mV to 5mV range.  
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Figure 6.6 Potential distribution for measurements with resistances greater than 100  

 

The sample data distribution shows the actual percentage of points in that range is 10% (Figure 

6.7). This is twice the expected distribution meaning that there is a 50% chance the readings are 

valid and constitute connectivity and a 50% chance the readings are erroneous scatter and signify 

a discontinuous system. Without both the mutual potential and mutual resistance data it would be 

difficult to accurately diagnose the system. For that reason, the present findings support the use of 

both mutual potential and mutual resistance when establishing electrical continuity.  

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

-200 -150 -100 -50 0 50 100 150 200

P
er

ce
n
t 

D
is

tr
ib

u
ti

o
n
 (

%
)

Potential Reading (mV)

Sample Distribution

Standard Distribution



128 

 

Figure 6.7 Statistical importance for measurements with resistances greater than 100  

 Multipoint Surface Mapping 

Half-cell potential measurements can be an effective indicator of active corrosion within a 

reinforced concrete structure. This is performed by measuring the relative voltage potential 

between the reinforcing steel and a copper-copper sulfate electrode in contact with the concrete 

surface several inches away from the reinforcing steel. The original 23 specimens from the 2017 

study were augmented in this study with an additional 33 specimens cast with different polymer 

support fluids along with mineral, water, and attapulgite support fluid. Surface potential 

measurements of the original 2017 specimens were again taken to show the effects of time on these 

measurements.  

 

The half-cell potential of each shaft specimen was mapped evenly over the surface using a 

prescribed grid. A grid template was made out of a single piece of 21-inch by 27-inch rubberized 

plastic sheeting. A sharpened 1.5-inch diameter pipe was used to punch holes through the plastic 

in rows with a 3-inch center-to-center spacing in both directions (Figure 6.8). This resulted in 80 

measurement locations for each shaft. Half-cell potential testing was then conducted per ASTM 

C876-09: Standard Test Method for Corrosion Potentials of Uncoated Reinforcing Steel in 

Concrete, using a copper-copper sulfate reference electrode and a standard multi-meter. 

5% 

10% 
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Figure 6.8 Completed template 

 

Testing was conducted with the multimeter on the 2000 mV setting. The negative (COM) port was 

connected to a copper-copper sulfate reference electrode and the positive terminal was connected 

to the reinforcing steel via an alligator clip attached to a previously established secure electrical 

connection, the reinforcing steel having been interconnected with a stainless steel wire to ensure 

connectivity. In order to maintain an electrical junction between the porous tip of the reference 

electrode and the concrete surface, a wet sponge was wrapped around the tip of the reference 

electrode. Additionally, the concrete surface was soaked for a minimum of 24 hours prior to 

testing. This step ensured minimization of fluctuations in test measurements. Once saturated, 

measurements were taken at all 80 points in the test template grid. The readings were recorded to 

the nearest millivolt. See Appendix D for a sample data collection form.  These tests were repeated 

after several months to analyze the effect of prolonged environmental exposure.  

 Results 

The data from Shaft 1 is shown in Table 6.1 as an example; the complete data sets for two tests on 

all shafts are included in Appendix E.  
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Table 6.1 Sample half-cell potential data collected from shaft 1 (mV) 

Circumferential 

position (in.) 

Vertical Position (in) 

Bottom (0 in.) to Top (24 in.) 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5 

0 -266 -289 -333 -337 -313 -298 -296 -289 

3 -279 -292 -316 -317 -311 -301 -300 -293 

6 -290 -302 -312 -312 -308 -306 -307 -303 

9 -290 -308 -315 -312 -309 -310 -308 -307 

12 -307 -316 -315 -318 -317 -314 -311 -302 

15 -309 -317 -319 -325 -324 -322 -320 -311 

18 -314 -323 -324 -332 -330 -328 -327 -320 

21 -323 -330 -330 -338 -338 -342 -331 -322 

24 -327 -330 -338 -344 -345 -348 -337 -329 

27 -328 -333 -338 -344 -347 -349 -338 -337 

 

All of the data was also graphed topographically using three-dimensional mapping software. Using 

a color-coding system and standardized contour spacing, the topographic surface maps illustrate 

the corrosion potential of each shaft. Lighter colors denote low corrosion probability; darker colors 

high. Figures 6.9 to 6.11 show examples of the range of variation in results. Complete results can 

be found along with the data tables for each test in Appendix E.  

 

 

Figure 6.9 Shaft 6, water, test 1 
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Figure 6.10 Shaft 17, polymer, test 1 

 

 

Figure 6.11 Shaft 21, bentonite, test 1 

 

The 80 values collected during each test set were plotted on a standard distribution (Figure 6.12) 

using a rank and percentage analysis. The median (potential at 50% ranking) or the E50 value was 

taken as a single point representative of each test shaft for comparative plotting purposes. This is 

the preferred industry approach for such evaluations. The minimum value for each test set (Emin) 

was also tabulated. The Emin value represents the worst case for each data set and is used as such 

herein. ASTM C876-09 states a potential reading below -350mV indicates a high probability of 

corrosion. For the purpose of this work, corrosion potential is being used as an indicator of cover 

concrete quality, therefore the -350mV threshold has been applied as the distinguishing line 

between effective and ineffective concrete cover. The Figure 6.12 data shows the entire shaft to 

not be corroding. 
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Figure 6.12 Half-cell potential mapping data distribution 

E50 potential data for all shafts ranged from -571mV to -155mV with a standard deviation of 99mV. 

A total of 32% of the test shafts had an E50 potential below -350mV, and all save three of that 32% 

were constructed using mineral support fluid. The E50, and Emin values for each test can be found 

in Table 6.2. The shafts are numbered consecutively by date of construction with the age of the 

specimen at the time of each test given in years. Additionally, the support fluid type is included 

wherein P indicates polymer, B indicates bentonite, W indicates water, and A indicates attapulgite 

mineral support fluid. Values more negative than the -350 mV threshold are highlighted.  

0%

20%

40%

60%

80%

100%

-600 -500 -400 -300 -200 -100 0

D
is

tr
ib

u
ti

o
n
 (

%
)

Potential Difference (mV)

E50 = -317mV

(50th percentile)

Corrosion threshold

(-350mV)

Emin = -349mV



133 

Table 6.2 Summary of multipoint grid testing results 
 Test 1 Test 2 

Shaft 

# 
Slurry Mix 

Age 

(yrs) 
E50(mV) 

Emin 

(mV) 

Age 

(yrs) 
E50(mV) 

Emin 

(mV) 

1 B 4KDS 3.63 -317 -350 6.15 -390 -422 

2 B 4KDS 3.64 -449 -492 6.11 -384.5 -449 

3 B 4KDS 3.43 -373 -396 5.93 -519 -569 

4 B 4KDS 3.44 -443 -474 5.93 -520 -553 

5 B 4KDS 3.43 -447 -494 5.94 -498 -538 

6 W 4KDS 3.43 -155 -176 5.96 -209 -246 

7 B 4KDS 3.43 -372 -480 5.93 -380 -403 

8 B 4KDS 3.30 -225 -352 5.83 -358 -477 

9 B 4KDS 3.32 -383 -430 5.85 -421 -442 

11 P 4KDS 3.32 -285 -366 5.85 -317 -359 

12 P 4KDS 3.33 -190 -226 5.83 -247 -337 

13 B 4KDS 3.06 -289 -351 5.59 -335 -360 

14 B 4KDS 3.08 -282 -371 5.57 -348 -402 

15 B 4KDS 3.06 -335 -362 5.59 -399 -450 

16 P 4KDS 3.07 -279 -298 5.56 -465 -494 

17 P 4KDS 3.07 -300 -322 5.59 -347 -384 

18 W 4KDS 3.08 -293 -307 5.56 -337 -379 

19 P 4KDS 1.41 -243 -275 3.98 -269 -318 

20 P 4KDS 1.41 -242 -259 3.93 -470 -509 

21 B 4KDS 1.41 -508 -596 3.98 -490 -518 

22 W 4KDS 1.43 -250 -281 3.97 -264 -302 

23 W SCC 1.43 -258 -283 3.95 -368 -454 

24 B SCC 1.46 -425 -469 3.98 -450 -475 

25 A SCC 0.37 -415 -472 1.68 -393 -476 

26 W SCC 0.20 -326 -403 1.70 -334 -408 

27 B SCC 0.35 -246.5 -352 1.66 -285 -357 

28 P SCC 0.35 -286.5 -347 1.66 -267.5 -349 

29 P SCC 0.35 -410.5 -551 1.66 -436.5 -563 

30 B SCC 0.35 -410 -500 1.70 -493.5 -611 

31 P 4KDS 0.15 -303.5 -321 1.46 -292 -316 

32 W 4KDS 0.18 -279 -304 1.50 -301 -332 

33 B 4KDS 0.18 -221 -378 1.48 -360 -398 

34 A 4KDS 0.15 -267.5 -318 1.48 -352 -461 

35 A 4KDS 0.15 -571.5 -623 1.47 -579.5 -631 

36 P 4KDS 0.15 -279 -307 1.46 -332 -362 

37 W SCC 0.48 -236.5 -292 1.32 -232 -288 
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Table 6.2 Summary of multipoint grid testing results 
 Test 1 Test 2 

Shaft 

# 
Slurry Mix 

Age 

(yrs) 
E50(mV) 

Emin 

(mV) 

Age 

(yrs) 
E50(mV) 

Emin 

(mV) 

38 P SCC 0.48 -258 -331 1.31 -254.5 -358 

39 P SCC 0.48 -245 -293 1.31 -240 -298 

40 B SCC 0.48 -251 -358 1.32 -263 -412 

41 B SCC 0.48 -226 -257 1.31 -211 -244 

42 A SCC 0.48 -202 -226 1.31 -194.5 -216 

43 B 4KDS 0.31 -397.5 -483 1.15 -521 -626 

45 B 4KDS 0.31 -439.5 -636 1.17 -533 -659 

46 W 4KDS 0.31 -226 -258 1.17 -266 -362 

47 W SCC 0.27 -265.5 -313 1.11 -286 -351 

48 B SCC 0.27 -257.5 -293 1.11 -281 -325 

49 B SCC 0.27 -274 -314 1.11 -274 -320 

50 P SCC 0.27 -262 -279 1.13 -262 -285 

51 P SCC 0.27 -252 -314 1.13 -343 -404 

52 A SCC 0.93 -265 -316 1.11 -263 -335 

53 P 4KDS 0.34 -183 -205 0.53 -241 -260 

54 P 4KDS 0.34 -182 -215 0.53 -235 -252 

55 P 4KDS 0.34 -187 -209 0.53 -279 -383 

56 P 4KDS 0.34 -167 -181 0.53 -236 -252 

57 B 4KDS 0.34 -183 -230 0.53 -288 -425 

58 W 4KDS 0.34 -170.96 -215 0.53 -222 -247 

 

The age of the specimens at the time of testing varied from just under 2 months to just over 6 years. 

By plotting the E50 values for each test versus the age of the specimen, there is an overall trend 

toward increasingly negative corrosion potential values (Figure 6.13). The data is separated into 

the three main support fluid types (bentonite, polymer, water).  
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Figure 6.13 E50 vs. age at the time of testing 

 Chapter Summary 

The results of the surface potential and electrical conductivity were presented from 52 large-scale, 

lab-cast drilled shaft specimens where concrete for each specimen was tremie-placed, support-

fluid-displaced. The dominant variable between specimens was the support fluid type displaced at 

the time of casting. Visible creases were the most common anomalies that in some cases formed 

free-flowing channels from the concrete surface to the rebar and along the length of the reinforcing 

steel. Surface potential measurements indicated a startling effect of the creases, which was most 

pronounced when mineral support fluid was present at the time of concreting.  
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7. Chapter Seven: Strength Profiling 

 

The goal of this testing was to devise an instrument capable of providing a strength profile of 

concrete in real time. In concept, it is a concrete penetrometer that measures the instantaneous 

concrete strength from concrete coring resistance via a fully-instrumented concrete coring drill 

motor. The novelty of the device is not the individual components (which are all off-the-shelf), but 

rather in the simultaneous collection of the core drill data followed by computational conversion 

to the in situ concrete strength profile. A significant advantage is to show locally weak or strong 

portions often missed in traditionally-sized specimens.  

 

 

Figure 7.1 Line drawing schematic of the concept machine 

 

Drilling resistance is a well-understood aspect of petroleum engineering where many aspects of 

the process are monitored to increase production. While the strength of material is the predominate 

cause of drilling resistance, advancement rate and not actual strength is the focus.  

The platform of the machine was a Milwaukee 4049, 20-amp manually-operated coring machine 

fitted with a 1-inch inner diameter, diamond tip, core barrel. This is a wet-core drill that lowers 

and lifts the core barrel with a linear gear / rack and pinion configuration, wherein turning the 

crank controls crowd and advances or retracts the drill with a manually-applied, variable force 

(Figure 7.2).  

Pulse 

Wheel 
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Figure 7.2 Standard manually operated core drill motor 

 Instrumentation 

Producing usable and replicable data necessitated the isolation of variables affecting coring 

efficiency, including force on the core barrel, rotational velocity, advancement rate, and fluid 

pressure. Mechanically, the motor and core barrel were removed from the crank/gear system and 

installed on a custom frame wherein the drill operation is controlled by two Parker 4MA, 24-in. 

stroke, 2.5-in. diameter, double-acting pneumatic cylinders. The pneumatic cylinders allow for 

complete user control of applied force by using four air pressure regulators controlling the 

downward crowd or upward extraction force independently. The exact force applied to the drill 

motor and core barrel was monitored using an Omega, LCCD-2K, 2000-lb capacity load cell 

connected between the top plate and the coring drill motor using a universal joint.  

 

A Celesco SP2-50 string pot displacement transducer with a 50-inch range was used to record the 

depth of coring, and by recording with the associated time, the vertical advancement rate could 

also be determined. The rotational velocity (rpm) was measured with a BEI, H20 incremental 

rotary encoder mounted to a 2:1 ratio set of pulse wheels. As fluid was also used to flush cuttings 

from the annulus around the core barrel and in turn affects drilling performance, the fluid pressure 

was monitored using a Honeywell Model AB/HP 6-psi pressure transducer.  

 

The variations in power resulting from additional crowd and drilling resistance was monitored 

directly using a General Electric PQMII Power Quality Meter. This meter combines voltage with 

current taken using an Omega RCT151205A current coil to produce a power output while taking 

into account the effects of phase shift.  All data was monitored and recorded using a Model 
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BMS16HR-53 Titan Mini-Recorder computerized data acquisition system from Mars Labs. Data 

was collected at a 128 Hz sampling rate.  

 

The result of this instrumentation was a drilling machine with the ability to provide dynamic force, 

velocity, pressure, power, and rpm data (Figures 7.3-7.5). In post-processing, this data could then 

be used to determine the resistive force and strength of the concrete. This data analysis process is 

outlined in the results section.  

 

 

Figure 7.3 Control panel 
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Figure 7.4 Back view 
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Figure 7.5 Front view 

 

Preliminary verification tests were conducted using the new coring system where each of the 

transducer outputs was checked. The results of that testing are detailed below.  

 Rotational Velocity  

Rotational velocity can serve as a quality control check for the final calculations based on the idea 

that, given a constant applied drilling force, the rate of rotation should increase or decrease with 

corresponding changes in concrete strength. Rotation was calibrated through use of the totalizer 

option on the data acquisition system. The core barrel was turned manually and the rotations 

tallied, this result was then compared to the total rotations recorded. Good agreement was noted.  
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 Power 

In lieu of measuring torque and multiplying it by rpm to compute power, an electrical power meter 

was implemented to simultaneously measure the current, voltage, and phase angle. The importance 

lies in the phase angle measurement not previously measured, and where the actual power draw is 

the product of voltage, current, and the cosine of the phase angle. Previous measurements assumed 

a phase angle to be small and where the power factor (cosine of the phase angle) was taken as a 

constant of 0.9 based on spot-checked values. The new power meter is thought to have a significant 

advantage by removing this assumption. 

 Displacement  

While somewhat trivial compared to the other transducers, the string line transducer was confirmed 

to register the full 18-in. stroke of the pneumatic cylinder. Like rotational velocity, the 

advancement rate was then computed using the timestamps associated with each data point. 

 Pressure 

Pressure of the drilling fluid, if appreciable, could reduce the net force on the cutting edge of the 

core barrel. However, the anticipated pressure range was small and the 6-psi transducer range made 

simple calibration checks possible by using a simple column of water and comparing the 

hydrostatic pressure with that registered. Good agreement was noted. 

 Coring Procedure 

The process of coring was standardized to provide baseline measurements of crowd, displacement, 

rpm, and power prior to making contact with the concrete surface. The base plate of the core rig 

was equipped with slots to allow for the installation of a mechanical rebar splice as a means to 

secure the machine to the shaft surface. 

Steps used to perform the coring were as follows: 

1. Set data acquisition system to scan 

2. Balance transducers 

3. Turn on water 

4. Power core drill 

5. Wait 5 seconds  

6. Begin recording data 

7. Wait 3 seconds 

8. Slowly turn the vent knob from the “OFF” to the “DRILL” position allowing the  

 core barrel to come in contact with the concrete surface gently. 

9. Turn the Pressure knob from the “OFF” to the “DRILL” position 

10. Monitor transducer readings during drilling operations 

11. Once drilling operations are complete allow the drill to run for an additional 3 

seconds 

12. Turn off power 

13. Stop recording data 

14. Carefully, extract core barrel and check for any concrete prior to setting up at the 

next drilling location.  
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 Data Analysis 

The machine was instrumented to provide all necessary information used to calculate the specific 

energy as developed by Teale (1965). This, in turn, is correlated to the strength of rock or cemented 

materials during rotary, non-percussive drilling operations. Therein, crowd, rpm, torque, and 

displacement measurements are required (equation 7.1). 

 

𝑒 =
𝐹

𝐴
+

2𝜋

𝐴
(

𝑁𝑇

𝑢
)     (7.1) 

 
wherein: e = Specific Energy (psi) 

  F = Crowd (lb) 

  A = Core Bit Area (in2) 

  N = Rotational Speed (rev/min) 

  T = Torque (lb-in) 

  u = Penetration Rate (in/min) 

 

The concrete penetrometer used the same equation, but power, P, was measured directly (equation 

7.2).  

𝑃 = 𝑇𝑁2𝜋        (7.2) 

By combining equations (7.1) and (7.2), Teale’s expression simplifies into equation (7.3): 

𝑒 =
𝐹

𝐴
+

𝑃

𝐴𝑢
         (7.3) 

The specific energy is then equated to compressive strength (f’c) using an empirical relationship 

(equation 7.4) where the coefficients a and b are both functions of the penetration rate. 

 

𝑓′𝑐 =
𝑏+√(𝑏2−4𝑎𝑒)

2𝑎
     (7.4) 

wherein: f’c = Compressive Strength (psi) 

 Results 

The strength is then averaged every 1/16 inch of penetration and graphed against depth. Figure 7.6 

shows the results from two coring tests. The first test was taken inside the reinforcement cage of 

shaft five, and the second test was also taken on shaft five, but this time the core barrel was aligned 

with a vertical crease outside of the reinforcement cage.  Plotted strength profiles for all coring 

operations can be found in Appendix F. 
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Figure 7.6 Shaft 5 strength profiles (interior and crease) 

 

The dotted line on figure 7.6 represents the average calculated strength for each test. Thirty of the 

fifty-eight drilled shaft specimens have been profiled to date. This process involves drilling five to 

six cores per shaft; at least two inside the reinforcement cage (interior), two in the cover region, 

and one aligned with a vertical crease (Figure 7.7). The average strength per test is then computed 

and tabulated. The results for shaft five are given in table 7.1.  
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Figure 7.7 Plan view of sample core locations 

 

Table 7.1 Average concrete strength summary for Shaft 5 

Shaft 5  

Core # Location qu (psi) 

1 Crease 3043 

2 Cover 4711 

3 Cover 4134 

4 Interior 4312 

5 Interior 5023 

6 Interior 4640 

  Baseline 5023 

 

A summary table of average values similar to Table 7.1 was generated for each shaft in order to 

organize the data in a way that highlights strength differentials between the interior concrete and 

concrete in the cover region.  The largest interior value was used as a baseline for numerical 

comparisons. Concrete strength is routinely determined via the compressive testing of cast 

concrete cylinders. These cylinders represent a perfect condition, thus providing the maximum 

possible concrete strength. As perfect conditions are nearly impossible to replicate in tremie-placed 

concrete, the largest interior average represents a value associated with the conditions nearest to 

perfect.  The average strength in the cover region, including the strength determined from coring 

a vertical crease, was divided by the baseline strength on a per shaft basis. The resulting normalized 
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data sets have been separated into three groups relating to the support fluid used during shaft 

construction (Tables 7.2-7.4). 

 

Table 7.2 Comparison of interior (baseline) and normalized crease and cover strengths - 

bentonite 

 

 

Table 7.3 Comparison of Interior (baseline) and normalized crease and cover strengths - polymer 

Polymer 

Shaft 

# 
Viscosity 

Baseline 

Strength 
Crease Cover 1 Cover 2 

 (s) (psi)    

11 65 4220 1.04 1.22 1.06 

12 66 5976 0.77 0.96 0.96 

16 85 4045 0.87 0.89 0.94 

17 85 4345 0.91 0.91 0.93 

19 63 5739 0.84 0.86 0.97 

20 121 4720 0.76 1.01 0.96 

Average 0.86 0.98 0.97 

 

 

Bentonite 

Shaft 

# 
Viscosity Baseline Crease Cover 1 Cover 2 

 (s) (psi)    

1 44 4688 0.82 0.81 0.74 

3 40 4296 0.86 1.03 0.94 

4 55 4268 1.06 1.08 0.91 

5 90 5023 0.61 0.94 0.82 

7 30 4304 0.67 0.68 0.88 

8 40 4532 0.88 0.91 0.91 

9 57 5627 0.74 0.67 0.88 

10 90 5142 0.77 0.76 0.80 

13 30 3796 0.93 0.94 0.94 

14 30 4512 0.68 0.93 0.90 

15 56 4742 1.05 0.92 0.95 

21 42 5092 0.73 0.81 0.95 

45 37 4847 0.83 0.84 0.89 

Average 0.82 0.87 0.89 
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Table 7.4 Comparison of Interior (baseline) and normalized crease and cover strengths - water 

Water 

Shaft # Viscosity 
Baseline 

Strength 
Crease Cover 1 Cover 2 

 (s) (psi)    

6 26 4752 0.85 0.87 0.96 

18 26 3957.3 0.84 1.12 1.12 

22 26 4597.6 0.88 1.02 1.03 

32 26 4956.7 1.15 0.91 0.92 

46 26 5341.3 0.86 0.95 1.01 

Average 0.92 0.97 1.01 

 

 Chapter Summary 

The results of coring-based strength profiling were presented from 30 large-scale, lab-cast 

drilled shaft specimens where concrete for each specimen was tremie-placed and support-fluid-

displaced. The dominant variable was support fluid type at the time of casting. A minimum of five 

strength profiles was completed for each specimen. The average strength from each profile was 

tabulated and the strength values in the cover region were compared to the maximum average 

strength of the interior cores on a shaft-by-shaft basis. Additional comparisons were made between 

the maximum interior strength and the average strength of a profile aligned with a vertical crease 

in the cover region. The results of these comparisons showed a marked reduction in strength in the 

cover region, with the greatest impacts being attributed to specimens cast in mineral support fluid. 
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8 Chapter Eight: Porosity and Hydration Products Determinations 

8.1 Overview  

To better understand the phenomena causing the observed quilting in the cover region, it is 

necessary to examine concrete quality. This quilting is a product of the interface that is formed 

between radially flowing concrete and displaced slurry during tremie placement. This interface is 

referred to as a laitance. While common practice is to over-pour the drilled shaft, meaning to 

continue pouring concrete after the excavation is full, with the idea that all laitance is removed at 

the top of the shaft, recent studies have shown that in fact there is a dominant radial component of 

concrete flow that fills the interior cage and supplies the volume that subsequently exits radially 

into the cover.  

 

The elements that make up the laitance include the concrete and the slurry. As the focus of this 

chapter is the concrete, it is important that the nature of the slurry is also understood. Three types 

of slurry were used during test specimen construction: mineral, polymer and natural (water). The 

slurries were all mixed the day prior to construction and were placed in the concrete forms 12 

hours before concrete placement.  

 

Mineral Slurry 

Mineral slurry is the combination of water and a dry clay powder (usually sodium or calcium 

montmorillonite). The most commonly used clay is known as bentonite, though attapulgite, 

sepiolite, and other naturally occurring clay minerals are also used. Bentonite is the common name 

for packaged, processed, clay powder made primarily of sodium montmorillonite. Bentonite slurry 

works two-fold during the excavation and construction processes: (1) with the slurry level higher 

than the ground water, the differential hydrostatic slurry pressure pushes against the excavation 

walls preventing cave-ins and (2) the gel strength of the clay suspends soil particles long enough 

to be transported out of the excavation during the concreting process.  

 

When bentonite slurry is introduced into an excavation, the slurry permeates the walls of the 

excavation and deposits clay particles as they are filtered out of suspension. The resulting layer of 

clay on the side walls, called a filter cake, further stabilizes the soil matrix from fluctuations in 

local slurry pressure that accompany the auger passing by the walls. Filter cake formation occurs 

relatively quickly where, within 4 – 8 hr, flow into the surrounding soil can completely cease. 

Though generally beneficial to stability, the filter cake can have negative effects on the side shear 

(concrete / soil interface) of the shaft.  

 

Viscosity is the best measure of slurry quality and is monitored via the American Petroleum 

Institute (API) test method known as the Marsh funnel test.  While the test does not measure 

viscosity in the traditional sense (shear stress / shear rate), it provides an indication of slurry 

consistency by measuring the time required for 1 quart of fluid to pass through a standard orifice 

at the base of a standard funnel. For bentonite slurry to function properly, state and federal 

specifications require the slurry to fall between 28 and 50 sec/qt, depending on the state. In Florida, 

the range is 30 to 40 sec/qt. As a point of reference, water has a Marsh funnel viscosity of 26 sec/qt, 
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so a 28- or 30-sec/qt slurry has very little bentonite powder in suspension (0.11-0.15 lb/gal,); 50-

sec/qt bentonite slurry requires 0.65-0.8 lb/gal. (Mullins et al., 2011). 

 

Polymer Slurry 

Polymer slurry is the combination of water and proprietary blends of polyacrylamides. These 

slurries form long, hair-like, chain molecules that have been negatively charged to promote 

molecular repulsion (Reese and O’Neill, 1999).  Like bentonite, polymer slurry requires a head 

differential sufficient to overcome the force of the groundwater inflow. The molecular structure of 

polymer slurries prohibits the formation of a filter cake (no particulates) and continuous filtration 

is required to maintain the stability of the excavation. This requires a higher head differential for 

polymer slurry than that needed for mineral slurry and more reserve volume. 

 

Quilting 

As the timeframe for the formation of the radial / horizontal flow is relatively brief, it is likely that 

the degree of deterioration of concrete or slurry/concrete interface thickness of the laitance is 

minimal. Regardless, previous chapters have shown that the laitance does form. As vibratory 

consolidation of the concrete is rarely implemented in slurry-type drilled shaft construction, the 

region outside the cage is highly likely to contain veins of poorly cemented or diluted, high w/c 

ratio material. In the cases where bentonite is used, these veins contain trapped bentonite (Figure 

8.1).  

 

 

Figure 8.1 Radial concrete flow responsible for filling cover region. 

 

Quilting describes vertical or horizontal planar features emanating primarily from reinforcing 

bars (Figure 8.2). Concrete is always placed inside the cage such that flow must go outward through 

the reinforcement cage into the cover region. As the concrete flows around the reinforcement, a 

separation occurs whereby two faces are cleaved by passage around the rebar and coated 

with slurry, commonly referred to as laitance interfaces, which  must recombine outside the 

rebar by pressing these interfaces together. This creates visible or microscopic interfaces 

of altered concrete that may appear on the side of the shaft surface as creases in the form of a 
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quilted grid pattern. The depth of the creases can extend to the reinforcing steel and this presents 

significant durability issues as the openings facilitate the corrosion process by providing transport 

pathways for the ingress of detrimental materials existing in the surrounding soil. Figure 8.3 shows 

a conceptual view of the radial concrete flow and the vertical creases that form. This hypothesis 

would explain the poor corrosion performance noted in visually perfect specimens. Figure 8.4 

shows the same phenomenon that forms horizontal creases simultaneously. 

 

 

Figure 8.2 The concrete flowing radially and forming quilting. 
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Figure 8.3 Top view of concrete flowing radially through cage (initial left; final right). 

 

Figure 8.4 Profile view of radial concrete flow through stirrups. 

 

This final report will focus on evaluations using compressive strength, Mercury Intrusion 

Porosimetry (MIP), and X-Ray Diffraction (XRD) testing. Three shafts were selected for testing 

from the 52 specimens that were cast, one each from the three slurry types used (water, bentonite, 

and polymer). In addition, paste cubes were constructed to further analyze the impact that bentonite 

slurry can have on the integrity of the “quilted” surfaces in the cover region, and on the properties 

of the concrete when it is intermixed with slurry. 

 

Concrete 
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radially 
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interface  
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This Task undertook three different types of testing to assess the properties of the concrete inside 

and outside the reinforcing cage. The premise of the program was that the act of concrete flowing 

through the cage (for submerged-tremie placement) causes the concrete to mix with the slurry, 

producing poorer quality / contaminated concrete. The three tests included: (1) mercury intrusion 

porosimetry, (2) x-ray diffraction, and (3) strength testing. The latter was performed on extracted 

cores and purpose-built specimens with various proportions of cement paste and slurry. 

 

8.2 Coring (Specimen Retrieval) 

Of the 52 specimens, shafts 6, 9, and 11 were chosen for the testing in this Task. Shaft 6 was placed 

in water, shaft 9 in a 50-sec/qt bentonite, and shaft 11 in a 65-sec/qt polymer. The overall test 

program structure provided for non-destructive electrochemical testing first, followed by selective 

coring. Cores were then divided for mercury intrusion porosimetry, x-ray diffraction, and strength 

testing (the concrete penetrometer was used to further evaluate strength variations).  

 

Cores were labeled using the following format: The first number was the shaft number. The second 

number denoted the region of the shaft from which the core was taken (the shafts were divided 

into four quadrants).  The letter a or b indicated whether the core was outside or inside the 

reinforcement cage, respectively; a means the core was taken from outside the reinforcement cage 

in the cover region, and b denotes a core sample from within the reinforcement cage. The following 

number in parenthesis was the segment of the core. The last number was the section number cut 

from the noted core segment. For example 6-1a(2)1 denotes shaft 6, quadrant 1, outside of the 

reinforcing cage (a), second piece of the recovered core, and the first/uppermost sample from that 

core. Figure 8.5 shows the coring locations of Shaft 6 as well as the profile of the core.  
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Figure 8.5 Core location and profile for 6-1a. 
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8.3 Mercury Intrusion Porosimetry 

Mercury Intrusion Porosimetry (MIP) is a useful tool when characterizing porous materials like 

concrete. The test method can examine pore sizes between 3.5 nm to 500 μm in diameter and 

provide information such as the pore size distribution, total pore volume or porosity, specific 

surface area of the sample, and the skeletal and apparent density. While this information is helpful, 

the use of this testing technique is not without limitations; all pores and pore structure emanate 

from the sample surface and where the largest pores are assumed to be at the surface. The method 

cannot identify the actual size and volume of interior pores, nor can it analyze closed pores, as the 

mercury has no way of entering. 

 

Mercury is uniquely suited for this type of test due to its high surface tension and incompressible 

nature (no dissolved air gases typical of other fluids). The high surface tension increases the 

resistance to fill voids that would be immediately filled by lower surface tension fluids at 

atmospheric pressure. This allows the test to discriminate between void diameters using a pressure 

/ void size relationship which yields a pore size distribution. Table 8.1 shows the surface tension 

of typical fluids. 

 

The assumption of most importance for this testing method is pore shape.  Using the Washburn 

equation (Equation 1), a modified Young-Laplace equation, practically all instruments assume a 

cylindrical pore geometry. 

 

                                                          ∆𝑃 = 𝛾 (
1

𝑟1
+

1

𝑟2
) =

2𝛾𝑐𝑜𝑠𝜃

𝑟𝑝𝑜𝑟𝑒
                                    (8.1) 

 

Where 

 

r1 and r2 – describe the curvature of the interface 

𝛾 – surface tension of the mercury 

rpore – pore size 

𝜃 – contact angle between the solid and mercury 

∆𝑃 – pressure difference 

 

The Washburn equation relates all of the above elements. However, it should be noted that the real 

pore shape can be quite different from the cylindrical assumption made. This can lead to 

discrepancies with analysis and reliability. (Giesche, 2006)  

 

Pore distribution is determined on the basis of the amount of mercury that intrudes as a function 

of pressure, where the volumes intruded at lower incremental pressures define larger pore sizes, 

and further refinement of the distribution is obtained as the pressure is increased, progressively 

forcing the mercury into smaller and smaller pores.  
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Table 8.1 Surface tension of common fluids relative to mercury.  

Source: http://www.dataphysics.de/fileadmin/user_upload/pdf/DataPhysics_Surface_Tension_Energy.pdf 

 

Fluid Name Surface tension 

(mN/m) @ 20°C 

Ethanol 22.10 

Isopropyl Alcohol 23.00 

Acetone 25.20 

Gasoline 29.20 

Engine Oil 31.0 (15°C) 

Glycerol 63.28 

Water 72.80 

Mercury 425.41 

 

For this study MIP was conducted on cores extracted from three tremie-cast shaft specimens where 

water, polymer slurry, or bentonite slurry was displaced during concreting.  

8.3.1 Preparation of MIP specimens  

The specimens for MIP testing came from cores 6-1a, 6-3b, 9-3a, 9-1b, 11-1a, and 11-3b. Recall 

that (a) means the core was taken from outside the reinforcement cage in the cover region and (b) 

denotes a core sample from within the reinforcement cage. Cores were 1-in. diameter concrete and 

were cut to a height/length of 1.0 using a concrete saw and oven-dried at 105°C for 24 hours to 

constant weight. MIP tests were performed on the samples using Quantachrome Poremaster 60. 

The system was operated at the high-pressure range, 0-60,000 psi. The adopted mercury surface 

tension was 480 mN/m and the contact angle between the mercury and the solid surface was 140°. 

8.3.2 MIP Test Results 

Mercury porosimetry curves for shafts 6, 9, and 11 can be seen in Figures 8.6, 8.7, and 8.8, 

respectively. Intruded volume is measured in cubic centimeter per gram of concrete. A very minor 

trend is seen in these graphs where it seems the cover region concrete is more porous than the 

interior concrete. This is best demonstrated in Shaft 11, polymer, and very subtly seen in Shafts 6 

and 9, water and bentonite, respectively. Please note it is suspected that shaft 6 sample 6-1a(1)2 is 

only accurate to a pore diameter of 100 nm due to the anomalous results; analysis for the remainder 

of the report only uses data from the smaller pores. This shaft is being re-cored and retested to 

eliminate any suspicion. 

 

http://www.dataphysics.de/fileadmin/user_upload/pdf/DataPhysics_Surface_Tension_Energy.pdf
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Figure 8.6 Mercury porosimetry curve for samples from Shaft 6. 

 

Figure 8.7 Mercury porosimetry curve for samples from Shaft 9. 
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Figure 8.8 Mercury porosimetry curve for samples from Shaft 11. 

 

Next the pore size distribution was plotted for all samples (Figures 8.9-8.11). Again, while there 

is a suggested trend, further testing is needed to corroborate and expound on this data. This trend 

can be seen where the highest peak of the samples from outside the reinforcement cage in general 

are higher than the main peak shown from samples inside the reinforcement cage and suggests a 

shift in the pore size distribution for the concrete outside of the reinforcement cage. Thus initial 

findings would suggest the cover region concrete has a higher porosity. All samples were within 

3-in. of a crease. 

 

Figure 8.9 Pore size distribution from MIP testing for cores from shaft 6 (water). 
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Figure 8.10 Pore size distribution from MIP testing for cores from shaft 9 (bentonite, viscosity 50 

sec/qt). 

 

Figure 8.11 Pore size distribution from MIP testing for cores from shaft 11 (polymer, viscosity 65 

sec/qt). 

 

Next data was analyzed from a perspective of total intruded volume as a function of depth, Figure 

8.12. This is also the end point (farthest right) of Figures 8.6 - 8.8. While somewhat inconclusive, 

a small trend can be seen where Shaft 6, water, has the lowest total intruded volume in comparison 

to the bentonite- and polymer-cast shafts, 9 and 11, respectively. 
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Figure 8.12 Total intruded volume for samples tested from shafts 6, 9, and 11. 

 

Correlating with the pore size distribution, data was then broken into four groupings: 1,000 to 

10,000 nm, 100 to 1,000 nm, 10 to 100 nm, 1 to 10 nm and plotted versus depth, Figure 8.13. 

Again, referring to Figures 8.6-8.8, this is the difference in volume from the 10,000, 1,000, 100, 

10, and 1 locations. For example, 10 to 100 nm graphs show the value at 10 nm minus the value 

at 100 nm. Here again it can be noted that the 10 to 100 nm range has a higher intruded volume. 

This is also the trend seen in Figures 8.10-8.12. No significant variation is seen as a function of 

vertical position in the shaft. 

 

 

Suspicious data point 
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Figure 8.13 The four groupings of intruded volume. 
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While a subtle trend can be seen where water-cast shafts are the least porous and polymer-cast 

shafts are most porous, very large voids in the surface of a specimen that may be typical of tremie-

placed concrete may go undetected as the volume of these voids would be discounted as the 

baseline zero-pressure mercury volume required to start the test. 

8.4 X-Ray Diffraction 

Quantitative X-ray diffraction analysis (QXRD) of concrete consists of three main steps: 

preparation of a powdered sample, data collection, and Rietveld refinement analysis for phase 

identification and quantification.  

8.4.1 Sample Preparation 

The preparation of concrete specimens for XRD has some specific demands and features. First, 

the powder sample preparation for QXRD should not contain aggregate, which requires the manual 

separation of limestone (calcite, CaCO3) from the hydrated cement. This minimizes the amount of 

limestone that can interfere with hydration phase quantification. The grinding of concrete should 

also be gentle/light to separate or minimize the amount of sand (quartz, SiO2) in the powdered 

sample. Aggregate content minimization increases the accuracy of the weight fraction 

determination of the crystalline hydration products and the remaining cement phases in concretes. 

Back-loading technique (Taylor et al., 2002) of powder into the sample holder minimizes preferred 

orientation effects.  

 

Several techniques for Rietveld analysis have been proposed in the literature (Aranda et al., 2012; 

Le Saoût et al., 2011; Snellings et al., 2014; Wilson et al., 2014). These techniques have some 

common and specific features in the order and number of parameters that should be refined; 

namely, scale factors, lattice parameters, zero shift or specimen displacement, polynomial or 

Chebyshev polynomial coefficients for background or automatic background fitting, preferred 

orientation for some specific phases, and peak shape parameters.  

 

For this study, the as-received concrete core specimens were crushed into small size pieces to 

separate as much of the limestone (light-color pieces) as possible from the mortar (gray-color 

pieces). Then, the selected gray-color pieces were gently/lightly ground using a mortar and pestle 

to obtain a powder finer than 45 microns (passing #325 sieve) and to remove as much sand as 

possible.  

8.4.2 Mixtures of Concrete Powders with Internal Standard Material  

For a complete analysis of concrete, the amorphous content should be determined in addition to 

the determination of the crystalline phases. Due to the incomplete separation of the limestone and 

sand from the hydrated cement paste, the internal standard method was adopted for the amorphous 

content determination. Highly crystalline (95 wt%) calcium fluorite (CaF2) was used as an internal 

standard material. The concrete powder was mixed with 10 wt% fluorite using a mortar and pestle. 

8.4.3 XRD Data Collection and Analysis. 

XRD scans for all concrete were collected in accordance with ASTM C1365-06 specifications. 

The following diffractometer settings were used in data collection: 
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Instrument Settings: 

- Diffractometer:     Phillips X’Pert PW3040 Pro 

Goniometer:     θ - 2θ , radius 240 mm 

Source:     CuKα radiation, line focus 

Generator:     45 kV, 40 mA 

- Sample: 

Surface diameter:     16 mm 

Spinning rate (rpm)   30 

Preparation:     Back-loading  

- Incident optics: 

Programmable divergence slit:   5 mm (automatic) 

Soller slit:     0.04 radians 

Mask (horizontal divergence slit): 10 mm 

- Receiving optics: 

Programmable anti-scatter slit:   5 mm (automatic) 

Soller slit:     0.02 radians 

Detector:      X’Celerator Scientific 

- Scan info: 

- Angular range (2θ):     5 - 70° 

Step (2θ):       0.0167° 

Length of linear detector (2θ):  2.122° 

Counting time per step (s):  130.2 

 

Automatic slits were used in the incident and receiving optics to reduce background scattering 

from the metal holder, which can be observed for fixed-slit settings at low diffraction angles 

ranging between 5 and 20° (Pecharsky and Zavalij, 2009). This undistorted range is important for 

correct phase-fraction determination of ettringite, monocarboaluminate, and portlandite. The 

Rietveld refinement analyses of the collected x-ray scans were performed using HighScore Plus 

v4.5 software. 

8.4.4 Rietveld Refinement Analysis     

Rietveld refinement (Rietveld, 1967), (Rietveld, 1969) is based on the iterative comparison of the 

experimentally-collected diffraction pattern with the calculated pattern for a mixture of known 

phases. According to the literature, the following parameters should be refined: scale factor; lattice 

parameters; zero shift (Aranda et al., 2012), (Snellings et al., 2014), (Jadhav and Debnath, 2011; 

Gualtieri et al., 2012; De Schepper et al., 2014; Snellings et al., 2010; Speakman, 2010); preferred 

orientation for portlandite (001), calcite (104), monocarboaluminate (100), and ettringite (001) 

(Aranda et al., 2012; Snellings et al., 2014; Wilson et al., 2014; Le Saoût et al., 2007; Gualtieri et 

al., 2012); and peak shape parameters (Le Saoût et al., 2011; Wilson et al., 2014). The background 

was chosen in the automatic mode with a bending factor of 5 and granularity of 25. The following 

crystalline phases, Table 8.2, were detected and refined (note that no alite was detected): 
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Table 8.2 Crystalline phases in XRD refinement. 

Phase Formula Crystal System ICSD Code 

Belite Ca2SiO4 Monoclinic/β 81096 

Ferrite  Ca2AlFeO5 Orthorhombic  9197 

Calcite CaCO3 Rhombohedral 80869 

Quartz SiO2 Rhombohedral 41414 

Portlandite Ca(OH)2 Rhombohedral 15471 

Ettringite Ca6Al2(OH)12(SO4)3 26H2O Hexagonal  155395 

Monocarboaluminate Ca4Al2(OH)12(CO3) 5H2O Triclinic  59327 

Fluorite CaF2 Cubic  44618 

 

The results of the Rietveld refinement of concrete specimens are shown in Table 8.3. The results 

are given after excluding any quartz (sand) and calcite (limestone) from the analysis. 

 

Table 8.3 QXRD Phase analysis for shafts prepared with water, polymer and bentonite slurries 

(weight percentages); samples from shaft 6 were 3 years, 8 months, 2 weeks, and 2 days old, 

samples from shafts 9 and 11 were 3 years, 8 months, and 3 days old 

Sample Belite Ferrite Portlandite Ettringite Monocarboaluminate 

Amorphous 

Content 

6-1a(1)1 0.6 0.2 1.0 1.6 1.0 95.6 

6-1a(1)4 0.0 0.2 2.0 1.6 1.4 95.0 

6-1a(2)1 0.0 0.0 2.0 1.8 1.1 95.1 

6-3b(1)1 1.0 0.4 1.1 1.7 1.0 95.0 

6-3b(1)4 0.7 0.5 1.7 2.0 1.5 93.7 

6-3b(1)8 0.2 0.2 1.1 1.1 1.1 96.3 

9-1b(1)1 0.3 0.5 1.4 3.1 1.5 92.9 

9-1b(1)4 1.1 0.8 1.1 2.8 1.9 92.4 

9-1b(1)8 0.0 0.2 0.7 1.1 1.7 96.3 

9-3a(1)1 0.2 0.2 0.7 2.7 1.8 94.3 

9-3a(2)1 0.2 0.2 1.0 1.7 2.1 95.2 

9-3a(3)1 0.5 0.5 0.9 2.7 2.3 93.1 

11-1a(1)1 0.5 0.4 0.5 2.2 1.8 94.6 

11-1a(1)4 0.0 0.4 0.9 2.3 1.8 94.8 

11-1a(1)9 0.2 0.3 0.6 1.9 2.5 94.5 

11-3b(1)1 0.2 0.2 0.8 2.0 2.0 94.7 

11-3b(1)5 0.3 0.3 0.9 1.9 1.2 95.3 

11-3b(1)8 0.6 0.5 1.1 2.1 1.2 94.6 

 



163 

 

A typical XRD scan and the refinement fitting curve are shown in Figure 8.14 for the concrete 

sample 9-1b(1)4.  

 

Figure 8.14 XRD scan and refinement fitting of the concrete sample 9-1b(1)4. C – calcite, Q – 

quartz, B – belite, Fe – ferrite, P – portlandite, E – ettringite, M – monocarboaluminate.    

 

The data in Table 8.3 was also plotted against depth for each crystalline phase (Figures 8.15-8.17) 

to show spatial variations, if any; the strength profiles from the next section have been included as 

well for reference. The strength versus amorphous content is plotted in Figure 8.18. 



164 

 

   

Figure 8.15 Weight percentage of crystalline phases by depth 6-1a outside (left) 6-3b inside (right); 

water shaft.   

   

Figure 8.16 Weight percentage of crystalline phases by depth 9-3a outside (left) 9-1b inside (right); 

bentonite shaft. 
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Figure 8.17 Weight percentage of crystalline phases by depth 11-1a outside (left) 11-3b inside 

(right); polymer shaft. 

 

 

Figure 8.18 Weight percentage of amorphous content by strength. 

 

The average XRD data was then plotted for each core against strength (Figures 8.19-8.21); hence, 

there are two data points per shaft, one for inside the reinforcement cage and one for the cover 

region. 

0 2 4 6 8 10

0

5

10

15

20

25

0 1 2 3 4

Strength (ksi)

D
ep

th
 (

in
)

Weight (%)

Belite Ferrite
Portlandite Ettringite
Monocarboalum Strength

0 2 4 6 8 10

0

5

10

15

20

25

0 1 2 3 4

Strength (ksi)

D
ep

th
 (

in
)

Weight (%)

Belite Ferrite

Portlandite Ettringite

Monocarboalum Strength

0

2

4

6

8

10

12

92 93 94 95 96 97

St
re

n
gt

h
 (

ks
i)

Amorphous Content (%)

6-1a

6-3b

9-3a

9-1b

11-1a

11-3b



166 

 

 

  

Figure 8.19 Average weight percentage vs. average strength for belite (left), average weight 

percentage vs. average strength for ferrite (right). 

 

  

Figure 8.20 Average weight percentage vs. average strength for portlandite (left), average weight 

percentage vs. average strength for ettringite (right). 
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Figure 8.21 Average weight percentage vs. average strength for monocarboaluminate (left), 

average weight percentage vs. average strength for amorphous content (right). 

 

While no trend was indicated for belite, ferrite showed a possible linear trend between all slurry 

types. Portlandite, ettringite, and monocarboaluminate, all seemed to show linear trends when 

excluding the cover-region bentonite core (9-3a), the strength of which was significantly lower 

compared to the others, suggesting the bentonite cover specimen was somehow different.  

 

When excluding the cover-region bentonite core, portlandite seemed to support a trend of a higher 

strength with a lower weight percentage. Ettringite and monocarboaluminate showed the opposite 

trend with a lower strength correlating to a lower weight percentage. Interestingly, even though 

the cover-region bentonite core produced the most ettringite and monocarboaluminate, its strength 

was the lowest.  

 

The amorphous content seemed to possibly support a linear trend, excluding bentonite (cover and 

center) cores. Strengths of samples from polymer- and water-slurry shafts showed a linear trend 

with higher strengths for lower amorphous contents, potentially indicating a higher degree of 

reaction.  

 

In short, Figures 8.19-8.21 suggest correlations existed when the cover-region sample of the 

bentonite shaft was excluded. However, the magnitude of variation was large, making these trends 

insignificant and/or coincidental. 

 

8.5 Unconfined Compression Strength Testing (cores from shafts 6, 9, and 11) 

Cores taken from locations inside and outside the reinforcing cage from all three test shafts were 

also tested for unconfined compression strength. As core diameters were 1 in., the lengths of the 
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and the shaft diameter; however, the goal was to identify variations. The unconfined compression 

strength profiles for all six cores are shown in Figure 8.22 for shafts 6, 9, and 11. Shafts 6 and 9 

(water and bentonite) showed a decrease in cover strength relative to the core concrete strength. 

Shaft 11 (polymer) was relatively unaffected. 

 

 

Figure 8.22 Compressive strength profiles. 

 

8.6 Bentonite Effects on Concrete Strength 

8.6.1 Literature Search for Bentonite Effects on Concrete Strength 

In 2011, a study was completed at the Federal University of Technology in Akure, Nigeria. This 

study tested and examined the effects of bentonite powder on ordinary portland cement with a 

variety of mix proportions. For testing, 150- x 150- x 150-mm cubes were prepared in wooden 

molds. The bentonite used in this study was manufactured by Changsha May Shine Chemical Co., 

Ltd; in Hunan, China. Aggregates used were natural sand as fine aggregate and 19- mm granite as 

coarse aggregate. 
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Several mix design proportions were used; 1:2:4, 1:3:6, and 1:1.5:3 (cement:sand:course 

aggregate). These were completed at two water-to-cement ratios (w/c), 0.7 and 0.8. For each w/c 

ratio, there was a cement control, a 10% bentonite blend, a 20% bentonite blend, and a 30% 

bentonite blend by cement mass. Bentonite control mixes were also completed for each design 

proportion using a w/c of 1.5. The bentonite control did not include cement powder. 

 

Figures 8.23 to 8.28 show the various compressive strengths versus curing time. By quick 

inspection, it can be seen that the addition of bentonite caused strength reduction. For example, 

when looking at the 1:2:4 w/c of 0.7 mix 28-day strength, the overall strength reduction from the 

control for 10%, 20%, and 30% was 39%, 46%, and 56%, respectively. Table 8.4 lists the strength 

reduction percentage for each mix.  

 

 

Figure 8.23 Strength versus cure time for mix proportion 1:2:4 at w/c of 0.7. 

 

 

Figure 8.24 Strength versus cure time for mix proportion 1:2:4 at w/c of 0.8. 
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Figure 8.25 Strength versus cure time for mix proportion 1:3:6 at w/c of 0.7. 

 

 

 

Figure 8.26 Strength versus cure time for mix proportion 1:3:6 at w/c of 0.8. 
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Figure 8.27 Strength versus cure time for mix proportion 1:1.5:3 at w/c of 0.7. 

 

Figure 8.28 Strength versus cure time for mix proportion 1:1.5:3 at w/c of 0.8. 
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Table 8.4 Percentage of strength reduction per mix. 

1:2:4 w/c 0.7 1:2:4 w/c 0.8 

Mix Strength Reduction Mix Strength Reduction 

10% 39% 10% 35% 

20% 46% 20% 57% 

30% 56% 30% 60% 

1:3:6 w/c 0.7 1:3:6 w/c 0.8 

Mix Strength Reduction Mix Strength Reduction 

10% 26% 10% 20% 

20% 45% 20% 50% 

30% 69% 30% 60% 

1:1.5:3 w/c 0.7 1:1.5:3 w/c 0.8 

Mix Strength Reduction Mix Strength Reduction 

10% 25% 10% 15% 

20% 38% 20% 30% 

30% 56% 30% 51% 

 

The strengths for the mixes decreased with bentonite content. This decrease ranged from 15% to 

69% for the various mix designs. From this data, it was concluded that the addition of bentonite to 

concrete decreases its strength. The magnitude of the decrease depends on mix proportions and 

percentage of cement replaced.  

8.6.2 Cement Paste Cube Testing 

In order to gain a deeper understanding of the interaction occurring in the cover region between 

bentonite slurry and cement during the casting process, paste cubes were prepared where bentonite 

slurry and cement paste were intentionally mixed at varying proportions. The mixes included a 

pure paste (control), a 25 volume percent replacement of paste with bentonite slurry, and a 50 

volume percent replacement of paste with bentonite slurry. 

Sample Preparation (Cube Mixes) 

The prepared cubes were 2 in. x 2 in. x 2 in. and were cast in brass molds. The paste was made 

with a water-to-cement (w/c) ratio of 0.4 for all mixes. The bentonite slurry was made using 

PureGold Gel from Cetco with a target viscosity of 33 sec/qt. This called for 0.5 lb addition of 

bentonite to 1 gallon of water, resulting in a water-to-bentonite (w/b) weight ratio of 16. 

 

The bentonite slurry was made using the following steps: 

 Measure out the needed amount of water (Figure 8.29) 

 Add soda ash to water to raise pH to 9-10 pH per manufacturer recommendations (6.9 

grams/3 gallons of water) and mix (Figures 8.30 and 8.31) 

 Measure out needed amount of bentonite powder and slowly add to water mixture, mix 

until homogenous (Figure 8.32) 

 Measure viscosity using Marsh funnel (Figure 8.33) 
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Figure 8.29 The water being measured out for the slurry. 

 

  

Figure 8.30 The soda ash (left) being measured out (middle) and added to the water (right). 
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Figure 8.31 The pH being tested to ensure the water is at 9-10 pH. 

 

 

Figure 8.32 The bentonite powder slowly being added to the water (left) to form the slurry (middle 

and right). 
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Figure 8.33 Testing of the bentonite slurry viscosity using the Marsh funnel. 

 

The bentonite slurry was prepared 24 hours prior to use to allow for full hydration. For the paste, 

type I/II cement and deionized water were used. Mixing was done in accordance with ASTM C 

305-12 section 7 for paste mixes and C109-08 for the tamping procedure. Note that mixing 

procedure does vary as the addition of bentonite slurry had to be taken into account and there is no 

ASTM for this step.  

 

The general procedure for all mixes is as follows: 

 

 Weigh out all components of mix (cement, deionized water, bentonite slurry if applicable) 

 Grease molds using WD-40 (Figure 8.34) 

 Follow mixing procedure from ASTM C 305-12 section 7 for paste mixes 

 All water was placed into mixing bowl 

 The cement was added to the water and allowed to sit for 30 seconds for the absorption of 

the water 

 The mixer was turned on for 30 seconds at speed 1 (slow) 

 The mixer was stopped and the bowl was scraped as needed for 15 seconds 

 The mixer was turned on for 60 seconds at speed 2 (medium) 

 If adding bentonite slurry, add slurry and mix on speed 1 for an additional 30 seconds 

 Fill cube molds (Figure 8.34) with paste and follow tamping procedure from C109-08 

(Figure 8.35) 

 Move full cube molds to moisture cabinet for storage  

 After 3 days remove specimens from mold 

 Test for 3-, 7-, and 28-day strengths following C109-08 qualifications for loading rate 
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Figure 8.34 Greased cube molds used for construction of samples. 

 

 

Figure 8.35 Tamping order followed from ASTM C109 (ASTM, 2008). 

Mix Designs 

Mix 1: Control 

The control mix consisted only of water and cement to form the paste (Figure 8.36). Mixing 

proportions were designed for a 0.4 w/c ratio and can be seen in Table 8.5. The mixing procedure 

for mix 1 follows ASTM C305-12 section 7 as there were no other variables to take into account 

for this mix design (Figure 8.37). 
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Table 8.5 Mix proportions for mix 1. 
 

Design Actual 

Ingredient lb grams lb grams 

Water 1.812 821.91 1.812639 822.2 

Cement 4.53 2054.77 4.530053 2054.8 

Bentonite Slurry 0 0 0 0 

 

 

 

Figure 8.36 All measured out ingredients for mix 1. 

 

 

Figure 8.37 Mixing the paste. 
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Mix 2: 25% slurry replacement by volume 

The second mix was a 25% replacement by volume of paste with the bentonite slurry. The paste 

was still made at a 0.4 w/c ratio; however, adding the bentonite slurry raised the water-to-solid 

ratio (w/s) ratio to 0.615. The mixing proportions for mix 2 can be seen in Table 8.6. The viscosity 

of the bentonite slurry at time of mixing was 36 sec/qt. 

 

Table 8.6 Mix proportions for mix 2. 
 

Design Actual 

Ingredient lb grams lb grams 

Water 1.36 616.89 1.360251 617 

Cement 3.4 1542.21 3.400185 1542.3 

Bentonite Slurry 0.80445 364.89 0.804466 364.9 

 

The mixing procedure for mix 2 varied slightly as there is no ASTM specification that gives a 

mixing procedure that takes into account the addition of slurry. ASTM C305-12 was followed as 

close as possible. The mixing procedure was as follows: 

 

 Measure out all ingredients (Figure 8.38) 

 All water was placed into mixing bowl 

 The cement was added to the water and allowed to sit for 30 seconds for the absorption of 

the water 

 The mixer was turned on for 30 seconds at speed 1 (slow) 

 The mixer was stopped and the bowl was scraped as needed for 15 seconds 

 The mixer was turned on for 60 seconds at speed 2 (medium) 

 Bentonite slurry was added to the cement paste and mixed at speed 1 (slow) for 30 seconds 

(Figure 8.39) 

 

Following this, the paste was distributed to the molds in thirds, where the tamping procedure 

shown in Figure 8.35 was used. 
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Figure 8.38 All measured out ingredients for mix 2. 

 

 

Figure 8.39 Bentonite slurry being added to mix 2. 
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Mix 3: 50% replacement by volume 

The third mix was a 50% replacement by volume of cement paste with bentonite slurry. Again, the 

paste was made with a 0.4 w/c ratio. The addition of the bentonite slurry raised the w/s ratio to 

1.03. Thus, a decrease in strength was expected because of the higher w/s ratio. Mixing proportions 

for mix 3 can be seen in Table 8.7. The viscosity at time of mixing for the bentonite slurry was 36 

sec/qt. 

 

Table 8.7 Mixing proportions for mix 3. 
 

Design Actual 

Ingredient lb grams lb grams 

Water 0.906 410.95 0.906319 411.1 

Cement 2.265 1027.39 2.265027 1027.4 

Bentonite Slurry 1.609 729.83 1.609373 730 

 

The mixing procedure for the third mix followed the procedure for mix 2 and was as follows: 

 Measure out all ingredients (Figure 8.40) 

 All water was placed into mixing bowl 

 The cement was added to the water and allowed to sit for 30 seconds for the absorption of 

the water (Figure 8.41) 

 The mixer was turned on for 30 seconds at speed 1 (slow) 

 The mixer was stopped and the bowl was scraped as needed for 15 seconds 

 The mixer was turned on for 60 seconds at speed 2 (medium) 

 Bentonite slurry was added to the cement paste and mixed at speed 1 (slow) for 30 seconds 

(Figure 8.42) 

 

Following this, the paste was distributed to the molds in thirds, where the tamping procedure 

shown in Figure 8.35 was again used. 

 

 

Figure 8.40 All measured out ingredients for mix 3. 
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Figure 8.41 The addition of cement to water (left) and the mixing process (right). 

 

 

Figure 8.42 The addition of bentonite slurry to the mix (left) and the mixing process (right). 

 

While the paste w/c stayed constant in all three mixes at 0.4, the overall w/c ratio increased in 

mixes 2 and 3 due to the water in the bentonite slurry. Table 8.8 shows mixing proportions, 

including the overall w/s ratio, and shows the actual amount of bentonite powder and water in each 

mix.  

 



182 

 

Table 8.8 Mixing proportions for mixes 1-3. 

Mix 1: Control 

Paste Bentonite Solution Mix 

Water (g) Cement (g) w/c Water (g) Bentonite Powder (g) w/b w/s 

821.9 2054.8 0.4 0.0 0.0 0.0 0.4 

       

Mix 2: 25% Bentonite Solution Replacement 

Paste Bentonite Solution Mix 

Water (g) Cement (g) w/c Water (g) Bentonite Powder (g) w/b w/s 

616.9 1542.2 0.4 344.3 20.6 16.7 0.6 

       

Mix 3: 50% Bentonite Solution Replacement 

Paste Bentonite Solution Mix 

Water (g) Cement (g) w/c Water (g) Bentonite Powder (g) w/b w/s 

411.0 1027.4 0.4 688.6 41.2 16.7 1.0 

 

Results 

In total, 27 cubes were made, 9 per mix. For testing, cubes 1-3 were tested at 3 days, 4-6 at 7 days, 

and 7-9 at 28 days. Cubes were tested and results analyzed in accordance with ASTM C109-08. 

Figure 8.43 shows the testing of a control sample. 

 

 

Figure 8.43 A sample tested from mix 1 at 7 days. 

 

Mix 1 Control 

Table 8.9 shows all compressive strength results from mix 1. Again, cubes 1-3 represent 

compressive strength at 3 days, 4-6 at 7 days, and 7-9 at 28 days. Figure 8.44 displays average 

compressive strength of the 3-, 7-, and 28-day breaks.  
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Table 8.9 Mix 1 results; Cubes 1-3- 3-day, 4-6- 7-day, 7-9- 28-day. 

Cube  
Age 

(days) 

Weight 

(g) 

Thickness 

(in) 

Width 

(in) 

Height 

(in) 

Compressive 

Strength(psi) 
% diff   

1 3 251.61 1.994 1.966 1.955 6480 4% okay 

2 3 251.52 2.031 1.968 1.975 6070 -2% okay 

3 3 246.63 2.006 1.961 1.931 6080 -2% okay 

4 7 246.17 2.003 2.001 2.011 8160 3% okay 

5 7 246.03 2.002 2.005 2.003 7830 -2% okay 

6 7 246.52 2.013 2.007 2.034 7880 -1% okay 

7 28 242.83 2.017 1.992 1.998 9220 0% okay 

8 28 244.73 2.019 2.001 1.993 9830 6% okay 

9 28 244.78 2.027 1.997 2.055 8700 -6% okay 

 

 

Figure 8.44 Mix 1 average compressive strength versus curing time. 

 

Mix 2: 25% replacement by volume 

Table 8.10 displays the results of all breaks from mix 2. The average strengths for 3, 7, and 28 

days of curing have been plotted in Figure 6.45. The average of two cubes was taken instead of 

three for samples 1-3 tested at 3 days and 7-9 tested at 28 days. This is because one or more cubes 

exceeded the acceptable 8.7% difference range. Averaging two resulted in the cubes being within 

the acceptable 7.6% difference range. Note that from ASTM C109-08, 8.7% is the maximum 

permissible difference between 3 cubes and 7.6% is the maximum between 2 cubes. 
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Table 8.10 Mix 2 results; Cubes 1-3- 3-day, 4-6- 7-day, 7-9- 28-day. 

Cube 
Weight 

(g) 

Thickness 

(in) 

Width 

(in) 

Height 

(in) 

Compressive 

Strength (psi) 
% diff  % diff  

1 215.95 2.017 1.924 1.94 1960 -4% okay 3% okay 

2 218.6 2.009 1.942 1.932 2310 13% 
average 

two 
  

3 210.74 2.009 2.007 2.01 1860 -9% okay -3% okay 

4 214.6 2.009 2.011 2.01 3340 8% okay   

5 208.45 2.019 2.005 2.014 2920 -5% okay   

6 210.19 2.018 2.005 2.019 2990 -3% okay   

7 193.63 2.015 2.007 2.009 3470 2% okay -3% okay 

8 189.63 2.017 1.986 1.998 3030 -11% 
average 

two 
  

9 199.59 2.021 2 2.009 3720 9% 
average 

two 
3% okay 

 

 

Figure 8.45 Mix 2 average compressive strength versus curing time. 

 

Mix 3: 50% replacement by volume 

The results of strength testing for mix 3 can be seen in Table 8.11. Figure 8.46 shows the average 

compressive strength versus curing time for mix 3. The average of two specimens was taken for 

cubes 4-6 and 7-9, as one or more cubes fell outside the 8.7% permissible difference. While 

samples 7-9 satisfied the 7.6% allowable difference for two cubes, samples 4-6 did not meet this 

qualification. The smallest percent difference observed between two cubes was 9%, thus those two 

were averaged for samples 4-6 at 7 days. 
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Table 8.11 Mix 3 results; Cubes 1-3- 3-day, 4-6- 7- day, 7-9- 28-day. 

Cube  
Weight 

(g) 

Thickness 

(in.) 

Width 

(in) 

Height 

(in) 

Compressive 

Strength (psi) 
% diff   % diff   % diff   

1 179.34 1.994 1.839 1.863 460 -4% okay         

2 186.58 2.006 1.906 1.879 500 4% okay         

3 185.62 1.998 1.997 2.02 480 0% okay         

4 176.96 2.002 2.002 2.005 530 -19% 
average 

two 
-10% 

average 

two 
    

5 194.05 2.007 2.003 2.003 780 19% 
average 

two 
    9% 

average 

two 

6 183.6 2.004 2.007 2.007 650 -1% okay 10% 
average 

two 
-9% 

average 

two 

7 171.03 2.01 2.002 2.009 1300 9% okay 3% okay     

8 175.78 2.006 2.018 2.022 1070 11% 
average 

two 
        

9 173.79 2.001 2.01 2.018 1220 2% okay -3% okay     

 

 

 

 

Figure 8.46 Mix 3 average compressive strength versus curing time. 

 

8.6.3 Discussion 

As seen in Figures 8.44-8.46, all mixes follow the general trend of strength gain over time, which 

is expected. However, when the results are plotted on one graph, the differences between the mixes 

become apparent (Figure 8.47). The control mix is much stronger than the other two containing 

bentonite slurry. When looking at 3-day strengths, mix 2, 25% replacement, has a 67.1% decrease 

in strength and mix 3, 50% replacement, shows a 92.3% decrease in strength.  
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For an accurate comparison, supplemental control paste mixes were prepared with equivalent w/c 

ratios. Their mix proportions can be seen in Appendix G. The first set of supplemental mixes was 

to see what the strength of paste would be at an equivalent w/c ratio. Thus, two mixes were made 

with the targeted w/c ratios of 0.62 and 1.07. These mixes were composed of deionized water and 

the same type I/II cement used for mixes 1-3. For assessing the effect of bentonite at similar w/c 

ratios, the inclusion of 1.3% bentonite, by weight of solids, caused a 3-day strength reduction of 

20.1% and 7-day of 11.7%. Similarly, the inclusion of 3.9% bentonite, by weight of solids, caused 

a 3-day strength reduction of 59.1% and a 7-day of 64.2%. 

 

 

 

Figure 8.47 Compressive strength versus time for all cube mix designs, mix 1-3 as well as 

supplemental mixes. 

 

Next, the effect on strength of soda ash, which is mixed into the water used to hydrate the bentonite 

slurry, was investigated. To test this, instead of deionized water, the soda ash water, which is 

typically only used with the bentonite, was utilized. It can be seen in Figure 8.47 that there is 

almost no difference in strength when the cubes were cast with the soda ash water. A 3.4% loss in 

strength was seen in mix 2, and a 6.8% loss was seen for mix 3. While there is a small loss, the 

soda ash can be eliminated as the main cause of strength loss.  

 

These tests identify bentonite as the primary source for strength loss. Based on the proportions 

used in mixes 2 and 3, bentonite powder only accounted for 0.8% and 1.9% of the mix, 

respectively. This test demonstrates that even a small amount of bentonite can cause a drastic 

strength loss.  
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8.7 Summary 

For this chapter, testing was completed on cores from miniature shaft specimens, as well as paste 

cubes. The testing included strength testing, mercury intrusion porosimetry (MIP), and x-ray 

diffraction (XRD).  

 

The current results from shafts 6, 9, and 11 (water, bentonite, and polymer, respectively) for MIP 

indicate that 1) the cover concrete was more porous than the interior concrete, and 2) the shafts 

cast in water were the least porous, while those cast in polymer slurry were the most porous.  

 

In terms of the XRD testing on shafts 6, 9, and 11, possible linear trends were seen for several 

crystalline phases and the amorphous content. For portlandite, ettringite, and monocarboaluminate, 

these trends were only significant when data from the cover of the bentonite core (9-3a) were 

excluded.  

 

The second phase of strength testing used paste cube mixes, testing the interaction between the 

bentonite and cement that occurs in the cover region. Results showed that as the amount of 

bentonite increased, the strength of the sample decreased. Supplementary testing was performed 

to ensure the strength loss was indeed being caused by the bentonite. While the additional water 

accounts for the majority of strength loss, 43.8% for mix 2 with 25% replacement and 67.8% for 

mix 3 with 50% replacement, the inclusion of bentonite accounts for an additional 11.7% loss for 

mix 2 and 64.2% for mix 3 at 7 days. This resulted in a total strength loss of 61.2% and 91% for 

mixes 2 and 3, respectively. 

  

While the cube study provided conclusive results in identifying the source of strength loss 

(bentonite), XRD testing was still performed on the cube samples. Unfortunately, the XRD testing 

did not show conclusive results as the peaks best matched that of water and the tests hardly showed 

any bentonite (pure bentonite was tested also so it could be identified). XRD was performed as it 

eliminates the difficulty of removing the aggregate from the samples, which was an issue seen 

from the samples prepared from the coring process.  
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8. Chapter Nine: Surface Roughness  

 

Concrete surface roughness affects both the corrosion protection and side shear performance of 

drilled shafts cast in a support-fluid-filled excavation. Prior to this study, many researchers 

assumed filter action of mineral support fluid (slurry) particles depositing on to the side walls was 

responsible for degradation of side shear performance, this perceived cause was even extended to 

impervious soils where filtration action would not occur. Brown (2002) reported a 50 percent 

reduction in side shear in bentonite cast shafts when compared to polymer or cased shaft. Exposure 

times were limited to one hour. Figure 9.1 shows the results of load tests performed on two subject 

shafts, one cast in bentonite support fluid and the other cast in polymer support fluid. The 

maximum load for the polymer-cast shaft is nearly twice the load born by bentonite cast shaft. 

What this proves, again is not all of the support fluid is expelled from the shaft during concreting. 

Rather, a trapped support fluid interface remains.  

 

 

Figure 9.1 Effects of support fluid on side shear 

 

Bowen, 2013 showed bentonite support fluid trapped between the surface of the concrete and the 

steel casing. This was revealed upon casing removal which would be inaccessible in field/ 

underwater conditions such as the conditions for Brown (2002.) Figure 9.2 shows a bentonite-cast 

Bentonite 

Polymer 
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shaft immediately after form removal. Mattressing is visible on the surface and there is a thick 

layer of bentonite caked to the concrete (Figure 9.3). After pressure washing the surface of the test 

shafts, the mattressing become more apparent and the surface roughness was revealed. The state 

of deterioration on the shaft shown in Figure 9.4 was not uncommon in bentonite cast shafts. 

 

 

Figure 9.2 Visible mattressing upon form removal. 

 

 

Figure 9.3 Bentonite caked to the concrete surface trapped between concrete and casing. 
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Figure 9.4 Visible mattressing after pressure washing 

 

Quantifying the surface roughness then became a primary focus of this work as surface roughness 

was suspected to be an indication of concrete quality (cover protection), which would then make 

external physical assessment a direct link to the internal health of the structural steel reinforcement 

and the structure as a whole. Visual inspection of the lab cast specimens immediately revealed 

variations in the surface texture that were in part a by-product of trapped support fluid between the 

outward flowing concrete and the simulated casing. Figures 9.5-9.7 demonstrate the differences 

seen between a water, bentonite, and polymer cast shafts.  
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Figure 9.5 Shaft 6: f’c 4358 psi; drilled shaft mix; water cast; smooth; faint channeling 

 

 

Figure 9.6 Shaft 9:  f’c 4530 psi; drilled shaft mix; 50 sec/qt bentonite; rough; with well-defined 

creases 

 



192 

 

Figure 9.7 Shaft 11:  f’c 4530 psi; drilled shaft mix; 65 sec/qt polymer; smooth; no creases 

 

Much of the focus of this set of tests revolved around identifying physical surface features that 

may indicate concrete flow problems and potential adverse effects on the longevity of the structure. 

To this end, the surface condition of the shafts was an obvious variable for consideration. One 

method to classify the surface condition of the individual shafts was through approximate 

quantification of the surface roughness.  This was accomplished by two means: physical and 

digital.  

 Physical Surface Void Volume Determination 

The surface roughness was assessed by measuring the surface void volume through a procedure 

developed for this project wherein a 6-inch square of the shaft surface was filled with a putty of a 

known density and finished in such a manner as to approximate a smooth shaft surface. With the 

weight of the putty required a void volume was calculated and then extrapolated to approximate 

the void volume for the entire shaft surface. This assumed the original outer surface of the shaft 

was still in part present and severe radial reduction had not taken place. 

 

Initially a testing area grid was created by cutting a 6-inch by 6-inch hole out of a sheet of thick 

plastic sheeting (Figure 9.8). This hole was used as a template for setting the limits of the testing 

area. 
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Figure 9.8 Template construction 

Next a beaker with a known volume was filled with drywall putty. Then all of the testing equipment 

was placed in a tray and the weight was recorded (Figure 9.9).  The template was then placed on 

the surface of the shaft (Figure 9.10). This test was conducted two times on each shaft, care was 

taken to place the template on an area representative of the overall surface condition. 

 

 

Figure 9.9 Weighing of testing equipment. Tray includes: plastic template, rubber gloves, two 

putty knives, beaker full of drywall putty. 
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Figure 9.10 Testing template placed on shaft surface. 

 

Figure 9.11 Testing template filled to approximate a void free surface 

After putting on the rubber gloves, the putty knife was used to contour the concrete surface in the 

template area to approximate a smooth, void-free surface (Figures 9.11 and 9.12). Special care was 

taken to ensure all putty stayed on the tools, in the tray or on the concrete surface. The gloves, 

template, beaker with the remaining putty and all of the tools were then put back into the tray and 

reweighed (Figure 9.13). The difference in weight was then converted to a volume using the 

calculated density of the putty. Data tables can be found in Appendix H.  
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Figure 9.12 Testing the second location on shaft 10 

 

Figure 9.13 Weighing testing equipment after test is complete 

 

 Digital Surface Void Volume Determination 

Shafts 1-24 were scanned on one side using an Artec Eva 3D scanner (Figure 9.14). An Artec Eva 

is a structured light device used to make texture and accurate 3D models of medium-sized objects 

such as the selected portions of the shafts. The handheld scanner captures precise measurements 

in high resolution, and can be used for multiple applications. Shafts 25-58 were scanned on one 

side using an Artec Leo 3D scanner (Figure 9.15). The chief difference in the two systems is that 

the Artec Leo offers onboard automatic processing. 

 



196 

 

Figure 9.14 Scanning shaft 20 

 

 

Figure 9.15 Scanning shaft 56 

A structured-light 3D scanner is a scanning device for measuring the three-dimensional shape or 

surface of an object using an established light pattern and a camera system. Structured light is a 

method of projecting a known pattern of light on to a surface. The manner and extent in which this 

pattern of light is distorted or altered when it strikes a surface allows the system to calculate 

information about the depth and surface detail of the objects in the scan. Factory calibration ensures 

a minimum accuracy of 100 microns. Figure 9.16 shows a sample of the data collected, this surface 

profile was generated using up to 15 million data points. Selected shaft renderings can be found in 

Appendix I.  
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Figure 9.16 Scan data detail 

 Results 

The analysis of the digital scans is a lengthy process requiring enormous computational 

capabilities. This section will provide a brief summary of the process used to analyze the scan data, 

but the full step-by-step procedure can be found in Appendix J. The scan data for each shaft has 

been collected and stored in an object file. As figures 9.17, 9.18, and 9.19 show, the data represents 

the surface condition of each shaft with a high degree of detail.  
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Figure 9.17 Shaft 6 photo and scan comparison 

 

 

Figure 9.18 Shaft 9 photo and scan comparison 

 

 

Figure 9.19 Shaft 11 photo and scan comparison 
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Due to constraints in the AutoCAD software, the data had to be reduced prior to analysis. Each 

file was reduced from its original size of 10-30 million points to a manageable 2.5 million points 

using a free, web-sourced, software called MeshLab and reducing by no more than 50% in each 

stage of the process. The surface mesh was then exported from MeshLab as an xyz point file 

capable of being uploaded into AutoCAD Civil3d for analysis.  

 

By attaching the point file to a topographic surface definition, a surface was then generated for 

each shaft.  Choosing a 1-foot by 1-foot representative test area allowed for the direct 

determination of surface roughness without extrapolation. If the surface showed signs of creasing, 

then care was taken to represent those creases in the test area. A profile was taken horizontally 

across the center of each shaft to identify the surface shape and condition (a circumferential slice). 

The ideal surface profile was approximated using a three-point curve in the profile creation tools 

menu (Figure 9.20). This function allowed for variation in the shaft radius due to the nature of 

construction and any distortion away from circular that may have been induced by the flexible 

forms. 

 

Figure 9.20 Shaft 9 surface data analysis plan and profile 

 

The ideal surface profile elevation was set to match the highest points in the region of interest 

(Figure 9.21).  Using a flat assembly with perfectly vertical side slopes, the ideal surface profile 

was used to create a corridor and the surface from the corridor was compared with the existing 

surface using cut and fill tools to generate the digital surface void volume data. Surface roughness 

was computed for each shaft (Figure 9.22) and the results were then tabulated with the results from 

the physical testing (Table 9.1).  
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Figure 9.21 Shaft 9 existing and finished grade. 

 

 

Figure 9.22 Shaft 9 Digital void volume determination. 
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Table 9.1 Surface roughness data summary. 

Shaft # 
Support 

fluid Type 

Physical 

Surface 

Roughness 

(in.3/ft2) 

Digital 

Surface 

Roughness 

(in.3/ft2) 

Percent 

difference 

(%) 

1 B44  26.93 27.36 2% 

2 B105 22.35 20.64 -8% 

3 B40 9.25 10.32 10% 

4 B55 14.24 11.04 -29% 

5 B90 11.54 12.24 6% 

6 water 1.91 2.16 12% 

7 B30 22.15 20.4 -9% 

8 B40 9.79 10.08 3% 

9 B50 11.83 12.24 3% 

10 P90 24.56 23.04 -7% 

11 P65 3.25 3.36 3% 

12 P66 2.70 2.64 -2% 

13 B30 7.68 6.96 -10% 

14 B30 13.62 13.2 -3% 

15 B56 11.97 10.8 -11% 

16 P85 3.30 4.8 31% 

17 P85 1.74 3.84 55% 

18 water 2.16 2.64 18% 

19 P60 1.97 2.88 32% 

20 P130 1.49 2.64 44% 

21 B40 26.27 18.24 -44% 

22 water  1.35 1.44 7% 

23 water 2.19 2.88 24% 

24 B40  31.2  

25 A40 7.59 5.49 -38% 

26 water 2.88 1.53 -88% 

27 B40 6.83 7.47 9% 

28 P90 2.36 3.33 29% 

29 P50 6.16 5.4 -14% 

30 B30 15.51 13.32 -16% 

31 P98 2.22 1.908 -16% 

32 water 1.75 1.89 8% 

33 B39 5.54 7.47 26% 

34 A39 7.25 8.37 13% 

35 A200+ 14.90 15.93 6% 

36 P47 3.28 3.96 17% 

37 water 2.29 3.24 29% 

38 P55 6.82 5.67 -20% 

39 P73 5.28 5.76 8% 

40 B41 16.35 13.41 -22% 
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Shaft # 
Support 

fluid Type 

Physical 

Surface 

Roughness 

(in.3/ft2) 

Digital 

Surface 

Roughness 

(in.3/ft2) 

Percent 

difference 

(%) 

41 B28 3.32 4.59 28% 

42 A37 6.44 n/a n/a 

43 B37 7.57 7.38 -3% 

45 B37 6.67 7.74 14% 

46 water 3.81 2.25 -69% 

47 water 2.93 3.42 14% 

48 B39 5.86 5.85 0% 

49 B31 4.63 3.69 -25% 

50 P57 2.49 1.17 -113% 

51 P90 1.60 1.35 -18% 

52 A39 4.07 4.95 18% 

53 P49 4.81 4.68 -3% 

54 P58 3.92 3.24 -21% 

55 P120 3.38 2.79 -21% 

56 P85 3.94 4.59 14% 

57 B40 6.23 5.04 -24% 

58 water 3.65 2.193 -66% 

 

Digital surface void volume determination resulted in a higher quantity than the physical surface 

void volume method used in most cases. The percent difference shown above illustrates the 

conservative nature of the physical method. This could be due to the reference ideal surface used 

in both cases as the datum. The physical void volume ideal surface is created without a template 

and as such is left to the judgement of the technician performing the test. The digital void volume 

uses the highest elevation along the selected profile to determine the ideal surface elevation. This 

method is also reliant on the judgement of the technician performing the analysis. That being said, 

Figure 9.23 shows the results of the two testing methods following a linear relationship thus 

supporting the validity of either when reviewed against the other. 
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Figure 9.23 Digital surface roughness vs. physical surface roughness. 

 

 Radius Reduction 

The surface roughness is more than just an indication of texture, it is a quantification of a volume 

of missing concrete. This volume results in an effective reduction in the radius of the shaft. In 

tables 9.2- 9.4 this radius reduction is tabulated by support fluid type. Also included is the 

correlating cover thickness reduction as a percentage of total cover.  
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Table 9.2 Radius reduction in bentonite cast shafts. 

Bentonite  Surface 

Roughness 

Equivalent 

Concrete Lost 

Effective Radius 

Reduction  

Cover 

Reduction Shaft # Viscosity  

  (s) (in.3/ft2) (in.3) (in.) (%) 

1 44 27.36 601.7 0.1909 3.18% 

2 105 20.64 453.9 0.1438 2.40% 

3 40 10.32 226.9 0.0718 1.20% 

4 55 11.04 242.8 0.0768 1.28% 

5 90 12.24 269.2 0.0852 1.42% 

7 30 20.4 448.6 0.1421 2.37% 

8 40 10.08 221.7 0.0701 1.17% 

9 50 12.24 269.2 0.0852 1.42% 

13 30 6.96 153.1 0.0484 0.81% 

12 66 2.64 58.1 0.0183 0.31% 

15 56 10.8 237.5 0.0751 1.25% 

21 40 18.24 401.1 0.1271 2.12% 

27 41 7.47 164.3 0.0519 0.87% 

30 30 13.32 292.9 0.0927 1.55% 

33 39 7.47 164.3 0.0519 0.87% 

40 41 13.41 294.9 0.0933 1.56% 

41 28 4.59 100.9 0.0319 0.53% 

43 37 7.38 162.3 0.0513 0.86% 

45 37 7.74 170.2 0.0538 0.90% 

48 39 5.85 128.6 0.0407 0.68% 

49 31 3.69 81.1 0.0256 0.43% 

57 40 5.04 110.8 0.0350 0.58% 
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Table 9.3 Radius reduction in polymer cast shafts. 

Polymer   Surface 

Roughness 

Equivalent 

Concrete Lost 

Effective Radius 

Reduction  

Cover 

Reduction Shaft # Viscosity  

  (s) (in.3/ft2) (in.3) (in.) (%) 

11 65 3.36 73.9 0.0233 0.39% 

12 66 2.64 58.1 0.0183 0.31% 

16 85 4.8 105.6 0.0334 0.56% 

17 85 3.84 84.4 0.0267 0.44% 

19 60 2.88 63.3 0.0200 0.33% 

20 121 2.64 58.1 0.0183 0.31% 

28 59 3.33 73.2 0.0231 0.39% 

29 46 5.4 118.8 0.0375 0.63% 

31 98 1.908 42.0 0.0133 0.22% 

36 47 3.96 87.1 0.0275 0.46% 

38 55 5.67 124.7 0.0394 0.66% 

39 73 5.76 126.7 0.0400 0.67% 

50 57 1.17 25.7 0.0081 0.14% 

51 90 1.35 29.7 0.0094 0.16% 

53 49 4.68 102.9 0.0325 0.54% 

54 58 3.24 71.3 0.0225 0.38% 

55 120 2.79 61.4 0.0194 0.32% 

56 85 4.59 100.9 0.0319 0.53% 

 

Table 9.4 Radius reduction water cast shafts. 

Water   Surface 

Roughness 

Equivalent 

Concrete Lost 

Effective Radius 

Reduction  

Cover 

Reduction Shaft # Viscosity  

  (s) (in.3/ft2) (in.3) (in.) (%) 

6 26 2.16 47.5 0.0150 0.25% 

18 26 2.64 58.1 0.0183 0.31% 

22 26 1.44 31.7 0.0100 0.17% 

23 26 2.88 63.3 0.0200 0.33% 

26 26 1.53 33.6 0.0106 0.18% 

32 26 1.89 41.6 0.0131 0.22% 

37 26 3.24 71.3 0.0225 0.38% 

46 26 2.25 49.5 0.0156 0.26% 

47 26 3.42 75.2 0.0238 0.40% 

58 26 2.193 48.2 0.0152 0.25% 

 



206 

 Chapter Summary 

Physical and digital methods for evaluating surface roughness were developed and implemented 

on 52 large-scale, lab-cast drilled shaft specimens where concrete for each specimen was tremie-

placed and support-fluid-displaced.  The calculated surface roughness for each test method was 

tabulated for each shaft. The equivalent radius reduction was also computed and tabulated. The 

results of comparing the values with regards to support fluid type showed a marked distinction in 

surface roughness, with the greatest impacts being attributed to specimens cast in mineral slurry. 
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10. Chapter Ten: Field Exploratory Evaluation of Existing Bridges with Drilled Shaft 

Foundations  

 

With extreme-event loading states often controlling pier/foundation designs for overwater bridges, 

there has been an almost complete change from bridge bents to cap and column footings. The net 

effect was to make all foundation elements (piles or shafts) work in concert to resist vessel impact 

loads. As a result, most new bridge piers have fully submerged foundation elements. Figure 10.1 

shows the two variants comprising the east and west bound bridges in the Gandy Bridge corridor 

of Tampa Bay.  

 

 

Figure 10.1 Newer cap and column pier design (left); older pile bent piers (right). 

 

Overwater shaft construction employs steel casing through the water and embedded in the soil that 

allows the shaft concrete to be poured up to the cut-off elevation, which is often near or below sea 

level. This casing is left in place until the concrete has cured sufficiently to proceed with footing 

construction, and at which time the casing can be removed (cut off) down to the level of the 

mudline. This Task targeted overwater bridges where the casing was fully or partially removed to 

assess the shaft surface conditions. This approach was adopted in lieu of partial excavation around 
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on-land shafts that would also reveal the shaft surface, but may have also required washing and 

been costly.  

 

The approach was multi-faceted (1) identify an inventory/listing of bridges built on shafts, (2) 

obtain plan sets detailed enough to screen candidate bridges, (3) obtain biennial inspection reports 

complete with diver notes to focus on which shafts of which piers may be fruitful, and (4) conduct 

underwater evaluations of those bridges where the casing was in part removed, revealing the 

concrete surface. Ideally, candidate bridges would be constructed using all stabilization methods 

including: full length temporary casing (natural slurry), bentonite slurry, and attapulgite slurry. 

Recall from Chapter 3 that none of the 24 laboratory-cast samples were tremie-placed in 

attapulgite. 

 Bridge Identification 

Florida is home to more than 12,000 bridges (FHWA, 2016), many of which are over water. Close 

coordination with District maintenance engineers, past and present central office personnel, bridge 

inspectors, and CEI consultants was required to draft a list of likely candidate bridges. Ongoing 

efforts to identify bridges that match the construction method in question have thus far produced 

a list of 14 bridges (Table 10.1, Figure 10.2).  

 

Table 10.1 List of bridges reviewed to date. 

Bridge Name Bridge Number Location Year Built 

Bridge of Lions 780074 St. Augustine, FL 1927 

Clearwater Memorial Causeway 150244 Clearwater, FL 2005 

Clearwater Pass Bridge 155522 Clearwater, FL 1995 

Fuller Warren Bridge 720629*  Jacksonville, FL 1995 

Gandy Bridge 100585 Tampa, FL 1924 

John Ringling Causeway 170176 Sarasota, FL 1926 

Overland Bridge 720627 Jacksonville, FL 2017 

Santa Fe River Bridge 260112 Gainesville, FL 2002 

SR2 Choctawhatchee Bridge 520145 Caryville, FL 1940 

SR10 Choctawhatchee Bridge 520149 Caryville, FL 1927 

SR20 Blountstown Bridge 470052 Blountstown, FL 1998 

SR61 Lost Creek Bridge 590048 Wakulla, FL 1991 

SR63 Ochlockonee Bridge 500124 - 500127 Ochlockonee River, FL 2001 

Victory Bridge 530951 Chattahoochee, FL 1996 

*Indicates main bridge span.  

 

Not all necessary information could be obtained to warrant on-site investigations, but if any 

evidence suggested that exposed shaft concrete could be found, then those bridges were slated for 

underwater evaluation. A summary of each candidate bridge is provided for completeness.  
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Figure 10.2 Bridge locations.  

 

 Bridge of Lions 

A part of State Road A1A, the Bridge of Lions spans the intracoastal waters of St. Augustine, 

connecting Anastasia Island with downtown St. Augustine.  The bridge is iconically known for the 

two lions that have guarded the bridge since its construction in 1927.  These lions are Carrara 

marble Medici Lions that are identical to those in Loggia dei Lanzi in Florence, Italy.  Prior to the 

bridge of lions there was a wooden bridge, built in 1895, known as the “South Beach Railroad 

Bridge” or as “The Bridge to Anastasia Island”.  This bridge was renovated in 1904 and was able 

to accommodate a trolley.  Known as the father of the Bridge of Lions, Henry Rodenbaugh initiated 

the construction of the bridge in 1925 through his funding efforts.   Completed in 1927 with its 

extravagant art and style, the Bridge of Lions has been regarded as a symbol of the nation’s oldest 

city.  The Bridge of Lions underwent an 80 million dollar renovation in 2006.  A temporary bridge 

was constructed and the lions were removed for the time being.  After work was done on the 

bascule towers and the steel girders, the Bridge of Lions was reopened in March of 2010 and the 

Lions were brought back in March of 2011, marking the completion of a long renovation project. 

 



210 

Table 10.2 Bridge of Lions. 

Bridge Name Bridge of Lions 

Bridge Number 780074 

Year Built 1927 

Slurry Type Mineral 

Shaft Diameters 3 ft-8 ft 

 

Bridge of Lions is a double-leaf bascule bridge that stands on 25 piers (Figure 10.3). These piers 

are supported by drilled shafts ranging from 3 to 8 ft in diameter (Table 10.2). Inspection records 

show that the drilled shafts on piers 10 and 11 have steel casings extending up from the ground 

line to within 6 ft of the bottom of the footing. This is not a clear indicator that exposed concrete 

will be available for inspection. Inspection report photographs show delamination above the water 

line and minor damage to the fender system. The underwater photos do not indicate that any 

vegetation was removed for inspection and as such cannot be used to confirm or deny the presence 

of casing. Based on review of the information provided for this bridge, further on-site evaluation 

was warranted.  

 

 

Figure 10.3 Bridge Number 780074 (Bridge of Lions) plan and elevation images. 

 

 Clearwater Memorial Causeway 

Clearwater Memorial Causeway (Figure 10.4) is a fixed span structure that connects downtown 

Clearwater and Clearwater Beach, passing over the intracoastal waterway. It is a part of State Road 

60, a road that goes from Clearwater Beach to Vero Beach. The first Memorial Causeway Bridge 
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opened in the 1920s. It was a two-lane flat span concrete bridge. This bridge was used for 

approximately forty years before the second Memorial Causeway Bridge. The second was a 

bascule bridge, opened in the 1960s. A portion of the original bridge was then opened as a fishing 

pier. The third bridge became fully operational in 2005. This bridge is 2540 ft long and stands on 

10 piers. These piers are supported by drilled shafts of 4 and 6 ft in diameter (Table 10.3).  

 

Table 10.3 Clearwater Memorial Causeway. 

Bridge Name 

Clearwater Memorial 

Causeway 

Bridge Number 150244 

Year Built 2002 

Slurry Type Natural 

Shaft Diameters 4 ft, 5 ft 

 

The underwater inspection report from 2016 indicates that the steel casing is still in place for all 

shafts. The report also indicates that the casings exhibit light pitting and minor corrosion. The 

presence of casings eliminates this bridge from the list of possible field inspections. Information 

provided for this bridge at that time was deemed insufficient or inappropriate to warrant further 

on-site evaluation.  
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Figure 10.4 Bridge Number 150244 (Clearwater Memorial Causeway) plan and elevation images.

  

 Clearwater Pass Bridge 

Clearwater Pass Bridge (Figure 10.5) is a fixed span structure that carries Gulf Blvd. across 

Clearwater pass from Clearwater Beach to Sand Key Public Park. The current bridge opened in 

1995 and replaced a drawbridge that had been in service since the 1960s. The Clearwater Pass 

bridge has a vertical clearance of 74 ft and as such eliminates the need for drawbridge functionality. 

The bridge is 2520 ft long and stands on 22 piers. These piers are supported by drilled shafts of 3 

and 6 ft in diameter (Table 10.4).   
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Table 10.4 Clearwater Pass Bridge. 

     Bridge Name 

Clearwater Pass 

Bridge 

Bridge Number 155522 

Year Built 1995 

Slurry Type Natural 

Shaft Diameters 3 ft, 6 ft 

 

The underwater inspection report from 2017 indicates that the scour has exposed the concrete 

surface below the casing on 12 shafts. The depth of exposure varies from 7 to 42 inches. The 

concrete is noted as “irregular with no exposed steel.” This bridge was constructed using natural 

slurry, but the concrete irregularities may still warrant field verification. Based on review of the 

information provided for this bridge, further on-site evaluation was warranted. 

 

 

Figure 10.5 Bridge Number 155522 (Clearwater Pass Bridge) plan and elevation images 

 

 Fuller Warren Bridge 

The Fuller Warren Bridge (Figure 10.6) is a prestressed concrete girder structure that carries 

interstate 95 across the St. Johns River. This bridge, which became fully operational in 2002, was 

built to replace the deteriorating steel bascule bridge that opened in 1954. The steel bridge 

remained in place, though out of service, until it was demolished with explosives in 2007. The new 
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structure retains the namesake of former Florida Governor Fuller Warren, is eight lanes wide, 

7,500 ft long, and has a 75-ft vertical clearance at midspan.  

 

Table 10.5 Fuller Warren Bridge Sections. 

Bridge 1 720154 

Detour over college street 720158 

Bridge 2 720627 

Ramp C Bridge 720628 

Bridge 3 720629 

Bridge 4 720630 

Ramp F Bridge 720631 

Ramp E Bridge 720632 

Ramp D Bridge 720633 

Ramp I Bridge 720645 

 

The plans for the Fuller Warren Bridge were divided into 10 parts, each corresponding to a 

different bridge section. Each bridge section has a unique bridge ID number. The main span is 

labeled as Bridge #3 in the plans but corresponds to bridge ID 720629. The full list of bridge labels 

and numbers are given in Table 10.5.  Based on initial information, the plans were only requested 

for bridges 720627, 720628 and 720633, which correspond to Bridge 2, Ramp C Bridge, and Ramp 

D Bridge, respectively. These three plan sets show a total of 44 drilled shafts in the water ranging 

from 3 to 6 ft in diameter (Table 10.6). The inspection reports indicate that these shafts are all fully 

cased. Information on the other seven bridges may provide further illumination regarding the 

drilled shafts in the main span; of particular interest is 720629, Bridge 3. Information provided for 

this bridge at that time was deemed insufficient or inappropriate to warrant further on-site 

evaluation. 

 

Table 10.6 Fuller Warren Bridge. 

      Bridge Name Fuller Warren 

Bridge Number 

See Table 

10.5 

Year Built 2002 

Slurry Type Natural 

Shaft Diameters 3 ft, 4 ft, 6 ft 
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Figure 10.6 Bridge Number 720629 (main) (Fuller Warren Bridge) plan and elevation images. 

 

 Gandy Bridge 

The Gandy Bridge corridor is the first major water crossing between Hillsborough and Pinellas 

counties in Old Tampa Bay. The corridor, stretching 2.4 miles, has been the site for four bridges 

dating back to 1924 when the first two-lane low-level draw bridge was built. In 1956, a second 

bridge, which carried westbound traffic, was built to the north of the original bridge, which carried 

two eastbound lanes. In 1975, the third Gandy Bridge was opened to the south of the 1924 bridge 

and took over east bound traffic. In 1996 the fourth bridge (Figure 10.7) was opened, which is the 

bridge of interest to this project. It was built on the original alignment of the 1924 bridge that had 

been fully removed. At that time, the 1956 bridge was converted to a pedestrian trail and all west 

bound traffic was routed over the newest bridge. The 1956, 1975 and 1996 bridges were all high-

level (45 ft clearance) with no moving components. Today, the bridge is still part of US 92. 

 

The bridge is technically in FDOT District 7, but was built in 1996 under District 1 oversight prior 

to the creation of District 7. The bridge has 96 spans supported by 97 Piers, 94 of the piers are in 

the water.  Each water pier has a cap-and-column design, where a single hammerhead-type pier 

cap, column, and footing are supported by four drilled shafts with shaft diameters ranging from 4 

ft to 7 ft (Table 10.7), and with both single- and double-concentric steel reinforcing cage 

configurations. All shafts were constructed with natural slurry and a combination of temporary 

and permanent casings.  
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Table 10.7 Gandy Bridge (Westbound). 

     Bridge Name Gandy Bridge (Westbound) 

Bridge Number 100585 

Year Built 1997 

Slurry Type Natural 

Shaft Diameters 4 ft, 6 ft, 7 ft 

 

Inspection records for this bridge are highly detailed, and show which shafts had their casings 

removed and which have voids and/or honeycombing. This is one of the few bridges seen with 

casings removed. Based on review of the information provided for this bridge, further on-site 

evaluation was warranted. 

 

Figure 10.7 Bridge Number 100585 (Gandy Bridge) plan and elevation images. 
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 John Ringing Causeway 

The original bridge was built in 1925 by John Ringling, who owned land on both Lido and 

Longboat keys. Wanting to develop the land in the future, Ringling connected the two keys with 

the mainland. Shortly after, the bridge was donated to the city in 1927. In 1951, the State Road 

Department started to build a four-lane drawbridge which opened in 1959, and the original bridge 

was demolished. The same thing occurred in 2000 and a fixed high-span bridge was completed in 

2003 (Figure 10.8). 
 

John Ringling Causeway has 10 piers and two end bent systems. Each pier has two 9-ft drilled 

shafts (Table 10.8). Each end bent system has a total of four drilled shafts, each with a diameter of 

4 ft. The drilled shafts for this bridge were cast using natural slurry. Review of the most recent 

inspection report indicated that all shafts are still fully cased. Information provided for this bridge 

at that time was deemed insufficient or inappropriate to warrant further on-site evaluation. 
 

Table 10.8 John Ringling Causeway. 

      Bridge Name John Ringling Causeway 

Bridge Number 170176 

Year Built 2003 

Slurry Type Natural 

Shaft Diameters 4 ft, 9 ft 
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Figure 10.8 Bridge Number 170176 (John Ringling Causeway) plan and elevation images. 

 

 Overland Bridge 

The Overland Bridge (Figure 10.9) is the elevated section of I-95 before the split into three bridges 

(the Fuller Warren Bridge, the Acosta Bridge and the Main St. Bridge). This bridge is currently 

under construction and as such, no as- built plans were available. However, as an over-land 

structure there will be no piers in the water, eliminating the possibility for underwater inspection. 

Basic bridge information can be found in Table 10.9. Information provided for this bridge at that 

time was deemed insufficient or inappropriate to warrant further on-site evaluation. 

 

Table 10.9 Overland Bridge. 

      Bridge Name Overland Bridge 

Bridge Number 720627 

Year Built 2017 

Slurry Type Bentonite 

Shaft Diameters unknown 
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Figure 10.9 Bridge Number 720627 (Overland Bridge) plan and perspective images. 

 

 Santa Fe River Bridge 

The Santa Fe River Bridge (Figure 10.10) is located in High Springs, FL on US41/441. Its purpose 

is to carry the highway over the Santa Fe River. The bridge has a length of 369 ft. While it does 

not have any historical significance, this bridge marks the start of a 26-mile paddle-boarding trail 

from High Springs to Bransford at the Suwannee River.  

 

This bridge has two end bent piers and three intermediate piers with shaft diameters of 3 and 5 ft, 

respectively (Table 10.10), and each pier is supported by two shafts. Inspection reports for this 

bridge note honeycombing on columns. Shafts were cast with bentonite slurry (contractor was 

given the choice of casing or bentonite). Based on the river depth profiles, the top of shafts can 

potentially be seen. Based on review of the information provided for this bridge, further on-site 

evaluation was warranted. 
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Table 10.10 Santa Fe River Bridge. 

     Bridge Name Santa Fe River Bridge 

Bridge Number 260112 

Year Built 2002 

Slurry Type Bentonite 

Shaft Diameters 3 ft, 5 ft 

 

 

Figure 10.10 Bridge Number 260112 (Santa Fe River Bridge) plan and elevation images. 

 

 SR-2 Choctawhatchee Bridge 

This bridge carries SR 2 over the Choctawhatchee River (Figure 10.11). It is 2559 ft long and 

holds no historic significance. Review of the plans for this bridge indicate that there are 21 piers 

in the waterway or flood plain. Those piers are supported by 42 drilled shafts 5 ft in diameter 

(Table 10.11). Inspection reports show that this bridge is fully cased. Information provided for this 

bridge at that time was deemed insufficient or inappropriate to warrant further on-site evaluation.  
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Table 10.11 SR2 Choctawhatchee Bridge. 

      Bridge Name SR2 Choctawhatchee Bridge 

Bridge Number 520145 

Year Built 2001 

Slurry Type Natural 

Shaft Diameters 5 ft 

 

 

Figure 10.11 Bridge Number 520145 (SR2 Choctawhatchee Bridge) plan image. 

 

  SR-10 Choctawhatchee Bridge 

Known as the Caryville Bridge or the George L. Dickenson Bridge (Figure 10.12), this bridge was 

constructed in 1927 as an effort to connect Washington and Holmes County.  The original bridge 

had four Warren deck trusses and a double leaf bascule section.  Between 1944 and 1952, the 

bridge underwent a reconfiguration into a fixed deck design that had a wider roadway.  

 

Review of the newer bridge plans indicates that there are 24 piers. Those piers are supported by 

48 drilled shafts, 5 and 6 ft in diameter (Table 10.12). Permanent casing was used during 

installation. Information provided for this bridge at that time was deemed insufficient or 

inappropriate to warrant further on-site evaluation. 

 

Table 10.12 SR10 Choctawhatchee Bridge. 

Bridge Name SR10 Choctawhatchee Bridge 

Bridge Number 520149 

Year Built 2000 

Slurry Type Mineral Slurry 

Shaft Diameters 5 ft, 6 ft 
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Figure 10.12 Bridge Number 520149 (SR10 Choctawhatchee Bridge) plan and elevation images. 

 

  SR-20 Blountstown Bridge. 

The bridge that carries SR20 over the Apalachicola river is commonly known as the Trammel 

Bridge (Figure 10.13), named after the three members of the Trammell family: (1) U.S Senator 

Park M. Trammel; (2) Member of the Florida Legislature John D. Trammell; and (3) Robert D. 

Trammel, a representative of the Blountstown area in the Florida legislature.  These men helped 

either pass legislation that called for the construction of the bridge or were involved in securing 

funding.  The original bridge was opened in 1938 and now carries westbound traffic whereas the 

eastbound span is a concrete high-rise bridge that was opened in 1998.  Interestingly, the ends of 

the bridges do not share the same time zone.  The east end is in the Eastern Time zone and the west 

end is in the Central Time Zone. 
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Review of the plans shows that there are 60 drilled shafts within the waterway or flood plain, four 

of which are in the Apalachicola River. Shafts range in diameter from 5 to 9 ft (Table 10.13). The 

inspection reports received to date do not include the underwater reports. However, the plans 

indicate casing should be removed down to an elevation 30 ft, and as such it is assumed that the 

casings were removed. Based on review of the information provided for this bridge, further on-

site evaluation was warranted. 

 

Table 10.13 SR20 Blountstown Bridge. 

      Bridge Name SR 20 Blountstown 

Bridge Number 470052 

Year Built 1998 

Slurry Type Bentonite 

Shaft Diameters (ft) 5, 6, 7, 9 

 

 

 

Figure 10.13 Bridge Number 470052 (SR20 Blountstown Bridge) plan and elevation images. 
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 SR-61 Lost Creek Bridge 

The Lost Creek Bridge (Figure 10.14) carries state road 61 over Lost Creek.  This bridge is located 

1.2 miles south of Crawfordville, FL.  It has no historical significance.  

 

There are 4 piers within the waterway with a total of 8 drilled shafts 3 ft in diameter (Table 10.14).  

Initial information indicated that the steel casings had been removed from the drilled shafts; 

however, there did not appear to be any water access to perform inspection. Thus, information 

provided for this bridge at that time was deemed insufficient or inappropriate to warrant further 

on-site evaluation. 

 

Table 10.14 SR 61 Lost Creek Bridge. 

Bridge Name SR61 Lost Creek Bridge 

Bridge Number 590048 

Year Built 1991 

Slurry Type Bentonite 

Shaft Diameters 3 ft 

 

 

Figure 10.14 Bridge Number 590048 (Lost Creek Bridge) plan image. 

 

 SR-63 Ochlockonee Bridge  

The Ochlockonee Bridge on US 27 (SR 63) and is located one half mile north of Leon County 

(Figure 10.15). This bridge connects the highway over the Ochlockonee River, hence the name. 

This bridge has no historical significance.  
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The bridge is made up of four main sections each with their own bridge number. The northbound 

bridges are 500124 and 500126. The southbound bridges are 500125 and 500127. The portion of 

this bridge constructed using drilled shafts includes bridges 500124 and 500127.  Review of the 

plans indicates that there are 20 piers within the waterway or flood plain. These piers are supported 

by 40 drilled shafts 3 ft in diameter (Table 10.15). Inspection reports are unclear as to the presence 

of casing on the shafts. Information provided for this bridge at that time was deemed insufficient 

or inappropriate to warrant further on-site evaluation. 

 

Table 10.15 SR63 Ochlockonee Bridge. 

Bridge Name SR 63 Ochlocknee Bridge 

Bridge Number 500124/500127 

Year Built 2001 

Slurry Type Bentonite 

Shaft Diameters 3 ft 

 

 

Figure 10.14 Bridge Numbers 500124/500127 (SR63 Ochlockonee Bridge) plan image. 

 

 Victory Bridge 

The Victory Bridge carries US90 over the wetlands/flood plain west of the Apalachicola River, 

immediately downstream of the Jim Woodruff Dam. The original bridge was built in 1927 and is 

no longer used, having been replaced in 1996 by the high level bridge that is in service currently.  

Review of the construction plans indicates that there are 22 piers, each supported by 2 drilled shafts 

4 ft in diameter (Table 10.16). While inspection reports do not provide sufficient detail to 

determine what is visible, there is no access to the waterway to allow for inspection. Information 

provided for this bridge at that time was deemed insufficient or inappropriate to warrant further 

on-site evaluation. 
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Table 10.16 Victory Bridge. 

     Bridge Name Victory Bridge 

Bridge Number 530111 

Year Built 1996 

Slurry Type Natural 

Shaft Diameters 4 ft 

 

 

Figure 10.16 Bridge Number 530111 (Victory Bridge) plan image. 

 

 Underwater Evaluations 

Of the 14 bridges screened and discussed earlier, five were selected for on-site, underwater 

evaluation. These bridges were selected to represent bridges constructed with bentonite, attapulgite 

and natural slurry types. To be appropriate for this stage, plans, construction records, or inspection 

records had to indicate that the permanent casing (required for over water construction) had been 

removed at least in part, allowing for direct access and visual evaluation. Later, a dive team was 

contracted to remove 3-ft by 3-ft windows of casing, as after initial inspection it was found that 

most shafts were fully-cased with limited, if any, exposed concrete. Thus, casing removal is also 

included in this section per bridge. 

 Gandy Bridge 100585 (US-92 over Old Tampa Bay) 

Drilled shaft construction records (logs) for the Gandy Bridge were not available through the 

normal information request protocol as that type of field record was not deemed important enough 

to store (hard copies). However, load testing reports from Statnamic tests provided the first real 

information about the construction process and were the only drilled shaft construction logs that 
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could be found. These documents revealed that natural slurry was used for construction making 

this an ideal control site.  Only a few shafts were included in the load testing report. Figure 10.17 

shows both the eastbound (pile) and westbound (shaft) Gandy Bridges as well as the diving setup. 

 

 

Figure 10.17 Eastbound and westbound Gandy Bridge (looking west). 

 

For dive inspections, shafts were selected based on the dive inspection reports provided by FDOT 

from Bolt Underwater Services.  Uncased shaft locations were provided, as well as the presence 

of any voids or honeycombing.  Piers with voids and honeycombing were selected in addition to 

piers without deficiencies. Later, to provide a means for observation of the encased concrete 

surfaces and for comparison with concrete surfaces that were not directly exposed to the 

surrounding environment, windows were cut in the casings of selected shafts. Figure 10.18 shows 

the plan view of the eastern portion of the bridge and has the inspected piers circled.  Figure 

10.19(a) shows the drilled shaft numbering protocol, where shafts are labeled 1-4, with 1 being 

NW, 2 SW, 3 NE, and 4 SE.  Figures 10.19 (b) to (d) show the shaft sizes and layouts of 

reinforcement cages used.  More detail can be found in Appendix K.  A summary of piers inspected 

along with their shaft sizes, reinforcement cages, and comments made by the dive inspectors can 

be found in Table 10.17. 
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Figure 10.18 Plan view of eastern portion of Gandy Bridge. The piers that were inspected have 

been circled. 
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                                    (a)                                                                                      (b)     

 
(c) 

 
(d) 

Figure 10.19 (a) Drilled shaft numbering sequence, (b) 4-ft diameter shaft reinforcement cage 

layouts, (c) 6-ft diameter shaft reinforcement cage layouts, (d) 7-ft diameter shaft reinforcement 

cage layout. 
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Table 10.17. Summary of shafts inspected at Gandy Bridge. 

Shaft # Shaft Diameter (ft) Cage Type Diver Comment 

Initial Inspection: Previously cut casing, concrete was cleaned for observation 

71-1 7 Doublea 
Void, 5 in. diameter x 

3 in. deep 

71-4 7 Doublea 
Void, 14 in. H x 14 

in. W x 2 in. D 

84-1 6 Doubleb 
Void, 2 in. H x 9 in. 

W x 2 in. D 

84-2 6 Doubleb 
Void, 2 in. H x 9 in. 

W x 2 in. D 

84-3 6 Doubleb 
8 in. H x 3 in. W x 3 

in. D 

84-4 6 Doubleb 
2 Voids, Up to 14 in. 

H x 5 in. W x 4 in. D 

85 (all) 6 Doubleb N/A 

94 (all, with casing) 4 Singlec N/A 

95-1 4 Singlec 
Void, 32 in. H x 12 

in. W x 2 in. D 

95-2 4 Singlec 
Void, 2 ft H x 18 in. 

W x 3 in. D 

Secondary Inspection: These shafts were selected to have casing removed 

60-2 6 Doubleb Fresh concrete, clean 

60-4 6 Doubleb Fresh concrete, clean 

70-1 7 Doublea 
Fresh concrete, clean 

with small defects 

70-3 7 Doublea 
Fresh concrete, 

uneven surface 

91-2 4 Singlec Fresh concrete, clean 

91-4 4 Singlec Fresh concrete, clean 
aSee Figure 10.19(d) 
bSee Figure 10.19(c)- Type 1 
cSee Figure 10.19(b)- Type 1 

 

Pier 71 (7-ft diameter, double cage) 

Pier 71 contains 7-ft diameter Type 1 shafts (Figure 10.19(d)). Two shafts 71-1 and 71-4 were 

listed as having voids in the dive report, and shaft 71-4 was chosen for cleaning and inspection.  

Unfortunately, no images of the shaft were taken before cleaning; however, it looked similar to 

shaft 84-4 (Figure 10.24), covered in a layer of barnacles. Figure 10.20 shows each side of the 

cleaned portion of the shaft. The 7-ft shafts had small voids in the cleaned concrete surface (Figure 

10.21). Sections of cleaned concrete can be seen up-close in Figure 10.22; note that this concrete 

was the roughest seen on this bridge. Figure 10.23 shows a long crevice in 71-4. 
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Figure 10.20 Shaft 71-4 post-cleaning. 

 

 

Figure 10.21 Close up of a small void on 71-4. 
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Figure 10.22 Cleaned concrete on 71-4, close-up pictures. 

 

 

Figure 10.23 Large void found on the south side of 71-4. 

 

Pier 84 (6-ft diameter, double cage) 

Pier 84 was noted to have voids on all four shafts and contains 6-ft diameter Type 1 reinforced 

shafts (Figure 10.19(c)). Shaft 84-4 was chosen for cleaning and inspection as it was listed as 

having two voids. Figure 10.24 shows 84-4 with a thick layer of barnacles prior to cleaning. This 
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layer is better viewed in Figure 10.25 where the cleaned concrete transitions into the barnacle 

layer. Figures 10.26 and 10.27 show the cleaned portions of the shaft from east and southeast sides. 

It can be seen in these figures that the concrete is not completely smooth. The circled red areas on 

Figure 10.26 represent areas of the cleaned concrete that are filled with barnacles. Therefore the 

6-ft Type 1 shafts seem to experience at least small voids in the concrete. This is suspected to have 

been caused by the double reinforcement cage. Figure 10.28 shows the layers found when cleaning 

the concrete. Consistently throughout the examination of the Gandy shafts, encrustations were 

found consisting of barnacles and miscellaneous plant life/organisms. Upon initial cleaning, 

barnacles were knocked/scraped off and the remnants of the barnacle attachment were then 

removed. Below this layer, a thin black layer was encountered which was difficult to remove. In 

cases of smooth surfaces with no significant voiding, pristine concrete could clearly be seen. 

Rougher surfaces with voids retained the plant life, barnacles and black layer. Except for isolated 

instances, there was no attempt to dig into voids and determine the full depth. 

 

 

Figure 10.24 Shaft 84-4 prior to cleaning. 
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Figure 10.25 Shaft 84-4 partially cleaned, note clean concrete going into layer of barnacles. 

 

 

Figure 10.26 Cleaned portion of 84-4 on the southeast side of the shaft, circled sections indicate 

small voids in concrete filled by barnacles. 
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Figure 10.27 Cleaned portion of 84-4, east side of shaft. 

 

 

Figure 10.28 Layers from barnacles to black unknown layer to concrete. 
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Pier 85 (6-ft diameter, double cage) 

Pier 85 was chosen as an example of a typical 6-ft Type 1 reinforcement cage (Figure 10.19(c)). 

The dive report does not mention this pier as having voids; however, it does state that two of the 

shafts, 85-2 and 85-3, do not have visible casings. Therefore, 85-2 was selected for cleaning and 

inspection.  

 

Unfortunately there is no image of 85-2 before cleaning; however, it looked similar to others 

covered in barnacles (Figure 10.24). While the cleaned section of the shaft overall shows a smooth 

surface (Figure 10.29), there are small crevices. As seen in Figures 10.30 and 10.31, barnacles and 

sea-life fill in these voids. As noted above, the small voids/crevices are believed to have been 

caused by the double reinforcement cage; note this was not observed on the 4-ft diameter, single 

reinforcement cage shafts inspected at Pier 95.  

 

   

Figure 10.29 Shaft 85-2 after cleaning. 

 

   

Figure 10.30 Crevices in 85-2 filled with barnacles. 
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Figure 10.31 Small voids in 85-2 filled with sea-life and barnacles. 

 

Pier 94 (4-ft diameter, single cage, cased and uncased) 

Pier 94 was not mentioned in the diver report, and therefore it was thought to be a good candidate 

to have a casing. Upon initial inspection, it can be difficult to tell if the shaft has a casing or not 

because of the thick layer of barnacles attached to the shaft concrete or its casing. Therefore, shaft 

4 from Pier 94 (94-4) was chosen for cleaning to demonstrate what steel casing looks like versus 

the concrete. Figure 10.32 shows 94-4 prior to cleaning and Figure 10.33 shows 94-4 during 

cleaning. In Figure 10.34 the steel from the casing is visible. As seen from Figure 10.34, there is 

a black layer underneath the encrustation and on top of the steel casing. 

 

 

Figure 10.32 Shaft 94-4 pre-cleaning. 
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Figure 10.33 Shaft 94-4 during cleaning with the grinder. 

 

     

Figure 10.34 Shaft 94-4 after cleaning showing steel casing. 

 

Pier 95 (4-ft diameter, single cage) 

All shafts at Pier 95 are 4 ft in diameter and have a Type 1 reinforcement cage (Figure 10.19b). 

Two shafts, 95-1 and 95-3 on the north side, were chosen for cleaning and inspection on Pier 95 

as the casing had previously been removed. Noted in the diver report, 95-1 had a void 12 in. below 

the footing/seal that is 32 in. H x 12 in. W x 2 in. D. Shaft 95-3 had no known/noted deficiencies.  

 

Shaft 95-1 did have a void as noted, and it was noticeable even prior to cleaning (Figure 10.35). 

This void was substantial; Figure 10.36 shows the void before cleaning, which involved scraping 

barnacles, grinding and/or wire-brushing. A screwdriver was used for reference of void depth, 

which was about 2-3 in. (Figure 10.37). However, on the south (interior) side of the same shaft, 
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the concrete was smooth (Figure 10.39). Figure 10.39 does demonstrate a crease, however this was 

noted to be from casing removal as it was a singular occurrence. The north and south sides of the 

shaft can be seen in Figure 10.38 and 10.39 respectively. It should be noted that while the sides of 

shafts appear to be concave this is from camera lens distortion.  

 

 

Figure 10.35 95-1 prior to cleaning. 
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Figure 10.36 Void on 95-1, this was taken after grinding the shaft and before scraping out the 

barnacles residing in the voids. 

 

 

Figure 10.37 Two-to-three inch void in Shaft 95-1 post-barnacle scraping. 
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(a)                                                                        (b) 

Figure 10.38 (a) View of the north side of 95-1 post-cleaning, (b) zoomed in view of (a). 

 

  

Figure 10.39 (a) South (interior) side of 95-1 post-cleaning, (b) zoomed in view of (a). 

 

Shaft 95-3 was cleaned for comparison as a shaft with no observed problems. Figure 10.40 shows 

95-3 prior to cleaning. Due to the lack of water clarity on the day of inspection it was difficult to 

take a picture of the entire shaft, so sections are presented instead of an overall image. Figure 10.41 

demonstrates a cleaned portion of the shaft. This shaft did not have any noticeable voids like 95-

1. As seen from the cleaned portions the concrete surface was smooth. 
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Figure 10.40 Shaft 95-3 pre-cleaning. 

 

 

Figure 10.41 Shaft 95-3 sections post-cleaning. 

 

Pier 60 (6-ft diameter, double cage) 

Pier 60 contains 6-ft diameter Type 1 reinforced shafts (Figure 10.19(c)) and was selected to have 

two windows of casing removed. This pier was chosen as it had no markings of any prior casing 

removal from the dive reports and could serve as a comparison of fresh concrete to the inspections 

performed on Piers 84 and 85. A map indicating which shafts had casings removed is shown in 

Figure 10.42. While the shafts of Pier 60 have a double reinforcement cage, both windows of 

removed casing showed clean, smooth concrete (Figures 10.43 and 10.44). For comparison, this 

differs from what was noted with piers 84 and 85 after the concrete surface was cleaned.  
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= a window was cut and concrete was noted to be good by the diver 

= a window was cut and concrete was noted to be bad by the diver (pictures included) 

= no window was cut 

Figure 10.42 Pier 60 casing window removal and concrete surface condition map. 
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Figure 10.43 Pier 60 SW shaft (60-2). 
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Figure 10.44 Pier 60 SE shaft (60-4). 

 
 

Pier 70 (7-ft diameter, double cage) 

For comparison to the shafts inspected on Pier 71, Pier 70 was selected for casing removal as it 

also has 7-ft diameter Type 1 shafts (Figure 10.19(d)), however, there was no evidence of previous 

casing removal. Thus, two casing windows were cut and removed on shafts 70-1 and 70-3. This 

revealed the fresh concrete surface, in comparison to one covered by sea life. A map similar to that 

shown for Pier 60 can be viewed in Figure 10.45. Note while shaft 70-1 (Figure 10.46) displayed 

smooth concrete, shaft 70-3 showed a rough surface with light creasing and visible aggregate 

(Figure 10.47). 
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= a window was cut and concrete was noted to be good by the diver 

= a window was cut and concrete was noted to be bad by the diver (pictures included) 

= no window was cut 

Figure 10.45 Pier 70 casing window removal and concrete surface condition map. 
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Figure 10.46 Shaft 70-1. 
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Figure 10.47 Shaft 70-3. 

 

Pier 91 (4-ft diameter, single cage) 

Pier 91 was chosen to have two windows of steel casing removed to inspect the fresh concrete 

surface as there were no notes of previous casing removal. Pier 91 has shafts 4 ft in diameter with 

a Type 1 reinforcement cage (Figure 10.19b). This can be compared with the cleanings and 

observations noted at Piers 94 and 95. Figure 10.48 displays the shaft formation as well as which 

shafts had casing removed and their surface condition upon removal. The legend is displayed at 

the base of Figure 10.48. The blue shading indicates both shafts exhibited ideal, smooth concrete 

surfaces. Figure 10.49 is an indicator of this as it shows a photograph of Shaft 91-2. 

 

 

= a window was cut and concrete was noted to be good by the diver 

= a window was cut and concrete was noted to be bad by the diver (pictures included) 

= no window was cut 

Figure 10.48 Pier 91 casing window removal and concrete surface condition map. 
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Figure 10.49 Shaft 91-2 (SW) immediately after casing window removal. 

 

 Santa Fe River Bridge 260112 (US-441 over the Santa Fe River)  

The Santa Fe River Bridge has three intermediate piers (Figure 10.51), each on two 5-ft shafts 

(Figure 10.50). Two piers were in the river at the time of the on-site review (Figure 10.52). The 

shafts for this bridge were cast using bentonite slurry, making this bridge a good candidate for the 

study. According to the plans, shafts for this bridge terminate very close to the mudline and are 

mono-shaft column structures. However, considering river bottom depth changes after looking at 

the inspection report, it was decided that this bridge yielded potential for investigation. The piers 

were investigated first using a remote-operated vehicle (ROV) (Figure 10.53), then by divers 

(Figure 10.54). While it was expected that only the very top of the shaft would potentially be 

available, on-site inspection revealed depth changes due to scouring were not enough to expose 

the shafts. All four shaft/columns were investigated and only the smaller diameter 3-ft columns 

could be seen (Figure 10.55).  
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Figure 10.50 Intermediate drilled shaft layout 

 

Figure 10.51 Layout for intermediate piers, height of column and shaft approximated as it varies 

by pier. 
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Figure 10.52 Four water column-to-shaft structures. 

 

 

 

Figure 10.53 Remote operated vehicle system used to capture underwater images without divers. 
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Figure 10.54 Diver follow-up to further review column-to-shaft interface. 

 

 

Figure 10.55 One of the columns at the mudline, no exposed shaft available for inspection. 
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 Blountstown Bridge 470052 (SR-20 over Apalachicola River) 

The SR-20 bridge over the Apalachicola River (Figure 10.56), bridge number 470052 built in 1998 

(Figure 10.57), was deemed to be a good inspection candidate as the 9-ft shafts were cast with 

bentonite slurry and the plans noted the casing was to be burned off down to an elevation of 30 ft. 

That meant there should have been at least a portion of exposed shaft for investigation. Figure 

10.58 shows the plan view of Piers 58 and 59 as seen in the plans.  Figure 10.59 highlights the 

strut in the top view and Figure 10.60 best demonstrates the column going into the shaft through 

the section view, as well as the reinforcement layout and where the casing was noted to be burned 

off. At the time of these pictures, clearance was 61 ft and water elevation was 35 ft, making the 

water 17.5 ft deep.    

 

 

Figure 10.56 Main span of the Blountstown Bridge. 

 

       
                             (a)                                                                                      (b) 

 

Figure 10.57 (a) Date the bridge was built, (b) title of bridge and bridge number as seen on bridge. 
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Figure 10.58 Elevation (front) view of Piers 58 and 59 looking east, river flow is to the right. 

 

Figure 10.59 Top view of Piers 58 and 59. 

Current flow 
1 2 
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Figure 10.60 Section view of Piers 58 and 59.  

 

Initial Inspection and Cleaning 

Pier 58 was selected initially for cleaning and inspection. While it was expected that there would 

be exposed shaft, after inspection it was realized that the only portion exposed was from what 

looked like a missing seal slab support collar (Figure 10.61). Rubble on the bottom or river was 

likely to be remnants of the seal slab, and a steel collar was seen around shaft 2. Nevertheless, 

approximately 16-18 inches of uncased shaft was visible. Figure 10.62 is a picture of what the 

exposed portion of shaft looked like prior to cleaning shaft 58-1 (note shafts were labeled 1 and 2 

based on river flow seen in Figure 10.58). Figure 10.63 shows the 58-1 shaft after cleaning. Figure 

10.63 also shows four positions labeled 1-4 corresponding to close-up images taken at those 

locations.  The water clarity was poor and made overview images unhelpful. In all four images of 

Casing must be removed 

to Elev. 30.0 
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Figure 10.63, vertical or horizontal creases were found; image (2) shows both vertical and 

horizontal creases (camera slightly tilted) along with a white patching compound in the center of 

the squares that was not concrete.  

 

Figure 10.61 Front view of Pier 58 with seal slab and observed steel collar around shaft 2. 



257 

 

Figure 10.62 Shaft 58-1 prior to cleaning   
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Figure 10.63 Images demonstrating quilting on Shaft 58-1. Images 1-4 correlate to positions 1-4 

noted at the top of the figure. 

 

Shaft 58-2 showed the same quilting as noted with shaft 58-1 prior to cleaning. This in part was 

based on experience from shaft 58-1. However, this shaft still had a portion of the collar (noted in 

the plans) partially dislodged and precariously leaning against the shaft on the south (downstream) 

side. The collar was seen as a safety hazard, and along with an increasing stream flow/current, 

conditions did not allow for a more thorough initial inspection.  

 

Adjacent Pier 59, test shaft 8 (Figure 10.64) was also inspected. This is a 9-ft diameter out-of-

position shaft south of pier 59 near the main channel.  By visual inspection there was some light 

creasing along the vertical reinforcement (Figure 10.65). Figure 10.66 shows test shaft 8 before 

cleaning; Figure 10.67 shows after cleaning. Again, the creasing is light but it can be seen. Being 

a test shaft, construction sequencing is often not exactly the same as production shafts. This shaft 

had additional longitudinal instrumentation, which compounds concrete flow problems. 
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Figure 10.64 Test Pile adjacent (west) of Pier 59. 

 

 

Figure 10.65 West side of test shaft 8, light creases from vertical reinforcement. 
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Figure 10.66 East side of test shaft 8 pre-cleaning. 

 

 

Figure 10.67 East side of test shaft 8 post-cleaning. 
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Casing Removal 

After initial observations, this bridge was selected for casing removal. The first window of casing 

was removed from shaft 58-2. This first attempt at casing removal (where 58-2 was removed) led 

to all day efforts just for the removal of one casing window as the river level then was 15.86, where 

anything above 17 is considered flooding. On this trip the high river levels proved to be an issue. 

USF’s first visual inspection occurred at a river level of 6.56, where the current was swift, but the 

conditions were workable. Thus, after this the river levels were closely monitored for workable 

conditions (Figure 10.68), which took about 5 months to achieve.  

 

Figure 10.68 Blountstown river levels for 2019. 

 

Once the river level decreased to a workable level, the dive team returned for casing removal. 

Casing windows were removed from each shaft from an upper and a lower portion of the shaft. 

The previous window cut from shaft 58-2 was counted as a top window. Figures 69 to 76 display 

the concrete conditions observed from each cutout window in the casings for shafts 58-1, 58-2, 

59-1, and 59-2, top and bottom, respectively. Every shaft showed a highly degraded concrete 

surface. In most cases the images were taken from video that swept across the shaft at a very close 

distance due to water quality conditions. Figure 10.69 shows a compilation of many images in 

their approximate position estimated from the video speed and closeness. 
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Figure 10.69 Shaft 58-1 casing removed from the upper portion of the shaft (close-up). 

 

 
Figure 10.69 Shaft 58-1 stitched together images showing defects in upper portion of the shaft. 
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Figure 10.70 Shaft 58-1 casing removed from the lower portion of the shaft. 
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Figure 10.70 Shaft 58-1 casing removed from the lower portion of the shaft (continued). 
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Figure 10.70 Shaft 58-1 casing removed from the lower portion of the shaft (continued). 



266 

 

 
Figure 10.71 Images of Shaft 58-2 with the casing removed from the upper portion of the shaft 

demonstrating quilting and poor surface quality . 
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Figure 10.72 Shaft 58-2 with the casing removed from the lower portion of the shaft . 
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Figure 10.73 Shaft 59-1 with the casing removed from the upper portion of the shaft. 
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Figure 10.74 Shaft 59-1 with the casing removed from the lower portion of the shaft. 
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Figure 10.75 Shaft 59-2 with the casing removed from the upper portion of the shaft. 
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Figure 10.76 Shaft 59-2 with the casing removed from the lower portion of the shaft. 
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 Bridge of Lions 780074 (A-1-A over Matanzas River) 

When Bridge of Lions was rehabilitated, shafts were constructed using attapulgite slurry around 

the existing piers and a below-water footing was cast to tie the existing caissons to the new sister 

shafts (Figure 10.79 and 10.80). Figure 10.79 shows the 8-ft diameter casing at the corners of the 

west bascule pier. These shafts were those indicated as possible locations for investigation. Figure 

10.80 shows four 8-ft casings around each of the neighboring piers 13 and 14. 

  

 

Figure 10.79 West Bascule (Pier 15 implied via plans / Pier 11 via inspection report) during 

rehabilitation; image taken from SE side looking NW.  

 

 

Figure 10.80 West Bascule (Pier 15; right), Piers 14 and 13 moving to the left with four 8-ft shaft 

casings shown from south looking north during rehabilitation. 
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Based on dive/inspection reports this bridge was deemed a good candidate for inspection and 

comparison. Inspection note:  

 

“the SW and NW drilled shafts on Pier 10, NE and SE on Pier 11 have larger round 

steel casings extending up from the groundline to within 6 ft of the bottom of the 

footing”  

 

While the plan set never assigns a pier number to the bascule piers (only west or east bascule), the 

inspection report seemed to imply that the west bascule was pier 10 and the east was pier 11, but 

these inspection logs reference pier numbering from the east, which is opposite the plan set. 

Nevertheless, this comment gave confidence that there may be two shafts on the bascule piers 

without casing. Unfortunately, the initial on-site examination, combined with the comment and the 

plan and profile view of the bridge, indicated that the diver was commenting on the shaft that 

transitioned from an 8-ft diameter shaft to a 5-ft diameter column. Much of the confusion stemmed 

from pier numbering differences; this can be seen in Figures 10.81 and 10.82 which show the 

discrepancy between pier numbering from inspection reports and original plan set, respectively. 

Nothing but steel casing was found upon dive investigation of these piers. Therefore, the Bridge 

of Lions (Figure 10.81) also required that casing be removed to view the effects of attapulgite 

slurry.  

 

   

Figure 10.81. Existing main span bascule piers of Bridge of Lions (left); approach spans Pier 14 

closest decreasing in number into the distance (per plan numbering).  
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Figure 10.82 Plans from the inspection report noted as looking south which shows Pier 1 to be 

the east most end bent. 
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Figure 10.83 List of piers as shown in plan set noting west-most abutment to be Pier 1. 

 

Access to some drilling logs from the reconstruction was available, so these logs were compiled 

and inspected to choose the best shafts for casing removal (Table 10.18). Given there was no depth 

profile, the drilling logs were also used to determine the depth of the water for diving purposes. In 

addition to depth, the volume of concrete was also inspected to be aware of any abnormalities. It 

was stated that casing should not be removed from the main piers 15 and 16, thus these shafts were 

eliminated from consideration. Thus, based on depth profile and concrete volume, piers 17 to 19 

were selected for casing window removal.  
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Table 10.18 Summary of shafts from drilling logs cast with Florigel (Attapulgite) during 

reconstruction. 

Pier Shafts 

2 1, 3, 4 

3 1, 2, 3, 4 

4 1, 2, 3, 4 

5 1, 2, 3, 4 

12 2 

13 2, 3, 4 

15 4, 5 

16 1, 2, 3, 4, 5 

17 1, 2, 3, 4 

18 1, 2, 3, 4 

19 1, 2, 3, 4 

20 1, 2 

22 2 

23 2 

25 1, 2, 3, 3B, 4, 4B, 5, 6, 7, 8, 9, 10, 11, 12, 13, 15 

SE Seawall 1, 3 

NE Seawall 2 

E Abutment 2, 14 

SESW 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 16, 18R 

 

In total, 11 of the 12 shafts (indicated by green shading in Table 10.18) were able to have a window 

of casing removed. As it is not specified which shaft is 1 to 4 in correlation with direction, each 

shaft is referenced by geographical location (i.e. NW) from this point forward.  

Pier 17 (6-ft diameter, single cage) 

For Pier 17, all four shafts had a window of casing removed. On this pier, initial inspection showed 

two shafts with clean concrete, and two with issues. A summary of this and the corresponding 

visual inspection notes are seen in Figure 10.84. Figures 10.85 and 10.86 display photographs 

taken of the NW and SW shafts, respectively, showing images of the poor concrete quality. 
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= a window was cut and concrete was noted to be good by the diver 

= a window was cut and concrete was noted to be bad by the diver (pictures included) 

= no window was cut 

Figure 10.84 Pier 17 casing window removal and concrete surface condition map. 

 

 

Figure 10.85 Pier 17 NW shaft concrete quality. 
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Figure 10.86 Pier 17 SW shaft concrete quality. 

 

Pier 18 (6-ft diameter, single cage) 

Pier 18 also had a window of casing removed per shaft. Only the SE shaft displayed poor concrete 

quality, while the other three shafts were noted to have clean concrete surfaces. A summary of this 

and the corresponding visual inspection notes is seen in Figure 10.87. Figure 10.88 displays 

photographs taken of the SE shaft. 
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= a window was cut and concrete was noted to be good by the diver 

= a window was cut and concrete was noted to be bad by the diver (pictures included) 

= no window was cut 

Figure 10.87 Pier 18 casing window removal and concrete surface condition map. 

 

 

Figure 10.88 Pier 18 SE shaft concrete quality. 

 

Pier 19 (6-ft diameter, single cage) 

On Pier 19, only the NW, NE, and SE shafts had a window of casing removed. While the NW 

shaft showed smooth concrete, the NE and SE shafts showed poor concrete surface quality. A 

summary of this and the corresponding visual inspection notes is seen in Figure 10.89. Figures 

10.90 and 10.91 display photographs taken of the NE and SE shafts, respectively. 

 

 

 

SE Shaft 

NW Shaft NE Shaft 

SW Shaft 

Pier 18 

Outflow 

Inflow 
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= a window was cut and concrete was noted to be good by the diver 

= a window was cut and concrete was noted to be bad by the diver (pictures included) 

= no window was cut 

Figure 10.89 Pier 19 casing window removal and concrete surface condition map. 

 

 

Figure 10.90 Pier 19 NE shaft concrete quality. 

Inflow 

Outflow 

NW Shaft NE Shaft 

SW Shaft SE Shaft 

Pier 19 
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Figure 10.91 Pier 19 SE shaft concrete quality. 

 

 Caryville Bridge 520149 (SR-10/US-90 over Choctawhatchee River) 

The Caryville bridge was not initially selected for inspection due to a comment under “drilled shaft 

notes” in the plans that stated there is permanent casing. The bridge was selected for casing 

removal later as it was cast using bentonite slurry. Figures 10.92 and 10.93 display the drilled shaft 

layout of the inspected piers as well as the drilled shaft reinforcement layout, respectively. All 

shafts inspected were 6 ft (1.83 m) in diameter. 
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Figure 10.92 Caryville bridge drilled shaft layout for Piers 12 to 15. 

 

 

Figure 10.93 Drilled shaft reinforcement cage configuration, 6-ft (1.83m) diameter. 

 

Upon initial inspection, mattressing could be seen prior to casing removal as some casing had 

previously been removed above water, Figures 10.94 and 10.95. Additionally, Pier 12 was on the 

river bank, so it was possible to do an above-ground inspection of shafts 12-1 and 12-2 of Pier 12. 

Both shafts 12-1 and 12-2 displayed creases and concrete deficiencies, Figures 10.96 and 10.97 

respectively.  
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Figure 10.94 Overview of the Caryville bridge and drilled shafts; Pier 13 (left), 14 (center), 15 

(right) . 

 

 

Figure 10.95 Drilled shafts displaying mattressing creases. 
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Figure 10.96 Drilled shaft 12-1. 

 

 

Figure 10.97 Drilled shaft 12-2. 

 

Table 10.19 displays the locations of casing removal along with the initial concrete quality 

observed. Only one shaft (13-2) displayed clean concrete; however, on the opposing side, 

mattressing was seen, suggesting the possibility of poor construction. On the creased side of 13-2, 

the crease was noted to start above water and continue the entire length of the shaft. Figures 10.98 

to 10.103 display images from the casing removal inspections of Piers 13, 14, and 15, for shafts 

13-1, 13-2, 14-1, 14-2, 15-1, and 15-2, top and bottom, respectively. 
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Table 10.19. Summary of shafts inspected at Caryville Bridge. 

Pier # Shaft Cut Location Concrete Quality 

13 North Top - Downstream side Poor 

13 North Bottom - Downstream side Poor 

13 South Top - Downstream side Clean 

13 South Top - East side Poor 

13 South Bottom - East side Poor 

14 North Top - Downstream side Poor 

14 North Bottom - East side Poor 

14 South Top - Downstream side Poor 

14 South Bottom - East side Poor 

15 North West side Poor 



286 

 

Figure 10.98 Shaft 13-1 upper casing removed. 
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Figure 10.99 Shaft 13-2 lower casing removed. 
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Figure 10.100 Shaft 14-1 upper casing removed. 
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Figure 10.101 Shaft 14-2 lower casing removed. 
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Figure 10.102 Shaft 15-1 upper casing had already been removed. 
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Figure 10.103 Shaft 15-2 lower casing removed. 
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 Chapter Summary 

The goal of this Task was to identify the effects of slurry type on shaft surface roughness, void 

volume, and cover quality. The premise of the approach was that overwater bridges supported by 

shafts will have some portion of the shaft between the mudline and footing that is exposed and 

therefore could be an easy way to reveal and assess the shaft surface. This type of investigation 

was performed in lieu of excavations beside on-land shafts or footings to expose the shaft side 

surface. To be a viable method/approach, the exposed underwater portion of a shaft must be free 

of casing, which is always used to provide formwork in the water up to the footing elevation.  

 

Review of plan sets from fourteen overwater bridges known to have been constructed on shafts 

gave rise to five candidate bridges that coincidentally also incorporated three different slurry types 

(natural, bentonite and attapulgite). On-site investigations of these five bridges were conducted 

using both a remote-operated vehicle that incorporated underwater video, and hands-on diving, 

which included surface cleaning and photography. In addition, investigations of four of the five 

bridges included return visits to cut out windows of casing and examine the surface of the fresh 

concrete. 

 

The four bridges that had casing removed provided valuable information. The Gandy Bridge 

provided a baseline for shafts cast with natural slurry, which was shown to have no detrimental 

effects in laboratory samples (Chapter 3). Additional information was obtained that included the 

effect of varying shaft sizes and reinforcement cage configurations. The SR-20 Blountstown 

Bridge investigation provided information pertaining to the effects of bentonite slurry on tremie-

cast shafts, which had, as shown in the photographs, heavily degraded shaft surfaces. Evaluation 

of the Bridge of Lions shafts indicated that the use of attapulgite slurry resulted in heavily degraded 

surfaces for about 45% of the shafts, which is similar to that noted in laboratory specimens 

(Chapter 3). No usable information was obtained from the US 441 Santa Fe River as the mudline 

elevation rose and the shafts could not be seen, nor could the casings be cut. 

 

Gandy Bridge: Shafts constructed using a single-cage reinforcement with natural slurry exhibited 

pristine concrete surface conditions with virtually no surface voids. In isolated cases, irregularities 

were found that appeared to be in no way associated with quilting. Shafts examined that were 

constructed with concentric double-cage reinforcement yielded more frequent and pronounced 

voids, but again these voids seem to be more random and were not associated with the quilting 

pattern.  

 

Blountstown Bridge: Five out of five shafts in the river portion of the bridge were examined and 

all showed evidence of quilting. These shafts were all cast with bentonite. The quilting pattern was 

so pronounced that the grinder was barely, if at all, able to make a smooth surface in any area.  

 

Bridge of Lions: Five of the eleven casing windows removed revealed damaged concrete surfaces. 

All shafts inspected were cast with attapulgite slurry. Some of the concrete surfaces show a quilting 

pattern that is less pronounced than what is seen with bentonite. 

 

Caryville Bridge: Six out of six in-river shafts showed signs of mattressing distress, typical for use 

of bentonite slurry found in this study. Other shafts investigated, in the flood plain but out of the 

water, all showed the same distress. All shafts showed concrete deficiencies.  
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A surprising discovery from diving both fresh and salt water bridges was that pitting in the steel 

casing was much worse in fresh water (Figure 10.104) when compared to salt water. The bridges 

compared, Gandy and Blountstown, were almost the same age, built in 1996 and 1998, 

respectively. Figure 10.104 shows pronounced pitting corrosion at Blountstown and very little 

visible pitting in the Gandy casings. When preparing the surface of the Gandy shafts, a thin, black, 

presumably organic layer was found that was difficult to remove (Figure 10.104 and 10.105). This 

layer was hypothesized to be a layer of anaerobic decay from the barnacles and sea-growth, which 

would be an oxygen barrier and may slow or prevent corrosion. Discussions with the USF 

Department of Integrative Biology confirmed similar observations of a black layer under oyster 

and barnacle growth. Some consideration will be given to promoting encrusted surfaces that would 

be beneficial to both concrete and steel surfaces under these conditions. While the Bridge of Lions 

casing was heavily encrusted, no data or observations were collected which could have provided 

insight into the effect of east coast marine conditions on corrosion. 

 

    

Figure 10.104. Pitting corrosion in freshwater (left); very little pitting in marine environment 

(right). 

 

    

Figure 10.105 Black organic layer beneath barnacle growth: on steel casing (left), on concrete 

(right). 
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In summary, there are several observations that can be made: 

 While it would have been ideal to have more inspections for comparison, quilting was 

found as expected in bentonite-constructed shafts. 

 Shafts constructed with natural slurry (water) were largely in pristine condition. 

 Single-cage reinforcement led to fewer voids and defects than double-cage reinforcement. 

 Pitting in steel casing was worse in fresh water without encrusted organism growth. 

 While casing does not appear to have an adverse effect on shaft performance, it does not 

eliminate the presence of quilting within the casing.  These areas are just as vulnerable to 

corrosion as those without the casing. 

 Drilled shaft concrete surface quality was evaluated by examination of overwater bridges, 

but very few examples were found without casing.  However, shafts without casing are in 

abundance for land piers, where cover quality is highly likely to be compromised.  

 

 

Underwater evaluations of shaft surface quality/roughness was performed using subjective visual 

methods.  

 

Despite overwhelming support and assistance from FDOT district maintenance personnel, the 

simple approach to review shafts underwater (without excavation) revealed the following 

shortcomings:  

(1) The state bridge inventory database does not note the foundation element type (shaft or 

pile), which made personal recollections the only first round screening tool,  

(2) Diver inspector reports are scarce, and if included, are non-descriptive, inconsistent, and 

devoid of engineering terminology, 

(3) Biennial inspection reports in today’s era of databases and associated querying tools should 

be far more comprehensive and searchable. It is assumed that biennial inspections are 

privatized, performed by consultants that could change periodically. As a result, the 

continuity required to make decisions in-the-field pertaining to points of concern or interest 

is limited without a chronologically-organized inspection list for each element, not just the 

overall reports. 

(4) Construction logs/records were understandably more poorly archived 20 years ago when 

the Gandy and Blountstown bridges were built, but more recently constructed bridges like 

the Bridge of Lions (completed 2010) should have very accurate and highly accessible 

information/records.  

(5) All inspection reports should be in the same format statewide, and it would be implicit that 

the dive reports would be appended to each overall inspection report, especially when there 

is something found of concern. For instance, the Blountstown bridge during the October, 

2011 inspection would have had a water level elevation around 28 ft (based on that date 

and the USACoE historical water level records); this means that the underwater issues 

found between 30 and 31 ft in this report would have been exposed and easily visible, 

including the dislodged steel collar on shaft 58-2. Perhaps this information exists 

somewhere, but it was not made available to the researchers. 
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Figure 10.106 Apalachicola River level at time of inspection (circled); historical values from 

October 2017 are boxed (http://water.sam.usace.army.mil/acfframe.htm). 
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11. Chapter Eleven: Newton Labs Underwater 3D Scanner  

 

Chapter 9 outlined the use of the Artec Eva 3D scanner used to create detailed 3D models of the 

concrete surfaces of lab-cast specimens. Recall, the 3D data point clouds were reduced from 

several million data points to one or two million data points and then imported into AutoCAD 

Civil3D. A one square foot representative section was used in which the void volume per square 

foot was determined. This void volume was then used to draw conclusions about the concrete 

cover quality of these test shafts. The next step was to obtain cover quality information of drilled 

shafts in the field. For this, 3D models of the shaft surface were needed. However, since the 

sections of interest are underwater, a new method of scanning needed to be used. The Newton 

Labs M3200UW underwater laser scanner was used to create these 3D models. 

 

Four bridges were selected to use void volume determination as a means to quantify concrete cover 

quality: (1) Gandy Bridge (100585), (2) Caryville Bridge, SR10/US90 over Choctawhatchee River 

(520149), (3) Blountstown Bridge, SR20 over the Apalachicola River (470052), and (4) the Bridge 

of Lions (780074). These bridges were selected based on their respective construction method and 

the information gained from previous dive inspections. Since the sections of interest are behind 

steel casings, each bridge needed to have a 3-foot by 3-foot section of steel casing burned off to 

expose the concrete surface of the drilled shafts. Digital scanning of these regions was the focus 

of the efforts discussed in this Chapter. 

 Scanner Description 

The Newton Labs M3200UW is a completely submersible underwater scanner rated for a depth of 

3200 meters. The underwater scanner has a laser and a high-resolution optical camera, seen in 

Figure 11.1, in order to create 3D surface models of the concrete surface. 

 

 

Figure 11.1 Newton M3200UW Underwater Scanner 
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The underwater scanner uses optical triangulation to construct 3D models. The laser creates a beam 

across the shaft surface, this beam is then reflected to a high-resolution digital camera. As the beam 

sweeps across the concrete shaft surface, the camera detects the location of the beam. Algorithms 

are then used to correlate this deformation to depth changes on the concrete surface. The scanner 

has a sub-millimeter accuracy, which is needed to accurately conduct void volume determination. 

Figure 11.2 shows the scanner line while in use. 

 

 

Figure 11.2 Newton M3200UW Laser Line 

The scanner system has two main components, the underwater scanner and the surface computer. 

The underwater scanner contains the high-resolution optical camera and the laser. This device will 

be securely mounted to the underwater cutout of the steel casing, between 2 and 4 feet away from 

the concrete surface. The underwater scanner will be used at a depth of 3-5 meters. 

 

The surface computer, seen in Figure 11.3, is a standard desktop computer in a protective case 

with a Linux operating system. The computer has specialized software to receive and interpret the 

data being sent from the underwater scanner. This software is provided by Newton Labs. The two 

components, the underwater scanner and surface computer, are connected by a 300-foot cable.  
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Figure 11.3 Newton Underwater Scanner Surface Computer 

 Scanner Usage 

Using the Newton Labs M3200UW underwater scanner requires careful preparation to capture 

high-quality 3D scan data. When bringing the underwater scanner out into the field, two boats are 

securely tied up to the shaft being scanned. One boat contains all of the scanning equipment while 

the other boat carries all of the diving equipment. 

 

Two divers clean the exposed concrete surface where the section of steel casing has been removed. 

The scanner, attached to the aluminum frame, is then lower into the water using a boat-mounted 

crane, seen in Figure 11.4. The divers secure the aluminum frame to the shaft by running two 

ratchet straps around the shaft and tying them to the sides of the aluminum frame. 
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Figure 11.4 Underwater Scanner Mounted to Aluminum Frame 

 Concrete Surface Preparation 

The first component of successful underwater scanning is proper concrete surface preparation. 

Since most of the concrete shafts being scanned are in saltwater environments, barnacles are prone 

to cover the target concrete surface. Before every scan, the surface needs to be thoroughly cleaned 

to remove all barnacles and expose the concrete. A scraper was used to remove the bulk of growth 

followed by a 3000 psi power washer, seen in Figure 11.5. This removed any loose particles, 

sediment, or other build up that might have filled the voids present in the concrete surface. Since 

void volume is being used to quantify concrete cover quality, all non-concrete material needs to 

be removed. 
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Figure 11.5 Pressure Washing Shaft Surface 

 Mounting the Scanner 

It is extremely important that the underwater scanner remains completely still while scanning. Any 

vibration or movement will change the distance between the scanner and concrete shaft surface. 

This will correlate to a change in surface depth that does not exist. In order to mount the scanner 

firmly to the concrete shaft, an aluminum frame was constructed. The frame is 4 feet on every side, 

with a smaller inlaid frame to mount the underwater scanner, seen in Figure 11.6. This inlaid frame 

can slide forward and backward to adjust the distance between the shaft surface and the scanner. 

With murky water, the ability to change the distance between the scanner and surface is important. 

The laser light diffracts less with a shorter distance to travel. 

 

The underwater laser scanner has four threaded inserts in a rectangular bolt pattern on the back. A 

rectangular aluminum plate is bolted into these threaded inserts. This plate is then bolted directly 

onto the inlaid frame. The aluminum frame is strapped to the drilled shaft using two large ratchet 

straps, also seen in Figure 11.6. One strap is placed at the top and the other at the bottom of the 

aluminum frame. 
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Figure 11.6 Top Down View of Aluminum Frame Mounted to Shaft Surface 

 Water Filtration 

In order to achieve high quality 3D scans from the underwater scanner, the water between the 

scanner and the concrete surface needs to be as clean as possible. Any particulates in the water can 

diffract the laser light and create noise in the 3D model. This noise will appear as data points 

stretched away from the concrete surface or as bumps on the concrete surface. Thick plastic 

sheeting was wrapped around the scanner to create a seal against the concrete shaft surface. Once 

the aluminum frame was mounted to the shaft surface, this sealed volume of water was then filtered 

with a pond filter. The filter removed most particulates from the water within ten minutes. 

 Ambient Light Reduction 

The underwater scanner uses a visible laser light to create the 3D model of the concrete surface. 

Any ambient sun light will wash out the light from the laser, reducing the quality of the data or 

making data collection impossible. The reduction of ambient sun light is imperative. The thick 

plastic sheeting that was used to create a seal against the shaft will also be painted black to block 

all ambient light from entering the aluminum frame. 
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 Scanner Software 

Newton Labs provides a software to work specifically with the Newton Labs M3200UW 

underwater scanner. The scanner software is run on the Linux-based surface computer. The 

software receives the data from the underwater scanner and creates a .xyz and .ply point cloud file. 

These point cloud files are then transformed into surfaces during post processing. The scanner 

software is used to adjust all scan settings that affect the quality and size of the point cloud files. 

 

The scanner software has two main windows, the user interface and the Linux based console. The 

user interface will allow the user to adjust scan settings, view the live camera image, and export 

completed scan data. The console window shows the current commands being executed by the 

scan software. This console window will display specific error messages that may arise during 

scanning. 

 Connecting the Underwater Scanner 

Connecting the Newton Labs M3200UW underwater scanner is the first step when using the 

scanning software. The 300-ft cable is used to connect the surface computer to the underwater 

scanner. Once properly connected, the head power switch on the surface computer turned on. 

 

With power to the underwater scanner, the scan software can now be connected. Navigate to the 

Settings tab and using the drop-down menu, select Newton Underwater M3200UW. Once selected, 

hit the Connect button. The scanner and computer will go through a set up procedure. The 

underwater scanner will move the laser from the highest to the lowest angle in its scan window. It 

is important to allow the scanner to go through the setup procedure. Once the setup procedure is 

complete, the console window will provide a Success message. 

 User Interface Layout 

It is important to understand the layout of the user interface. As seen in Figure 11.7, the user 

interface is divided into three main sections. The left-hand side is the Live Camera View. This is 

the image that the optical camera is currently seeing. The middle section contains Scan Settings 

used to adjust the quality of the scan. The right-hand side is the Current Image Settings, these will 

be used to create the ideal scan settings. 
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Figure 11.7 Scan Software User Interface 

 

When operating the underwater laser scanner, the operator will start their adjustment in the Current 

Image Settings window. These settings will affect the quality of the image seen in the Live Camera 

View. The operator will adjust these settings until the scan quality is good. Ideal scan settings will 

be discussed in the following sections. Once the ideal settings have been selected, they need to be 

transferred to the Scan Settings window. They can either be entered manually or the operator can 

hit the Use Current button to transfer the corresponding settings. It is important to note that these 

settings will not transfer automatically. 

 Adjusting Scan Settings 

There are many scan settings in the software that can be overwhelming. However, there are only 

a few that affect scan quality The main settings are exposure, gain, threshold, peak/average, and 

scan speed. These setting are under the Scan Settings section, seen in Figure 11.8. 
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Figure 11.8 Main Scan Settings 

 

The exposure is the amount of light the optical camera will take in when scanning. The threshold 

value describes how discriminatory the scanner is to collected data. Each data value seen by the 

optical camera will have a corresponding quality. A higher threshold value raises the minimum 

quality required for the scanner to establish a data point. Lastly, the gain parameter acts as a 

multiplier to the exposure and threshold values, leaving the gain at zero is standard. 

 

In order to see how these settings affect scan quality, check the Laser and Line Finding boxes 

under the Current Image Settings section. In the Live Camera View, the laser will appear as a 

purple line. Adjusting these settings will make the line more or less clear. The line represents the 

amount of data that is collected at that particular laser position. The idea is to adjust these settings 

until the line is as straight and clear as possible. Once a clear line is found, the Position setting is 

used to sweep the laser line up and down on the target surface. Moving the laser line to various 

positions within the scanning range, adjust the scan settings accordingly to create a clear line over 

the entire scan area. These ideal scan settings are then transferred to the Scan Settings section of 

the user interface by using the Use Current button or manually entering them. 
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 Running a Scan 

The Start Angle and End Angle settings under the Scan Settings are used to specify the scan area. 

Below is the Scan Speed setting. A lower scan speed will yield more data points. The scan speed 

is set to 0.005, as seen in Figure 11.9. 

 

 

Figure 11.9 Scan Range and Speed 

 

Once the scan range and speed are specified, the save directory is set, and the scan is started using 

the Record button, seen in Figure 11.9. 

 Post Processing 

The .xyz and .ply point cloud files can be found in the directory specified in the scan settings. 

These point cloud files are then imported into MeshLab. MeshLab is a free software used to view 

and modify 3D triangular meshes. While MeshLab will not provide quantitative data of the 

scanned concrete surface, it is a good tool to quickly process data in the field. MeshLab provides 

a first impression of the data in the field to ensure the scan settings are producing a high-quality 

scan. The point cloud file is imported by going to File – Import Mesh, seen in Figure 11.10. 
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Figure 11.10 Importing a Point Cloud File into MeshLab 

 

The imported point cloud resembles the shaft surface being scanned, as seen in Figure 11.11. The 

crease that strikes across the surface is a welding crease from the previously removed steel casing. 

 

 

Figure 11.11 Raw Imported Point Cloud Data 
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The normals for the point cloud are then computed. The normals are vectors perpendicular to the 

predicted surface. MeshLab uses a specified number of surrounding points for each point to create 

that point’s normal vector. These normal vectors will then be used to create a surface mesh. To 

compute the normals, go to Filters – Point Set – Compute Normals for Point Sets, as seen in Figure 

11.12. 

 

 

Figure 11.12 Computing Normals for the Point Set 

 

In the Compute Normals for Point Sets window, the number of neighbors is selected as sixteen. 

This is the number of neighboring points used to create each perpendicular vector. The Flip 

Normals w.r.t Viewpoint option is also selected, seen in Figure 11.13. This will make the front of 

the surface face the user when the surface mesh is created. 
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Figure 11.13 Computing Normals Settings 

 

The surface is created using the Screen Poisson Surface Reconstruction algorithm. Navigate to 

Filters – Remeshing, Simplification, and Reconstruction – Screen Poisson Surface Reconstruction. 

The Reconstruction Depth is set to 12, the Adaptive Octree Depth to 8, and the Scale Factor to 1. 

The Pre-Clean option is also selected, seen in Figure 11.14. 
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Figure 11.14 Screen Poisson Surface Reconstruction 

 

Figure 11.15 shows the completed surface model generated in MeshLab. The shaft surface was 

relatively smooth with a large welding crease seen diagonally across the surface. This method of 

validating scanning settings and checking scan quality has proven quick and effective in the field. 
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Figure 11.15 Completed Surface Model 

 

The completed surface model is seen in Figure 11.15. This surface is visually compared to the 

physical surface being scanned to verify the scanner is correctly representing the concrete surface. 

 Sample Scans 

The Newton underwater scanner has been tested extensively to better understand the best scan 

settings and the best environment for high quality scans. This section focuses on illustrating the 

capabilities of the underwater scanner. Before taking the scanner in the field, calibration scans, 

seen in Figures 11.16 and 11.17, were created to ensure the scanner was creating smooth 3D 

surface models. Figures 11.18-11.29 show scans of selected field and lab shaft surfaces. 
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Figure 11.16 Smooth Surface Calibration Scan 

 

 

Figure 11.17 Smooth Surface with Minor Imperfections Calibration Scan 
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Figure 11.18 Gandy Pier 5 South Corner Pile Raw Scan Data 1 

 

Figure 11.19 Gandy Pier 5 South Corner Pile Raw Scan Data 2 
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Figure 11.20 Gandy Pier 5 South Corner Pile Raw Scan Data 3 

 

Figure 11.21 Gandy Pier 5 South Corner Pile Raw Scan Data 4 
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Figure 11.22 Bentonite-Cast Lab Shaft Raw Scan Data 1

 

Figure 11.23 Bentonite-Cast Lab Shaft Raw Scan Data 
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Figure 11.24 Digital scan of Pier 13, Shaft 1 (south) Caryville Bridge. 

 



316 

 

 

Figure 11.25 Digital scan of Pier 13, Shaft 2 (north) Caryville Bridge. 
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Figure 11.26 Digital scan of Pier 14, Shaft 1 Caryville Bridge. 
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Figure 11.27 Digital scan of Pier 14, Shaft 2 Caryville Bridge. 
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Figure 11.28 Digital scan of Pier 59N, Blountstown Bridge. 

 

   

Figure 11.29 Digital scans of Pier 59S, Blountstown Bridge. 
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 Chapter Summary 

Understanding the connection between void volume and concrete cover quality is an important 

part in discussing drilled shaft construction methods. Using the Artec Eva 3D structured light 

scanner, the void volumes of lab specimens were determined. The Newton Labs underwater 

scanner allows the creation of 3D surface models from drilled shafts in real bridge foundations. 

These models were then processed to create 3D surfaces that illustrate the potential of this 

underwater scanner for collecting further void volume data. 
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12. Chapter Twelve: Discussion 

 

The general school of thought in construction is that if all quality control and best management 

practices have been followed, the finished results will meet the design intention. In many instances 

this logic holds true; however, drilled shaft construction is primarily completed both underground 

and underwater which holds a certain level of uncertainty. The research presented herein emerged 

from the initial recognition that current construction methods and materials may be having 

negative effects on the durability and performance of drilled shafts that have heretofore gone 

unnoticed.  

 

At the root of this issue, is a misconception as to how concrete flows in a tremie-placed, slurry 

displacing excavation. Recalling from Chapter one, Figure 12.1 demonstrates the comparison 

between the idealized concrete flow, rising in a single laminar lift and actual concrete flow that 

builds up inside the reinforcement cage before pushing horizontally into the cover region. As the  

 

 

Figure 12.1 Comparison of idealized flow with observed (Mullins, 2005) 

 

concrete travels through and around the reinforcement, support fluid becomes trapped as 

substantiated in Chapter three (Figure 12.2). This trapped fluid coats the reinforcement, 

compromises the cover region, and creates direct pathways for the transmission of environmental 
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chlorides to the reinforcing steel. These pathways are reflected on the surface of the finished shaft 

and became the impetus for many of the experimental procedures detailed previously.  

 

 

Figure 12.2 Concrete flow through reinforcing steel. 

 

In order to encompass all of the impacts that arise throughout the concreting process, logic dictates 

beginning in the core of the shaft and working horizontally toward the finished shaft surface 

following the concrete flow.  

 

 Bond Strength  

As the concrete leaves the tremie and pushes horizontally through the reinforcement, a layer of 

support fluid becomes trapped, coating the surface of the steel. The surface condition of the 

reinforcement bars is known to have an impact on pullout capacities as ACI 318-14, ACI 408R-

03, and AASHTO equations for development length all provide modification factors for epoxy 

coated bars, ranging from 1.2 to 1.5, depending on the cage spacing and the cover dimensions. 

ACI 408R-03 explicitly discusses reinforcement surface condition, specifically bar cleanliness and 

epoxy coatings. Under bar cleanliness ACI 408R-03 states, “To prevent a reduction in the bond 

strength, ACI 318 requires that reinforcement must be free of mud, oil, and other nonmetallic 

coatings that decrease bond strength” (ACI Committee 408, 2003). However while this is stated, 

the only modification factors noted are for epoxy coating, with none stated for drilling fluid, which 

can leave a coating or residue on the reinforcement (Figure 12.3).  
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Figure 12.3 Bentonite coating on reinforcement and trapped around tie-wire.  

 

Even under ideal concrete flow conditions, slurry becomes trapped along the topside of deformed 

rebar (Jones and Holt, 2004). However, in tremie-placed conditions the concrete flow is far from 

ideal as the concrete flows radially around the reinforcement, further encapsulating a layer of slurry 

on the bars and forming laitance creases. Ignoring the already accepted issues associated with 

concrete flow and cover, these laitance creases also cause a reduction in pullout capacity.  

Given that a decrease in pullout capacity has been found for bentonite and polymer casting 

conditions when compared to water (control), this chapter discusses the recommendation of a 

slurry modification factor similar to that currently in place for epoxy-coated bars. Recommended 

slurry modification factors are proposed based on the results of all data collected, and not by 

viscosity (for bentonite) or manufacturer (for polymer), as seen in Chapter five. 

 Considerations for ACI 318-14 

Based on the data analyzed, it is apparent that there is a decrease in reinforcement bond capacity 

and increase in data variability when slurry is present. There were two methodologies for ACI 318 

that involved using or ignoring the (𝑐𝑏 + 𝐾𝑡𝑟)/𝑑𝑏 term limitation. If the limitation was not used, 

resistance factors must be used to attain the desired reliability index of 3.5 for all casting 

conditions, Table 12.1. Recall that ∅𝑑 is used for development length and ∅𝑏 for bond strength as 

presented by Darwin et al. 1998. 

 

Table 12.1 Effective strength reduction factor for all casting conditions for ACI 318-14 (no 2.5 

limit). 

Slurry Type Water Polymer Bentonite Dry 

∅𝑑 0.74 0.48 0.37 0.72 
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When incorporating the (𝑐𝑏 + 𝐾𝑡𝑟)/𝑑𝑏 term limitation (of 2.5) and applying the same resistance 

factor concept, it was found that calculated values for water casting conditions (used as the control 

because data for dry conditions was unavailable) are exceedingly conservative, yielding a 

resistance factor of 1.795, negating the need for a resistance factor. Polymer slurries on average 

also proved to be more conservative than necessary, with a resistance factor of 1.171 and failure 

ratio of 1 in 24390. However, while water and polymer slurries were conservative, bentonite 

casting conditions were found to be below the acceptable level of reliability with a failure ratio of 

1:1642 and resistance factor of 0.919. A visual depiction of the associated levels of conservatism 

is seen in Figure 12.4, which displays the Monte Carlo simulations for water, bentonite, and 

polymer; where anything below the 1:1 line dictates a failure.  

 

 

Figure 12.4 From left to right: water, polymer, and bentonite Monte Carlo simulations using the 

2.5 limit. 

 

Bentonite slurry is most concerning as it does not meet the desired level of reliability; however, 

there is a significant gap between the level of conservatism found for water conditions and that 

determined for polymer slurry. In order to produce the same level of conservatism, and thus 

reliability, for all casting conditions, development length modification factors (𝛹𝑠𝑙𝑢𝑟𝑟𝑦) were 

developed through the resistance factors determined from the level of reliability method, Monte 

Carlo simulations, and an alternate method using Equation 7, where  𝛹𝑠𝑙𝑢𝑟𝑟𝑦 = 𝑙𝑑 𝑠𝑙𝑢𝑟𝑟𝑦 𝑙𝑑 𝑑𝑟𝑦⁄  

(Equation 30) which then further simplifies to ∅𝑑 𝑑𝑟𝑦 / ∅𝑑 𝑠𝑙𝑢𝑟𝑟𝑦, shown below where x is all 

variables aside from ∅𝑑.   

 

𝑙𝑑 = (
3

40

𝑓𝑦

𝜆∅𝑑√𝑓𝑐
′

𝛹𝑡𝛹𝑒𝛹𝑠

(
𝑐𝑏 + 𝐾𝑡𝑟

𝑑𝑏
)

) 𝑑𝑏 = 𝑥/∅𝑑 

 

Thus,  
𝑙𝑑 𝑠𝑙𝑢𝑟𝑟𝑦

𝑙𝑑 𝑑𝑟𝑦
=

𝑥/∅𝑑 𝑠𝑙𝑢𝑟𝑟𝑦

𝑥/∅𝑑 𝑑𝑟𝑦
=

∅𝑑 𝑑𝑟𝑦

∅𝑑 𝑠𝑙𝑢𝑟𝑟𝑦
                                        (Eq. 12.1) 
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While Equation 12.1 states for ∅𝑑 𝑑𝑟𝑦 to be used as the control, natural slurry (water) conditions 

were used for the data generated utilizing the splitting failure limitation as no dry data was 

available. To make the level of conservatism equivalent, slurry modification factors were 

generated for both bentonite and polymer slurries of 1.95 (1.975/0.919) and 1.53 (1.975/1.171), 

respectively. 

 

Without using the limitation, the initial resistance factors found in Table 4.4, produce slurry 

modification factors of 0.97, 1.90, and 1.49 for water, bentonite, and polymer, respectively, in 

relation to dry conditions. In order to achieve the desired level of reliability with no (𝑐𝑏 + 𝐾𝑡𝑟)/𝑑𝑏 

limitation, the slurry modification factor must be used in conjunction with the resistance factor for 

dry conditions. Otherwise, the modification factor can be disregarded and the resistance factor for 

the specific casting condition from Table 4.4 may be used.     

 

Interestingly, using two different equation conditions yielded almost identical slurry modification 

factors. The small difference is most likely due to the change in control conditions. When the same 

resistance factor ratio (∅𝑑𝑟𝑦 / ∅𝑠𝑙𝑢𝑟𝑟𝑦) is used, and the dry factor is replaced by that for water, the 

slurry modification factors for bentonite and polymer become 1.95 and 1.53, respectively, identical 

to that found when utilizing the splitting failure limitation. Thus, if these values were to be 

compared using dry conditions instead of water, a subtle decrease in the modification value would 

be expected, based on this data.  

 

It should be noted, that the resistance factors were calculated using the worst-case limitation value 

of 2.5. ACI 318-14 provides a table with a simplified equations (Table 5.1) where the (𝑐𝑏 +
𝐾𝑡𝑟)/𝑑𝑏  term is set to either 1.5 or 1, depending on the spacing and cover conditions. When a 

value of 1.5 or 1 is used all casting conditions meet the failure ratio of 0:1,000,000 except for 

bentonite slurry, which results in a 1:1,000,000 failure ratio for a value of 1.5. 

 Considerations for ACI 408R-03 

While analyzed similarly, there is quite a discrepancy between ACI 318-14 and ACI 408R-03 in 

how the limitation impacts reliability. While using the (𝑐𝑏 + 𝐾𝑡𝑟)/𝑑𝑏 limitation for ACI 318-14 

makes the reliability overly conservative, the same limitation for ACI 408R-03 does not have this 

effect. Only when resistance factors were calculated for bias values utilizing the 4.0 limitation and 

applied to the test data did the failure ratios meet the desired reliability index. Thus, when using 

or disregarding the limitation for splitting failure, for ACI 408R-03 a resistance factor must be 

used. Table 12.2 shows bond resistance factors that may be used for various values of this 

limitation, dry conditions have been excluded.  
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Table 12.2 Bond resistance factors (∅𝑏) for varying casting conditions for various limitation 

values. 

Limitation Applied Water Bentonite Polymer 

None 0.677 0.441 0.418 

4.0 0.707 0.449 0.434 

2.5 0.826 0.547 0.512 

1.5 0.923 0.624 0.581 

1.0 0.976 0.660 0.624 

 

ACI 408R-03 recommends using a value of 0.82 for ∅𝑑 based on ∅𝑏/0.9 and applies this to 

Equation 5.20.  While utilizing individual resistance factors as noted in Table 5.1 is one method 

of attaining the desired level of reliability, slurry modification factors could alternatively be used 

in conjunction with the 0.82 resistance factor (i.e. Equation 5.20). Due to the formulation of 

Equation 20, the simple resistance factor ratio used for ACI 318-14 is not applicable. Thus instead 

Table 12.3 was formed computing the development length multiplier (𝑙𝑑 𝑠𝑙𝑢𝑟𝑟𝑦 𝑙𝑑 𝑑𝑟𝑦⁄ ) for water, 

bentonite, and polymer slurries based on concrete compressive strength. This table was generated 

using resistance factors generated with no (𝑐𝑏 + 𝐾𝑡𝑟)/𝑑𝑏 limitation; however, slurry factors stay 

the same regardless of the limitation used. Water conditions show a general multiplier of 1.1, which 

can be applied to all concrete strengths; however, bentonite and polymer slurries range from 1.9 

to 2.0 and 2.0 to 2.1, respectively as concrete strength rises. The use of these proposed slurry 

modification factors will allow slurry-coated reinforcement to achieve the desired level of 

reliability.  

 

Table 12.3 Development length multipliers for ACI 408R-03. 

f’c (psi) Water Bentonite Polymer 

3000 1.1 1.9 2.0 

4000 1.1 1.9 2.0 

5000 1.1 1.9 2.1 

6000 1.1 1.9 2.1 

8000 1.1 2.0 2.1 

10,000 1.1 2.0 2.1 

 

 Electrochemical Evaluation 

As the outward flowing concrete is cleaved by the reinforcement, it rejoins in the cover region 

leaving a crease and creating a direct pathway to the surface of steel, negating the protective 

qualities of the concrete cover and opening up the system to increased potential for corrosion. Two 

sets of half-cell potential readings were taken on all shaft specimens over a timeframe of 2 months 

to 6 years after casting. The average E50 potential values for all water, polymer, and bentonite 

specimens were -264, -280, and -365mV, respectively. This confirms corrosion protection for 

water-cast specimens but highlights the original concerns about the cover quality of bentonite 

shafts, and brings into question the consistency of a polymer-cast shaft. Seventy percent of all 

bentonite specimens exhibited E50 surface potentials below the -350mV corrosion threshold, and 
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84% of bentonite samples exhibited localized critical potential values (Emin) somewhere in the 

measured data field. Viscosity is commonly perceived as the controlled parameter for support 

fluids, with the intention that if a viscosity remains within a specified range, the material is suitable 

for use. In Figures 12.5 and 12.6, the E50 and Emin values for all subject shafts are plotted versus the 

viscosity of the support fluid.  What becomes apparent is there is no “safe” viscosity range for 

either bentonite or polymer. Readings below the corrosion threshold can be found at all viscosities 

in both plots. This indicates support fluid viscosity is not a controlling parameter for corrosion 

protection, the mere presence of support fluid is enough to compromise durability.  

 

 

Figure 12.5 E50 versus viscosity 
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Figure 12.6 Emin versus viscosity 

 

As noted, two sets of data were collected for each shaft specimen. Figures 12.7 – 12.9 show the 

Emin values plotted versus age of the specimen at the time of testing for bentonite, polymer, and 

water, respectively.  Each fluid showed a worsening trend of -10, -17 and -3 mV/year, respectively. 

The polymer data was further separated by manufacturer but no substantial trend was noted. 

Corrosion is most often expressed in rates. Though this data is too scattered to confidently establish 

a corrosion rate specific to each support fluid, it does confirm corrosion is a function of shaft age 

and support-fluid-cast shafts are corroding at a faster rate than those cast in water.  

 

Figure 12.7 Minimum half-cell potential versus time 
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Figure 12.8 Minimum half-cell potential versus time 

 

Figure 12.9 Minimum half-cell potential versus time 
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 Strength Profiling 

The strength of concrete is determined by several factors, but is it commonly accepted that 

compromised concrete displays lower strength properties than uncompromised concrete. Working 

under the presumption that concrete not only mixes with support fluid in the cover region during 

concreting but that the mixing constitutes a compromised material, a minimum of five strength 

profiles was taken from each of 30 subject shafts using an instrumented drill constructed for that 

purpose. Of those five, two profiles were taken inside the reinforcement cage, two were taken in 

the cover region and one was taken on a vertical crease. The average ratios of concrete strength 

inside the reinforcement cage and in the cover region for bentonite-, polymer-, and water-cast 

shafts were, 0.88, 0.97.5, and 0.99.5, respectively. This confirms the concrete cover quality of 

polymer- and water-cast shafts, but again highlights the effects of concrete mixing with bentonite 

support fluid as it goes through and around the reinforcement cage during casting. In Figure 12.10, 

the relative concrete cover strength is plotted versus the support fluid viscosity. The dotted red line 

represents the baseline strength, and apparent reductions in strength are noted for all support fluid 

types through the full range of viscosities tested. 

 

Figure 12.10 Relative cover strength versus viscosity 

 

For each shaft tested, a strength profile was taken on a vertical crease in the cover region. This 

crease should represent the worst-case strength for each shaft. The average ratio of concrete 

strength inside the reinforcement cage and along a vertical crease for bentonite-, polymer- and 

water-cast shafts were, 0.82, 0.86 and 0.92, respectively. Where the reduction in strength in the 

cover region could be attributed to mixed or compromised concrete materials, the strength 

reduction at the crease can be taken as the result of missing concrete material. The relationship 

between measured strength and lost concrete area is linear, so a prorated strength can be assigned 
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assuming zero strength from the crease region and full-strength concrete outside the crease (Figure 

12.11 and Equation 12.2). Using that logic, a relationship between the lost area below the core bit 

and the crease width was developed.   

 

 

Figure 12.11 Effective crease width 

 

𝑓′𝑐𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 =  
𝐴𝑐𝑟𝑎𝑐𝑘(𝑓′𝑐=0)+𝐴𝑟𝑒𝑚𝑎𝑖𝑛𝑑𝑒𝑟𝑓′𝑐𝑐𝑜𝑟𝑒

𝐴𝑡𝑜𝑡𝑎𝑙
    (12.2) 

 

Figure 12.11 shows the cross section of a core bit over a crease. AutoCAD area tools were used to 

compute the area of the core bit over the crease as the crease width increased. The crease widths 

ranged from 0 inches to 1.25 inches in order to accommodate all possible area values. The results 

of those calculations were plotted and fit with a second order polynomial (Figure 12.12). The 

equation of best-fit polynomial was used to calculate the average effective crease width for each 

crease strength profile (Tables 12.4-12.6).  
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Figure 12.12 Effective crease width, effective crease area relationship. 

 

Table 12.4 Bentonite effective crease width 

Bentonite 

Shaft 

# 
Viscosity Baseline 

Crease 

Strength 

Ratio 

Effective 

Crease 

Width  

  (s) (psi)   (in.) 

1 44 4687.9 0.82 0.31 

3 40 4296 0.86 0.24 

4 55 4268 1.06 -0.08 

5 90 5022.7 0.61 0.66 

7 30 4303.5 0.67 0.56 

8 40 4532.3 0.88 0.20 

9 57 5627 0.74 0.46 

10 90 5142 0.77 0.40 

13 30 3796.115 0.93 0.11 

14 30 4511.9 0.68 0.54 

15 56 4742 1.05 -0.07 

21 42 5092.17 0.73 0.47 

45 37 4847.1 0.83 0.29 

Average 0.31 
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Table 12.5 Polymer effective crease width 

Polymer 

Shaft 

# 
Viscosity 

Baseline 

Strength 

Crease 

Strength 

Ratio 

Effective 

Crease 

Width  

  (s) (psi)   (in.) 

11 65 4220 1.04 -0.05 

12 66 5976 0.77 0.40 

16 85 4045 0.87 0.22 

17 85 4345 0.91 0.15 

19 63 5739 0.84 0.28 

20 121 4720 0.76 0.42 

Average 0.24 

 

Table 12.6 Water effective crease width 

Water 

Shaft 

# 
Viscosity 

Baseline 

Strength 

Crease 

Strength 

Ratio 

Effective 

Crease 

Width  

  (s) (psi)   (in.) 

6 26 4752 0.85 0.26 

18 26 3957.3 0.84 0.28 

22 26 4597.6 0.88 0.21 

32 26 4956.7 1.15 -0.19 

46 26 5341.3 0.86 0.25 

Average 0.16 

 

The average effective crease width for the bentonite-, polymer-, and water-cast shafts were 0.31 

inches, 0.24 inches, and 0.16 inches, respectively. The coresponding maximum effective crease 

widths were 0.66 inches, 0.40 inches, and 0.28 inches, respectively. Again, the shafts cast in 

bentonite support fluid showed the most dramatic effects and visual inspection of the surface of 

the bentonite shafts corroborated the calculated widths. What is surprising about these results is 

the surface of the polymer and water cast shafts showed very little, if any, evidence of creasing. 

What this means is although the concrete is visibly perfect, the material had been compromised by 

a poorly-bonded interface due to entrapped laitance and perhaps a region of higher w/c ratio.   

 

The average strength of each shaft has been used as a means of simplifying a large data set into 

comparable discrete points. The reality of these strength issues is they vary not only radially (inside 

to outside of the reinforcement) but also with depth. Figure 12.13 shows a sample effective crease 

area profile (grey) along with the crease strength profile (orange) and the baseline core strength 

profile (blue). 
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Figure 12.13 Effective crease area profile. 

 

The tabulated crease width and strength ratios in Tables 12.4 – 12.6 were based on average values 

from the strength profiles. However, from the Figure 12.13 profile, large variations in crease area 
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 Surface Roughness 

The pattern formed by the trapped laitance creases is reflected to varying degrees on the surface 

of the support-fluid-cast shafts. A quantification of this surface pattern, or roughness, was 

determined by two methods, physical and digital. The results from both sets of tests being 

comparable, the digital method has been used herein for the purpose of simplification. The average 

surface roughness values for all bentonite-, polymer-, and water-cast shafts were 10.86 in.3/sf, 3.57 

in.3/sf, and 2.36. in.3/sf, respectively. Using this system, the larger the roughness value, the more 

deteriorated the surface. The bentonite average is three times that of the polymer or water. This 

confirms the visual assessments for each shaft. Plotting these values versus the viscosity of each 

support fluid again reveals the noted trends appear to be uninfluenced by viscosity (Figure 12.14). 

In the case of bentonite, high surface roughness values were obtained from across the full range of 

viscosities tested, the worst of which were within normal construction limits of 30 to 50 sec/qt.  

 

 

Figure 12.14 Surface roughness versus viscosity 

 

The primary focus of this study began as exploratory with the intent of gaining the ability to 

quantify field observations and make confident correlations between surface roughness and 

structural health. As electrochemical measurements are difficult, if not impossible, to take 

underwater, defining a correlation between surface quality / roughness and half-cell potential 

became of paramount importance. Figure 12.15 shows one such correlation where the E50 values 

for both tests on each shaft were graphed against the digital surface roughness. 
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Figure 12.15 E50 versus surface roughness 

 

In Figure 12.15 the data sets are separated by support fluid type. The blue circles are water-cast 

shafts and all but one is above the corrosion threshold and all have a surface roughness less than 5 

in.3/sf.  The polymer-cast shafts are represented by green squares and are scattered almost evenly 

above and below the corrosion threshold but maintain a smooth surface with surface roughness 

values below 7 in.3/sf. The orange triangles are bentonite-cast shafts. The majority of the bentonite 

data points are below the corrosion threshold and all but two have surface roughness values above 

5 in.3/sf with some surpassing 30 in.3/sf. When the Emin value is plotted against the surface 

roughness the trends are even more apparent (Figure 12.16). 
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Figure 12.16 E50 versus surface roughness 

 

The data in Figure 12.16 paints an even more startling picture, but one with patterns repeated 

through the entirety of testing. A high surface roughness value (over 5 in.3/sf) indicates a strong 

probability of corrosion, and therefore a compromised cover region. As predicted, the cover region 

in bentonite-cast shafts are universally compromised and the surface is rough, where water (or 

fully-cased) shafts have a smooth surface and show virtually no signs of a compromised cover 

region.  Polymer-cast shafts have a surface nearly as smooth as water but exhibit unpredictable 

quality traits. This was initially attributed to the lack of consistency between suppliers, but when 

the data points are separated by manufacturer, the individual sets remain inconsistent; meaning a 

conservative design would consider the cover region compromised for all support-fluid-cast shafts. 

 

Field inspection and subsequent surface roughness evaluation showed the bentonite cast shafts at 

Caryville and Blountstown could be expected to be actively corroding. Figure 12.17 shows the 

results of the field evaluations superimposed onto the lab-cast specimens data. 
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Figure 12.17 All field data showed bentonite surface roughness to exceed surface roughness 

criterion; water cast shafts were well below and again similar to lab cast specimens. 

 Chapter Summary 

Through a series of experimental programs, the effects of support fluid on rebar bond, corrosion 

potential, concrete integrity, and surface degradation are discussed. The overarching consensus 

being that the presence of support fluid of any type during the concreting process leads to a 

compromised final product.  
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13. Chapter Thirteen: Conclusions and Recommendations 

 

Slurry support fluid is a vitally important component of the wet shaft construction process and 

bentonite is the most reliable support fluid for maintaining sidewall stability. Unfortunately, this 

study showed bentonite slurry to cause the greatest number of problems. This research examined 

the methods and materials used in tremie-placed, slurry displacing concreting during drilled shaft 

construction. A total of 58 laboratory drilled shaft specimens were constructed using bentonite, 

polymer, or natural slurry to identify correlations between slurry type and shaft integrity. The 

overarching conclusion being any shaft cast using bentonite or polymer slurry has a high 

probability of being compromised either in rebar bond or corrosion resistance. Visual inspection 

of 30 shafts from four bridges cast in water, bentonite, and attapulgite slurry confirmed the 

laboratory findings. No polymer shafts were evaluated in the field as no over-water bridges are 

presently in the FDOT inventory; polymer slurry has only recently been approved for bridge 

structures. 

 

To address the findings of this study the following observations and recommendations are 

provided: 

(1) Use full-length temporary casing where possible for overwater bridges exposed to harsh 

environments (like Gandy Bridge). A permanent upper casing would still be used. 

(2) For overwater construction in less harsh conditions and where permanent casing is already 

left in place, there is the potential to perform normal tremie placement of concrete (support-

fluid-displaced) up to and within the casing portion, and then pump down and remove the 

remaining support fluid prior to completing the last portion of the concreting process. This 

would remove the potential for anomaly formation in the high moment regions just below 

the cap and increase corrosion resistance where it is most needed from the splash zone or 

more highly oxygenated portions of the shaft. Concrete head pressure at the bottom of the 

casing, when pumped down, must equal or exceed the hydrostatic water table pressure. 

(3) Permanent casing left on bridges is not assumed to contribute to the strength, but does 

provide some additional capacity. However, it does not stop corrosion from occurring and 

hinders the ability for biennial inspections to assess the actual condition. Further, present 

inspection records are poorly archived and not database-searchable for details concerning 

the foundation element types, etc. 

(4) Support fluid is often cleaned or exchanged prior to concreting. For bentonite fluids, the 

process is time-consuming and therefore is often exchanged rather than insitu recirculation 

and cleaning (desanding). It is conceivable to exchange bentonite with polymer fluids just 

prior to concreting such that the bentonite would have done the work of stabilizing the 

excavation but would not be needed at the time of concreting, where the polymer fluid 

could suffice. While polymer has shown to cause some problems, the severity would be 

lessened.  

(5) The testing of rebar pullout / development length in this study was all conducted on 

specimens cast in clean slurry with no suspended soil cuttings. Unfortunately, this is the 

best case and not necessarily representative of actual field conditions. Therefore, it is 

recommended that the worst case development length multiplier of 2.0 be used for all 

polymer or mineral support fluid-displaced concreting applications. This is necessary to 

provide the same level of reliability commonly accepted for dry applications. The most 

common application for this multiplier will be stirrup overlap lengths. For main bars, 
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mechanical slices would be preferred to minimize cage congestion and the associated 

concrete flow restrictions. 

(6) Polymer support fluid products are currently being approved on the basis of comparison to 

bentonite, where they must perform equal to or better than bentonite. This is a flawed 

criterion for comparison. If polymer is to be approved, the process should use water 

(natural support fluid) as a comparator and a minimum of one year of electrochemical 

evaluation should be taken into account to serve as a validation of an intact cover region. 

Corrosion resistance is presently not considered in the approval of new support fluid 

products. 

(7) There is a large inventory of bridges like those investigated that are most likely in the same 

state of disrepair.  

(8) Surface roughness and mattressing documented in the field investigations warrant further 

evaluation using electrochemical/corrosion mapping techniques. 

 Recommended FDOT Specification Changes Based on this Research 

Presently, bentonite, attapulgite and polymer slurry are permitted for use for bridge foundation 

elements primarily selected on the basis of contractor experience, soil type, and/or the groundwater 

quality (fresh or salt). The study findings suggest bentonite slurry is unacceptable for all 

applications subjected to harsh environments (chlorides) and may also lead to poor structural 

performance when considering rebar development lengths. This is a drastic departure from 

previously accepted construction practices but which should be reevaluated when addressing 

newer specifications. Water displaced concreting showed no adverse effects; polymer displaced 

concreting had mixed performance where not all polymer products performed to the same level. 

 

Past approval of polymer slurry products has hinged on results from soil/concrete bond, 

concrete/rebar bond, and demonstrating no adverse effects on concrete per the 455 specifications. 

The basis for comparison was whether a shaft cast with a given product performed equal to or 

better than bentonite (the preferred slurry product prior to this study). The study findings suggest 

polymer products should not be compared to bentonite but rather water or dry casting conditions; 

therefore, present acceptance of polymer products should be revisited to ensure truly adequate 

performance. With this in mind, only one of the three presently approved products performed to 

the level of water casting conditions. 

 Suggestions for Future Research 

In the eighteen months prior to the completion of this study two large bridges collapsed elsewhere 

in the world with ages of 20 and 40 years; initial evaluations indicate durability issues. Durability 

of concrete structures now receives attention, but perhaps not all it requires. In this study, corrosion 

was active in 86% of all bentonite, lab-cast shafts and 100% when surface roughness was greater 

than 5 in.3/ft2. Of the bentonite cast shafts inspected in the field, all showed telltale signs of 

corrosion susceptibility with surface roughness greater than the 5 in.3/ft2 lab-determined threshold. 

It is strongly suggested that future studies evaluate the FDOT bridge inventory for all bridges 

founded on drilled shafts that were constructed in this manner. Further, those bridges identified in 

this study with high potential for active corrosion should be more rigorously evaluated using 

surface potential or similarly indicative electrochemical means.  
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The existing 59 test shafts (in part cast for this study) continue to mature and represent specimens 

between 1.5 and 7.5 years of age at the time of this reporting. The latest data indicated the best of 

the polymer specimens were also beginning to show trends toward active corrosion and yet, none 

are in harsh environmental conditions. These specimens as well as presently constructed polymer 

shafts should be evaluated to determine if these too are prone to poor corrosion protection. 
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APPENDIX A. CONCRETE POUR DETAILS 
 

 

Table A.1 Pour one summary 
Pour Number  1 

Pour Date 2/20/2013 

Mix 4KDS 

Average 
Concrete 

Compressive 
Strength (psi) 

6150 

Shafts Poured 1,2 

 

Figure A.1 Shaft 1 

Figure A.2 Shaft 2 
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Table A.2 Pour two summary. 
Pour Number  2 

Pour Date 5/8/2013 

Mix 4KDS 

Average 
Concrete 

Compressive 
Strength (psi) 

4358 

Shafts Poured 3-6 

 

Figure A.3 Shaft 3 

 
Figure A.4 Shaft 4 
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Figure A.5 Shaft 5 

 
Figure A.6 Shaft 6 

 

 

 

 

 

 



354 

Table A.3 Pour three summary. 
Pour Number  3 

Pour Date 5/8/2013 

Mix 4KDS 

Average Concrete 
Compressive 
Strength (psi) 

4358 

Shafts Poured 7-12 

 

 
Figure A.7 Shaft 7 

 
Figure A.8 Shaft 8 
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Figure A.9 Shaft 9 

 
Figure A.10 Shaft 10 
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Figure A.11 Shaft 11 

 
Figure A.12 Shaft 12 

Table A.4 Pour four summary. 
Pour Number  4 

Pour Date 6/18/2013 

Mix 4KDS 

Average Concrete 
Compressive 
Strength (psi) 

4358 

Shafts Poured 13-18 
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Figure A.13 Shaft 13 

 
Figure A.14 Shaft 14 
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Figure A.15 Shaft 15 

 
Figure A.16 Shaft 16 

 
Figure A.17 Shaft 17 
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Figure A.18 Shaft 18 

Table A.5 Pour five summary. 
Pour Number  5 

Pour Date 9/20/2013 

Mix 4KDS 

Average Concrete 
Compressive 
Strength (psi) 

4753 

Shafts Poured 19-22 
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Figure A.19 Shaft 19 

 
Figure A.20 Shaft 20. 
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Figure A.21 Shaft 21 

 
Figure A.22 Shaft 22 

Table A.6 Pour six summary. 
Pour Number  6 

Pour Date 5/3/2015 

Mix SCC 

Average Concrete 
Compressive 
Strength (psi) 

4100 

Shafts Poured 23,24 
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Figure A.23 Shaft 23 

 
Figure A.24 Shaft 24  

Table A.7 Pour seven summary. 
Pour Number  7 

Pour Date 7/25/17 

Mix 4KDS 

Average Concrete 
Compressive 
Strength (psi) 

5210 

Shafts Poured 25-30 
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Figure A.25 Shaft 25  

 
Figure A.26 Shaft 26  
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Figure A.27 Shaft 27  

 
Figure A.28 Shaft 28  

 
Figure A.29 Shaft 29 
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Figure A.30 Shaft 30 

Table A.8 Pour eight summary. 
Pour Number  8 

Pour Date 10/6/2017 

Mix 4KDS 

Average Concrete 
Compressive 
Strength (psi) 

6150 

Shafts Poured 31-36 
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Figure A.31 Shaft 31 

 
Figure A.32 Shaft 32 
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Figure A.33 Shaft 33 

 
Figure A.34 Shaft 34 
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Figure A.35 Shaft 35 

 
Figure A.36 Shaft 36  

Table A.9 Pour nine summary. 
Pour Number  9 

Pour Date 12/6/2017 

Mix 4KDS 

Average Concrete 
Compressive 
Strength (psi) 

N/A 

Shafts Poured 37-42 
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Figure A.37 Shaft 37 

 
Figure A.38 Shaft 38 

 
Figure A.39 Shaft 39 
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Figure A.40 Shaft 40 

 
Figure A.41 Shaft 41 

 
Figure A.42 Shaft 42 
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Table A.10 Pour ten summary. 
Pour Number  10 

Pour Date 2/7/2018 

Mix 4KDS 

Average Concrete 
Compressive 
Strength (psi) 

N/A 

Shafts Poured 43-46 

 

 
Figure A.43 Shaft 43 
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Figure A.44 Shaft 45 

 
Figure A.45 Shaft 46 

 

 

 

 

 



373 

Table A.11 Pour eleven summary. 
Pour Number  11 

Pour Date 2/21/2018 

Mix 4KDS 

Average Concrete 
Compressive 
Strength (psi) 

9128 

Shafts Poured 47-52 

 

 
Figure A.46 Shaft 47 

 
Figure A.47 Shaft 48 
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Figure A.48 Shaft 49 

 
Figure A.49 Shaft 50 

 
Figure A.50 Shaft 51 
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Figure A.51 Shaft 52 

Table A.12 Pour twelve summary. 
Pour Number  12 

Pour Date 9/25/2018 

Mix 4KDS 

Average Concrete 
Compressive 
Strength (psi) 

5940 

Shafts Poured 53-58 

 

 
Figure A.52 Shaft 53 
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Figure A.53 Shaft 54 

 
Figure A.54 Shaft 55 

 
Figure A.55 Shaft 56 
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Figure A.56 Shaft 57 

 
Figure A.57 Shaft 58  
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APPENDIX B: RHEOLOGICAL MODELING 

 

 

 

The flow patterns were obtained from the parametric study performed for  with values 0.5, 0.1, 

0.05, and 0.01 m/sec. From this study a value of 0.05 m /sec was selected. For this value of 

0.05 m /sec, the flow pattern was better than the other values. Other values of  led to 

generation of  unphysical pockets of slurry within the concrete. 

 

For , flow patterns were studied for the values 0.05, 0.1 and 0.50 N/m and a value of 0.1 N/m 

was selected which showed a realistic flow behavior of the concrete in the excavation compared 

to other values. For other values, the flow patterns along the excavation wall and tremie surface 

were showing some inclination from the anticipated vertical direction. 

 

For, flow patterns were studied for the values of 0.005, 0.007, 0.010 and 0.015m. There was 

not much appreciable difference in the flow patterns obtained from these values and based on 

close observation, a value of 0.007m was considered. 

 

The flow patterns obtained from the parametric studies for , , and , are provided herein. 
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Figure B.1 3-D Model in COMSOL: Parametric Study of Re-initialization Intensity  

Parameter  Flow Pattern of Concrete in 18-inch Dia. 20-inch Depth Shaft Model 
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Figure B.2 2-D Model in COMSOL: Parametric Study on  Surface Tension-  

Flow Pattern of Concrete in 2-feet Radius and 4-feet Depth Shaft Model 
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Figure B.3a 2-D Model in COMSOL: Parametric Study on  Interface Thickness Parameter- 

Flow Pattern of Concrete in 2-feet Radius and 4-feet Depth Shaft Model,

 = 0.005 m  = 0.007 m 

 

 



382 

 

Figure B.3b 2-D Model in COMSOL: Parametric Study on  Interface Thickness Parameter- 

Flow Pattern of Concrete in 2-feet Radius and 4-feet Depth Shaft Model,

 = 0.015 m        = 0.010 m 
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APPENDIX C: MONTE CARLO 

 

An example calculation of the Monte Carlo analysis performed is displayed here. Using 

the calculations for water (ACI 318-14 prediction, Table C.1) the example is as follows. 

Table C.1 Mean bias, coefficient of variation (CoV), and calculated resistance factor for 

example. 

Water 

Mean Bias (𝑟̅) 1.21 

CoV (Vr) 
0.25 

Calculated ∅ 0.61 

 

𝑄̅ = 1, 𝑖𝑛𝑝𝑢𝑡 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟 

𝜎𝑄 = 𝑄̅ ∗ 𝑉𝑄 = 1 ∗ 0.102 = 0.102 

𝑅̅ =
𝑟(𝐿𝐹 ∗ 𝑄)

∅

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅
=

1.21(1.33 ∗ 1)

0.61
= 2.64 

𝜎𝑅 = 𝑅̅ ∗ 𝑉𝑟 = 2.64 ∗ 0.25 = 0.66 

The mean load and resistance along with the respective standard deviations are then 

converted to lognormal. 

Example calculation for load, Q: 

𝜎𝑙𝑛𝑄
2 = 𝑙𝑛 [1 + (

𝜎𝑄

𝜇𝑄
)

2

] = ln [1 + (
0.102

1
)

2

] = 0.10 

𝜇𝑙𝑛𝑄 = 𝑙𝑛𝜇𝑄 −
1

2
𝜎𝑙𝑛𝑄

2 = 𝑙𝑛(1) −
1

2
(0.10)2 = −0.005 
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Example calculation for resistance, R: 

𝜎𝑙𝑛𝑅
2 = 𝑙𝑛 [1 + (

𝜎𝑅

𝜇𝑅
)

2

] = ln [1 + (
0.66

2.64
)

2

] = 0.25 

𝜇𝑙𝑛𝑄 = 𝑙𝑛𝜇𝑅 −
1

2
𝜎𝑙𝑛𝑅

2 = 𝑙𝑛(2.64) −
1

2
(0.25)2 = 0.94 

Tables C.2 and C.3 depict the inputs used for Monte Carlo simulations. 

Table C.2 Example of spreadsheet for Monte Carlo. 

Simulation X Y Log-normal Load Log-normal Resistance 

1 
=norminv 

(rand(),0,1) 

=norminv 

(rand(),0,1) 
=𝜇𝑙𝑛𝑄+(𝜎𝑙𝑛𝑄*X) =𝜇𝑙𝑛𝑅+(𝜎𝑙𝑛𝑅*Y) 

 

Table C.3 Continuation of Monte Carlo spreadsheet, connecting to Table C.2. 

Normal Load (Q) Normal Resistance (R) Failures 

=EXP(𝜇𝑙𝑛𝑄+(𝜎𝑙𝑛𝑄*X)) =EXP(𝜇𝑙𝑛𝑅+(𝜎𝑙𝑛𝑅*Y)) =IF(Q>R,1,0) 

 

Table C.4 displays the generation of the failure ratio.  

Table C.4 Determining failure ratio in Microsoft Excel. 

Total Failures A Failure Ratio 

=sum(failures) =sum(failures)/1000000 1 in =1/A failures 
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APPENDIX D – SAMPLE DATA COLLECTION SHEET 

 
Figure D.1 Sample half-cell potential data collection sheet. 

 

  

Shaft No: 

Date:

0"` 3" 6" 9" 12" 15" 18" 21" 24" 27"

0"

3"

6"

9"

12"

15"

18"

21"
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APPENDIX E – HALF-CELL POTENTIAL SUMMARY SHEETS 

 

 

Table E.1 Shaft 1, test 1 raw data (mV) 

 
 

 
Figure E.1 Shaft 1, test 1 data map 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -266 -289 -333 -337 -313 -298 -296 -289

3" -279 -292 -316 -317 -311 -301 -300 -293

6" -290 -302 -312 -312 -308 -306 -307 -303

9" -290 -308 -315 -312 -309 -310 -308 -307

12" -307 -316 -315 -318 -317 -314 -311 -302

15" -309 -317 -319 -325 -324 -322 -320 -311

18" -314 -323 -324 -332 -330 -328 -327 -320

21" -323 -330 -330 -338 -338 -342 -331 -322

24" -327 -330 -338 -344 -345 -348 -337 -329

27" -328 -333 -338 -344 -347 -350 -338 -337
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Table E.2 Shaft 1, test 2 raw data (mV) 

 
 

 
Figure E.2 Shaft 1, test 2 data map 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -395 -404 -401 -396 -390 -388 -383 -383

3" -404 -420 -417 -399 -391 -388 -383 -384

6" -410 -422 -417 -404 -394 -390 -385 -382

9" -408 -412 -407 -397 -390 -386 -381 -375

12" -403 -406 -399 -392 -387 -380 -376 -374

15" -406 -406 -400 -391 -386 -377 -369 -365

18" -405 -402 -394 -385 -378 -370 -368 -364

21" -409 -399 -391 -379 -374 -367 -364 -363

24" -416 -401 -390 -380 -370 -366 -364 -362

27" -412 -401 -391 -382 -368 -364 -360 -360
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Figure E.3 Shaft 1, percentile distributions 

Table E.3 Shaft 2, test 1 raw data (mV) 

 

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

-600 -500 -400 -300 -200 -100 0

%

Potential Difference (mV)

Test 1

Test 2

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -384 -387 -406 -421 -434 -438 -431 -411

3" -402 -398 -416 -431 -454 -456 -446 -434

6" -400 -403 -420 -442 -460 -464 -461 -454

9" -392 -408 -430 -452 -466 -474 -472 -465

12" -402 -417 -447 -463 -476 -470 -462 -459

15" -402 -416 -445 -463 -474 -478 -463 -462

18" -395 -410 -460 -468 -482 -477 -458 -449

21" -396 -404 -466 -483 -492 -485 -469 -449

24" -389 -400 -444 -470 -481 -472 -461 -440

27" -390 -398 -428 -467 -472 -472 -461 -447
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Figure E.4 Shaft 2, test 1 data map 

Table E.4 Shaft 2, test 2 raw data (mV) 

 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -347 -364 -395 -419 -437 -449 -444 -438

3" -345 -364 -392 -416 -436 -445 -437 -431

6" -347 -357 -384 -402 -420 -430 -428 -425

9" -347 -357 -381 -396 -421 -434 -428 -429

12" -346 -355 -375 -390 -410 -422 -425 -419

15" -347 -351 -362 -377 -395 -401 -400 -402

18" -352 -362 -374 -386 -402 -402 -395

21" -350 -362 -372 -381 -395 -393 -393

24" -349 -358 -374 -375 -392 -385 -382

27" -344 -356 -368 -374 -380 -377 -377
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Figure E.5 Shaft 2, test 2 data map 

 
Figure E.6 Shaft 2 percentile distributions 
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Table E.5 Shaft 3, test 1 raw data (mV) 

 

 
Figure E.7 Shaft 3, test 1 data map 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -372 -382 -389 -390 -396 -396 -384 -379

3" -373 -378 -381 -382 -393 -386 -381 -378

6" -374 -374 -377 -377 -379 -380 -373 -379

9" -376 -368 -372 -359 -361 -360 -363 -379

12" -370 -364 -369 -352 -351 -353 -351 -369

15" -374 -366 -360 -350 -349 -353 -346 -361

18" -377 -360 -364 -352 -356 -355 -355 -354

21" -379 -361 -380 -359 -364 -367 -370 -378

24" -379 -367 -378 -368 -368 -380 -382 -383

27" -373 -367 -374 -376 -376 -378 -381 -388



392 

Table E.6 Shaft 3, test 2 raw data (mV) 

 

 
Figure E.8 Shaft 3, test 2 data map 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -518 -529 -529 -542 -521 -510 -477 -488

3" -554 -546 -545 -546 -515 -505 -468 -473

6" -561 -540 -536 -542 -513 -505 -468 -461

9" -569 -552 -535 -540 -497 -499 -456 -440

12" -551 -545 -533 -530 -521 -514 -497 -450

15" -538 -538 -527 -542 -517 -520 -471 -468

18" -526 -529 -526 -521 -505 -488 -463 -461

21" -528 -535 -530 -527 -496 -516 -472 -470

24" -530 -551 -534 -544 -501 -514 -476 -484

27" -519 -529 -519 -513 -488 -493 -473 -467
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Figure E.9 Shaft 3 percentile distributions 

 

Table E.7 Shaft 4, test 1 raw data (mV) 

 

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

-600 -500 -400 -300 -200 -100 0

%

Potential Difference (mV)

Test 2

Test 1

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -411 -441 -447 -462 -472 -454 -437 -425

3" -443 -453 -463 -472 -453 -433 -423

6" -442 -444 -447 -467 -473 -459 -434 -419

9" -429 -434 -439 -463 -474 -458 -427 -415

12" -427 -435 -458 -470 -458 -433 -409

15" -429 -435 -454 -461 -450 -437 -414

18" -425 -426 -444 -458 -473 -459 -445 -433

21" -413 -425 -437 -470 -471 -461 -451 -439

24" -420 -422 -430 -452 -466 -458 -449 -439

27" -418 -417 -423 -449 -459 -463 -451 -443
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Figure E.10 Shaft 4, test 1 data map 

Table E.8 Shaft 4, test 2 raw data (mV) 

 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -520 -526 -535 -547 -553 -545 -536 -528

3" -513 -520 -531 -542 -547 -549 -539 -526

6" -508 -517 -529 -541 -545 -538 -523 -512

9" -496 -512 -533 -540 -535 -520 -494 -484

12" -487 -507 -530 -533 -520 -510 -500 -478

15" -497 -510 -524 -530 -515 -518 -520 -507

18" -501 -508 -517 -522 -516 -526 -537 -523

21" -505 -507 -512 -523 -528 -530 -523 -517

24" -506 -508 -510 -527 -521 -512 -524 -543

27" -504 -507 -508 -525 -525 -509 -507 -519
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Figure E.11 Shaft 4, test 2 data map 

 
Figure E.12 Shaft 4 percentile distributions 
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Table E.9 Shaft 5, test 1 raw data (mV) 

 

 
Figure E.13 Shaft 5, test 1 data map 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -400 -408 -425 -447 -469 -482 -484 -475

3" -408 -413 -428 -456 -476 -489 -494 -489

6" -413 -416 -432 -460 -473 -482 -492 -485

9" -413 -415 -433 -457 -466 -467 -470 -464

12" -407 -402 -422 -450 -459 -465 -463 -455

15" -390 -402 -416 -440 -441 -445 -459 -449

18" -394 -402 -413 -433 -433 -435 -437 -426

21" -392 -407 -416 -441 -448 -450 -457 -450

24" -401 -416 -435 -452 -457 -469 -469 -469

27" -412 -420 -432 -450 -460 -465 -469 -457



397 

Table E.10 Shaft 5, test 2 raw data (mV) 

 

 

 
Figure E.14 Shaft 5, test 2 data map 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -494 -498 -512 -523 -533 -538 -537 -528

3" -492 -498 -508 -521 -532 -535 -537 -520

6" -492 -495 -503 -515 -525 -529 -530 -505

9" -488 -487 -497 -506 -517 -526 -512 -494

12" -480 -483 -498 -504 -512 -521 -505 -496

15" -471 -479 -486 -494 -496 -501 -494 -488

18" -472 -473 -480 -493 -495 -516 -510 -488

21" -475 -478 -488 -491 -499 -509 -527 -501

24" -477 -476 -477 -484 -492 -507 -520 -511

27" -483 -482 -476 -485 -491 -507 -522 -512
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Figure E.15 Shaft 5 percentile distributions 

 

Table E.11 Shaft 6, test 1 raw data (mV) 
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%
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Test 1

Test 2

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -160 -148 -144 -139 -129 -131 -141 -155

3" -168 -157 -143 -135 -130 -131 -141 -153

6" -170 -163 -158 -147 -136 -138 -138 -142

9" -168 -161 -153 -140 -128 -127 -140 -144

12" -169 -161 -155 -145 -134 -129 -141 -146

15" -170 -164 -157 -130 -142 -139 -143 -152

18" -172 -167 -163 -136 -148 -149 -150 -152

21" -174 -172 -166 -159 -155 -156 -156 -153

24" -174 -174 -167 -168 -156 -159 -159 -160

27" -176 -174 -161 -165 -159 -161 -161 -157
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Figure E.16 Shaft 6, test 1 data map 

Table E.12 Shaft 6, test 2 raw data (mV) 

 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -202 -212 -213 -198 -193 -183 -182 -171

3" -210 -226 -212 -201 -192 -193 -178 -177

6" -208 -219 -223 -216 -196 -191 -188 -179

9" -217 -220 -218 -209 -199 -197 -192 -188

12" -230 -232 -226 -217 -208 -206 -202 -194

15" -237 -241 -242 -232 -217 -215 -210 -202

18" -238 -246 -244 -227 -223 -215 -214 -209

21" -229 -237 -236 -222 -207 -210 -205 -190

24" -219 -225 -221 -207 -196 -198 -196 -177

27" -209 -213 -209 -202 -183 -186 -185 -175
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Figure E.17 Shaft 6, test 2 data map 

 
Figure E.18 Shaft 6 percentile distributions 
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Table E.13 Shaft 7, test 1 raw data (mV) 

 

 
Figure E.19 Shaft 7, test 1 data map  

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -331 -331 -329 -338 -344 -350 -361 -361

3" -339 -340 -339 -343 -345 -354 -372 -382

6" -340 -346 -345 -348 -351 -366 -386 -402

9" -352 -352 -354 -356 -361 -375 -398 -409

12" -357 -358 -362 -364 -380 -398 -419 -422

15" -354 -363 -373 -376 -398 -421 -444 -437

18" -365 -364 -374 -383 -399 -430 -468 -454

21" -364 -368 -377 -393 -400 -436 -462 -475

24" -366 -369 -378 -395 -416 -436 -459 -466

27" -364 -363 -378 -393 -415 -442 -458 -480
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Table E.14 Shaft 7, test 2 raw data (mV) 

 

 
Figure E.20 Shaft 7, test 2 data map  

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -372 -372 -383 -384 -385 -379 -370 -380

3" -373 -378 -377 -378 -381 -376 -370 -382

6" -373 -393 -380 -381 -379 -376 -372 -370

9" -385 -395 -403 -393 -386 -386 -384 -395

12" -397 -383 -392 -391 -393 -391 -400 -395

15" -386 -383 -382 -384 -382 -390 -394 -396

18" -386 -383 -381 -382 -386 -379 -385 -391

21" -373 -376 -371 -370 -371 -369 -371 -383

24" -368 -363 -365 -363 -359 -362 -362 -371

27" -357 -360 -358 -357 -352 -348 -349 -352
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Figure E.21 Shaft 7 percentile distributions  

Table E.15 Shaft 8, test 1 raw data (mV) 
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1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -239 -243 -234 -233 -215 -211 -210 -215

3" -233 -241 -237 -236 -218 -213 -220 -216

6" -223 -221 -237 -235 -222 -213 -216 -209

9" -326 -323 -235 -225 -213 -209 -208 -209

12" -343 -235 -231 -227 -218 -217 -214 -212

15" -352 -247 -239 -234 -226 -227 -229 -225

18" -351 -238 -232 -227 -223 -212 -227 -219

21" -345 -242 -236 -233 -223 -216 -215 -216

24" -243 -238 -234 -230 -215 -214 -218 -223

27" -240 -239 -233 -224 -219 -211 -209 -216



404 

 
Figure E.22 Shaft 8, test 1 data map 

Table E.16 Shaft 8, test 2 raw data (mV) 

 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -398 -397 -382 -358 -335 -322 -319 -315

3" -427 -420 -401 -375 -348 -335 -324 -318

6" -249 -420 -399 -372 -349 -339 -327 -325

9" -436 -421 -399 -377 -352 -340 -324 -320

12" -429 -418 -398 -376 -345 -338 -325 -327

15" -427 -416 -399 -377 -349 -335 -326 -326

18" -423 -415 -400 -379 -358 -338 -330 -327

21" -435 -413 -403 -383 -356 -345 -345 -337

24" -449 -432 -407 -387 -359 -352 -352 -342

27" -477 -448 -329 -378 -359 -353 -350 -340
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Figure E.23 Shaft 8, test 2 data map 

 
Figure E.24 Shaft 8 percentile distributions 

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

-600 -500 -400 -300 -200 -100 0

%

Potential Difference (mV)

Test 1

Test 2



406 

Table E.17 Shaft 9, test 1 raw data (mV) 

 

 
Figure E.25 Shaft 9, test 1 data map 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -362 -364 -372 -381 -391 -410 -423 -424

3" -356 -364 -368 -373 -385 -402 -420 -418

6" -359 -359 -367 -383 -393 -413 -427 -430

9" -362 -367 -370 -384 -397 -416 -427 -423

12" -363 -366 -373 -382 -400 -415 -425 -419

15" -372 -371 -375 -385 -399 -416 -421 -417

18" -371 -372 -375 -379 -392 -403 -409 -410

21" -365 -366 -367 -373 -392 -392 -396 -404

24" -363 -365 -368 -375 -387 -387 -390 -396

27" -357 -356 -366 -369 -383 -383 -387 -389
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Table E.18 Shaft 9, test 2 raw data (mV) 

 

 
Figure E.26 Shaft 9, test 2 data map 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -401 -413 -421 -430 -439 -442 -433 -416

3" -407 -418 -424 -431 -439 -441 -436 -424

6" -411 -419 -424 -430 -440 -437 -438 -431

9" -414 -419 -421 -423 -430 -430 -431 -429

12" -415 -418 -416 -419 -423 -430 -430 -433

15" -421 -415 -415 -417 -417 -425 -425 -428

18" -417 -412 -413 -418 -418 -425 -424 -422

21" -417 -416 -414 -412 -414 -418 -423 -421

24" -415 -417 -417 -420 -417 -425 -428 -427

27" -420 -418 -420 -423 -420 -422 -430 -430
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Figure E.27 Shaft 9 percentile distributions 

Table E.19 Shaft 11, test 1 raw data (mV) 
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%

Potential Difference (mV)

Test 1

Test 2

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -263 -271 -268 -267 -266 -265 -266 -258

3" -264 -273 -272 -274 -272 -274 -271 -260

6" -269 -278 -280 -281 -280 -287 -283 -266

9" -272 -282 -283 -287 -287 -291 -282 -269

12" -273 -283 -287 -288 -287 -285 -280 -273

15" -285 -295 -292 -295 -290 -290 -293 -274

18" -289 -299 -298 -298 -293 -303 -293 -271

21" -297 -299 -296 -290 -287 -286 -287 -268

24" -299 -312 -310 -348 -296 -297 -285 -278

27" -305 -318 -342 -366 -321 -297 -289 -278
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Figure E.28 Shaft 11, test 1 data map 

Table E.20 Shaft 11, test 2 raw data (mV) 

 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -303 -311 -309 -307 -308 -290 -281 -270

3" -309 -318 -316 -329 -316 -300 -290 -270

6" -311 -318 -314 -314 -310 -300 -285 -273

9" -323 -324 -321 -317 -314 -303 -288 -277

12" -336 -340 -334 -334 -324 -315 -304 -288

15" -346 -353 -347 -343 -323 -313 -311 -296

18" -353 -356 -350 -341 -323 -313 -306 -291

21" -357 -350 -349 -347 -329 -333 -317 -292

24" -355 -354 -343 -340 -333 -330 -310 -297

27" -352 -359 -342 -329 -331 -323 -310 -287
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Figure E.29 Shaft 11, test 2 data map 

 

 
Figure E.30 Shaft 11 percentile distributions 
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Table E.21 Shaft 12, test 1 raw data (mV) 

 

 
Figure E.31 Shaft 12, test 1 data map 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -184 -188 -181 -176 -173 -174 -175 -170

3" -195 -201 -189 -186 -181 -176 -175 -173

6" -196 -201 -197 -191 -179 -172 -171 -168

9" -204 -210 -200 -190 -179 -174 -170 -170

12" -225 -217 -201 -193 -185 -179 -171 -170

15" -220 -220 -206 -193 -191 -178 -176 -172

18" -226 -222 -210 -206 -199 -187 -183 -187

21" -220 -220 -213 -205 -195 -189 -185 -185

24" -219 -221 -212 -204 -206 -186 -188 -181

27" -218 -221 -212 -206 -199 -192 -186 -187
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Table E.22 Shaft 12, test 2 raw data (mV) 

 

 
Figure E.32 Shaft 12, test 2 data map 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -234 -241 -236 -233 -229 -228 -225 -221

3" -240 -244 -238 -236 -231 -231 -227 -221

6" -245 -247 -238 -236 -232 -229 -226 -223

9" -253 -254 -242 -236 -231 -229 -223 -218

12" -258 -260 -249 -239 -231 -231 -210 -224

15" -270 -267 -258 -248 -231 -239 -223 -232

18" -277 -280 -259 -251 -254 -251 -245 -244

21" -294 -296 -286 -278 -272 -263 -259 -257

24" -320 -315 -305 -302 -287 -279 -278 -272

27" -337 -333 -318 -308 -295 -291 -283 -279
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Figure E.33 Shaft 12 percentile distributions 

Table E.23 Shaft 13, test 1 raw data (mV) 
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Test 1

Test 2

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -306 -300 -291 -288 -286 -285 -285 -289

3" -305 -298 -291 -291 -290 -285 -286 -286

6" -305 -299 -294 -289 -286 -284 -287 -285

9" -303 -297 -293 -290 -285 -286 -285 -284

12" -304 -299 -294 -291 -286 -285 -282 -282

15" -307 -300 -296 -291 -285 -281 -280 -278

18" -303 -302 -294 -290 -286 -283 -278 -278

21" -297 -300 -300 -293 -288 -286 -283 -277

24" -345 -302 -302 -293 -290 -288 -284 -280

27" -351 -336 -301 -293 -289 -285 -283 -278
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Figure E.34 Shaft 13, test 1 data map 

Table E.24 Shaft 13, test 2 raw data (mV) 

 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -342 -337 -330 -325 -324 -321 -316 -308

3" -345 -339 -336 -332 -327 -322 -315 -309

6" -352 -345 -341 -334 -332 -329 -321 -311

9" -356 -349 -341 -334 -333 -328 -321 -311

12" -351 -347 -343 -337 -334 -326 -321 -313

15" -351 -347 -342 -337 -333 -328 -321 -317

18" -352 -348 -341 -335 -332 -329 -322 -321

21" -351 -347 -343 -340 -338 -334 -323 -315

24" -357 -351 -346 -343 -337 -337 -331 -322

27" -360 -355 -350 -345 -341 -339 -335 -323
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Figure E.35 Shaft 13, test 2 data map 

 
Figure E.36 Shaft 12 percentile distributions 
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Table E.25 Shaft 14, test 1 raw data (mV) 

 
 

 
Figure E.37 Shaft 14, test 1 data map 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -371 -300 -291 -282 -273 -248 -255 -263

3" -337 -296 -292 -284 -235 -214 -230 -251

6" -298 -299 -294 -289 -280 -243 -245 -268

9" -300 -294 -291 -285 -280 -276 -253 -281

12" -298 -293 -288 -285 -285 -280 -270 -268

15" -302 -295 -288 -284 -281 -281 -275 -279

18" -297 -293 -289 -284 -279 -277 -276 -278

21" -300 -296 -291 -284 -278 -276 -276 -277

24" -301 -297 -291 -283 -274 -262 -262 -270

27" -304 -298 -294 -286 -277 -270 -267 -273
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Table E.26 Shaft 14, test 2 raw data (mV) 

 
 

 
Figure E.38 Shaft 14, test 2 data map 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -353 -352 -351 -348 -342 -341 -339 -330

3" -358 -357 -352 -344 -340 -339 -341 -336

6" -365 -360 -353 -344 -339 -336 -339 -340

9" -375 -368 -357 -348 -342 -339 -338 -341

12" -376 -369 -358 -349 -342 -340 -337 -336

15" -376 -369 -360 -352 -346 -340 -335 -331

18" -377 -372 -363 -353 -347 -338 -334 -331

21" -385 -375 -367 -355 -346 -339 -334 -333

24" -398 -384 -372 -359 -348 -342 -340 -336

27" -402 -385 -369 -360 -351 -348 -345 -345
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Figure E.39 Shaft 14 percentile distributions 

Table E.27 Shaft 15, test 1 raw data (mV) 
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Test 1

Test 2

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -349 -350 -351 -340 -339 -347

3" -339 -345 -340 -338 -338 -341

6" -337 -336 -338 -340 -330 -335 -336

9" -335 -334 -333 -327 -328 -331 -334

12" -330 -330 -327 -327 -329 -334

15" -332 -337 -331 -328 -330 -332 -336

18" -337 -336 -335 -332 -331 -334 -337

21" -344 -336 -335 -328 -327 -333 -339

24" -349 -348 -341 -338 -332 -337 -341

27" -362 -357 -344 -341 -337 -333 -336 -337
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Figure E.40 Shaft 15, test 1 data map 

Table E.28 Shaft 15, test 2 raw data (mV) 

 
 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -435 -419 -412 -404 -387 -365 -368 -359

3" -430 -418 -414 -399 -385 -362 -370 -357

6" -431 -410 -419 -399 -390 -336 -364 -353

9" -416 -413 -410 -403 -375 -369 -369 -357

12" -422 -418 -412 -408 -391 -378 -374 -362

15" -426 -416 -415 -408 -395 -377 -374 -363

18" -431 -414 -415 -411 -399 -383 -374 -368

21" -436 -440 -421 -413 -399 -386 -376 -371

24" -450 -449 -428 -419 -395 -384 -381 -369

27" -439 -436 -434 -420 -403 -388 -375 -366
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Figure E.41 Shaft 15, test 2 data map 

 
Figure E.42 Shaft 15 percentile distributions 
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Table E.29 Shaft 16, test 1 raw data (mV) 

 
 

 
Figure E.43 Shaft 16, test 1 data map 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -291 -278 -271 -266 -259 -256 -261 -251

3" -298 -287 -279 -275 -269 -266 -271 -262

6" -298 -294 -286 -278 -272 -271 -270 -264

9" -292 -290 -283 -276 -277 -275 -271 -265

12" -293 -290 -284 -274 -270 -273 -275 -269

15" -292 -291 -289 -279 -278 -280 -278 -271

18" -293 -288 -284 -278 -275 -278 -282 -275

21" -292 -290 -285 -283 -279 -279 -284 -279

24" -293 -290 -289 -283 -280 -283 -284 -283

27" -289 -288 -286 -282 -280 -281 -286 -286
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Table E.30 Shaft 16, test 2 raw data (mV) 

 
 

 
Figure E.44 Shaft 16, test 2 data map 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -474 -463 -458 -452 -451 -453 -456 -452

3" -472 -467 -458 -453 -452 -456 -462 -455

6" -470 -466 -458 -453 -451 -454 -458 -448

9" -472 -468 -460 -456 -459 -460 -463 -453

12" -475 -472 -463 -460 -464 -462 -461 -449

15" -478 -471 -463 -459 -461 -458 -459 -450

18" -487 -478 -469 -466 -461 -464 -466 -458

21" -494 -491 -479 -476 -469 -473 -470 -465

24" -492 -490 -483 -481 -475 -474 -475 -466

27" -488 -486 -484 -478 -472 -472 -475 -474
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Figure E.45 Shaft 16 percentile distributions 

Table E.31 Shaft 17, test 1 raw data (mV) 
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1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -309 -303 -301 -301 -299 -305 -304 -304

3" -306 -306 -303 -303 -302 -299 -303 -301

6" -309 -307 -303 -308 -304 -299 -298 -300

9" -306 -305 -302 -299 -293 -291 -294 -293

12" -312 -310 -304 -298 -298 -292 -296 -290

15" -319 -312 -304 -303 -298 -295 -295 -288

18" -322 -311 -302 -296 -293 -290 -291 -288

21" -319 -310 -301 -300 -292 -288 -287 -285

24" -311 -310 -302 -297 -291 -287 -285 -286

27" -305 -306 -297 -295 -290 -286 -285 -280
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Figure E.46 Shaft 17, test 1 data map 

Table E.32 Shaft 17, test 2 raw data (mV) 

 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -365 -362 -351 -345 -340 -327 -320 -315

3" -363 -363 -354 -362 -332 -327 -318 -318

6" -371 -366 -359 -348 -338 -331 -324 -321

9" -374 -371 -362 -356 -347 -342 -330 -323

12" -384 -378 -364 -358 -351 -342 -335 -330

15" -380 -375 -365 -357 -347 -343 -337 -336

18" -377 -371 -362 -355 -349 -345 -341 -334

21" -368 -366 -357 -347 -342 -336 -333 -328

24" -360 -358 -350 -339 -331 -325 -321 -315

27" -358 -357 -347 -338 -335 -325 -322 -314
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Figure E.47 Shaft 17, test 2 data map 

 
Figure E.48 Shaft 17 percentile distributions 
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Table E.33 Shaft 18, test 1 raw data (mV) 

 
 

 
Figure E.49 Shaft 18, test 1 data map 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -301 -304 -291 -291 -284 -295 -300 -302

3" -300 -302 -290 -285 -282 -290 -299 -307

6" -299 -303 -291 -284 -282 -292 -299 -306

9" -294 -297 -290 -286 -284 -293 -299 -304

12" -295 -293 -285 -281 -283 -290 -293 -300

15" -296 -298 -285 -282 -285 -291 -291 -298

18" -296 -296 -288 -283 -292 -293 -295 -292

21" -301 -297 -291 -288 -294 -293 -297 -303

24" -302 -298 -291 -290 -293 -287 -294 -297

27" -299 -297 -291 -297 -302 -295 -297 -301
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Table E.34 Shaft 18, test 2 raw data (mV) 

 
 

 
Figure E.50 Shaft 18, test 2 data map 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -337 -337 -339 -335 -329 -318 -308 -289

3" -336 -337 -341 -339 -327 -319 -312 -287

6" -338 -341 -338 -339 -329 -326 -318 -294

9" -343 -342 -346 -342 -334 -332 -323 -295

12" -356 -348 -348 -337 -339 -330 -323 -300

15" -352 -350 -339 -339 -333 -325 -316 -292

18" -358 -354 -342 -342 -340 -332 -320 -297

21" -365 -352 -349 -349 -338 -332 -320 -301

24" -376 -368 -361 -361 -345 -331 -316 -293

27" -379 -379 -375 -357 -344 -337 -321 -295
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Figure E.51 Shaft 18 percentile distributions 

Table E.35 Shaft 19, test 1 raw data (mV) 
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1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -243 -238 -234 -231 -230 -225 -229 -234

3" -242 -242 -238 -234 -235 -230 -234 -240

6" -246 -246 -238 -235 -231 -235 -241 -247

9" -256 -250 -242 -234 -235 -238 -243 -255

12" -258 -251 -241 -232 -230 -235 -248 -265

15" -265 -259 -249 -243 -238 -240 -248 -259

18" -263 -258 -247 -243 -240 -241 -245 -249

21" -260 -258 -250 -243 -244 -243 -246 -245

24" -268 -263 -255 -247 -244 -245 -248 -249

27" -275 -263 -250 -242 -240 -239 -246 -252
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Figure E.52 Shaft 19, test 1 data map 

Table E.36 Shaft 19, test 2 raw data (mV) 

 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -318 -302 -285 -278 -269 -263 -258 -258

3" -310 -298 -285 -275 -268 -263 -259 -252

6" -297 -292 -282 -274 -270 -264 -256 -249

9" -291 -290 -284 -272 -269 -262 -256 -244

12" -290 -292 -286 -278 -275 -269 -260 -244

15" -290 -287 -282 -275 -267 -261 -256 -242

18" -287 -283 -276 -272 -262 -253 -253 -236

21" -281 -285 -288 -270 -262 -255 -260 -238

24" -275 -270 -275 -273 -263 -257 -248 -235

27" -272 -267 -260 -255 -244 -238 -235 -228



430 

 
Figure E.53 Shaft 19, test 2 data map 

 
Figure E.54 Shaft 19 percentile distributions 
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Table E.37 Shaft 20, test 1 raw data (mV) 

 
 

 
Figure E.55 Shaft 20, test 1 data map 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -239 -234 -225 -231 -235 -238 -243 -235

3" -222 -231 -231 -231 -236 -236 -244 -247

6" -239 -236 -235 -238 -239 -239 -241 -237

9" -233 -233 -240 -241 -242 -242 -238 -242

12" -241 -242 -241 -241 -242 -242 -242 -245

15" -248 -244 -248 -245 -239 -239 -242 -243

18" -253 -250 -251 -245 -245 -245 -242 -241

21" -253 -252 -251 -246 -246 -246 -254 -245

24" -251 -253 -250 -247 -247 -247 -250 -250

27" -259 -259 -254 -253 -255 -255 -251 -249
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Table E.38 Shaft 20, test 2 raw data (mV) 

 
 

 
Figure E.56 Shaft 20, test 2 data map 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -338 -433 -439 -448 -450 -451 -452 -439

3" -470 -465 -456 -462 -466 -469 -469 -458

6" -482 -476 -478 -476 -482 -484 -492 -485

9" -484 -479 -476 -478 -483 -483 -507 -503

12" -496 -482 -476 -476 -482 -475 -509 -501

15" -491 -479 -475 -478 -479 -478 -498 -499

18" -481 -469 -470 -468 -476 -480 -488 -485

21" -466 -463 -462 -462 -461 -470 -473 -466

24" -452 -449 -446 -451 -454 -467 -463 -457

27" -435 -440 -441 -443 -454 -459 -465 -457
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Figure E.57 Shaft 20 percentile distributions 

Table E.39 Shaft 21, test 1 raw data (mV) 
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1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -491 -492 -495 -518 -552 -534 -548 -596

3" -482 -489 -489 -493 -533 -524 -527 -500

6" -480 -481 -489 -484 -508 -493 -509 -495

9" -491 -489 -488 -497 -522 -493 -516 -502

12" -485 -464 -488 -486 -511 -501 -522 -506

15" -495 -494 -488 -492 -496 -494 -502 -511

18" -500 -497 -508 -513 -536 -524 -529 -524

21" -504 -505 -516 -528 -560 -538 -539 -516

24" -508 -503 -508 -522 -540 -547 -556 -520

27" -510 -510 -536 -538 -573 -558 -564 -542
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Figure E.58 Shaft 21, test 1 data map 

Table E.40 Shaft 21, test 2 raw data (mV) 

 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -464 -478 -483 -483 -494 -491 -499 -491

3" -478 -477 -480 -483 -478 -478 -483 -494

6" -488 -493 -494 -477 -490 -482 -505 -486

9" -497 -499 -514 -487 -497 -481 -505 -494

12" -514 -513 -505 -495 -492 -478 -479 -466

15" -512 -512 -507 -500 -513 -490 -504 -478

18" -489 -491 -498 -501 -518 -499 -501 -490

21" -467 -473 -487 -487 -493 -492 -495 -481

24" -460 -465 -469 -477 -518 -486 -482 -466

27" -432 -447 -459 -476 -498 -485 -493 -469
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Figure E.59 Shaft 21, test 2 data map 

Figure E.60 Shaft 21 percentile distributions 
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Table E.41 Shaft 22, test 1 raw data (mV) 

 
 

 
Figure E.61 Shaft 22, test 1 data map 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -268 -264 -248 -244 -243 -236 -230 -243

3" -265 -273 -255 -247 -237 -237 -241 -248

6" -281 -277 -268 -254 -244 -240 -248 -251

9" -272 -281 -276 -261 -255 -252 -248 -250

12" -263 -272 -261 -246 -238 -238 -237 -239

15" -257 -259 -248 -240 -236 -234 -241 -246

18" -261 -260 -247 -237 -237 -239 -244 -252

21" -277 -278 -262 -249 -245 -247 -256 -269

24" -279 -279 -266 -249 -245 -251 -259 -277

27" -280 -279 -265 -250 246 -249 -256 -268
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Table E.42 Shaft 22, test 2 raw data (mV) 

 
 

 
Figure E.62 Shaft 22, test 2 data map 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -275 -277 -273 -251 -244 -239 -234 -227

3" -278 -277 -268 -247 -243 -235 -232 -220

6" -281 -283 -279 -258 -247 -245 -238 -230

9" -285 -287 -281 -264 -254 -240 -237 -229

12" -276 -284 -275 -269 -259 -246 -238 -229

15" -273 -280 -296 -281 -267 -260 -246 -235

18" -283 -285 -291 -286 -264 -264 -254 -243

21" -291 -299 -299 -285 -271 -264 -260 -240

24" -296 -301 -292 -280 -269 -259 -250 -240

27" -297 -302 -287 -267 -258 -250 -248 -242
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Figure E.63 Shaft 22 percentile distributions 

Table E.43 Shaft 23, test 1 raw data (mV) 
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1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -273 -265 -264 -260 -258 -262 -263 -269

3" -276 -263 -263 -260 -258 -262 -268 -273

6" -272 -262 -263 -257 -258 -263 -270 -260

9" -271 -260 -261 -255 -255 -282 -269 -261

12" -271 -259 -258 -254 -253 -283 -271 -260

15" -266 -256 -251 -248 -252 -255 -264 -277

18" -265 -255 -253 -247 -249 -250 -258 -269

21" -261 -254 -246 -243 -242 -246 -250 -257

24" -261 -252 -246 -241 -236 -241 -245 -254

27" -261 -254 -246 -237 -233 -238 -243 -250
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Figure E.64 Shaft 23, test 1 data map 

Table E.44 Shaft 23, test 2 raw data (mV) 

 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -451 -416 -384 -368 -353 -349 -350 -360

3" -448 -417 -391 -374 -358 -350 -348 -354

6" -440 -414 -392 -374 -360 -353 -348 -349

9" -438 -413 -392 -376 -361 -354 -348 -345

12" -438 -417 -396 -378 -361 -352 -347 -346

15" -449 -422 -403 -381 -366 -355 -348 -351

18" -454 -424 -400 -382 -365 -353 -348 -355

21" -452 -424 -398 -379 -362 -350 -349 -352

24" -439 -419 -395 -377 -360 -350 -346 -347

27" -430 -412 -392 -374 -357 -349 -344 -342
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Figure E.65 Shaft 23, test 2 data map 

 
Figure E.66 Shaft 23 percentile distributions 

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

-600 -500 -400 -300 -200 -100 0

%

Potential Difference (mV)

Test 1

Test 2



441 

Table E.45 Shaft 24, test 1 raw data (mV) 

 
 

 
Figure E.67 Shaft 24, test 1 data map 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -450 -453 -449 -452 -464 -446 -413 -393

3" -439 -447 -443 -445 -456 -441 -410 -394

6" -436 -443 -441 -430 -464 -443 -416 -400

9" -433 -441 -442 -442 -469 -455 -425 -404

12" -429 -436 -438 -444 -464 -454 -423 -404

15" -423 -429 -437 -444 -465 -456 -424 -407

18" -414 -421 -425 -434 -454 -433 -414 -403

21" -411 -412 -421 -425 -437 -422 -398 -394

24" -410 -408 -408 -408 -412 -401 -390 -389

27" -404 -399 -395 -405 -403 -395 -389 -384
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Table E.46 Shaft 24, test 2 raw data (mV) 

 
 

 
Figure E.68 Shaft 24, test 2 data map 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -433 -444 -459 -469 -475 -452 -414 -383

3" -437 -446 -451 -468 -473 -450 -412 -383

6" -438 -448 -458 -464 -464 -450 -414 -388

9" -443 -452 -457 -459 -457 -439 -408 -382

12" -444 -449 -452 -459 -451 -430 -398 -371

15" -451 -457 -460 -450 -428 -393 -391 -361

18" -445 -451 -459 -459 -451 -425 -382 -354

21" -449 -453 -462 -462 -453 -428 -386 -335

24" -450 -454 -463 -463 -454 -429 -389 -360

27" -454 -455 -463 -460 -453 -427 -389 -365
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Figure E.69 Shaft 24 percentile distributions 

Table E.47 Shaft 25, test 1 raw data (mV) 
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1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -398 -408 -409 -422 -421 -416 -412 -406

3" -403 -409 -407 -422 -419 -421 -410 -410

6" -413 -408 -406 -422 -418 -419 -410 -412

9" -420 -410 -403 -423 -417 -419 -407 -410

12" -431 -421 -415 -414 -416 -424 -411 -408

15" -443 -430 -419 -414 -414 -418 -412 -406

18" -455 -449 -435 -406 -415 -414 -418 -402

21" -463 -451 -438 -407 -417 -419 -415 -404

24" -472 -458 -438 -409 -418 -419 -413 -404

27" -472 -456 -438 -411 -416 -415 -407 -409
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Figure E.70 Shaft 25, test 1 data map 

Table E.48 Shaft 25, test 2 raw data (mV) 

 
 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -357 -358 -362 -370 -377 -386 -397 -407

3" -357 -360 -366 -373 -379 -388 -399 -412

6" -359 -364 -369 -374 -379 -390 -405 -418

9" -363 -365 -371 -376 -389 -392 -409 -425

12" -371 -372 -380 -389 -393 -405 -417 -433

15" -381 -381 -388 -393 -400 -413 -425 -443

18" -385 -386 -390 -397 -411 -423 -440 -449

21" -390 -391 -396 -405 -420 -434 -445 -461

24" -392 -390 -401 -411 -426 -445 -457 -469

27" -392 -396 -404 -415 -430 -446 -461 -476
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Figure E.71 Shaft 25, test 2 data map 

 
Figure E.72 Shaft 25 percentile distributions 
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Table E.49 Shaft 26, test 1 raw data (mV) 

 
 

 
Figure E.73 Shaft 26, test 1 data map 

 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -341 -328 -308 -293 -292 -304 -335 -367

3" -339 -326 -305 -291 -290 -304 -329 -359

6" -344 -325 -305 -291 -288 -299 -325 -350

9" -344 -330 -310 -291 -289 -299 -321 -349

12" -351 -334 -314 -298 -292 -300 -322 -349

15" -363 -346 -321 -307 -301 -308 -325 -353

18" -373 -353 -335 -313 -305 -309 -329 -360

21" -383 -367 -342 -321 -310 -318 -335 -363

24" -397 -379 -350 -336 -314 -319 -337 -369

27" -403 -382 -355 -327 -315 -318 -341 -368
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Table E.50 Shaft 26, test 2 raw data (mV) 

 
 

 
Figure E.74 Shaft 26, test 2 data map 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -344 -331 -313 -307 -308 -320 -333 -347

3" -348 -333 -316 -310 -309 -320 -332 -344

6" -357 -338 -319 -311 -310 -319 -333 -345

9" -367 -347 -327 -321 -303 -329 -337 -344

12" -386 -359 -341 -326 -323 -332 -344 -347

15" -401 -368 -342 -332 -327 -333 -344 -348

18" -408 -376 -347 -333 -328 -333 -345 -350

21" -401 -373 -345 -332 -327 -334 -344 -346

24" -386 -361 -338 -325 -325 -333 -342 -345

27" -363 -348 -327 -317 -316 -323 -333 -338
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Figure E.75 Shaft 26 percentile distributions 

Table E.51 Shaft 27, test 1 raw data (mV) 
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1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -222 -232 -237 -244 -254 -259 -265 -292

3" -224 -232 -231 -241 -255 -263 -267 -295

6" -225 -232 -231 -240 -255 -263 -267 -332

9" -220 -229 -232 -242 -260 -265 -347 -352

12" -218 -225 -232 -244 -257 -269 -269 -332

15" -220 -223 -225 -238 -254 -273 -281 -288

18" -216 -220 -224 -235 -250 -269 -283 -293

21" -219 -228 -225 -237 -249 -263 -285 -302

24" -216 -226 -235 -237 -250 -265 -290 -291

27" -223 -232 -230 -239 -252 -264 -292 -295
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Figure E.76 Shaft 27, test 1 data map 

Table E.52 Shaft 27, test 2 raw data (mV) 

 
 

 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -309 -290 -283 -273 -264 -253 -222 -234

3" -306 -291 -285 -274 -265 -250 -207 -237

6" -349 -293 -289 -276 -271 -225 -209 -244

9" -357 -304 -283 -283 -273 -266 -218 -258

12" -351 -298 -290 -283 -274 -271 -271 -268

15" -337 -301 -294 -285 -278 -270 -275 -275

18" -316 -302 -297 -289 -284 -279 -279 -284

21" -309 -305 -299 -292 -286 -279 -286 -293

24" -314 -308 -297 -292 -289 -283 -284 -299

27" -314 -310 -296 -292 -290 -284 -298 -303
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Figure E.77 Shaft 27, test 2 data map 

 
Figure E.78 Shaft 27 percentile distributions 
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Table E.53 Shaft 28, test 1 raw data (mV) 

 
 

 
Figure E.79 Shaft 28, test 1 data map 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -209 -243 -245 -257 -270 -295 -318 -329

3" -215 -248 -252 -262 -272 -296 -317 330

6" -242 -248 -254 -268 -279 -298 -319 -330

9" -241 -247 -258 -268 -280 -290 -325 -334

12" -242 -249 -258 -268 -281 -303 -326 -339

15" -238 -246 -257 -268 -283 -303 -329 -347

18" -238 -250 -257 -268 -284 -300 -325 -345

21" -241 -252 -256 -269 -287 -304 -324 -341

24" -240 -249 -251 -268 -283 -300 -324 -340

27" -240 -246 -253 -261 -278 -295 -323 -344
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Table E.54 Shaft 28, test 2 raw data (mV) 

 
 

 
Figure E.80 Shaft 28, test 2 data map 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -349 -324 -298 -277 -269 -259 -257 -246

3" -331 -319 -270 -277 -268 -260 -258 -247

6" -322 -309 -289 -270 -266 -260 -256 -253

9" -318 -305 -284 -270 -263 -258 -261 -256

12" -313 -301 -281 -266 -261 -259 -264 -267

15" -307 -295 -276 -262 -256 -258 -263 -274

18" -305 -295 -271 -259 -253 -254 -265 -277

21" -303 -293 -271 -256 -253 -256 -266 -279

24" -299 -288 -271 -256 -251 -254 -265 -280

27" -296 -289 -266 -256 -253 -255 -263 -281
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Figure E.81 Shaft 28 percentile distributions 

Table E.55 Shaft 29, test 1 raw data (mV) 
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1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -403 -440 -461 -510 -533 -549 -546 -551

3" -395 -425 -440 -485 -517 -522 -505 -518

6" -394 -416 -435 -462 -482 -486 -475 -480

9" -389 -411 -428 -445 -450 -457 -455 -456

12" -393 -408 -419 -432 -429 -436 -434 -430

15" -390 -403 -410 -415 -415 -414 -417 -424

18" -394 -404 -403 -402 -399 -401 -404 -411

21" -400 -408 -403 -399 -397 -399 -404 -405

24" -400 -406 -401 -395 -393 -397 -401 -406

27" -403 -406 -400 -394 -385 -392 -396 -399
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Figure E.82 Shaft 29, test 1 data map 

Table E.56 Shaft 29, test 2 raw data (mV) 

 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -454 -447 -440 -430 -425 -425 -430 -434

3" -438 -435 -430 -424 -420 -421 -423 -431

6" -430 -424 -424 -420 -417 -417 -424 -429

9" -424 -423 -425 -419 -417 -415 -422 -417

12" -430 -427 -426 -417 -426 -420 -429 -429

15" -438 -438 -441 -437 -440 -435 -436 -433

18" -452 -453 -431 -469 -469 -458 -447 -440

21" -471 -468 -484 -499 -495 -479 -463 -449

24" -499 -494 -512 -528 -518 -491 -469 -449

27" -525 -545 -563 -543 -524 -495 -472 -449
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Figure E.83 Shaft 29, test 2 data map 

 
Figure E.84 Shaft 29 percentile distributions 
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Table E.57 Shaft 30, test 1 raw data (mV) 

 
 

 
Figure E.85 Shaft 30, test 1 data map 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -433 -422 -407 -385 -377 -388 -399 -427

3" -445 -424 -416 -392 -380 -390 -406 -420

6" -460 -444 -419 -399 -385 -387 -398 -424

9" -472 -455 -429 -411 -392 -387 -396 -420

12" -483 -468 -447 -414 -396 -388 -394 -404

15" -490 -483 -465 -430 -398 -386 -388 -398

18" -496 -490 -467 -431 -400 -388 -387 -397

21" -499 -494 -468 -433 -402 -389 -390 -397

24" -500 -485 -462 -432 -401 -391 -390 -399

27" -499 -488 -475 -441 -409 -397 -403 -407
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Table E.58 Shaft 30, test 2 raw data (mV) 

 
 

 
Figure E.86 Shaft 30, test 2 data map 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -469 -462 -455 -468 -499 -534 -573 -596

3" -470 -457 -457 -469 -505 -535 -585 -600

6" -466 -457 -455 -474 -512 -544 -589 -609

9" -450 -457 -453 -472 -510 -556 -601 -611

12" -441 -438 -451 -470 -519 -563 -593 -611

15" -436 -434 -445 -470 -510 -561 -597 -607

18" -444 -439 -444 -462 -502 -558 -585 -607

21" -452 -443 -451 -472 -507 -552 -579 -602

24" -461 -460 -463 -479 -523 -556 -582 -604

27" -474 -468 -471 -488 -524 -563 -586 -604
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Figure E.87 Shaft 30 percentile distributions 

Table E.59 Shaft 31, test 1 raw data (mV) 
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1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -302 -297 -296 -306 -307 -315 -317 -311

3" -297 -291 -292 -304 -311 -317 -321 -315

6" -291 -292 -293 -306 -306 -311 -317 -308

9" -303 -291 -290 -298 -301 -313 -314 -304

12" -307 -297 -305 -296 -308 -312 -314 -308

15" -298 -302 -300 -299 -303 -309 -309 -318

18" -298 -301 -303 -298 -300 -305 -309 -304

21" -302 -305 -303 -294 -305 -303 -301 -303

24" -306 -295 -300 -300 -307 -301 -300 -301

27" -312 -300 -307 -307 -309 -307 -299 -304
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Figure E.88 Shaft 31, test 1 data map 

Table E.60 Shaft 31, test 2 raw data (mV) 

 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -275 -278 -279 -283 -287 -290 -285 -288

3" -278 -277 -283 -285 -285 -292 -291 -290

6" -281 -282 -286 -289 -284 -293 -295 -291

9" -281 -283 -289 -289 -289 -296 -298 -298

12" -282 -284 -291 -292 -292 -301 -302 -303

15" -290 -289 -285 -293 -294 -306 -302 -306

18" -292 -290 -284 -292 -294 -299 -304 -306

21" -289 -291 -289 -295 -297 -303 -308 -310

24" -294 -293 -301 -303 -301 -303 -315 -314

27" -293 -296 -297 -299 -302 -308 -311 -316
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Figure E.89 Shaft 31, test 2 data map 

 
Figure E.90 Shaft 31 percentile distributions 
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Table E.61 Shaft 32, test 1 raw data (mV) 

 
 

 
Figure E.91 Shaft 32, test 1 data map 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -291 -290 -281 -284 -282 -281 -277 -276

3" -291 -290 -283 -282 -285 -278 -279 -276

6" -282 -290 -282 -282 -278 -278 -278 -279

9" -284 -286 -279 -277 -278 -276 -272 -279

12" -289 -299 -252 -248 -294 -280 -274 -279

15" -285 -304 -248 -235 -283 -275 -275 -277

18" -286 -293 -290 -257 -290 -280 -277 -274

21" -279 -282 -276 -277 -277 -279 -275 -275

24" -279 -283 -275 -280 -277 -277 -275 -286

27" -279 -276 -271 -273 -273 -276 -283 -278
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Table E.62 Shaft 32, test 2 raw data (mV) 

 
 

 
Figure E.92 Shaft 32, test 2 data map 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -308 -302 -301 -297 -299 -301 -315 -314

3" -309 -305 -300 -299 -301 -297 -310 -317

6" -318 -295 -296 -298 -297 -304 -310 -316

9" -321 -317 -303 -304 -304 -304 -306 -306

12" -325 -317 -309 -302 -304 -304 -298 -299

15" -309 -302 -295 -293 -292 -292 -285 -291

18" -300 -295 -291 -285 -279 -279 -280 -288

21" -312 -301 -294 -291 -278 -278 -280 -283

24" -323 -315 -304 -296 -288 -289 -288 -285

27" -332 -320 -310 -306 -306 -300 -291 -289
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Figure E.93 Shaft 32 percentile distributions 

Table E.63 Shaft 33, test 1 raw data (mV) 

 
 

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

-600 -500 -400 -300 -200 -100 0

%

Potential Difference (mV)

Test 1

Test 2

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -212 -222 -223 -232 -225 -229 -231 -239

3" -207 -213 -229 -226 -230 -221 -223 -240

6" -207 -212 -216 -219 -26 -223 -230 -223

9" -206 -210 -225 -221 -218 -218 -221 -211

12" -205 -218 -220 -231 -228 -224 -225 -218

15" -213 -216 -218 -227 -225 -220 -212 -210

18" -209 -214 -215 -225 -227 -223 -218 -211

21" -202 -213 -221 -228 -227 -223 -220 -205

24" -202 -220 -227 -231 -230 -222 -351 -366

27" -203 -219 -224 -233 -226 -365 -378 -311
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Figure E.94 Shaft 33, test 1 data map 

Table E.64 Shaft 33, test 2 raw data (mV) 

 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -394 -390 -375 -364 -351 -353 -345 -342

3" -394 -395 -373 -367 -353 -349 -348 -339

6" -396 -384 -378 -368 -355 -353 -345 -343

9" -396 -395 -379 -372 -356 -353 -348 -340

12" -394 -392 -380 -371 -356 -353 -345 -337

15" -397 -390 -377 -370 -360 -350 -346 -339

18" -398 -386 -379 -368 -359 -348 -342 -346

21" -392 -385 -374 -371 -357 -350 -246 -349

24" -393 -396 -376 -367 -360 -352 -353 -350

27" -395 -389 -381 -364 -357 -352 -344 -343
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Figure E.95 Shaft 33, test 2 data map 

 
Figure E.96 Shaft 33 percentile distributions 
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Table E.65 Shaft 34, test 1 raw data (mV) 

 
 

 
Figure E.97 Shaft 34, test 1 data map 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -259 -264 -264 -260 -259 -253 -261 -266

3" -262 -261 -273 -265 -263 -252 -262 -265

6" -268 -268 -268 -257 -265 -257 -261 -261

9" -271 -267 -274 -266 -269 -263 -258 -257

12" -268 -270 -279 -272 -259 -259 -264 -260

15" -271 -278 -291 -276 -264 -260 -263 -264

18" -283 -290 -294 -284 -275 -268 -270 -262

21" -298 -295 -289 -281 -274 -281 -276 -258

24" -311 -304 -293 -288 -272 -271 -267 -256

27" -318 -310 -296 -284 -274 -279 -261 -254
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Table E.66 Shaft 34, test 2 raw data (mV) 

 
 

 
Figure E.98 Shaft 34, test 2 data map 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -317 -325 -323 -331 -328 -337 -341 -355

3" -324 -320 -324 -326 -325 -331 -342 -345

6" -321 -323 -329 -326 -327 -331 -337 -347

9" -330 -340 -333 -335 -332 -336 -345 -351

12" -340 -343 -339 -344 -346 -352 -356 -365

15" -351 -355 -353 -357 -361 -371 -372 -373

18" -351 -353 -375 -364 -367 -380 -394 -409

21" -356 -355 -367 -368 -375 -390 -408 -433

24" -349 -358 -374 -373 -385 -399 -425 -447

27" -353 -368 -375 -379 -389 -410 -436 -461
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Figure E.99 Shaft 34 percentile distributions 

Table E.67 Shaft 35, test 1 raw data (mV) 
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1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -582 -560 -545 -530 -513 -496 -591 -483

3" -578 -557 -539 -537 -519 -509 -513 -497

6" -572 -567 -560 -551 -530 -530 -517 -498

9" -577 -578 -582 -572 -553 -539 -521

12" -610 -590 -591 -598 -585 -571 -535 -524

15" -623 -588 -598 -603 -591 -586 -548 -544

18" -610 -575 -578 -587 -579 -571 -561 -558

21" -588 -567 -569 -573 -574 -586 -571

24" -600 -570 -563 -594 -587 -578 -570 -576

27" -603 -577 -564 -574 -592 -585 -586 -601
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Figure E.100 Shaft 35, test 1 data map 

Table E.68 Shaft 35, test 2 raw data (mV) 

 
 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -498 -531 -568 -591 -590 -593 -595 -589

3" -511 -535 -561 -567 -573 -572 -592

6" -523 -540 -550 -553 -571 -570 -584 -587

9" -525 -540 -552 -550 -570 -559 -586 -597

12" -519 -531 -556 -553 -560 -561 -577 -598

15" -534 -560 -561 -574 -585 -593 -602 -611

18" -558 -570 -576 -593 -593 -619 -631

21" -584 -587 -582 -593 -592 -593 -610 -628

24" -598 -590 -598 -590 -604 -607 -616

27" -550 -571 -582 -597 -585 -598 -595 -603
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Figure E.101 Shaft 35, test 2 data map 

 
Figure E.102 Shaft 35 percentile distributions 
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Table E.69 Shaft 36, test 1 raw data (mV) 

 
 

 
Figure E.103 Shaft 36, test 1 data map 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -283 -284 -295 -288 -284 -286 -283 -284

3" -278 -286 -289 -283 -285 -281 -277 -280

6" -290 -269 -273 -280 -300 -285 -283 -289

9" -289 -286 -284 -288 -307 -291 -280 -281

12" -276 -266 -277 -290 -293 -284 -282 -283

15" -287 -266 -284 -278 -278 -271 -280 -272

18" -278 -263 -287 -285 -271 -276 -278 -271

21" -283 -256 -271 -288 -272 -273 -261 -271

24" -258 -247 -262 -256 -251 -254 -254 -266

27" -257 -250 -261 -252 -248 -259 -253 -260
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Table E.70 Shaft 36, test 2 raw data (mV) 

 
 

 
Figure E.104 Shaft 36, test 2 data map 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -345 -341 -342 -334 -336 -328 -321 -329

3" -349 -347 -341 -332 -326 -330 -328 -332

6" -354 -345 -335 -331 -327 -327 -331 -333

9" -357 -348 -332 -328 -331 -330 -327 -333

12" -362 -347 -333 -330 -331 -329 -327 -325

15" -358 -347 -336 -335 -317 -324 -332 -331

18" -350 -353 -341 -330 -332 -327 -324 -333

21" -346 -340 -337 -334 -327 -331 -330 -328

24" -339 -334 -331 -332 -331 -332 -325 -325

27" -329 -334 -329 -332 -331 -326 -311 -303
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Figure E.105 Shaft 36 percentile distributions 

 

Table E.71 Shaft 37, test 1 raw data (mV) 
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Test 2

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -215 -233 -229 -235 -249 -259 -253 -243

3" -217 -232 -241 -248 -250 -255 -256 -271

6" -211 -221 -224 -230 -242 -250 -273 -268

9" -215 -223 -226 -234 -245 -257 -252 -280

12" -209 -230 -228 -243 -247 -258 -260 -278

15" -209 -218 -221 -233 -239 -248 -261 -264

18" -208 -214 -216 -231 -237 -248 -261 -268

21" -213 -202 -205 -230 -236 -254 -265 -278

24" -201 -203 -217 -224 -230 -252 -281 -278

27" -207 -203 -218 -225 -230 -246 -292 -273
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Figure E.106 Shaft 37, test 1 data map 

 

Table E.72 Shaft 37, test 2 raw data (mV) 

 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -281 -283 -256 -222 -217 -210 -214 -217

3" -274 -288 -264 -224 -220 -209 -210 -209

6" -269 -277 -262 -221 -219 -221 -233 -202

9" -273 -267 -249 -226 -221 -216 -230 -206

12" -285 -274 -269 -240 -234 -221 -231 -215

15" -267 -266 -275 -236 -232 -212 -226 -191

18" -256 -278 -270 -236 -224 -219 -219 -201

21" -260 -277 -256 -235 -224 -218 -218 -209

24" -267 -268 -273 -249 -241 -226 -234 -210

27" -241 -273 -266 -240 -227 -218 -214 -206
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Figure E.107 Shaft 37, test 2 data map 

 

 
Figure E.108 Shaft 37 percentile distributions 
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Table E.73 Shaft 38, test 1 raw data (mV) 

 
 

 
Figure E.109 Shaft 38, test 1 data map 

 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -241 -239 -232 -240 -253 -250 -255 -253

3" -232 -251 -268 -257 -243 -264 -265 -275

6" -250 -267 -268 -248 -250 -242 -268 -249

9" -243 -247 -266 -250 -250 -246 -167 -249

12" -246 -254 -270 -254 -263 -259 -268 -267

15" -250 -264 -270 -243 -250 -251 -307 -266

18" -252 -255 -286 -258 -261 -261 -241 -260

21" -247 -256 -259 -268 -274 -253 -294 -285

24" -248 -261 -278 -274 -270 -268 -331 -290

27" -243 -258 -310 -262 -286 -266 -322 -284
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Table E.74 Shaft 38, test 2 raw data (mV) 

 
 

 
Figure E.110 Shaft 38, test 2 data map 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -282 -268 -244 -243 -232 -241 -221 -204

3" -342 -301 -264 -278 -265 -320 -232 -212

6" -316 -358 -258 -285 -254 -257 -244 -227

9" -307 -266 -257 -277 -264 -255 -242 -230

12" -248 -233 -249 -268 -269 -255 -256 -258

15" -296 -277 -244 -251 -276 -290 -264 -247

18" -287 -303 -236 -254 -282 -290 -244 -223

21" -287 -263 -238 -247 -261 -227 -237 -227

24" -315 -288 -209 -235 -251 -238 -249 -238

27" -262 -225 -225 -237 -251 -311 -239 -219



478 

 
Figure E.111 Shaft 38 percentile distributions 

 

Table E.75 Shaft 39, test 1 raw data (mV) 
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1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -219 -246 -255 -253 -255 -250 -267 -246

3" -233 -246 -252 -244 -239 -242 -270 -261

6" -220 -244 -235 -252 -244 -251 -283 -231

9" -233 -243 -241 -243 -256 -253 -284 -253

12" -218 -233 -245 -244 -280 -252 -244 -255

15" -222 -232 -277 -257 -254 -216 -245 -260

18" -225 -243 -245 -293 -244 -239 -245 -259

21" -233 -239 -263 -261 -232 -242 -245 -251

24" -241 -237 -245 -245 -244 -254 -247 -268

27" -231 -237 -243 -245 -247 -249 -252 -260
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Figure E.112 Shaft 39, test 1 data map 

 

Table E.76 Shaft 39, test 2 raw data (mV) 

 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -245 -257 -234 -230 -224 -222 -211 -204

3" -260 -243 -240 -230 -226 -225 -214 -229

6" -253 -244 -237 -221 -234 -246 -230 -215

9" -277 -254 -232 -238 -295 -298 -222 -199

12" -280 -248 -229 -243 -246 -240 -215 -193

15" -264 -239 -297 -238 -229 -227 -229 -190

18" -253 -274 -276 -264 -239 -240 -256 -205

21" -242 -290 -248 -255 -250 -245 -256 -202

24" -274 -266 -233 -229 -236 -240 -256 -211

27" -252 -251 -258 -248 -251 -262 -235 -188
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Figure E.113 Shaft 39, test 2 data map 

 
Figure E.114 Shaft 39 percentile distributions 
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Table E.77 Shaft 40, test 1 raw data (mV) 

 
 

 
Figure E.115 Shaft 40, test 1 data map 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -358 -343 -332 -334 -325 -321 -319 -319

3" -355 -342 -329 -335 -316 -326 -326 -321

6" -342 -336 -329 -326 -319 -327 -320 -321

9" -350 -328 -336 -316 -317 -329 -318 -316

12" -353 -346 -333 -328 -328 -332 -331 -309

15" -352 -338 -341 -321 -333 -335 -327 -314

18" -341 -332 -326 -306 -324 -316 -330 -307

21" -341 -333 -324 -325 -324 -313 -329 -309

24" -333 -333 -322 -306 -315 -306 -318 -305

27" -327 -326 -313 -310 -309 -300 -308 -309
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Table E.78 Shaft 40, test 2 raw data (mV) 

 
 

 
Figure E.116 Shaft 40, test 2 data map 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -296 -310 -312 -323 -326 -333 -346 -347

3" -294 -319 -322 -322 -326 -342 -358 -357

6" -302 -329 -332 -332 -344 -346 -356 -368

9" -302 -335 -338 -338 -325 -345 -357 -334

12" -303 -343 -338 -338 -337 -348 -358 -343

15" -288 -331 -340 -336 -353 -359 -365 -359

18" -307 -317 -328 -336 -337 -360 -351 -368

21" -314 -335 -341 -337 -350 -357 -371 -383

24" -315 -335 -345 -340 -360 -355 -382 -392

27" -320 -334 -343 -359 -368 -383 -400 -412
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Figure E.117 Shaft 40 percentile distributions 

 

Table E.79 Shaft 41, test 1 raw data (mV) 
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1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -209 -212 -227 -212 -229 -241 -248 -226

3" -215 -208 -227 -220 -231 -245 -246 -232

6" -223 -214 -222 -217 -224 -240 -240 -241

9" -222 -217 -223 -230 -229 -256 -252 -234

12" -221 -215 -220 -218 -218 -234 -234 -238

15" -221 -220 -223 -220 -221 -231 -240 -236

18" -224 -221 -223 -220 -224 -239 -246 -237

21" -226 -222 -222 -221 -236 -247 -242 -245

24" -216 -216 -222 -218 -227 -236 -251 -255

27" -219 -220 -227 -220 -234 -243 -256 -257
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Figure E.118 Shaft 41, test 1 data map 

 

Table E.80 Shaft 41, test 2 raw data (mV) 

 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -223 -225 -218 -210 -202 -210 -204 -203

3" -236 -226 -226 -211 -199 -203 -194 -185

6" -234 -217 -210 -201 -195 -198 -192 -190

9" -244 -221 -223 -211 -196 -202 -199 -200

12" -215 -232 -220 -207 -201 -201 -200 -203

15" -215 -216 -210 -205 -199 -203 -203 -199

18" -208 -218 -215 -207 -200 -205 -200 -211

21" -214 -230 -243 -215 -213 -215 -213 -220

24" -231 -227 -242 -207 -203 -214 -219 -223

27" -220 -239 -235 -217 -207 -218 -226 -214
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Figure E.119 Shaft 41, test 2 data map 

 

 
Figure E.120 Shaft 41 percentile distributions 
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Table E.81 Shaft 42, test 1 raw data (mV) 

 
 

 
Figure E.121 Shaft 42, test 1 data map 

 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -190 -190 -206 -204 -212 -214 -214 -195

3" -191 -193 -204 -209 -211 -213 -200 -210

6" -187 -193 -200 -201 -206 -202 -226 -204

9" -192 -194 -199 -197 -205 -203 -219 -218

12" -191 -203 -205 -218 -216 -210 -225 -215

15" -192 -191 -197 -195 -204 -202 -212 -222

18" -181 -189 -196 -200 -201 -200 -214 -223

21" -183 -191 -194 -196 -202 -204 -226 -219

24" -180 -186 -190 -192 -210 -211 -221 -208

27" -179 -189 -192 -195 -201 -203 -212 -208
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Table E.82 Shaft 42, test 2 raw data (mV) 

 
 

 
Figure E.122 Shaft 42, test 2 data map 

 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -179 -186 -176 -182 -175 -178 -180 -166

3" -199 -194 -183 -182 -175 -180 -183 -170

6" -191 -207 -196 -199 -193 -189 -195 -187

9" -205 -203 -187 -189 -184 -187 -198 -179

12" -200 -198 -183 -190 -188 -193 -192 -187

15" -203 -206 -191 -199 -193 -199 -200 -199

18" -195 -213 -205 -209 -205 -197 -204 -205

21" -201 -209 -185 -191 -198 -196 -195 -200

24" -190 -215 -193 -193 -196 -210 -194 -187

27" -199 -188 -209 -204 -210 -207 -208 -216
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Figure E.123 Shaft 42 percentile distributions 

 

Table E.83 Shaft 43, test 1 raw data (mV) 
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1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -443 -423 -395 -396 -366 -358 -380 -376

3" -483 -417 -400 -391 -379 -379 -381 -391

6" -424 -413 -415 -385 -380 -382 -383 -389

9" -433 -435 -419 -413 -404 -398 -410 -403

12" -434 -451 -426 -424 -405 -392 -396 -397

15" -451 -446 -441 -415 -402 -392 -394 -371

18" -460 -457 -443 -410 -397 -393 -397 -391

21" -466 -443 -415 -398 -404 -377 -389 -384

24" -444 -433 -408 -390 -385 -381 -380 -389

27" -434 -409 -389 -377 -358 -352 -364 -377
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Figure E.124 Shaft 43, test 1 data map 

 

Table E.84 Shaft 43, test 2 raw data (mV) 

 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -518 -528 -537 -530 -562 -585 -611 -626

3" -504 -516 -522 -519 -538 -562 -589 -612

6" -505 -509 -505 -516 -532 -545 -578 -598

9" -503 -500 -509 -519 -523 -533 -561 -580

12" -500 -496 -494 -500 -508 -529 -538 -557

15" -505 -505 -503 -512 -515 -531 -532 -546

18" -506 -499 -494 -511 -521 -519 -514 -524

21" -515 -517 -501 -520 -522 -527 -526 -531

24" -510 -514 -504 -514 -531 -534 -535 -536

27" -521 -516 -511 -520 -533 -537 -538 -541
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Figure E.125 Shaft 43, test 2 data map 

 

 
Figure E.126 Shaft 43 percentile distributions 
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Table E.85 Shaft 45, test 1 raw data (mV) 

 
 

 
Figure E.127 Shaft 45, test 1 data map 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -625 -562 -575 -498 -415 -432 -472 -483

3" -636 -584 -570 -486 -406 -427 -429 -445

6" -622 -585 -545 -455 -418 -381 -388 -417

9" -620 -598 -550 -471 -401 -363 -381 -388

12" -599 -568 -453 -457 -399 -363 -378 -390

15" -585 -567 -532 -440 -385 -352 -329 -366

18" -569 -559 -523 -420 -377 -332 -326 -342

21" -551 -555 -506 -505 -419 -379 -328 -341

24" -548 -562 -512 -430 -387 -330 -327 -328

27" -561 -563 -530 -439 -381 -343 -341 -338
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Table E.86 Shaft 45, test 2 raw data (mV) 

 
 

 
Figure E.128 Shaft 45 test 2 data map 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -377 -379 -395 -420 -504 -576 -616 -617

3" -417 -400 -412 -448 -517 -599 -633 -641

6" -411 -395 -403 -440 -490 -585 -623 -639

9" -409 -400 -411 -451 -519 -597 -631 -646

12" -427 -399 -432 -484 -528 -615 -647 -644

15" -451 -417 -428 -471 -576 -599 -630 -645

18" -477 -443 -459 -518 -586 -625 -650 -659

21" -533 -477 -476 -525 -586 -623 -640 -656

24" -560 -519 -531 -577 -612 -648 -649 -650

27" -412 -542 -544 -566 -609 -651 -648 -641
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Figure E.129 Shaft 45 percentile distributions 

 

Table E.87 Shaft 46, test 1 raw data (mV) 
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1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -237 -230 -226 -223 -222 -222 -216 -214

3" -232 -235 -224 -218 -221 -219 -227 -215

6" -235 -232 -222 -224 -221 -226 -217 -213

9" -238 -232 -226 -224 -223 -224 -223 -218

12" -242 -235 -229 -225 -222 -225 -226 -222

15" -242 -234 -225 -220 -220 -221 -223 -224

18" -242 -236 -229 -222 -222 -226 -226 -237

21" -245 -237 -231 -225 -222 -224 -229 -235

24" -255 -249 -235 -225 -226 -235 -229 -243

27" -258 -248 -237 -222 -222 -222 -228 -239
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Figure E.130 Shaft 46, test 1 data map 

 

Table E.88 Shaft 46, test 2 raw data (mV) 

 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -295 -277 -245 -238 -239 -239 -248 -268

3" -299 -273 -243 -241 -241 -241 -262 -274

6" -293 -275 -253 -249 -249 -249 -256 -275

9" -287 -269 -248 -243 -243 -237 -261 -284

12" -293 -274 -253 -242 -242 -241 -263 -278

15" -303 -284 -259 -248 -248 -242 -262 -297

18" -318 -296 -270 -254 -254 -247 -267 -307

21" -326 -297 -263 -262 -262 -256 -274 -304

24" -343 -304 -275 -266 -266 -257 -281 -306

27" -362 -337 -290 -278 -278 -262 -284 -315
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Figure E.131 Shaft 46 test 2 data map 

 

 
Figure E.132 Shaft 46 percentile distributions 
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Table E.89 Shaft 47, test 1 raw data (mV) 

 
 

 
Figure E.133 Shaft 47, test 1 data map 

 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -287 -279 -265 -256 -252 -244 -251 -292

3" -279 -273 -261 -256 -255 -244 -256 -294

6" -280 -272 -263 -258 -250 -244 -257 -293

9" -283 -273 -264 -256 -250 -245 -257 -296

12" -289 -278 -267 -255 -251 -244 -259 -291

15" -295 -281 -267 -258 -253 -247 -265 -286

18" -296 -279 -266 -258 -253 -252 -273 -296

21" -294 -280 -268 -258 -253 -255 -273 -303

24" -293 -282 -267 -261 -253 -256 -272 -313

27" -290 -282 -270 -262 -260 -260 -281 -313
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Table E.90 Shaft 47, test 2 raw data (mV) 

 
 

 
Figure E.134 Shaft 47 test 2 data map 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -319 -309 -301 -277 -274 -274 -277 -290

3" -333 -313 -306 -281 -275 -274 -283 -297

6" -336 -320 -309 -279 -274 -271 -283 -299

9" -349 -336 -314 -281 -274 -274 -283 -300

12" -351 -343 -317 -285 -275 -274 -285 -300

15" -343 -332 -314 -284 -275 -273 -286 -300

18" -338 -320 -306 -280 -275 -274 -283 -296

21" -335 -314 -302 -282 -277 -275 -282 -290

24" -339 -311 -300 -280 -277 -274 -281 -290

27" -341 -315 -300 -279 -273 -276 -282 -290
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Figure E.135 Shaft 47 percentile distributions 

 

Table E.91 Shaft 48, test 1 raw data (mV) 
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1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -280 -271 -262 -259 -256 -258 -262 -252

3" -286 -272 -260 -256 -253 -256 -261 -264

6" -286 -272 -257 -247 -249 -253 -262 -275

9" -289 -270 -256 -249 -246 -250 -262 -283

12" -290 -275 -257 -251 -248 -249 -264 -286

15" -287 -272 -256 -250 -246 -250 -267 -293

18" -286 -271 -255 -248 -245 -248 -259 -288

21" -281 -267 -254 -247 -244 -246 -255 -280

24" -277 -264 -254 -246 -243 -246 -252 -275

27" -273 -262 -253 -246 -243 -241 -245 -274
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Figure E.136 Shaft 48, test 1 data map 

 

Table E.92 Shaft 48, test 2 raw data (mV) 

 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -258 -251 -249 -253 -258 -266 -280 -294

3" -278 -266 -259 -260 -267 -275 -291 -308

6" -286 -273 -264 -265 -268 -280 -298 -321

9" -294 -280 -269 -268 -272 -281 -300 -319

12" -297 -277 -270 -270 -275 -285 -304 -325

15" -297 -279 -272 -271 -275 -285 -304 -324

18" -293 -280 -274 -274 -280 -287 -302 -321

21" -293 -282 -277 -278 -283 -290 -302 -318

24" -295 -284 -279 -280 -284 -292 -304 -317

27" -298 -287 -281 -281 -286 -294 -307 -320
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Figure E.137 Shaft 48 test 2 data map 

 

 
Figure E.138 Shaft 48 percentile distributions 
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Table E.93 Shaft 49, test 1 raw data (mV) 

 
 

 
Figure E.139 Shaft 49, test 1 data map 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -267 -261 -257 -255 -252 -252 -259 -266

3" -279 -269 -261 -260 -255 -258 -265 -274

6" -284 -274 -264 -260 -255 -262 -270 -281

9" -292 -275 -264 -260 -254 -261 -272 -289

12" -302 -282 -269 -260 -258 -262 -274 -297

15" -306 -288 -271 -262 -259 -264 -275 -297

18" -311 -293 -276 -275 -263 -265 -275 -294

21" -314 -295 -279 -272 -266 -268 -276 -293

24" -311 -296 -284 -275 -271 -272 -275 -288

27" -305 -298 -289 -280 -277 -276 -277 -285
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Table E.94 Shaft 49, test 2 raw data (mV) 

 
 

 
Figure E.140 Shaft 49 test 2 data map 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -283 -274 -268 -266 -274 -283 -291 -310

3" -292 -277 -265 -264 -271 -283 -299 -315

6" -297 -279 -268 -263 -267 -278 -297 -320

9" -305 -283 -269 -262 -264 -275 -295 -317

12" -315 -287 -271 -262 -263 -272 -291 -308

15" -319 -287 -271 -262 -262 -263 -286 -305

18" -310 -285 -269 -261 -263 -268 -279 -295

21" -300 -281 -267 -259 -260 -264 -275 -288

24" -285 -275 -262 -257 -258 -263 -274 -286

27" -277 -266 -256 -255 -255 -261 -268 -281
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Figure E.141 Shaft 49 percentile distributions 

 

Table E.95 Shaft 50, test 1 raw data (mV) 
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1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -272 -262 -253 -252 -254 -261 -268 -273

3" -265 -254 -252 -252 -255 -261 -267 -273

6" -260 -251 -255 -258 -256 -262 -268 -274

9" -258 -255 -257 -257 -258 -264 -267 -273

12" -259 -257 -258 -258 -260 -260 -267 -275

15" -265 -258 -258 -260 -261 -264 -267 -276

18" -269 -265 -263 -261 -260 -260 -266 -276

21" -274 -269 -268 -263 -258 -262 -265 -274

24" -275 -274 -266 -262 -261 -263 -266 -270

27" -279 -271 -266 -264 -260 -258 -262 -266
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Figure E.142 Shaft 50, test 1 data map 

 

Table E.96 Shaft 50, test 2 raw data (mV) 

 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -239 -240 -241 -241 -248 -234 -250 -260

3" -241 -244 -247 -246 -249 -249 -256 -262

6" -246 -250 -247 -249 -259 -250 -258 -271

9" -251 -252 -250 -249 -248 -257 -264 -271

12" -266 -262 -252 -252 -260 -265 -268 -273

15" -274 -269 -263 -261 -260 -262 -268 -273

18" -285 -282 -273 -265 -263 -261 -266 -273

21" -281 -275 -272 -267 -262 -262 -259 -270

24" -278 -276 -274 -268 -266 -263 -263 -273

27" -278 -266 -262 -255 -256 -260 -264 -275
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Figure E.143 Shaft 50 test 2 data map 

 

 
Figure E.144 Shaft 50 percentile distributions 
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Table E.97 Shaft 51, test 1 raw data (mV) 

 
 

 
Figure E.145 Shaft 51, test 1 data map 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -299 -278 -261 -251 -248 -252 -254 -258

3" -306 -282 -262 -252 -245 -255 -259 -265

6" -314 -285 -265 -252 -248 -251 -251 -261

9" -312 -283 -262 -250 -248 -250 -251 -255

12" -308 -285 -261 -254 -248 -246 -248 -252

15" -306 -282 -263 -250 -246 -245 -244 -248

18" -304 -280 -259 -254 -242 -241 -240 -244

21" -305 -281 -258 -250 -239 -238 -240 -242

24" -309 -284 -261 -248 -245 -240 -241 -242

27" -311 -283 -259 -246 -239 -239 -243 -248
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Table E.98 Shaft 51, test 2 raw data (mV) 

 
 

 
Figure E.146 Shaft 51 test 2 data map 

 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -335 -323 -307 -306 -312 -329 -354 -366

3" -343 -328 -314 -316 -323 -342 -361 -376

6" -346 -329 -325 -328 -338 -349 -363 -377

9" -349 -338 -332 -331 -338 -348 -364 -376

12" -350 -344 -338 -334 -339 -355 -368 -381

15" -348 -344 -338 -338 -350 -362 -376 -386

18" -346 -341 -336 -337 -345 -361 -373 -390

21" -342 -338 -333 -336 -347 -361 -377 -396

24" -335 -334 -330 -332 -341 -357 -380 -400

27" -337 -334 -329 -328 -356 -354 -379 -404
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Figure E.147 Shaft 51 percentile distributions 

 

Table E.99 Shaft 52, test 1 raw data (mV) 

 

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

-600 -500 -400 -300 -200 -100 0

%

Potential Difference (mV)

Test 1

Test 2

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -305 -283 -262 -255 -255 -261 -274 -292

3" -309 -281 -260 -254 -252 -258 -271 -289

6" -310 -282 -258 -255 -251 -256 -269 -288

9" -309 -285 -257 -256 -251 -255 -269 -285

12" -310 -284 -258 -253 -252 -256 -269 -285

15" -316 -284 -260 -255 -251 -256 -270 -285

18" -314 -286 -262 -253 -250 -257 -271 -289

21" -308 -280 -262 -252 -250 -259 -271 -288

24" -305 -279 -261 -252 -250 -258 -270 -286

27" -305 -279 -262 -251 -249 -256 -268 -286
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Figure E.148 Shaft 52, test 1 data map 

 

Table E.100 Shaft 52, test 2 raw data (mV) 

 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -279 -260 -243 -240 -244 -257 -287 -319

3" -282 -262 -246 -240 -247 -261 -289 -320

6" -283 -260 -247 -240 -246 -261 -291 -321

9" -280 -262 -247 -242 -246 -261 -293 -322

12" -278 -263 -248 -242 -249 -262 -290 -321

15" -283 -263 -249 -242 -251 -263 -293 -319

18" -286 -265 -249 -245 -253 -268 -296 -321

21" -286 -264 -252 -246 -255 -273 -303 -328

24" -294 -272 -259 -255 -261 -274 -301 -330

27" -298 -275 -260 -259 -263 -280 -307 -335
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Figure E.149 Shaft 52 test 2 data map 

 

 
Figure E.150 Shaft 52 percentile distributions 
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Table E.101 Shaft 53, test 1 raw data (mV) 

 
 

 
Figure E.151 Shaft 53, test 1 data map 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -181 -175 -178 -177 -174 -160 -158 -141

3" -181 -174 -171 -172 -172 -164 -162 -150

6" -192 -192 -186 -186 -181 -174 -176 -180

9" -185 -191 -184 -184 -174 -175 -179 -172

12" -191 -190 -186 -175 -181 -178 -191 -183

15" -193 192 -189 -190 -185 -183 -186 -182

18" -195 -191 -189 -184 -178 -181 -185 -158

21" -190 -194 -191 -177 -174 -187 -187 -129

24" -205 -201 -197 -180 -186 -189 -190 -158

27" -202 -196 -200 -165 -184 -184 -183 -120
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Table E.102 Shaft 53, test 2 raw data (mV) 

 
 

 
Figure E.152 Shaft 53 test 2 data map 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -251 -239 -242 -242 -242 -235 -245 -253

3" -252 -247 -246 -239 -239 -234 -244 -245

6" -255 -244 -240 -235 -238 -233 -243 -248

9" -260 -256 -246 -249 -241 -232 -237 -241

12" -259 -249 -244 -239 -232 -229 -234 -237

15" -258 -249 -243 -234 -235 -233 -242 -239

18" -253 -246 -239 -242 -236 -239 -238 -238

21" -254 -246 -241 -235 -230 -231 -230 -236

24" -252 -249 -244 -238 -236 -237 -241 -234

27" -260 -254 -248 -247 -240 -239 -240 -236
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Figure E.153 Shaft 53 percentile distributions 

 

Table E.103 Shaft 54, test 1 raw data (mV) 
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1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -180 -187 -184 -176 -176 -171 -174 -175

3" -185 -199 -191 -179 -184 -182 -183 -180

6" -199 -199 -188 -186 -185 -179 -176 -175

9" -205 -210 -196 -188 -182 -172 -179 -179

12" -215 -212 -203 -189 -182 -192 -184 -185

15" -206 -211 -201 -188 -179 -187 -177 -174

18" -205 -190 -210 -199 -183 -184 -181 -181

21" -195 -188 -182 -178 -175 -173 -181 -175

24" -185 -183 -183 -173 -175 -174 -167 -174

27" -197 -180 -197 -181 -166 -176 -160 -175
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Figure E.154 Shaft 54, test 1 data map 

 

Table E.104 Shaft 54, test 2 raw data (mV) 

 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -225 -228 -227 -224 -221 -221 -227 -231

3" -224 -233 -232 -224 -230 -233 -241 -238

6" -235 -239 -232 -231 -233 -230 -236 -239

9" -236 -246 -242 -232 -233 -232 -241 -244

12" -242 -247 -245 -236 -235 -249 -248 -252

15" -237 -244 -245 -240 -233 -245 -239 -244

18" -236 -238 -251 -241 -232 -239 -240 -239

21" -238 -237 -235 -236 -233 -231 -240 -235

24" -224 -226 -234 -228 -228 -228 -225 -223

27" -242 -231 -246 -233 -228 -233 -220 -227
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Figure E.155 Shaft 54 test 2 data map 

 

 
Figure E.156 Shaft 54 percentile distributions 
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Table E.105 Shaft 55, test 1 raw data (mV) 

 
 

 
Figure E.157 Shaft 55, test 1 data map 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -179 -201 -187 -191 -194 -194 -193 -172

3" -205 -196 -199 -199 -199 -196 -195 -173

6" -189 -198 -189 -192 -192 -194 -209 -177

9" -199 -197 -188 -187 -187 -188 -198 -183

12" -186 -198 -198 -192 -192 -185 -201 -178

15" -190 -190 -188 -186 -186 -186 -183 -171

18" -189 -182 -186 -184 -184 -180 -181 -174

21" -185 -187 -191 -181 -181 -181 -180 -174

24" -189 -195 -195 -186 -186 -177 -177 -179

27" -190 -186 -185 -184 -184 -180 -172 -176
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Table E.106 Shaft 55, test 2 raw data (mV) 

 
 

 
Figure E.158 Shaft 55 test 2 data map 

 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -251 -251 -253 -255 -252 -257 -265 -263

3" -264 -263 -260 -255 -268 -265 -271 -263

6" -255 -255 -262 -261 -262 -278 -273 -278

9" -259 -269 -270 -270 -272 -277 -282 -284

12" -267 -274 -276 -274 -280 -284 -295 -297

15" -269 -282 -279 -274 -281 -292 -304 -311

18" -271 -287 -282 -282 -286 -295 -314 -325

21" -277 -287 -299 -293 -301 -313 -330 -342

24" -280 -284 -292 -288 -301 -315 -336 -365

27" -281 -279 -300 -288 -299 -319 -354 -383
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Figure E.159 Shaft 55 percentile distributions 

Table E.107 Shaft 56, test 1 raw data (mV) 
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1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -173 -171 -175 -181 -180 -178 -179 -167

3" -168 -170 -167 -169 -169 -172 -173 -167

6" -171 -173 -159 -169 -168 -173 -174 -174

9" -166 -171 -157 -169 -175 -169 -176 -171

12" -169 -158 -154 -162 -157 -168 -166 -165

15" -166 -161 -156 -159 -165 -167 -167 -164

18" -148 -162 -158 -173 -173 -180 -175 -167

21" -156 -158 -151 -158 -168 -168 -160 -166

24" -162 -158 -152 -154 -158 -165 -154 -158

27" -161 -162 -160 -168 -155 -158 -169 -160
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Figure E.160 Shaft 56, test 1 data map 

 

Table E.108 Shaft 56, test 2 raw data (mV) 

 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -232 -245 -239 -248 -247 -231 -232 -234

3" -239 -235 -240 -235 -228 -225 -233 -244

6" -233 -237 -243 -237 -225 -221 -233 -225

9" -228 -244 -252 -249 -250 -238 -239 -230

12" -228 -236 -235 -230 -223 -216 -223 -235

15" -226 -238 -235 -229 -231 -222 -233 -242

18" -234 -240 -234 -245 -241 -226 -237 -240

21" -227 -240 -237 -236 -232 -225 -246 -239

24" -226 -236 -240 -239 -234 -241 -243 -243

27" -238 -243 -243 -245 -240 -238 -244 -235
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Figure E.161 Shaft 56 test 2 data map 

 

 
Figure E.162 Shaft 56 percentile distributions 
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Table E.109 Shaft 57, test 1 raw data (mV) 

 
 

 
Figure E.163 Shaft 57, test 1 data map 

 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -166 -173 -177 -173 -186 -197 -214 -227

3" -168 -171 -168 -176 -183 -198 -207 -230

6" -174 -173 -175 -176 -185 -203 -210 -217

9" -172 -175 -190 -177 -188 -198 -202 -208

12" -164 -180 -184 -182 -189 -201 -209 -200

15" -178 -178 -183 -181 -190 -188 -200 -202

18" -172 -178 -177 -179 -178 -183 -189 -199

21" -177 -176 -181 -185 -182 -182 -186 -192

24" -187 -180 -180 -179 -183 -193 -196 -183

27" -176 -175 -180 -169 -180 -190 -190 -185
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Table E.110 Shaft 57, test 2 raw data (mV) 

 
 

 
Figure E.164 Shaft 57, test 2 data map 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -269 -269 -278 -278 -287 -304 -331 -395

3" -263 -274 -291 -291 -288 -324 -347 -425

6" -264 -271 -278 -278 -292 -316 -348 -422

9" -262 -273 -282 -282 -284 -316 -345 -407

12" -268 -279 -290 -290 -298 -311 -335 -373

15" -255 -281 -297 -297 -304 -325 -365 -352

18" -260 -276 -283 -283 -288 -297 -304 -335

21" -261 -281 -281 -281 -286 -291 -302 -329

24" -270 -272 -278 -278 -305 -316 -322 -308

27" -285 -275 -275 -275 -279 -282 -292 -298
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Figure E.165 Shaft 57 percentile distributions 

Table E.111 Shaft 58, test 1 raw data (mV) 
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1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -174 -174 -167 -169 -168 -167 -163 -162

3" -167 -215 -208 -207 -210 -203 -204 -201

6" -148 -200 -196 -196 -192 -192 -192 -193

9" -122 -161 -193 -191 -192 -190 -186 -190

12" -124 -140 -106 -104 -137 -127 -122 -190

15" -121 -182 -104 -94 -129 -123 -123 -188

18" -122 -206 -134 -110 -134 -127 -124 -185

21" -117 -186 -183 -154 -183 -174 -172 -169

24" -117 -191 -184 -188 -185 -185 -184 -194

27" -117 -168 -162 -166 -163 -163 -162 -171
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Figure E.166 Shaft 58, test 1 data map 

 

Table E.112 Shaft 58, test 2 raw data (mV) 

 

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

0" -230 -233 -224 -227 -225 -224 -220 -219

3" -234 -233 -226 -225 -228 -221 -222 -219

6" -223 -229 -225 -225 -221 -221 -221 -222

9" -229 -229 -222 -220 -221 -219 -215 -222

12" -232 -242 -195 -191 -237 -223 -217 -222

15" -228 -247 -191 -178 -226 -218 -218 -220

18" -229 -236 -233 -200 -233 -223 -220 -217

21" -222 -225 -219 -220 -220 -222 -218 -218

24" -222 -226 -218 -223 -220 -220 -218 -229

27" -222 -222 -214 -216 -216 -219 -226 -221
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Figure E.167 Shaft 58, test 2 data map 

 

Figure E.168 Shaft 58 percentile distributions 
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APPENDIX F – CORING DATA TABLES AND PLOTS 
 
 

Table F.1 Coring data summary 
Shaft 

# 
Support 

fluid Viscosity Core # Location 
Titan 
File # Date 

Average 
(psi) 

Baseline 
(psi) 

1 B 44 1 Crease 0086 6/22/2018 3860.6   
1 B 44 2 cover 0087 6/22/2018 3798.8   
1 B 44 3 cover 0088 6/22/2018 3484.1   
1 B 44 4 Interior 0091 6/22/2018 4341.9   
1 B 44 5 Interior 0092 6/22/2018 4687.9 4687.9 
3 B 40 1 Crease 0137 6/29/2018 3710.4   
3 B 40 2 cover 0138 6/29/2018 4437.8   
3 B 40 3 cover 0139 6/29/2018 4453.8   
3 B 40 4 Interior 0140 6/29/2018 4296   
3 B 40 5 Interior 0141 6/29/2018 4282.6 4296 
4 B 55 1 Crease 0131 6/29/2018 4506.35   
4 B 55 2 cover 0133 6/29/2018 4601.01   
4 B 55 3 cover 0134 6/29/2018 4318.4   
4 B 55 4 Interior 0135 6/29/2018 4228.6   
4 B 55 5 Interior 0136 6/29/2018 4268 4268 
5 B 90 1 Crease 0052 6/20/2018 3043.1   
5 B 90 2 cover 0053 6/20/2018 4711.24   
5 B 90 3 cover 0054 6/20/2018 4134.04   
5 B 90 4 Interior 0055 6/20/2018 4312.12   
5 B 90 5 Interior 0056 6/20/2018 5022.7   
5 B 90 6 Interior 0057 6/20/2018 4640 5022.7 
6 W 26 1 Crease 0025 6/12/2018 4048.9   
6 W 26 2 cover 0028 6/12/2018 4144   
6 W 26 3 cover 0029 6/12/2018 4064   
6 W 26 4 Interior 0030 6/12/2018 4383.24 4752 
6 W 26 5 Interior 0031 6/12/2018 4752   
7 B 30 1 Cover 0042 5/21/2018 2914.96   
7 B 30 2 Cover 0043 5/21/2018 3796.7   
7 B 30 3 Crease 0044 5/21/2018 2901.2   
7 B 30 4 Interior 0045 5/21/2018 4068.9   
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Table F.1 (Continued) 
Shaft 

# 
Support 

fluid Viscosity Core # Location 
Titan 
File # Date 

Average 
(psi) 

Baseline 
(psi) 

7 B 30 5 Interior 0052 5/21/2018 4303.5 4303.5 
8 B 40 1 Crease 0079 6/22/2018 4008.7 

 8 B 40 2 cover 0082 6/22/2018 4124.5 
 8 B 40 3 cover 0083 6/22/2018 4138.5 
 8 B 40 4 Interior 0084 6/22/2018 4532.3 
 9 B 57 5 Interior 0036 6/12/2018 5627 
 10 B 90 1 Interior 0053 6/8/2018 3680 
 10 B 90 2 Interior 0054 6/8/2018 5142 5142 

10 B 90 3 Interior 0055 6/8/2018 5142 
 10 B 90 4 cover 0056 6/8/2018 4110 
 10 B 90 5 cover 0057 6/8/2018 3893 
 10 B 90 6 crease 0063 6/8/2018 3961 
 11 P 65 1 Crease 0018 6/12/2018 4372.5 
 11 P 65 2 cover 0019 6/12/2018 5165 
 11 P 65 3 cover 0021 6/12/2018 4463 
 11 P 65 4 Interior 0022 6/12/2018 4141.9 4220 

11 P 65 5 Interior 0023 6/12/2018 4220 
 12 P 66 1 Crease 0060 6/20/2018 4589.3 
 12 P 66 2 cover 0062 6/20/2018 5747.5 
 12 P 66 3 cover 0063 6/20/2018 5750 
 12 P 66 4 Interior 0064 6/20/2018 5976.3 
 12 P 66 5 Interior 0066 6/20/2018 5400.7 5976.3 

13 B 30 1 Crease 0045 6/18/2018 3546.4 
 13 B 30 2 cover 0046 6/18/2018 3575.14 
 13 B 30 3 cover 0049 6/18/2018 3958.43 
 13 B 30 4 Interior 0050 6/18/2018 3777.56 
 13 B 30 5 Interior 0051 6/18/2018 3814.67 3796.12 

14 B 30 1 Crease 0073 6/22/2018 3084.25 
 14 B 30 2 cover 0075 6/22/2018 4210.9 
 14 B 30 3 cover 0076 6/22/2018 4048.7 
 14 B 30 4 Interior 0077 6/22/2018 3986.6 
 14 B 30 5 Interior 0078 6/22/2018 4511.9 4511.9 

15 B 56 1 Crease 0080 6/9/2018 4970.2 
 15 B 56 2 cover 0081 6/9/2018 5293.9 
 15 B 56 3 cover 0083 6/9/2018 4959 
 15 B 56 4 cover 0084 6/9/2018 4255 
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Table F.1 (Continued) 
Shaft 

# 
Support 

fluid Viscosity Core # Location 
Titan 
File # Date 

Average 
(psi) 

Baseline 
(psi) 

15 B 56 5 Interior 0085 6/9/2018 4742 4742 
15 B 56 6 Interior 0086 6/9/2018 4682.7   
16 P 85 1 Crease 0142 6/29/2018 3521.4   
16 P 85 2 cover 0143 6/29/2018 3603.9   
16 P 85 3 cover 0144 6/29/2018 3802.9   
17 P 85 4 Interior 0061 6/8/2018 3948.5 4345.25 
17 P 85 5 Interior 0062 6/8/2018 4742   
18 W 26 1 Crease 0125 6/29/2018 3314.6   
18 W 26 2 cover 0126 6/29/2018 4423   
18 W 26 3 cover 0127 6/29/2018 4417.8   
18 W 26 4 Interior 0128 6/29/2018 3813.13   
18 W 26 5 Interior 0130 6/29/2018 3957.3 3957.3 
19 P 63 1 Crease 0073 6/9/2018 4822   
19 P 63 2 cover 0076 6/9/2018 4957.2   
19 P 63 3 cover 0077 6/9/2018 5568   
19 P 63 4 Interior 0078 6/9/2018 5733 5739 
19 P 63 5 Interior 0079 6/9/2018 5739   
20 P 121 1 Crease 0117 6/27/2018 3569.6   
20 P 121 2 cover 0118 6/27/2018 4772.9   
20 P 121 3 cover 0119 6/27/2018 4546.1   
20 P 121 4 Interior 0120 6/27/2018 4719.9   
20 P 121 5 Interior 0121 6/27/2018 4395.6 4719.9 
21 B 42 1 Crease 0064 6/9/2018 3715.3   
21 B 42 2 cover 0066 6/9/2018 4146.04   
21 B 42 3 cover 0067 6/9/2018 4846.4   
21 B 42 4 Interior 0070 6/9/2018 4468   
21 B 42 5 Interior 0072 6/9/2018 5092.17 5092.17 
22 W 26 1 Crease 0001 6/11/2018 3126   
22 W 26 2 cover 0002 6/11/2018 4701   
22 W 26 3 cover 0003 6/11/2018 4737   
22 W 26 4 Interior 0005 6/11/2018 4597.6   
22 W 26 5 Interior 0008 6/11/2018 4029.4 4597.6 
23 W 26 1 Crease 0067 6/20/2018 4637.5   
23 W 26 2 cover 0068 6/20/2018 5020.4   
23 W 26 3 cover 0070 6/20/2018 3511   
23 W 26 4 Interior 0071 6/20/2018 3373   
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Table F.1 (Continued) 
Shaft 

# 
Support 

fluid Viscosity Core # Location 
Titan 
File # Date 

Average 
(psi) 

Baseline 
(psi) 

23 W Viscosity 5 Interior 0072 Date 3449 3449 
24 B 40 1 Crease 0009 6/12/2018 2802.4   
24 B 40 2 cover 0010 6/12/2018 3352.2   
24 B 40 3 cover 0013 6/12/2018 2386.9   
24 B 40 4 Interior 0016 6/12/2018 3210.7   
24 B 40 5 Interior 0017 6/12/2018 3295.8 3295.8 
26 W 26 1 Crease 0040 6/18/2018 3542.9   
26 W 26 2 cover 0041 6/18/2018 3544.8   
26 W 26 3 cover 0042 6/18/2018 3434.7   
26 W 26 4 Interior 0043 6/18/2018 3357.08   
26 W 26 5 Interior 0044 6/18/2018 3610.9 3610.9 
32 W 26 1 Crease 0036 6/18/2018 5703   
32 W 26 2 Cover 0037 6/18/2018 3525   
32 W 26 3 Cover 0038 6/18/2018 4041.3   
32 W 26 5 Interior 0058 6/19/2018 4956.7   
32 W 26 6 Interior 0059 6/20/2018 4422.7 4956.7 
45 B 37 1 Crease 0104 6/26/2018 4046.97   
45 B 37 2 Cover 0106 6/26/2018 4069.7   
45 B 37 3 Cover 0109 6/26/2018 4329.6   
45 B 37 4 Interior 0110 6/26/2018 4847.1   
45 B 37 5 Interior 0111 6/26/2018 4789.5 4847.1 
46 B 37 1 Crease 0112 6/26/2018 4584.1   
46 B 37 2 Cover 0113 6/26/2018 4529.5   
46 B 37 3 Cover 0114 6/26/2018 5372.34   
46 B 37 4 Interior 0115 6/26/2018 4730   
46 B 37 5 Interior 0116 6/26/2018 5341.3 5341.3 
50 P 57 1 Crease 0099 6/26/2018 4000.8   
50 P 90 2 Cover 0100 6/26/2018 3711.8   
50 P 90 3 Cover 0101 6/26/2018 3667.1   
50 P 90 4 Interior 0102 6/26/2018 3845.23   
50 P 90 5 Interior 0103 6/26/2018 3682 3845.23 
51 P 90 1 Crease 0093 6/26/2018 2488.9   
51 P 90 2 Cover 0094 6/26/2018 3440.12   
51 P 90 3 Cover 0095 6/26/2018 3417.4   
51 P 90 4 Interior 0096 6/26/2018 3733.8   
51 P 90 5 Interior 0097 6/26/2018 4008.9 4008.9 
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Figure F.128 Core 32-5 
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Figure F.129 Core 45-1 

0

5

10

15

20

25

0 5000 10000 15000 20000

D
ep

th
 (i

n)
 

qu (psi) 

658 



 
Figure F.130 Core 45-2 
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Figure F.131 Core 45-3 
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Figure F.132 Core 45-4 
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Figure F.133 Core 45-5 
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Figure F.134 Core 46-1 
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Figure F.135 Core 46-2 
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Figure F.136 Core 46-3 
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Figure F.137 Core 46-4 
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Figure F.138 Core 50-1 
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Figure F.139 Core 50-2 
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Figure F.140 Core 50-3 
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Figure F.141 Core 50-4 
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Figure F.142 Core 50-5 
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Figure F.143 Core 51-1 
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Figure F.144 Core 51-2 
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Figure F.145 Core 51-3 
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Figure F.146 Core 51-4 
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Figure F.147 Core 51-5 
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APPENDIX G.  MIP SAMPLE LOCATION  

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 
 

 

Figure G.1. Core location and profile for 6-1a
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Figure G.2 Core location and profile for 6-3b. 
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Figure G.3 Core location and profile for 9-3a. 
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 Figure G.4 Core location and profile for 9-1b. 
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Figure G.5 Core location and profile for 11-1a. 
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Figure G.6 Core location and profile for 11-3b. 
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Table G.1 Mix proportions for 25% replacement mix without bentonite using deionized water for 

cubes 1-9 tested at 3 days, 7 days, and 28 days. 

 

Weight 

(g) 

Cement 1542.2 

Deionized Water 961.2 

w/c 0.62 

 

Table G.2 Mix proportions for 50% replacement mix without bentonite using deionized water for 

cubes 1-3 tested at 3 days. 

 

Weight (g) 

Cement 342.4 

Deionized Water 366.5 

w/c 1.07 

 

 

Table G.3 Mix proportions for 50% replacement mix without bentonite using deionized water for 

cubes 4-9 tested at 7 days and 28 days. 

 

Weight (g) 

Cement 684.9 

Deionized Water 733.0 

w/c 1.07 

 

Table G.4 Mix proportions for 25% replacement mix without bentonite using soda ash water for 

cubes tested at 3 days. 

 

Weight (g) 

Cement 514.6 

Soda Ash Water 320.6 

w/c 0.62 

 

Table G.5 Mix proportions for 50% replacement mix without bentonite using soda ash water for 

cubes tested at 3 days. 

 

Weight (g) 

Cement 345.0 

Soda Ash Water 360.1 

w/c 1.04 
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APPENDIX H – PHYSICAL SURFACE ROUGHNESS DATA TABLES 

 

 

Table H.1 Physical surface roughness data summary. 

Shaft 

# 

beaker 

tare (g) 

beaker 

volume 

(mL) 

full 

beaker 

(g) 

Before 

weight 

(g) 

After 

weight 

(g) 

putty 

density 

(g/mL) 

putty 

used 

(g) 

void volume 

(cm
3
) 

void 

volume 

(in
3
) 

Surface 

Roughness 

(in
3
/sf) 

1 
38.7 350 490.07 1394.56 1298.36 1.40 96.2 68.70 4.19 

26.93 
38.7 350 494.66 1396.81 1182.04 1.41 214.77 151.96 9.27 

2 
38.77 350 495.11 1344.03 1164.35 1.41 179.68 127.02 7.75 

22.35 
38.77 350 497.79 1347.13 1267.29 1.42 79.84 56.14 3.43 

3 
38.7 350 493.31 1394.5 1348.19 1.41 46.31 32.86 2.01 

9.25 
38.7 350 492.61 1398.85 1338.44 1.41 60.41 42.92 2.62 

4 
38.77 350 489.96 1339.53 1251.95 1.40 87.58 62.56 3.82 

14.24 
38.77 350 485.93 1339.22 1264.08 1.39 75.14 54.12 3.30 

5 
38.7 350 482.22 1388.47 1327.51 1.38 60.96 44.25 2.70 

11.54 
38.7 350 491.82 1399.09 1328.38 1.41 70.71 50.32 3.07 

6 
38.77 350 489.03 1338.79 1329.1 1.40 9.69 6.94 0.42 

1.91 
38.77 350 490.78 1340.55 1328.36 1.40 12.19 8.69 0.53 

7 
38.77 350 493.28 1343.19 1216.5 1.41 126.69 89.89 5.49 

22.15 
38.77 350 496.07 1345.79 1215.93 1.42 129.86 91.62 5.59 

8 

38.7 350 494.01 1390.84 1323.15 1.41 67.69 47.96 2.93 

9.79 38.7 350 492.37 1396.31 1350.96 1.41 45.35 32.24 1.97 

38.77 350 498.32 1347.37 1333.91 1.42 13.46 9.45 0.58 

 

 



685 

Table H.1 (Continued) 

Shaft # 
beaker 

tare (g) 

beaker 

volume 

(mL) 

full 

beaker 

(g) 

Before 

weight 

(g) 

After 

weight 

(g) 

putty 

density 

(g/mL) 

putty 

used (g) 

void 

volume 

(cm
3
) 

void 

volume 

(in
3
) 

Surface 

Roughness 

(in
3
/sf) 

9 
38.77 350 500.25 1349.73 1290.17 1.43 59.56 41.67 2.54 

11.83 
38.77 350 499.38 1350.96 1272.1 1.43 78.86 55.27 3.37 

10 
38.77 350 500.25 1520 1390 1.43 130 90.95 5.55 

24.56 
38.77 350 498.32 1438 1281 1.42 157 110.27 6.73 

11 
38.77 350 496.87 1345.32 1320.96 1.42 24.36 17.16 1.05 

3.25 
38.77 350 498.32 1347.37 1333.91 1.42 13.46 9.45 0.58 

12 
38.77 350 490.03 1340.92 1323.08 1.40 17.84 12.74 0.78 

2.70 
38.77 350 489.99 1339.25 1326.1 1.40 13.15 9.39 0.57 

13 
38.7 350 488.31 1388.08 1340.11 1.40 47.97 34.38 2.10 

7.68 
38.7 350 493.42 1393.91 1353.62 1.41 40.29 28.58 1.74 

14 
38.7 350 485.23 1383.62 1307.7 1.39 75.92 54.76 3.34 

13.62 
38.7 350 487.09 1386.89 1307.82 1.39 79.07 56.82 3.47 

15 
38.7 350 491.2 1392.76 1324.62 1.40 68.14 48.55 2.96 

11.97 
38.7 350 489.37 1393.83 1324.61 1.40 69.22 49.51 3.02 

16 
38.77 350 491.21 1340.6 1320.26 1.40 20.34 14.49 0.88 

3.30 
38.77 350 490.18 1339.9 1322.34 1.40 17.56 12.54 0.77 

17 
38.7 350 486.51 1385.83 1376.91 1.39 8.92 6.42 0.39 

1.74 
38.7 350 489.34 1388.96 1378.01 1.40 10.95 7.83 0.48 

18 
38.77 350 489.86 1339.19 1325.42 1.40 13.77 9.84 0.60 

2.16 
38.77 350 490.44 1337.62 1326.64 1.40 10.98 7.84 0.48 

19 
38.7 350 487.53 1388.28 1377.1 1.39 11.18 8.03 0.49 

1.97 
38.7 350 490.84 1392.6 1381.23 1.40 11.37 8.11 0.49 

20 
38.77 350 490.69 1332.3 1323.26 1.40 9.04 6.45 0.39 

1.49 
38.77 350 489.05 1338.4 1330.4 1.40 8 5.73 0.35 
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Table H.1 (Continued) 

Shaft # 
beaker 

tare (g) 

beaker 

volume 

(mL) 

full 

beaker 

(g) 

Before 

weight 

(g) 

After 

weight 

(g) 

putty 

density 

(g/mL) 

putty 

used (g) 

void 

volume 

(cm
3
) 

void 

volume 

(in^3) 

Surface 

Roughness 

(in
3
/sf) 

21 
38.7 350 484.64 1374.17 1200.68 1.38 173.49 125.29 7.65 

26.27 
38.7 350 481.74 1379.9 1256.14 1.38 123.76 89.92 5.49 

22 
38.77 350 483.61 1333.62 1324.43 1.38 9.19 6.65 0.41 

1.35 
38.77 350 495.75 1345.36 1339.17 1.42 6.19 4.37 0.27 

23 
38.77 350 498.89 1348.44 1336.57 1.43 11.87 8.33 0.51 

2.19 
38.77 350 498.14 1347.7 1334.07 1.42 13.63 9.58 0.58 

25 
38.6 350 510.4 1026.3 955 1.46 71.3 48.89 2.98 

7.59 
38.6 350 499 1016.6 997.6 1.43 19 13.33 0.81 

26 
38.6 350 510 1011.2 994.8 1.46 16.4 11.25 0.69 

2.88 
38.6 350 510.6 1013.2 995.2 1.46 18 12.34 0.75 

27 
38.6 350 512 1016 978.1 1.46 37.9 25.91 1.58 

6.83 
38.6 350 517.7 1021.9 977.4 1.48 44.5 30.08 1.84 

28 
38.6 350 514.3 1030.7 1019.6 1.47 11.1 7.55 0.46 

2.36 
38.6 350 502 1021 1004.1 1.43 16.9 11.78 0.72 

29 
38.6 350 504.4 1010 984.6 1.44 25.4 17.62 1.08 

6.16 
38.6 350 505.9 1007.4 959.9 1.45 47.5 32.86 2.01 

30 
38.6 350 507.2 891.6 753.1 1.45 138.5 95.57 5.83 

15.51 
38.6 350 498.3 883.4 838.5 1.42 44.9 31.54 1.92 

31 
38.6 350 505.4 1024.2 1011.2 1.44 13 9.00 0.55 

2.22 
38.6 350 505.9 1025.6 1012.3 1.45 13.3 9.20 0.56 

32 
38.6 350 520.6 994.5 983.4 1.49 11.1 7.46 0.46 

1.75 
38.6 350 510.7 984.6 974.6 1.46 10 6.85 0.42 

33 
38.6 350 512.6 896.6 850.9 1.46 45.7 31.20 1.90 

5.54 
38.6 350 507.1 890.9 870.4 1.45 20.5 14.15 0.86 
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Table H.1 (Continued) 

Shaft # 
beaker 

tare (g) 

beaker 

volume 

(mL) 

full 

beaker 

(g) 

Before 

weight 

(g) 

After 

weight 

(g) 

putty 

density 

(g/mL) 

putty 

used (g) 

void 

volume 

(cm
3
) 

void 

volume 

(in^3) 

Surface 

Roughness 

(in
3
/sf) 

34 
38.6 350 504.4 887.6 819.7 1.44 67.9 47.12 2.88 

7.25 
38.6 350 505.7 890.1 872.3 1.44 17.8 12.32 0.75 

35 
38.6 350 519.1 993.8 898.2 1.48 95.6 64.46 3.93 

14.90 
38.6 350 519.2 994.2 908.7 1.48 85.5 57.64 3.52 

36 
38.6 350 496.1 879.8 851.5 1.42 28.3 19.97 1.22 

3.28 
38.6 350 507.2 891.9 881.9 1.45 10 6.90 0.42 

37 
38.6 350 518.8 991.4 974.9 1.48 16.5 11.13 0.68 

2.29 
38.6 350 515 988 976.8 1.47 11.2 7.61 0.46 

38 
38.6 350 518.9 994 949.2 1.48 44.8 30.22 1.84 

6.82 
38.6 350 515.4 988.4 950.6 1.47 37.8 25.67 1.57 

39 
38.6 350 512.7 897.3 862.5 1.46 34.8 23.76 1.45 

5.27 
38.6 350 510.7 899 870.6 1.46 28.4 19.46 1.19 

40 
38.6 350 505 891.2 753 1.44 138.2 95.78 5.84 

16.35 
38.6 350 512.6 896.6 840.7 1.46 55.9 38.17 2.33 

41 
38.6 350 511.1 984.9 963.5 1.46 21.4 14.65 0.89 

3.32 
38.6 350 522 995.6 976.9 1.49 18.7 12.54 0.77 

42 
38.6 350 514.1 1018.1 983.5 1.47 34.6 23.56 1.44 

6.44 
38.6 350 511.5 988.7 946 1.46 42.7 29.22 1.78 

43 
38.6 350 514.9 988 943.5 1.47 44.5 30.25 1.85 

7.57 
38.6 350 515.7 988.2 941.4 1.47 46.8 31.76 1.94 

45 
38.6 350 511.4 894.7 857.7 1.46 37 25.32 1.55 

6.67 
38.6 350 509 893.5 850.9 1.45 42.6 29.29 1.79 

46 
38.6 350 506.3 889.8 869.4 1.45 20.4 14.10 0.86 

3.81 
38.6 350 504.2 888.1 863.5 1.44 24.6 17.08 1.04 
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Table H.1 (Continued) 

Shaft # 
beaker 

tare (g) 

beaker 

volume 

(mL) 

full 

beaker 

(g) 

Before 

weight 

(g) 

After 

weight 

(g) 

putty 

density 

(g/mL) 

putty 

used (g) 

void 

volume 

(cm
3
) 

void 

volume 

(in^3) 

Surface 

Roughness 

(in
3
/sf) 

47 
38.6 350 506.3 979.6 962.4 1.45 17.2 11.89 0.73 

2.93 
38.6 350 513.8 986.3 968.5 1.47 17.8 12.13 0.74 

48 
38.6 350 511.8 985.5 954.2 1.46 31.3 21.40 1.31 

5.86 
38.6 350 503.1 977.7 939.5 1.44 38.2 26.58 1.62 

49 
38.6 350 514.4 987.2 950.3 1.47 36.9 25.11 1.53 

4.63 
38.6 350 516.3 988.8 969.9 1.48 18.9 12.81 0.78 

50 
38.6 350 509.5 894.8 879.3 1.46 15.5 10.65 0.65 

2.49 
38.6 350 513.7 899 884.7 1.47 14.3 9.74 0.59 

51 
38.6 350 514.5 898.8 888.4 1.47 10.4 7.07 0.43 

1.60 
38.6 350 511.3 895.5 886.7 1.46 8.8 6.02 0.37 

52 
38.6 350 517.4 989.9 963.5 1.48 26.4 17.86 1.09 

4.07 
38.6 350 518.5 992.4 969.5 1.48 22.9 15.46 0.94 

53 
38.63 350 508.2 1021.3 994.6 1.45 26.7 18.39 1.12 

4.81 
38.63 350 512.6 890.2 859.4 1.46 30.8 21.03 1.28 

54 
38.63 350 517.7 985.6 965.5 1.48 20.1 13.59 0.83 

3.92 
38.63 350 505.2 913.4 886.7 1.44 26.7 18.50 1.13 

55 
38.63 350 513.6 938.2 915.4 1.47 22.8 15.54 0.95 

3.38 
38.63 350 501.3 1018.7 1001.3 1.43 17.4 12.15 0.74 

56 
38.63 350 511.7 1006.1 981.4 1.46 24.7 16.89 1.03 

3.94 
38.63 350 502.6 975.9 953.8 1.44 22.1 15.39 0.94 

57 
38.63 350 505.9 985.8 942.2 1.45 43.6 30.16 1.84 

6.23 
38.63 350 516.3 972.6 941.8 1.48 30.8 20.88 1.27 

58 
38.63 350 499.8 984.6 961.0 1.43 23.6 16.53 1.01 

3.65 
38.63 350 516.6 963.7 944.0 1.48 19.7 13.35 0.81 
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APPENDIX I – DIGITAL SURFACE ROUGHNESS RENDERINGS 

 

 

 
Figure I.1 Shaft 1 digital rendering 

 
Figure I.2 Shaft 2 digital rendering 
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Figure I.3 Shaft 3 digital rendering 

 
Figure I.4 Shaft 4 digital rendering 
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Figure I.5 Shaft 5 digital rendering 

 
Figure I.6 Shaft 6 digital rendering 
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Figure I.7 Shaft 7 digital rendering 

 
Figure I.8 Shaft 8 digital rendering 
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Figure I.9 Shaft 9 digital rendering 

 

Figure I.10 Shaft 10 digital rendering 
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Figure I.11 Shaft 10 digital rendering 

 
Figure I.12 Shaft 12 digital rendering 
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Figure I.13 Shaft 13 digital rendering 

 

Figure I.14 Shaft 14 digital rendering 
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Figure I.15 Shaft 15 digital rendering 

 

Figure I.16 Shaft 16 digital rendering 
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Figure I.17 Shaft 17 digital rendering 

 

Figure I.18 Shaft 18 digital rendering 
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Figure I.19 Shaft 19 digital rendering 

 

Figure I.20 Shaft 20 digital rendering 
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Figure I.21 Shaft 21 digital rendering 

 

Figure I.22 Shaft 22 digital rendering 



700 

 

Figure I.23 Shaft 23 digital rendering 

 

Figure I.24 Shaft 24 digital rendering 
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APPENDIX J – DIGITAL SURFACE ROUGHNESS DETERMINATION 

 

 

J.1  Data Decimation Process 

The shaft scans started as .obj files; however, their large size requires decimation in order 

to make them workable in AutoCAD.  Originally, the data files have up to 30 million vertices 

and the desired number is below 2.5 million.   

The process to decimation the data is as follows.  

1. Open Meshlab and import the .obj file. (Note the orientation of the working face) 

2. Navigate to Filters – Remeshing, Simplification and Reconstruction – Quadric 

Edge Collapse Decimation 

3. In the Quadric Edge Collapse Decimation Tab, set the “Quality Threshold” and 

the “Boundary Preserving Weight” equal to 1.  Then check the “Preserve 

Normal”, “Preserve Topology”, “Optimal Position of Simplified Vertices”, 

“Planar Simplification”, “Weighted Simplification”, and “Post-Simplification 

Cleaning” boxes. Apply the decimation settings and wait for the data to be 

decimated. 

4. Repeat steps two and three until the number of vertices are below five hundred 

thousand. 

5. Export the mesh as a .xyz file. 
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J.2   Surface Roughness Determination Process 

Autodesk Civil 3D was used for determining surface roughness for the shaft specimens 

detailed in this research, but this process could be used for any scan data.  Start by opening a new 

drawing file under the Void Volume Template (void volume.dwt) and then by creating a surface 

(Figure J.1).  Name the surface to correspond to the shaft name or any other identifiers (Figure 

J.2). 

 
Figure J.1 Create a surface 

 
Figure J.2 Name the surface 
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To define the surface that was just created, add a .xyz file as a point file.  Expand the 

“Surfaces”, “Your Surface Name” and “Definition” tabs to find the “Point Files” option.  Right 

click and add a point file (Figure J.3). 

 
Figure J.3 Add a point file to your surface definition 

When prompted to choose a file, click on the plus on the right side of the window and 

then navigate to the directory your file is in.  Choose the file and hit “Open” and the “Ok” 

(Figure J.4).  It is important to make sure the working face of your surface is in the XY plane. 

You should have noted the orientation of the working face during your data decimation. If the 

working face is already in the XY plane, then you can upload your data file as a PNEZ – the 

NEZ stands for northing, easting and elevation and this file designation indicates that autoCAD 

will read your xyz file as x is northing, y is easting and z is elevation. If you need to rotate your 

surface all you have to do is change the designation.  You do this by clicking the plus sign by the 

file format (Figure J.4) and then creating a new file format (Figure J.5). 
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Figure J.4 Adding a file designation 

 
Figure J.5 Creating a new format 
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Figure J.6 User point file 

 
Figure J.7 Point file format 



706 

 

When the point file is added, an “Event Viewer” will display (Figure J.8).  Click the 

green check in the upper right corner.  

Figure J.8 Event viewer 

Once the shaft renders, draw a line from the top of the shaft to the bottom of the shaft.  

When the points are imported the scale will most likely be off.  The shaft shown has a height of 

625 inches (Figure J.9).   

 
Figure J.9 Surface height check 
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Use the scale command by typing in SCALE.  Choose a base point and enter a scale 

factor, in this case it was 24/625. After scaling the surface, draw another line from the top of the 

shaft to the bottom to verify that it was scaled correctly. Next, draw two polylines, using the 

PLINE command (Figure J.10), creating  horizontal and vertical lines through the shaft. 

 
Figure J.10 Draw a horizontal and vertical line through the shaft. 

Under the Alignment tab, choose “Create Alignment from Objects” (Figure J.11). After 

choosing the alignment tool, click on one of the polylines and an arrow will appear on the line.  

Pay attention to which way the arrow is facing.  The alignment needs to be read from left to right 

or the top to the bottom and therefore the arrow needs to point in the correct direction.  If it does 

not, enter an R into the command line to reverse it. After enter is pressed, a screen with 

alignment 
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Figure J.11 Turn those lines into alignments. 

options will pop up (Figure J.12).  Change the name to identify the alignment on a certain shaft 

and then press ok to create the alignment. 

The next step is to create a surface profile. Go to the profile button on the home tab and 

select  Create Surface Profile. (Figure J.12). When the surface profile window appears, select the 

alignement from the drop down.  For this profile we will use “Shaft 20 Upper Alignment”.  Next 

click the add buttom midway down from the right hand side of the window (Figure J.13). 

 
Figure J.12 Create surface profile 
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Figure J.13 Profile selection 

After the surface profile has been added to the profile list, select the draw in profile view 

button on the bottom of the window (Figure J.14). Change the name of the profile and then press 

apply (Figure J.15). 

 
Figure J.14 Draw in profile view 
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Figure J.15 Change profile name 

You may need to change the profile scale. You can do so by right clicking on the profile 

and selecting edit profile style (Figure J.16). The correct profile should show a curved surface 

without any vertical exaggeration (Figure J.17).  

 
Figure J.16 Edit profile view scale 
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Figure J.17 Correct profile view 

Now that you have a surface profile you need to create the perfect surface for 

comparison. You do this by clicking on the profile creation tools (Figure J.18). You will be 

prompted to select the profile that you are working with- select the surface profile that you have 

just created.   
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Figure J.18 Profile creation tools 

Next you need to draw a curve using the three point curve tool in the profile creation tool 

bar (Figure J.19). Start by choosing three points along the curve of your surface. This will not be 

a perfect fit on the first try. You will need to adjust the vertices until you get a curve that fits just 

above the surface , touching but not cutting into the highest points in your subject range (Figure 

J.20). This does not have to fit the length of your profile, only a 12 inch section.   

 
Figure J.19 Three-point curve fit.  
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Figure J.20 Corridor tool  

Now you are ready to build your corridor. Click on the corridor tool in the home tab 

(Figure J.21)  You will need three pieces of information initially – the base surface, the profile 

you have just drawn and the assembly that you want to use. If you have started with a void 

volume template the assembly will already be in the drawing so you just need to select it (Figure 

J.22).  

 
Figure J.21 Assembly selection  
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After the initial screen you will get a dialog box where you can set the range of the 

corridor. You need to choose a 12 inch section within your profile. You can do this by typing in 

the stationing or by selection the stationing in your model space. It is important that this section 

is only 12 inches because the assembly is 12 inches wide and that is how you get a 1’ by 1’ 

square test area. Once the stationing is selected you can run the corridor.  A square should show 

up on the rendering of your shaft surface (Figure J. 23). 

 
Figure J.22 Corridor  

In order to get a volume you need to create a surface out of your corridor. You do this by 

clicking on the corridor and then create a surface in the corridor ribbon (Figure J.24). You will 

need to create the surface and then add the top tag (Figure J.25).  Now that the surface is created, 

you can do a surface comparison using the volumes dashboard under the analyze tab (Figure 

J.26.) Once open, this will ask you to create a new volume, then you add a base surface (the 

shaft) and a comparison surface (the corridor) this will generate a total volume of Cut/fill (Figure 

J.27).  
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Figure J.23 Corridor surface tool 

 
Figure J.24 Corridor surface top tag 
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Figure J.25 Volumes dashboard 

 
Figure J.26 Volumes dashboard set up 

You should only have fill. If you have cut, then your profile is too close to the existing 

surface you will need to adjust the three point curve and then update the corridor and the volume  
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(there will be yellow exclamation points prompting you to update). The volume is given in cubic 

yards so you will need to convert to cubic feet and that will be your surface roughness (in
3
/sf). 
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APPENDIX K – BRIDGE PLANS COMPLETE 
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Page 103 of 136

FRACTURE CRITICAL INSPECTION
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14.

FOR BENTS 4-14 AND 17-25, ALL PILES SHALL BE 24" SQUARE

PRESTRESSED CONCRETE PILES.

FOR PRESTRESSED CONCRETE PILE DETAILS, SEE SHEETS A-14

THRU A-16.

SEE SHEET CL-6 FOR BENT 15 AND 16 PILE DATA TABLE.

A DYNAMIC LOAD TEST SHALL BE PERFORMED ON ALL TEST PILES

AS PER SECTION 455 OF THE SPECIFICATIONS. THE DYNAMIC LOAD

TEST SHALL BE INCLUDED IN THE CONTRACT UNIT

PRICE FOR BID ITEM 455-137 (DYNAMIC TEST LOAD).

THE PENETRATION REQUIREMENTS SHALL BE ACHIEVED

AS PER SECTION 455-5.8 OF THE FDOT 455 SPECIFICATIONS.

THE CONTRACTOR SHALL BE RESPONSIBLE TO VERIFY LOCATIONS

OF ALL UTILITIES PRIOR TO DRIVING PILES AND INSTALLING

DRILLED SHAFTS.  FOR ADDITIONAL UTILITY INFORMATION, SEE

UTILITY ADJUSTMENT SHEETS.

THE CONTRACTOR SHOULD ANTICIPATE THAT SET-CHECKS AND

RE-DRIVES MAY BE REQUIRED TO REACH THE REQUIRED DRIVING

RESISTANCE.  PAYMENT FOR SET-CHECKS AND RE-DRIVES AND THE

TIME INVOLVED IN WAITING TO PERFORM THEM SHALL BE MADE AS

PROVIDED IN SECTION 455-5.10.4.

JETTING WILL NOT BE PERMITTED FOR THIS PROJECT.

REFER TO SPECIFICATION SECTION 455-2 (AND THE TECHNICAL

SPECIAL PROVISIONS, SECTION 455-2.11, OSTERBERG CELL LOAD

TESTING OF DRILLED SHAFTS (TEMPORARY BRIDGE) PREPARED

FOR THIS PROJECT FOR SHAFT TESTING PROCEDURES.  THE COST

OF ALL TEST EQUIPMENT,  LABOR, AND MATERIALS SHALL BE

INCLUDED IN PAY ITEM 455-101-1 "LOAD TEST (OSTERBERG CELL)

(LESS THAN FIVE CELLS)".

"NON-PRODUCTION" TEST SHAFTS SHALL BE CONSTRUCTED AND

REINFORCED TO THE SAME SPECIFICATIONS AS THE PRODUCTION

SHAFTS, WITH THE EXCEPTIONS NOTED IN THE TECHNICAL SPECIAL

PROVISIONS FOR OSTERBERG CELL LOAD TESTING OF DRILLED SHAFTS

(TEMPORARY BRIDGE), SECTION 455-2.11  STATIC COMPRESSION LOAD

TESTS, PREPARED FOR THIS PROJECT.  THE REQUIREMENTS OF

SPECIFICATION 455-18 TEST HOLES SHALL APPLY, UNO.

THE CONTRACTOR SHALL DRILL ONE PILOT HOLE (STANDARD

PENETRATION TEST [SPT] BORING) AT ONE DRILLED SHAFT LOCATION

PER FOUNDATION UNIT, AT LEAST 14 DAYS BEFORE THE EXCAVATION

OF THE FOUNDATION UNIT SHAFTS BEGIN.  THE COST SHALL BE

INCLUDED WITH THE RESPECTIVE DRILLED SHAFT.  DETAILED

REQUIREMENTS OF THE PILOT HOLE PROGRAM (INCLUDING THE

LOCATIONS AT WHICH PILOT HOLES ARE TO BE DRILLED, THE MINIMUM

BORING TERMINATION ELEVATIONS, AND THE LOWEST ELEVATION AT

WHICH SPT SAMPLING SHALL COMMENCE), ARE PRESENTED IN THE

TECHNICAL SPECIAL PROVISIONS, SECTION 455-15.6, DRILLED SHAFT

PILOT HOLES (PERMANENT BRIDGE) PREPARED FOR THIS PROJECT.

TIP ELEVATION SHOWN IN THE TABLE IS THE ELEVATION TO WHICH

THE SHAFT SHALL BE CONSTRUCTED UNLESS LOAD TEST DATA OR

OTHER GEOTECHNICAL DATA OBTAINED DURING CONSTRUCTION

ALLOWS THE ENGINEER TO AUTHORIZE A DIFFERENT TIP ELEVATION.

HOWEVER, MINIMUM TIP ELEVATION IS THE HIGHEST ELEVATION THAT

THE SHAFT TIP SHALL BE CONSTRUCTED TO.

FOR ADDITIONAL NOTES ON DRILLED SHAFT INSTALLATION, SEE SHEET

B-29 & B-29A FOR THE PERMANENT BRIDGE.

THE CONTRACTOR SHALL USE SPECIAL EQUIPMENT AND/OR METHODS

(I.E., CORE BARRELS, ROCK AUGERS, PUNCHES, DRILL BITS, ETC.) AS

NEEDED, TO FACILITATE PREFORMING.  FURTHERMORE, HARD LAYERS

MAY BE ENCOUNTERED ABOVE THE REQUIRED MINIMUM TIP

ELEVATIONS (AND PREFORMING MAY BE NECESSARY TO ACHIEVE THE

REQUIRED MINIMUM TIP ELEVATIONS) AT PILE BENT LOCATIONS OTHER

THAN THOSE WHICH HAVE REQUIRED PREFORM ELEVATIONS LISTED IN

THE PILE DATA TABLE.  
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1. WORK THIS SHEET WITH C-42.

 

2. FOR FOUNDATION LAYOUT SEE

  SHEET C-19.

 

3. FOR REINFORCING BAR LIST SEE

  SHEET C-70.

 

4. FOR DRILLED SHAFT DETAILS SEE

  SHEET A-17.

3’-6" 1’-4"

(TYP)

 | BENT 3

 | BENT 2

 | BENT 2

 | BENT 3

5.020

 4.319

 5.354

 

6.055

 

(FLAT SLAB & DRILLED SHAFT REINFORCEMENT OMITTED FOR CLARITY)

(LOOKING AHEAD STATION)

SLOPE: .02 FT/FT

16.7

 4360

 

35’-0�"

4�"4�"
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FLAT SLAB INTERGRAL BENTS

Robert G. Woodruff, Florida PE No. 57099

JKP

JKP

RGW

RGW

03-03

02-03

02-03

37’-11�"

4" 4"

A
A

9P3

5P2

7S1

7S1

9S3

9S4

5
�

"

5
�

"

(BETWEEN SHAFTS)

4
"
 
C

L
R

BENTS 26-27

SECTION A-A

NOTES:

SECTION THROUGH PIERS 26 & 27

| 3’-0" DRILLED SHAFT
| 3’-0" DRILLED SHAFT

5P1

3�" 6~9P3 @ 7" 

9P3

9P3

03-03

C-28

ESTIMATED QUANTITIES

ITEM

REINFORCING STEEL (SUPERSTRUCTURE) LBS

UNIT QUANTITY

CLASS II (BRIDGE DECK) CONCRETE (SUPERSTRUCTURE) CY

3’-0" DRILLED SHAFT * *

* SEE SUMMARY OF BRIDGE PAY ITEMS

� CONST TEMP

5’-11�" 12’-11�" 3’-9�" 9’-2�" 5’-11�"

76~5P2 @ 1’-0"

38 5P1 BARS PAIRED WITH 5P2 BARS

1. WORK THIS SHEET WITH C-52.

 

2. FOR FOUNDATION LAYOUT SEE

  SHEET C-23.

 

3. FOR REINFORCING BAR LIST SEE

  SHEET C-70.

 

4. FOR DRILLED SHAFT DETAILS SEE

  SHEET A-17.

 | BENT 26

 | BENT 27
 | BENT 26

 | BENT 27

10.580

 9.180

 
10.387

 8.987

 

SLOPE: .02 FT/FT

| 3’-0" DRILLED SHAFT

(DIMENSION ALONG SKEW)

(FLAT SLAB & DRILLED SHAFT REINFORCEMENT OMITTED FOR CLARITY)

(LOOKING AHEAD STATION)

18.1

 5552

 

3" MIN
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To repair small underwater concrete spans on the 72 inch drilled shafts in the river Balfotir 
Construction, Inc. proposes the following procedure: 

1. Throughly clean the affected area with high pressure air or water. 
2. Chip and remove any loose material to achieve a clean rough surface. 
3. Place either the product "Plug-Crete" or "Dam-It" into the aftlected area (literature and 

product data attached). The material has a fast set time and will be hand placed by a 
diver. 

4. These products require no special curing procedures. 
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Bottom Footing Reinforcing 
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Mechanical 
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Lap splicing No. 14 ban is not approved. 

An alternative anion:ion since the Met is only six feet longer than it's original length we will approve lap splicing No. II ban to the bottom of the cage to extend it the additional AX int
di min 

A9.4-  lap should be accomplished to the inside so clear distance between but sill not be ished. 
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*
To Be Feld Cut or Moved 
To Avoid Any Conflict with 
Shaft Dowels (See Notes 
1 k 2.) 

To Be nod Cut at Bottom of 
Footing To Avoid Any Conflict 
with footing Reinforcing. 
(See Note 2.) 

PUN 
TYPICAL TYPICAL SHAFT/FOOTING REINFORCING INTER  

13414 -1 ro t re. 3 u.s-t i. vvi- 1 ,3  c S 

Pil r ZB - Lite44- 

fiat-  Lo St.444. 1 1 11  1lo 

NOTES  

(7•) The Contractor Shoe Adjust Footing Reinforcement where possible 

to avid conflicts with the OrMed Shaft Reinforcing. Minimum Bar 

Spacing shod be throe (J) tines Bo, Diameter and Shad Not 

Exceed Reinforcing Spacing Shown on Pier Footing Reinforcing by 1". 

(2.) The Contractor Shall Be Permitted to Field Cut Footing or °riled Shaft 

Bars only as indicated on This Sheet. No Adjacent Footing Bars or 

Drilled Shaft Bars may be cut. No mare than four (4) &Med Shalt 

Bars may be cut in any Owen shaft. 

* To Be Feld Cut and only if there is on Unchoidoble Conflict Between 

Shaft and Footing Reinforcing and Field Adjustment Is Not An Option. 

SECTION D—D  

Field Bend two (2) No. 5 Bars 4  
of the rate of one complete 
revolution per 20' of Shaft 
inside terrtical reinforcing. 
Tie at intersections with 
vertical bars. Lop splice r-r os necessary 

No. 14 801? ( T)p 

SEE NOTE 6 411 

Core Somol. 

SEE NOTE 6 

tO 

ELEVATION — 72" DIAMETER DRILLED SHAFT 

Field Bend two (2) No. 5 Bars 
of the rote of one complete 
revolution per 20' of Shaft 
inside vertical reinforcing.  
roe at ntersections with 
vertical bars. Lap spike 
7•-7" as necessary 

No. 11 Bars (r)p.)-,,,
,  

to 
• 

L.!
In 

 

If Spikes are reouirecL 
alternate location of lops 

among adjacent No. 11 Bars 

Care Sample 

fi 

p. 

ac 

 

a 

SEE NOTE 6 
to  

SEE NOTE 6 41  

O 

ELEVATION — 72" DIAMETER DRILLED SHAFT  
Tjp. A 

SHAFT DETAILS (2) 

NE SE JOHNS RIVER 

28 - No. 118ors 0 Ea Spa 

6" Cover 

r-7" Min L 

V-0" 

12'51'26" 
-i &Med Shaft 

- 

12.51:26" 

No. 5 Spiral Stiffener 

No, 5 Tie Bor 

SECTION C—C  

No. 5 Spiro/ Stiffener 

No. 5 Tie Bar 
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28 - Na 11 Bars • Eq. Sao. 

6 -  Cover 

l'-7 .  Mk) L 

12 5126" 
Shaft 

yr 51'26 - 

No. 5 Spiral Stiffener 

No. 5 Tie Bar 

SECTION C—C  

1.11 
Field Bend two (2) No. 5 Bas 
of the rote of one complete 
revolution per 20' of Shaft 
inside vertical reinforcing.  
Tie at intersections with 
vertical bat Lop spike 

os necessary 

O 

SEE NOTE 6 

Core Sample 

ELEVATION — 72w  DIAMETER DRILLED SHAFT  
Toe A 

No. 5 Tie Bar - No. 14 Bors 0 Eq. Spa 

1*-7 -  Min Lap 

-y,-to•oovo- 
Drilled Shaft 

...Z. 

No. 5 Spiral Stiffener 

Drilled Shaft 

% 

Bottom Footing Reinforcing 
(ro.) 

SECTION D—D  

II 
Field Bend two (2) Na`iiitors 4  
of the rote of one corn to 
revolution per 20' of Sho 
inside vertical reinforcing. \\_ 
Tie at intersections with 
vertical bas. Lap splice 
1 .-7 -  as necessary. 

No. 14 Bas (Ty:).)-\  

To Be Field Cut or Moved 
To Avoid Any Conflict with 
Shaft Dowels (See Notes 
I & 2.) 

To Be Field Cut of Bottom of 
Footing To Avoid Any Conflict 
with Footing Reinforcing. 
(See Note 2.) 

PLAN 
(TYPICAL (TYPICAL SHAFT/FOOTING REINFORCING INTERACTION) 

=Li 
(1.) The Contractor Shall Ad)jst Footing Reinforcement whore possible 

to avoid conflicts with the &Ned Shaft Reinforcing. Minimum Bar 
Spacing shag be three (J) times Bar Diameter and Shall Not 
Exceed Reinforcing Spacing Shown on Pier Footing Reinforcing by 1' 

(2.) The Contractor Shall Be Permitted to Field Cut Footing or Drilled Shaft 
Bars only os indicated on This Sheet. No Adjacent Footing Bars or 
Drilled Shaft Bars may be cut. No more than four (4) Drilled Shaft 
Bars may be cut h ony given shaft. 

''*To Be Field Cut and only If there is on Unavoidable Conflict Between 
SAO and Fooling Reinforcing and Field Adibstment Is Not An Option. 

For Additional Notes see Sheet A24. 

Core Sample 

ELEVATION — 72' DIAMETER DRILLED SHAFT  
Two B  

O 

h
d  

If Splices are required, 
alternate location of lops 

among adjacent No. 11 Bars 

No. 11 Bars (T)p.)-\  

HOWARD NEEDLES TAMMEN & BERGEN:10PP 

SEE NOTE 6 
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Existing Bride Replacement 

(See Sheet 81) 
 To be Widened Bridge 
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140'-0" 
Span No. Span No. 2 
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63 it 

• -Indicates Bridge Drain Location 
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Bearings (15p.) 
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• -  
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I I 

I I I I I I I I 

U U U U 
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Vert. Clr. 
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(Existing Bridges 

not shown for Clarity) 
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Indicates (2) 400 Watt High Pressure Sodium Luminoire 
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tl 191 

End
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• 4+ oo (±) Sign 

Support 
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1 \ 

PLAN 
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Pier No. BE - ¢. Pier No. 1 

Sta. 281+45.05 

Begin Shoulder Transition 
Sta. 2824-45.08 / 

(7' Lt. & 7' Rt.) 

0 

Transition Traffic Roiling Barrier* 
from I'-4 1/2" to 1 -6 1/2' 

over 10' to match existing 
barrier to proposed barrier. 
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Sta. 291+72.00 Sta. 293+ .00 
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& Profile Grade Line 
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50- 
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Expansion 
Joint 
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-50- 

Proposed Bottom 
of Pond 2 

BRIDGE NO. 720627 

1  

U u 

NOTE& 

1T-10 Min, - 
Horiz. Clr. *Tr Existing Ground 

Line 

U U 
Palm Ave. 

38-2 18.-7" Min. 
Min. Horiz. Clr. Vert. Clr. 

* Dimensions Measured Normal 

to f Palm Ave. 

See Sheets A6 & A7 for 
Horizontal & Vertical Curve 
Data and Traffic Data. 

Dimensions shown on Plan 
View (Bridge Width,etc.) are 
Measured radial/normal 
to the associated c/E. 
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(Overall Length - Bridge No. 2) 
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Span No. 6 

Light Pole 
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Expansion 

Joint 
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Concrete Piles 
(Pier No. 1 only) 
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r,- / 24 
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1, , Horiz. Clr. * 

Existing Ground)---  
Line 

Y1-11' 
Proposed ,, 
Bottom of 11 11 
Pond 1 U U 

36%0 Drilled Shaft (Typ.) 
®Pier Nos. 2 thru. 10 

1 

Existing Ground 
Line 

U U 
@ San Marco Blvd.  

* Dimensions Measured Normal 
to ? Son Marco Blvd. 

Strip Seal 
Expansion Joint 

Existing 
Bridge 
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See Sheet Existing Bridge Plans 
for Details of Pier No. 8E = 

Pier No. 1 

NOTE: 
See General Sheets for Bridge Drain 
Locations and Drainage Details. 

13 -Indicates Bridge Drain Number 

Indicates Soil Boring Location 

120 .-0" 
Span No. 5 

0  

.P.. a. o 

Traffic Railing 
Sorrier 

Curtain Wall 

Y 
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(Overall Length - Bridge No. 2) 

140"-0" 
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(r) P-) 

Span No. 13 Span No. 14 

Truffle Raping Light Pole 
Barrier (To.) 
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HOWARD NEEDLES TAMMEN & BERGENDOFF 

M. D. Caulfield 9 DUVAL 72020-5485 

Neese - Pies 

BOV 7-9J 
LAP 11-93 

MAIMDM 9-93 
DMAI 12-93 
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Measured Along  
C Constr. 1-95 

100— 
_ 
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Span No. 15 

Modular Expansion 
Joint 

Span No. 16 

St. Johns 
River 

-"1111•- 

100 Kip Ship Impact Zone 

LEON& 

Rubble ripnap and miscefloneous concrete slope powhg In this area 
to be removed as requked for placement of Orr foundations. Paynent 
for removal and restoration of the riprop shall be incidental to the cost 
of footing concrete. 
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Begin Shldr. Transition 
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(6' Rt.) /- 95  
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See General Sheets for Bridge Drain Locations 
and Drainage Details 

'Tr!!! 11-.r 
Proposed Bottom 

U U of Pond 2 

140'-0- 

Span No. 11 

Modular Expansion 
Joint 

.efr2N2 
See Sheet A6 & A7 for 

Horizontil & Vertical Curve 
Data and Traffic Data. 

See Sheet A7 for Elevation 
of St. Johns River 

Dimensions shown on Plan 
Kew (Bridge Ifidtketc.) ore 
Measured radial/normal 
to the associated C/1 . 

indicates Sol 
Boring Location. 

Ossorbike Orem by 
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Appread by 

50- 

See Bridge 3 for 
Details of Pier No. 18 

0- 

--i — 
727e 

_//'" L.; 
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-50- 
600 KO Ship Impact Zone 

MEET UNE 

PLAN AND ELEVA7ION (2) 
Onyobig N. 

BRIDGE NO. 2 
PNOECT Win No. 

1-95 OVER NE ST. JOHNS RIVER 

Span No. 10 

— 100 I4  

REVISIONS 

AMINO nob identifying 
nibble ',prep. 

Proposed Ground 
Line 

36-0 Drilled Shaft 
(To. 0 Pier Nos. 10 thru 17) 

Existing Ground 
Line 

Composite Neoprene 
Bearings (T)p.) 

ELEVATION  
(Existing Bridge and Ramp Bridges not shown for parity) 

Indicates (2) 400 Watt High Pressure Sodium Luminaire 

1
7.1 —Indicates Bridge Drain Number 

---incficates Bridge Drain Location 

indicates So/ Boring Location BRIDGE NO. 720627 
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Joint 
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(Overall Length - Bridge No. 2) 
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140'-0- 

Spon No. 13 

Traffic Raging 
Barrier 
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(To.) 
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Span No. 15 

Modular Expansion 
Joint 

ELEVATION  
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See General Sheets for Bridge Drain Locotions 
and Drainage Defogs. 
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TOP ELEVATIONS , 

SHAFT 
Na PIER 2 EMU 14 PIER 15 PIERS 18 & 17 
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J I 
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6 . . 
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I. For Hortrentel Curse D.S. see Sheet AZ 
2. Ron locate:a of-Ailed Shone Is phon et Bottom of Cops. 
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6. the loundationslhel be constructed it the Phases outlived it the 
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2 on four drilled shafts which were cut 10-indtes north of the plan location la  approved. 
The footing and the column dowels will be placed in the correct plan location. 
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FULLER WARREN BRIDGE 

DRILLED SHAFT PAY QUANTITIES - BRIDGE NO. 2 
DESIGN CONDITIONS AS-BUILT CONDITIONS 

PIER SHAFT SHAFT AXIAL 100-YR CUT-OFF PLAN TIP AUTH TIP EXTRA SHAFT FINISH GROUND AUTH TIP ACTU TIP UNCLAS EXTRA SHAFT COMMENTS 
NO. NO. SIZE LOAD SCOUR EL ELEV. ELEV. ELEV. DEPTH LENGTH DATE ELEV. ELEV. ELEV. EXCAV. DEPTH LENGTH 

in tons ft ft ft ft ft ft ft ft ft ft ft ft 
2 1 36 450 N/A -4.25 -35 -35 0 30.75 02/18/97 -4.75 -35.00 -35.00 30.26 0.00 30.75 
2 2 36 450 N/A -4.25 -35 -35 0 30.75 02/14/97 -4.75 -35.00 -35.16 30.25 0.00 30.75 
2 3 36 450 N/A -4 25 -35 -35 0 30.75 02/13/97 -4.75 -35.00 -35.10 30.25 0.00 30.75 
2 4 36 450 N/A -4.25 -35 -35 0 30.75 02/19/97 -4.75 -35.00 -35.16 30.25 0.00 30.75 
2 5 36 450 N/A -4.25 -35 -35 0 30.75 07/08/00 -4.75 -35.00 -35.00 30.25 0.00 30.75 
2 6 36 450 N/A -4.25 -35 -35 0 30.75 07/10/00 -4.75 -35.00 -35.13 30.25 0.00 30.75 
2 7 36 450 N/A -4 25 -35 -35 0 30.75 07/07/00 -4.75 -35.00 -35.80 30.25 0.00 30.75 
2 8 36 450 N/A -4 25 -35 -35 0 30.75 07/11/00 -4.75 -35.00 -36.23 30.25 0.00 30.75 
2 9 36 450 N/A -4.25 -35 -35 0 30.75 04/07/01 -4.75 -35.00 -35.15 30.25 0.00 30.75 
2 10 36 450 N/A -4 25 -35 -35 0 30.75 04/13/01 -4.75 -35.00 -35.42 30.25 0.00 30.75 
2 11 36 450 N/A -4 25 -35 -35 0 30.75 04/10/01 -4.75 -35.00 -35.37 30.25 0.00 30.75 
2 12 36 450 N/A -4 25 -35 -35 0 30.75 04/16/01 -4.75 -35.00 -35.20 30.25 0.00 30.75 
3 1 36 450 N/A -4.25 -35 -35 0 30.75 02/14/97 -4.75 -35.00 -35.10 30.25 0.00 30.75 
3 2 36 450 N/A -4.25 •35 -35 0 30.75 02/19/97 -4.75 -35.00 -35.00 30.25 0.00 30.75 
3 3 36 450 N/A -4 25 -35 -35 0 30.75 02/18/97 -4.75 -35.00 -35.00 30.25 0.00 30.75 
3 4 36 450 N/A -4 25 -35 -35 0 30.75 02/13/97 -4.75 -35.00 -35.03 30.25 0.00 30.75 
3 5 36 450 N/A -4 25 -35 -35 0 30.75 07/14/00 -4.75 -35.00 -35.39 30.25 0.00 30.75 
3 6 36 450 N/A -4 25 -35 -35 0 30.75 07/14/00 -4.75 -35.00 -35.23 30.25 0.00 30.75 
3 7 36 450 N/A -4 25 -35 -35 0 30.75 07/15/00 -4.75 -35.00 -35.40 30.25 0.00 30.75 
3 8 36 450 N/A -4 25 -35 -35 0 30.75 07/12/00 -4.75 -35.00 -35.18 30.25 0.00 30.75 
3 9 36 450 N/A -4 25 -35 -35 0 30.75 04/09/01 -4.75 -35.00 -35.34 30.25 0.00 30.75 
3 10 36 450 N/A -4 25 -35 -35 0 30.75 04/10/01 -4.75 -35.00 -35.26 30.25 0.00 30.75 , 
3 11 36 450 N/A -4.25 -35 -35 0 30.75 04/13/01 -4.75 -35.00 -35.16 30.25 0.00 30.75 
3 12 36 450 N/A -4 25 -35 -35 0 30.75 04/11/01 -4.75 -35.00 -36.59 30.25 0.00 30.75 

4 1 36 450 N/A -4.25 -35 -35 0 30.75 02/05/97 -4.75 -35.00 -35.04 30.25 0.00 30.75 
4 2 36 450 N/A -4.25 -35 -35 0 30.75 02/06/97 -4.75 -35.00 -35.00 30.25 0.00 30.75 
4 3 36 450 N/A -4.25 -35 -35 0 30.75 02/07/97 -4.75 -35.00 -35.10 30.25 0.00 30.76 
4 4 36 450 N/A -4 25 -35 -35 0 30.75 02/04/97 -4.75 -35.00 -35.00 30.25 0.00 30.75 
4 5 36 450 N/A -4.25 -35 -35 0 30.75 08/17/00 -4.75 -35.00 -35.44 30.25 0.00 30.75 

4 6 36 450 N/A -4 25 -35 -35 0 30.75 08/16/00 -4.75 -38.00 -38.23 30.25 3.00 33.75 
4 7 36 450 N/A -4.25 -35 -35 0 30.75 08/18/00 -4.75 -35.00 -35.37 30.25 0.00 30.75 
4 8 36 450 N/A -4 25 -35 -35 0 30.75 08/19/00 -4.75 -35.00 -36.47 30.25 0.00 30.75 
4 9 36 450 N/A -4 25 -35 -35 0 30.75 04/17/01 -4.75 -35.00 -35.20 30.25 0.00 30.75 

4 10 36 450 N/A -4 25 -35 -35 0 30.75 04/19/01 -4.75 -35.00 -35.07 30.25 0.00 30.75 

4 11 36 450 N/A -4.25 -35 -35 0 30.75 04/20/01 -4.75 -35.00 -35.05 30.25 0.00 30.75 

4 12 36 450 N/A -4.25 -35 -35 0 30.75 04/23/01 -4.75 -35.00 -35.14 30.25 0.00 30.75 

5 1 36 450 N/A -4 25 -35 -35 0 30.75 01/28/97 -4.75 -35.00 -35.27 30.25 0.00 30.75 

5 2 36 450 N/A -4 25 -35 -35 0 30.75 01/27/97 -4.75 -35.00 -35.72 30.25 0.00 30.75 

5 3 36 450 N/A -4 25 -35 -35 0 30.75 01/22/97 -4.75 -35.00 -35.20 30.25 0.00 30.75 

5 4 36 450 N/A -4.25 -35 -35 0 30.75 01/24/97 -4.75 -35.00 -35.10 30.25 0.00 30.75 

5 5 36 450 N/A -425 -35 -35 0 30.75 08/11/00 -4.75 -35.00 -35.00 30.25 0.00 30.75 

5 6 36 450 N/A -4 25 -35 -35 0 30.75 08/08/00 -4.75 -35.00 -35.52 30.25 0.00 30.75 

5 7 36 450 N/A -4 25 -35 -35 0 30.75 08/09/00 -4.75 -35.00 -35.78 30.25 0.00 30.75 

5 8 36 450 N/A -4 25 -35 -35 0 30.75 08/05/00 -4.75 -35.00 -35.48 30.25 000 30.75 

5 9 36 450 N/A -4.25 -35 -35 0 30.75 04/20/01 -4.75 -35.00 -35.33 30.25 0.00 30.75 

5 10 36 450 N/A -4 25 -35 -35 0 30.75 04/23/01 -4.75 -35.00 -35.19 30.25 0.00 30.75 

5 11 36 450 N/A -4.25 -35 -35 0 30.75 04/17/01 -4.75 -35 00 -35.02 30.25 0.00 30.75 

5 12 36 450 N/A -4 25 -35 -35 0 30.75 04/19/01 -4.75 -35.00 -35.20 30.25 0.00 30.75 

DESIGN CONDITIONS AS-BUILT CONDITIONS 

PIER SHAFT SHAFT AXIAL 100-YR CUT-OFF PLAN TIP AUTH TIP EXTRA SHAFT FINISH GROUND AUTH TIP ACTU Tie UNCLAS EXTRA SHAFT COMMENTS 
NO. NO. SIZE LOAD SCOUR EL ELEV. ELEV. ELEV. DEPTH LENGTH DATE ELEV. ELEV. ELEV. EXCAV. DEPTH LENGTH 

In tons ft ft tt ft ft ft ft tt It ft ft Is 

6 1 36 450 N/A -4 25 -35 -35 0 30.75 2/3/97 -4.75 -35.00 -35.20 30.25 0 30.75 
6 2 36 450 N/A -4.25 -35 -35 0 30.75 1/22/97 -4.75 -35.00 -35.20 30.25 0 30.75 

6 3 36 450 N/A -4.25 -35 -35 0 30.75 1/21/97 -4.75 -35.00 -35.15 30.25 0 30.75 

6 4 36 450 N/A -4 25 -35 -35 0 30.75 1/24/97 -4.75 -35_00 -35_24 30 25 0 30.75 

6 5 36 450 N/A -4.25 -35 -35 0 30.75 7/29/00 -4.75 -35.00 -35 47 30.25 0 30.75 

6 6 36 450 N/A -4.25 -35 -35 0 30.75 7/31/00 -4.75 -35.00 -35.24 30.25 0 30.75 

6 7 36 450 N/A -4 25 -35 -35 0 30.75 7/20/00 -4.75 -35.00 -37.1 30.25 0 30.75 

6 8 36 450 N/A -4 25 -35 -35 0 30.75 7/28/00 -4.75 -35.00 -35 30.25 0 30.75 ity with log estimated e 

6 9 36 450 N/A -4 25 -35 -35 0 30.75 4/24/01 -4.75 -35.00 -35.23 30.25 0 30.75 

6 10 36 450 N/A -4.25 -35 -35 0 30.75 4/25/01 -4.75 -37.50 -37.51 30.25 2 5 33.25 

6 11 36 450 N/A -4 25 -35 -35 0 30.75 4/27/01 -4.75 -36_00 -36.02 30 25 1 31.75 

6 12 36 450 14/A -4.25 -35 -35 0 30.75 4/30/01 -4.75 -35.00 -35.24 30.25 0 30.75 

7 1 36 450 N/A -4.25 -35 -35 0 30 75 1/21/97 -4.75 -38.00 -38 55 30.25 3.00 33.75 Extra Auth. RJC 

7 2 36 450 N/A -4 25 -35 -35 0 30.75 2/3/97 -4.75 -35.00 -35_02 30.25 0.00 30.75 

7 3 36 450 N/A -4.25 -35 -35 0 30.75 1/27/97 -4.75 -42.00 -42.30 30.25 7.00 37_75 7' per criteria 

7 4 36 450 NIA -4 25 -35 -35 0 30.75 1/23/97 -4.75 -37.00 -38.18 30.25 2.00 32.75 Extra Auth. RJC 

7 5 36 450 N/A -4 25 -35 -35 0 30.75 7/19/00 -4.75 -35.00 -35.49 30.25 0.00 30.75 

7 6 36 450 N/A -4 25 -35 -35 0 30.75 7/27/00 -4.75 -35.00 -35.19 30.25 0.00 30.75 

7 7 36 450 N/A -4.25 -35 -35 0 30.75 8/1/00 -4.75 -35.00 -36.67 30.25 0.00 30.75 

7 8 36 450 N/A -4 25 -35 -35 0 30.75 8/3/00 -4.75 -35.00 -35_90 30.25 0.00 30.75 

7 9 36 450 N/A -4 25 -35 -35 0 30.75 4/24/01 -4.75 -43.00 -43.31 30.25 8.00 38.75 

7 10 36 450 N/A -4.25 -35 -35 0 30.75 4/30/01 -4.75 -42_00 -42.50 30.25 7.00 37.75 

7 11 36 450 N/A -4.25 -35 -35 0 30.75 4/24/01 -4.75 -41.78 -41.00 30.25 6.78 37.53 

7 12 36 450 N/A -4.25 -35 -35 0 30.75 5/25/01 -4.75 -41.60 -42.12 30.25 6.50 37.25 

8 1 36 450 N/A -4 25 -35 -43 8 38_75 1/9/97 -4.75 -53.00 -53.46 30.25 18.00 48.75 Extra Auth. RJC 

8 2 36 450 N/A -4 25 -35 -43 8 38.75 1/13/97 -4.75 -53.00 -53.3 30.25 18.00 48.75 Extra Auth. RJC 

8 3 36 450 N/A -4.25 -35 -43 8 38.75 1/16/97 -4.75 -43.00 -43.06 30.25 8.00 38.75 Exua Auth. RJC 

8 4 36 450 N/A -4.25 •35 -43 8 38.75 1/14/97 -4.75 -45.00 -45.07 30.25 10_00 40.75 Extra Auth. RJC 

8 5 36 450 N/A -4.25 -35 -35 0 30.75 8/22/00 -4.75 -42.00 -42.47 30.25 7.00 37.75 

8 6 36 450 N/A -4 25 -35 -35 0 30.75 8/25/00 -4.75 -43.00 -43.74 30.25 8.00 38.75 

8 7 36 450 N/A -4 25 -35 -35 0 30.75 8/23/00 -4.75 -35.00 -38.6 30.25 0.00 30.75 

8 8 36 450 N/A -4 25 -35 -35 0 30.75 8/28/00 -4.75 -42.00 -42.27 30.25 7.00 37.75 

8 9 36 450 N/A -4.25 -35 -35 0 30.75 5/2/01 -4.75 -35.00 -39.53 30.25 0.00 30.75 

8 10 36 450 N/A -4.25 -35 -35 0 30.75 5/1/01 -4.75 -35.00 -39.2 30.25 0.00 30.75 

8 11 36 450 N/A -4.25 -35 -35 0 30.75 5/3/01 -4.75 -35.00 -37.4 30.25 0.00 30.75 

8 12 36 450 N/A -4 25 -35 -35 0 30.75 5/4/01 -4.75 -41 -41.37 30.25 6 36.75 

9 1 36 450 N/A -4 25 -35 -43 8 38.75 1/16/97 -4.75 -43_00 -43.07 30.25 8.00 38.75 

9 2 36 450 N/A -425 -35 -43 8 38.75 1/14/97 -4.75 -43.00 -45.10 30.25 8.00 38.75 

9 3 36 450 N/A -4.25 •35 -43 8 38.75 1/15/97 -4.75 -45.00 -45.40 30.25 10.00 40.75 Extra Auth. RJC 

9 4 36 450 N/A -4.25 -35 -43 8 38.75 1/17/97 -4.75 -43.00 -43.50 30.25 8.00 38.75 

9 5 36 450 N/A -4.25 -35 -36 1 31.75 8/30/00 -4.75 -36 -36.88 30.25 1 31.75 

9 6 36 450 N/A -4.25 -35 -36 1 31.75 9/1/00 -4.75 -37.5 -37.56 30.25 2.5 33.25 

9 7 36 450 N/A -4.25 -35 -36 1 31.75 8/29/00 -4.75 -36 -37.87 30.25 1 31.75 

9 8 36 450 N/A -4.25 -35 -36 1 31.75 8/31/00 -4.75 -37 -37.68 30.25 2 32.75 

9 9 36 450 N/A -4.25 -35 -36 1 31.75 5/4/01 -4.75 -36 -39.55 30.25 1 31.75 

9 10 36 450 N/A -4.25 -35 -36 1 31.75 5/7/01 -4.75 -36 -40.08 30.25 1 31.75 

9 11 36 450 N/A -4.25 -35 -36 1 31.75 5/2/01 -4.75 -36 -40.48 30.25 1 31.75 

L 
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FULLER WARREN BRIDGE 

_-...“..4_&, ,444,-‘4-  4 r-t-t 1 UWAINI I ii 1tb -  UHIDUE NO. 2 ..--...\.„, 

DESIGN CONDITIONS AS-BUILT CONDITIONS 
PIER SHAFT SHAFT AXIAL 100-YR CUT-OFF PLAN TIP AUTH TIP EXTRA SHAFT FINISH GROUND AUTH TIP ACTU TIP UNCLAS EXTRA SHAFT COMMENTS 
NO. NO. SIZE LOAD SCOUR EL ELEV. ELEV. ELEV. DEPTH LENGTH DATE ELEV. ELEV. ELEV. EXCAV. DEPTH LENGTH 

In tons ft ft ft ft ft ft ft ft ft ft ft ft 
10 1 36 450 N/A -4 25 -35 -38 3 33.75 1/10/97 -4.75 -38.00 -38.08 30.25 3.00 33.75 
10 2 36 450 N/A -4.25 -35 -38 3 33.75 12/11/96 -4.75 -39.30 39.60 30.25 4.30 35.05 Auth. by RIC 
10 3 36 450 N/A -4.25 -35 -38 3 33.75 1/15/97 -4.75 -38.00 -38.20 30.25 3.00 33.75 
10 4 36 450 N/A -425 -35 -38 3 33.75 1/7/97 -4.75 -38.00 -38.02 30.25 3.00 33.75 
10 5 36 450 N/A -4.25 -35 -38 3 33.75 9/8/00 -4.75 -38.00 -47.68 30.25 3.00 33.75 
10 6 36 450 N/A -4.25 -35 -38 3 33.75 9/12/00 -4.75 -38.00 -45.35 30.25 3.00 33.75 
10 7 36 450 N/A -4.25 -35 -38 3 33.75 9/11/00 -4.75 -38.00 -45.49 30.25 3.00 33.75 
10 8 36 450 N/A -4 25 -35 -38 3 33.75 9/13/00 -4.75 -38.00 -44.80 30.25 3.00 33.75 
10 9 36 450 N/A -4.25 -35 -38 3 33.75 5/1 1/01 -4.75 -38.00 -38.75 30.25 3.00 33.75 
10 10 36 450 N/A -4 25 •35 -38 3 33.75 5/10/01 -4.75 -38.00 -39.42 30.25 3.00 33.75 
10 11 36 450 N/A -4.25 -35 -38 3 33.75 5/16/01 -4.75 -38.00 -40.50 30.25 3.00 33.75 
10 12 36 450 N/A -4.25 -35 -38 3 33.75 5/21/01 -4.75 -38.00 -41.01 30.25 3.00 33.75 
11 1 36 450 N/A -4.25 -35 -42 7 37.75 12/12/96 -4.75 -42.00 -43.45 30.25 7.00 37.75 
11 2 36 450 N/A -4.25 -35 -42 7 37.75 3/6/97 -4.75 -43.00 -43.20 30.25 8.00 38.75 Extra 1' per RJC 

' 11' 3 36 450 N/A -4.25 -35 -42 7 37.75 3/5/97 -4.75 -42.00 -42.00 30.25 7.00 37.75 
-, 

11 4 36 450 N/A -4.25 -35 -42 7 37.75 3/4/97 -4.75 -53.00 -53.20 30.25 18.00 48.75 Extra 11' per RJC 
11 5 36 450 N/A -425 -35 -42 7 37.75 10/9/00 -4.75 -42.00 -46.92 30.25 7.00 37.75 

/ 11 6 36 450 N/A -4.25 -35 -42 7 37.75 10/12/00 -4.75 -42.00 46.74 30.25 7.00 37.75 
11 7 36 450 N/A -4.25 -35 -42 7 37.75 10/5/00 -4.75 -42.00 -48.27 30.25 7.00 37.75 
11 8 36 450 N/A -4.25 -35 -42 7 37.75 10/10/00 -4.75 -42.00 -45.67 30.25 7.00 37.75 
11 9 36 450 N/A -4.25 -35 -42 7 37.75 5/24/01 -4.75 -42.00 -44.00 30.25 7.00 37.75 
11 10 36 450 N/A -4.25 -35 -42 7 37.75 5/30/01 -4.75 -42.00 -44.30 30.25 7.00 37.75 
11 11 36 450 N/A -4.25 -35 -42 7 37.75 6/1/01 -4.75 -42.00 -44.17 30.25 7.00 37.75 

 

11 12 36 450 N/A -4.25 -35 -42 7 37.75 6/4/01 -4.75 -42.00 -44.34 30.25 7.00 37.75 
12 1 36 450 N/A -4.26 -35 -40 5 35.75 12/4/96 -4.75 -40.00 -46.10 30.25 5.00 35.75 
12 2 36 450 N/A -4.25 -35 -40 5 35.75 12/5/96 -4.75 -40.00 -40.00 30.25 5.00 35.75 
12 3 36 450 N/A -4 25 -35 -40 5 35.75 12/3/96 -4.75 -42.67 -43.25 30.25 7.67 38.42 Auth. ov RJC 
12 4 36 450 N/A -4.25 -35 -40 5 35.75 11/25/96 -4.75 -40.00 -41.10 30.25 5.00 35.75 
12 5 36 450 N/A -4.25 -35 -40 5 35.75 10/13/00 -4.75 -40.00 -41.96 30.25 5.00 35.75 
12 6 36 450 N/A -4.25 •35 -40 5 35.75 10/19/00 -4.75 -40.00 -41.61 30.25 5.00 35.75 
12 7 36 450 N/A -4.25 -35 -40 5 35.75 10/17/00 -4.75 -40.00 -40.99 30.25 5.00 35.75 

° 12 8 36 450 N/A -4.25 -35 -40 5 35.75 10/21/00 -4.75 -40.00 -40.18 30.25 5.00 35.75 
12 9 36 450 N/A -4.25 -35 -40 5 35.75 6/5/01 -4.75 -40.00 -47.65 30.25 5.00 35.75 
12 10 36 450 N/A -4.25 -35 -40 5 35.75 6/6/01 -4.75 -43.00 -47.58 30.25 8.00 38.75 Auth. by &lc 
12 11 36 450 N/A -4.25 -35 -40 5 35.75 6/7/01 -4.75 -42.00 -47.49 30.25 7.00 37.75 
12 12 36'.  450 N/A -4.25 -35 -40 5 35.75 6/8/01 -4.75 -40.00 -47.63 30.25 5.00 35.75 
13 1 36 450 N/A -4.25 -35 -42 7 37.75  10/18/96 -4.75 -42.00 -42.70 30.25 7.00 37.75 
13 2 36 450 N/A -4.25 -35 -42 7 37.75 10/22/96 -4.75 -42.00 -42.19 30.25 7.00 37.75 
13 3 36 450 N/A -4.25 -35 -42 7 37.75 10/24/96 -4.75 -42.00 -42.18 30.25 7.00 37.75 
13 4 36 450 N/A -4.25 -35 -42 7 37.75 10/25/96 -4.75 -42.00 -43.40 30.25 7.00 37.75 
13 5 36 450 N/A -4.25 -35 -42 7 37.75 10/24/00 -4.75 -42.00 -43.03 30.25 7.00 37.75 
13 6 36 450 N/A -4.25 -35 -42 7 37.75 10/26/00 -4.75 -42.00 -42.04 30.25 7.00 37.75 
13 7 36 450 N/A -4.25 •35 -42 7 37.75 10/25/00 -4.75 -43.00 -43.02 30.25 8.00 38.75 Auth. by RJC 
13 8 36 450 N/A -4.25 -35 -42 7 37.75 10/27/00 -4.75 -42.00 -42.11 30.25 7.00 37.75 
13 9 36 450 N/A -4.25 -35 -42 7 37.75 6/12/01 -4.75 -42.00 -46.34 30.25 7.00 37.75 
13 10 36 450 N/A -4.25 -35 -42 7 37.75 6/ 19/01 -4.75 -42.00 -43.85 30.25 7.00 37.75 
13 11 36 450 N/A -4.25 -35 -42 7 37.75 6/14/01 -4.75 -49.00 -49.38 30.25 14.00 44.75 Auth. by RJC  
13 12 36 450 N/A -4.25 -35 -42 7 37.75 6/15/01 -4.75 -42.00 -43.90 30.25 7.00 37.75 

- 

DESIGN CONDITIONS AS -BUILT CONDITIONS 
PIER SHAFT SHAFT AXIAL 100-YR CUT-OFF PLAN TIP AUTH TIP EXTRA SHAFT FINISH GROUND AUTH TIP ACTU TIP UNCLAS EXTRA SHAFT COMMENTS 
NO. NO. SIZE LOAD SCOUR EL ELEV. ELEV. ELEV. DEPTH LENGTH DATE ELEV. ELEV. ELEV. EXCAV. DEPTH LENGTH 

In tons ft ft ft ft ft ft ft ft ft ft ft ft 
14 1 36 450 N/A 2.25 -35 -41 6 43.25 10/31/96 1.75 -41.00 -41.26 36.75 6.00 43.25 
14 2 36 450 N/A 2.25 -35 -41 6 43.25 10/30/96 1.75 -41.00 -41.05 36.75 6.00 43.25 
14 3 36 450 N/A 225 -35 -41 6 43.25 11/4/96 1.75 -41.00 -41.07 36.75 6.00 43.25 

4 36 450 N/A 2.25 -35 -41 6 43.25 11/2/96 1.75 -41.00 -41.02 36.75 6.00 43.25 1
1
4
4 

 
5 36 450 N/A 2.25 -35 -41 6 43.25 10/31/00 1.75 -41.00 -46.38 36.75 6.00 43.25 

14 6 36 450 N/A 2.25 -35 -41 6 43.25 11/1/00 1.75 -47.50 -48.41 36.75 12.50 49.75 Per Ray Costae 
14 7 36 450 N/A 2.25 -35 -41 6 43.25 10/30/00 1.75 -41.00 -47.96 36.75 6.00 43.25 
14 8 36 450 N/A 2.25 -35 -41 6 43.25 11/2/00 1.75 -41.00 -41.09 36.75 6.00 43.25 
14 9 36 450 N/A 2.25 -35 -41 6 43.25 6/18/01 1.75 -42.00 -43.76 36.75 7.00 44.25 Per Ray Castelli 
14 10 36 450 N/A 2 25 -35 -41 6 43.25 6/25/01 1.75 -50.00 -55.56 36.75 15.00 52.25 Per Ray Castetli 
14 11 36 450 N/A 2.25 -35 -41 6 43.25 7/11/01 1.75 -41.00 -48.80 36.75 6.00 43.25 
14 12 36 450 N/A 2.25 -35 -41 6 43.25 7/2/01 1.75 -41.00 -48.69 36.75 6.00 43.25 

15 1 36 550 N/A -0.83 -37 -42 5 41.17 3/26/99 -8 -55.00 -69.70 29.00 18.00 54.17 
15 2 36 550 N/A -0.83 -37 -42 5 41.17 3/12/99 -1 -57.00 -59.30 36.00 20.00 56.17 Per Ray Caste* 
15 3 36 550 N/A -0 83 -37 -42 5 41.17 3/26/99 -8 -55.00 -69.70 29.00 18.00 54.17 
15 4 36 550 N/A -0 83 -37 -42 5 41.17 3/23/99 -4 -55.00 -90.15 33.00 18.00 54 17 

15 5 36 550 N/A -4.25 -37 -42 5 37.75 10/15/96 -4.75 -42.00 -42.22 32.25 5.00 37.75 
15 6 36 550 N/A -4.25 -37 -42 5 37.75 10/12/96 -4.75 -42.00 -42.23 32.25 5.00 37.75 
15 7 36 550 N/A -4.25 -37 -42 5 37.75 11/18/96 -4.75 -42.00 -41.92 32.25 4.92 37.67 Bottom Above Auth Tip 
15 8 36 550 N/A -4.25 -37 -42 5 37.75 11/19/96 -4.75 -42.00 -42.00 32.25 5.00 37.75 
15 9 36 550 N/A -4.25 -37 -42 5 37.75 7/2/01 -4.75 -48.00 -52.55 32.25 11.00 43.75 Per Ray Castribi 
15 10 36 550 N/A -4.25 -37 -42 5 37.75 6/25/01 -4.75 -55.00 -55.56 32.25 18.00 50.75 Per Ray Castel% 
15 11 36 550 N/A -4.25 -37 -42 5 37.75 6/21/01 •4.75 -42.00 -46.07 32.25 5.00 37.75 
15 12 36 550 N/A -4.25 -37 -42 5 37.75 7/11/01 -4.75 -42.00 -53.04 32.25 5.00 37.75 

16 1 36 550 N/A -0.83 -51 -54 3 53.17 2/15/99 -17.5 -54.00 -72.15 33.50 3.00 53.17 See PBON 7130 

16 2 36 550 N/A -0.83 -51 -54 3 53.17 2/18/99 -18.5 -54.00 -71.00 32.50 3.00 53.17 See PBON 7130 
16 3 36 550 N/A -0.83 -51 -54 3 53.17 2/24/99 -16.5 -54.00 -72.65 34.50 3.00 53.17 See PBON 7130 
16 4 36 550 N/A -0.83 -51 -54 3 53.17 2/22/99 -14 -54.00 -71.20 37.00 3.00 53.17 See PEON 7130 
16 5 36 550 N/A -0.83 -51 -54 3 53.17 2/16/99 -16.5 -54.00 -70.75 34.50 3.00 53.17 See PBON 7130 
16 6 36 550 N/A -0.83 -51 -54 3 53.17 2/19/99 -14 -54.00 -71.50 37.00 3.00 53.17 See PBDN 7130 
16 7 36 550 N/A -0.83 -51 -54 3 53.17 2/24/99 -16 -54.00 -70.53 35.00 3.00 53.17 See PEON 7130 
16 8 36 550 N/A -083 -51 -54 3 53.17 2/22/99 -13.5 -54.00 -71.60 37.50 3.00 53.17 Sea PEON 7130 

16 9 36 550 N/A -0.83 -51 -54 3 53.17 2/23/99 -13 -54.00 -72.05 38.00 3.00 53.17 See PEIDN 7130 
16 10 36 550 N/A -0.83 -51 -54 3 53.17 2/19/99 -11.5 -54.00 -71.70 39.50 3.00 53.17 See PBON 7130 
16 11 36 550 N/A -0 83 -51 -54 3 53.17 2/26/99 -16 -54.00 -70.51 35.00 3.00 53.17 See PBON 7130 
16 12 36 550 N/A -0.83 -51 -54 3 53.17 3/1/99 -16 -54.00 -71.29 35.00 3.00 53.17 See PBON 7130 

17 1 36 550 N/A -0.83 -59 -63 4 62.17 12/14/98 -19.5 -63.00 -76.10 39.50 4.00 62.17 Additional depth required 

17 2 36 550 N/A -0 83 -59 -63 4 62.17 12/29/98 -19.5 -63.00 -99.30 39.50 4.00 62.17 due to contractor 

17 3 36 550 N/A -0.83 -59 -63 4 62.17 1/9/99 -19.5 -63.00 -93.10 39.50 4.00 62.17 ciffiultles. Authorized 

17 4 36 550 N/A -0 83 -59 -63 4 62.17 1/15/99 -19.5 -63.00 -71.78 39.50 4.00 62.17 tip elevation used to 
17 5 36 550 N/A -0.83 -59 -63 4 62.17 12/30/98 -19.5 -63.00 -96.15 39.50 4.00 62.17 calculate shaft lengths. 
17 6 36 550 N/A -0.83 -59 -63 4 62.17 1/20/99 -19.5 -63.00 -73.82 39.50 4.00 62.17 

17 7 36 550 N/A -0.83 -59 -63 4 62.17 1/9/99 -19.5 -63.00 -96.30 39.50 4.00 62.17 

17 8 38 550 N/A -0.83 -59 -63 4 62.17 1/18/99 -19.5 -63.00 -74.32 39.50 4.00 62.17 

1 17 9 36 550 N/A -083 -59 -63 4 62.17 1/21/99 -19.5 -63.00 -73.70 39.50 4.00 62.17 

17 10 38 550 N/A -0.83 -59 -63 4 62.17 1/4/99 -20 -63.00 -76.30 39.00 4.00 62.17 

L 17  11 36 550 N/A -083 -59 -63 4 62.17 1/15/99 -19.5 -63.00 -90.57 39.50 4.00 62.17 

12 36 550 N/A -0.83 -59 -63 4 62.17 1/18/99 -19.5 -63.00 -72.59 39.50 4.00 62.17 

I
17 

TOTAL 192 7133.76 6084.50 771.67 7353.43 

14 

10 I 

4.4a 

SSI 

n 
C 

Iss 

3
3

1
  A

4
0

 N
D

I  S
3

0
 A 

0 

3 

0 



Pier No. 1 
Sta. 297+32.00 

Proposed I4 
L.A. ROW 

4 
 

-;•1 

C Pier No. 18 * 
Sto. 304+32.00 

Deecti  
• I  otionn?  

r— 
_ 

Existing 
if-  L.A. ROW J7°5 

to. 293+12. 

...0 
.0 0  oo 

000 SM. 294+52.00 
000  

N 89'51.01- W ot 
294 5., .1 6 215 

6 
6 

1 
Iiitair  . ..) 

J. 
e 

,01111-011. 2 na T I 12 
I 

P 
! a- 

1 804   I 1------------J---------_---------J- 805 
---4.--------_---- — V! 

11 

//: --- 
Existing 
L.A. ROW 

1 

194 

g
d 

r
_c Pier & Footing 

7 r C Footing 

1.303 

C Construction 1-95 

DETAIL .13" 

RI boo 
aro as 

Mao 
otos VAR "Mega OM 

3  FLA.  95  C4 

I 

Proposed Existing 
L.A. ROW rL.A. ROW 

7 -- —I 08 709 710 711 

PC 1-1 Romp "0" 
90'00'00" T.C.  

(Tip.) 
C Pier No. 15  

Sto. 298+72.00 

co 

21e4 

.03 

tegitit 12 

I ; 10' 

....It ;OP/ . TAD.) 

----.....e.3•4?;,?. 
 

Begin Existing Bridge?... '14-- 
Sto. 200+53(1) • ! ..--- • • -......... 

• ----J-_------------11--M 811_ f-@ Romp "C" 810 Su 
I -----_---.1------ 81

i • rm." i_ 9.5:7.771 ......... 
.7 • 

%.." 
I 
1 -------..--J4-1------------..-J------:4= .  

1 _....iy .. 
•••••• 

......, ........ ar---- 1 - . 
aft,.. 

-.. LPC • -............. 
• 

- -1 
• 

1 
ti 

Ise
r

2 
PC Ste. 297+51.79 

yyyy 21.1  

6 ; 

// 14E33- A9.1..11  /99141 

10 1112 

C Pier No 14 
300+12.00 

9. 
.100

PT 
. 2  

   

ti t‘rzstruction 1-95 

ti 1 
a ‘,3- 

°tr
t  

PT 

• 
807 • 

i Sto. 302+92.00 
Pier No. 17 

I . i • 2 

1 t 

See Delo, 
Sheet C3 Tjp.) 

Existing 

I
LA. ROW 

PLAN 

Existing 

1 L.A. ROW 

   

LEGEND 

o Proposed Drilled Shoff 

Existing Pie with Batter Direction 

•-o Existing Jacketed Steel Pie with Batter Direction 

NOTES 

I. For Horizontal Curve Data see Sheet Al. 
2. Plan location of &led Shafts is given at Bottom of Cops. 
I Drilled Shafts shall be installed to the Minimum Tip Elevations 

Shown in the Dried Shaft Installation Table. 
4. For Drilled Shaft InstoNation Table, See Sheet C.1 
5 For Drilled Shaft reinforcing details and associated notes see Sheet A24. 

* 6. For Foundation bout and instollotion data for Pier IA see Sheet 04 or E4. 
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A45 Attenuator Survey (3) 
A146 Attenuator Survey (4) 
A47 Foundation Load Test Program Requirements (1) 
A48 Foundation Load Test Program Requirements (2) 
A49 Foundation Load Test Program Requirements (J) 

BRIDGE NO. 1 —  PARTIAL WIDENING  

Ell Plan and Elevation 
82 Foundation Layout 
83 End Bent No. 2E 
84 End Bent Details 
95  Pier Nos. 8£96,10( or IlE 
96 Pier No. 12£ 
B7 Pier No. 13( and 141 
88 Miscellaneous Pier Details 
89 Construction Data 
810 Superstructure Plan (1) 
Bit Superstructure Plan (2) 
812 Superstructure Section 
813 Superstructure Details (1) 
814 Superstructure Details (2) 
815 Framing Plan 
816 AASHTO Type II Beams 
817 Typical Notes & Details for AASHTO 

Prestressed Beams 
818 Girder Details (1) 
1319 Order Details (2) 
820 Rolled Beam Details 
821 Camber Diagram 
822 Reinforcing Bar List (1) 
823 Reinforcing Bar List (2) 

Type /I 

BRIDGE NO. 2 

Cl Plan and Elevation (1) 
C2 Plan and Elevation (2) 
CJ Foundation Layout (1) 
C4 Foundation Layout (2) 
C5 Pier Cop Plan, Piers 2 & 
C6 Pier Cap Plan, Piers 4-15 
C7 Pier Cap Plan, Piers 16 * 17 
08 Pier Cap Details, Pier 2 
CS Pier Cap Sections. Pier No. 2 
C10 Pier Cop Details, Piers 3-15 
C11 Center Pier Cap Details, Piers 6,7 & 8 
C12 Pier Cop Details Piers 16 & 17 
C13 Pedestal Details 
014 Pier Column Details 
C15 Pier Footing Details 
C16 Pier Elevations, Pier 2 
C17 Pier Devotions, Piers 3-15 
C18 Pier Elevations, Piers 16 & 17 
019 Construction Data (1) 
C20 Construction Data (2) 
C21 Construction Data (3) 
C22 Construction Data (4) 
023 Construction Data (5) 
C24 Construction Data (6) 
025 Framing Plan '(1) 
C26 Framing Plan (2) 
C27 Framing Plan (3) 
028 Framing Plan (4) 
C29 Framing Plan (5) 
030 Framing Plan (6) 
031 Framing Plan (7) 
C32 Superstructure Plan (1) 
033 Superstructure Plan (2) 
CJ4 Superstructure Plan (3) 
035 Superstructure Plan (4) 
C36 Superstructure Plan (5) 
037 Superstructure Plan (6) 
038 Superstructure P/on (7) 
CJ9 Superstructure Plan (8) 
C40 Superstructure Section (1) 
C41 Superstructure Section (2) 
C42 Superstructure Section (3) 
043 Superstructure Details (1) 
C43.4 Sign Support Details 
C44 Superstructure Details (2) 
C45 AASHTO Type II Beams 
C46 Typical Notes and Details for 

AASHTO Type Beams 
C47 Modified Bulb Tee Beams (1) 
C48 Typical Notes and Details for 

Modified Bulb Tee Beams 
C49 Modified Bulb—Tee Beams (2) 

. 050 Modified Bulb—Tee Beams (3) 
051 Modified Bulb—Tee Beams (4) 
C52 Modified Bulb— Tee Beams (5) 
053 Reinforcing Bar List (1) 
054 Reinforcing Bar List (2) 
C55 Reinforcing Bar List (3) 
C56 Reinforcing Bar List (4) 
057 Reinforcing Bar List (5) 
C58 Reinforcing Bar List (6) 
C59 Reinforcing Bar List (7) 
C60 Reinforcing Bar List (8) 
C61 Reinforcing Bar List (9) 
C62 Reinforcing Bar List (10) 
C53 Reinforcing Bar List (11) 
C64 Reinforcing Bar List (12) 
C65 Rein forcing Bar List (13) 
C66 Reinforcing Bar List (14) 
C67 Reinforcing Bar List (15) 
C68 Reinforcing Bar List (16) 
069 Reinforcing Bar List (17) 
C70 Reinforcing Bar List (18) 
C71 Reinforcing Bar List (19) 
C72 Reinforcing Bar List (20) 
C73 Reinforcing Bar List (21) 
074 Reinforcing Bar List (22) 

BRIDGE NO, 3 —  CONCRETE ALTERNATE  

01 Plan & Elevation (1) 
02 Plan & Devotion (2) 
03 Pion & Elevation (3) 
04 Foundation Layout (1) 
05 Foundation Layout (2) 
06 Foundation Layout (3) 
07 Pier Plan (1) 
08 Pier Plan (2) 
D9 Pier Plan (3) 
010 Pier Plan (4) 
011 P/er Plan (5) 
012 Pier Plan (6) 
01J Pier Plan (7) 
014 Pedestal Elevations (1) 
015 Pedestal Elevations (2) 
016 Pier Elevations (1) 
017 Pier Elevations (2) 
018 Pier Elevations (3) 
019 Pier Elevation Variables 
020 Pier Cop Details (1) 
D21 Pier Cop Details (2) 
D22 Pier Cap Details (3) 
023 NOT USED 
024 Pier Cop Details (4) 
D25 Pier Cop Details (5).  
026 Tendon Profiles 
027 Pier Cap Details (6) 
028 Pier Cap Section (1) 
029 Pier Cop Section (2) 
030 Pier Cop Section (3) 
031 Pier Cop Section (4) 
032 Pier Cap Section (5) 
033 Pier Cop Section (6) 
034 Anchor Zone Details 
035 Pier Column Details (1) 
036 Pier Column Details (2) 
037 Pier Column Details (3) 
DM Pier Column Details (4) 
039 Pier Footing Details N 
040 Pier Footing Details (2) 
041 Pier Footing Details (3) 
042 Pier Footing Details (4) 
043 Construction Data (1) 
044 Construction Data (2) 
045 Construction Data (3) 
046 Construction Data (4) 
047 Construction Data (5) 
048 Construction Data (6) 
049 Construction Data (7) 
050 Superstructure Plan (1) 
051 Superstructure Plan (2) 
052 Superstructure Plan (3) 
05J Superstructure Plan (4) 
054 Superstructure Plan (5) 
055 Superstructure Plan (6) 
056 Superstructure Plan (7) 
057 Superstructure Section (1) 
058 Superstructure Section (2) 
059 Superstructure Details N 
060 Superstructure Details (2) 
061 Superstructure Details (3) 
051A Sign Support Details 
062 Superstructure Details (4) 
06J Superstructure Details (5) 
064 Superstructure Details (5) 
065 Framing Plan (1) 
066 Framing Plan (2) 
067 Framing Plan (J) 
068 Framing Plan (4) 
069 Framing Plan (5) 
070 Framing Plan (6) 
071 Framing Plan (7) 
072 Modified Bulb—Tee Beams (1) 
073 Modified Bulb—Tee Beams (2) 
074 Modified Bulb—Tee Beams (3)  

075 Modified Bulb—Tee Beams (4) 
076 Modified Bulb—Tee Beams (5) 
077 Modified Bulb—Tee Beams (6) 
D78 Typical Notes and Details for 

Modified Bulb Tee gloms 
079 Post Tensioning Notes 
080 Tendon Profile Spans 28 — 30 
081 Post—Tensioned MBT Beams, 

End Segment Details 
082 Post—Tensioned MBT Beams, 

Drop—In Segment Details 
083 Post—Tensioned MBT Beams, 

Haunched Segment Details 
084 Post—Tensioned mar Beams, 

Bending Bar Details 
085 Erection Sequence 
086 Camber Diagram (1) 
087 Comber Diagram (2) 
088 Pot or Disc Bearing Details 
089 Reinforcing Bar List (I) 
090 Reinforcing Bar List (2) 
091 Reinforcing Bar List (3) 
092 Reinforcing Bar List (4) 
093 Reinforcing Bar List (5) 
094 Reinforcing Bar List (6) 
095 Reinforcing Bar List (7) 
096 Reinforcing Bar List (8) 
097 Reinforcing Bar List (9) 

BRIDGE NO. 3 —  STEEL ALTERNATE  

E2 
EJ 
E4 
(5 
E6 
E7 Piers 185 & 195 (Plan & Elevation) 
E8 Piers 20S & 21S (Plan & Elevation) 
£9 Piers 22S & 23S (Plan & Elevation) 
£10 Piers 245 & 25S (Plan & Elevation) 
Ell Piers 26S & 27S (Plan & Elevation) 
£12 Piers 28S & 29S (Plan & Elevation) 
£13 Pier 305 (Plan & Elevation) 
£14 Pedestal Details (1) 
515 Pedestal Details (2) 
1/6 Pier Cop Details—Pier 18 (1) 
£17 Pier Cop Details—Pier 18 (2) 
(18 Pier Cap Details—Piers 19 & 29 (1) 
(19 Pier Cop Details—Piers 19 & 29 (2) 
£20 Pier Cop Details—Piers 20 & 28 
(21 Pier Cop Details—Piers 21, 26 & 27 
(22 Pier Cop Details—Piers 22, 23 24 & 25 
(2.3' Pier Cap Details—Pier 30 (1) 
(24 Pier Cop Details—Pier JO (2) 
£25 Anchor Zone Details (1) 
(26 Anchor Zone Details (2) 
(27 Pier Cap Sections — P18, P19 & P20 
(28 Pier Cop Sections—Pa P22 & P23 
E29 Pier Cop Sections—P24, P25, P26 & P27 
E30 Pier Cap Sections—P24 P29 & P30 
EJ1 NOT USED 
(32 Column Elevations 
£.33 Pier Column Details (1) 
EJ4 Pier Column Details (2) 
£35 Pier Column Details (3) 
EJ6 Pier Column Details (4) 
(37 Footing Layout & Reinforcing (1) 
(38 Footing Layout & Reinforcing (2) 
(39 Footing Layout & Reinforcing (3) 
£40 Estimated Quantities 
(41 Construction Data (1) 
(42 Construction Data (2) 
£43 Construction Dota (3) 
(44 Construction Data (4) 
E45 Construction Data (5) 
£46 Construction Data (6) 
(47 Construction Data (7) 
(48 Construction Dota (8) 

3 FLA.  

E49 Superstructure Plan (Span 15S) 
(50 Superstructure Plan (Span 18N) 
(51 Superstructure Plan (Span 19S) 
E52 Superstructure P/on (Span 19N) 
£53 Superstructure Plan (Span 20S) 
£54 Superstructure Plan (Span 20N) 
£55 Superstructure Plan (Span 215) 
£56 Superstructure Plan (Span 21N) 
£57 Superstructure P/on (Span 22S) 
£58 Superstructure Plan (Span 22N) 
(59 Superstructure Plan (Span 235) 
E60 Superstructure Plan (Span 23N) 
E61 Superstructure P/on (Span 245) 
£62 Supersturcture Plan (Span 24N) 
£63 Superstructure Plan (Span 255) 
£64 Superstructure P/on (Span 25N) 
E65 Superstructure Pion (Span 265) 
£66 SuperStructure Plan (Span 26N) 
E67 Superstructure Plan (Span 27S) 
£68 Superstructure Plan (Span 27N) 
(69 Superstructure Plan (Span 28S) 
E70 Superstructure Plan (Span 28N) 
£71 Superstructure Plan (Span 29S) 
(72 Superstructure P/on (Span 29N) 
(73 Typical Sections 
£74 Superstructure Details (1) 
(74A Sign Support Details 
£75 Superstructure Details (2) 
E76 Superstructure Details (J) 
E77 Framing Plan 1 (Spans 18 and 19) 
(78 Framing Plan 2 (Spans 20 and 21) 
£79 framing Plan 3 (Spans 22 and 23) 
E80 Framing P/on 4 (Spans 24 and 25) 
£81 Framing Plan 5 (Spans 26 and 27) 
E82 Framing Plan 6 (Spans 28 and 29) 
£83 Grder Elevation (1) 
£84 Girder Elevation (2) 
(85 Girder Elevation (3) 
(86 Girder Elevation (4) 
£87 Girder Elevation (5) 
EBB Girder Elevation (6) 
(89 Girder Elevation (7) 
E90 Girder Details (1) 
(91 Splice Details (1) 
(92 Splice Details (2) 
(93 End Diophrams and Intermediate Crass Frames 
£94 End Diaphroms (1) 
(95 End Olaphrams (2) 
(96 Camber Diagram & Values (1) 
(97 Camber Diagram & Values (2) 
E98 Camber Diagram & Values (3) 
£99 Camber Diagram & Values (4) 
(100 Camber Diagram & Values (5) 
£101 Camber Diagram & Values (6) 
(102 Camber Diagram & Values (7) 
(103 Camber Diagram dr Values (8) 
(104 Camber Diagram & Values (9) 
E105 Comber Diagram Jr Values (10) 
(106 Comber Diagram & Values (I I) 
E107 Camber Diagram & Values (12) 
£108 Camber Diagram & Values (IJ) 
E109 Comber Diagram & Values (14) 
E110 Comber Diagram & Values (15) 
£111 Camber Diagram & Values (16) 
E112 Pot Bearing Details (1) 
(113 Pot Bearing Details (2) 
1114 Pot Bearing Details (3) 
E115 Reinforcing Bar List (1) 
£116 Reinforcing Bar List (2) 
E117 Reinforcing Bar List (3) 
Ella Reinforcing Bar List (4) 
E119 Reinforcing Bar List (5) 
E120 Reinforcing Bor List (6) 
E121 Reinforcing Bar List (7) 
£122 Reinforcing Bar List (8) 
(123 Reinforcing Bar List (9) 
(124 Reinforcing Bar List (10) 

Plan and Elevation (1) 
Plan and Elevation ( 
Plan and Devotion ) 
Foundation Layout (1) 
Foundation Layout (2) 
Foundation Layout (3) 

Io 

mN 

'1 "----------tievISIONS moms. ow.. SEAL: 

. 
FLORIDA DEPARTMENT OF TRANSPORTATION 

Shar MIL 

INDEX OF SHEETS (1) 
DI. jiato By b000rbtIon Dab I BY CloscAotion Noon by XB 10-9J 

5/8/02  JAL Ali  et'd  27 &all:red  Cli•elead by SLW 1-94 HNTB 
HOWARD NEEDLES TAMMEN & BERGENDOFF 

-44in STRUCTURES DESIGN OFF ICE 
Deolval by ROS 10-9J 
Cboobod y SL W 1-94 WAG NO. COUNT,  

— 
pgascr NO. 

PROJECt NAME: 

1-95 OVER THE ST JOHNS RIVER 

m 

•oww.ws D. W Browning 9 DUAL 72020-3485 by 

Na 



114 II Mob MIN •1•114 e Pr mai& pi*. Nor Imp *wed 110 NI own may* ef 

N mom. Om •••14.1••••• at*. *A 

um amp le di*. mail amp* dr 4.414 Pain N nnwei d 01.44.40 
wren law IrmyCarra•144 144.4.14 i• *woo 14114.4.4 errs 

I. C. the Ail .11, t.e 1.4.**4 Pr ape( Promm. 

4, PAP** ad dos dos ropaiveg mem* rani Yr Rte. WOO =Me 

Montrialb Om .10 Po p.m Pim .• do malwahl owl townolos 
elm tlu *OM Na 

5, kr= IN bed* as ay.* Nord. 

REINFORCING STEEL - 36' DRILLED SHAFTS, EAST SIDE  

e. 

I 

REV' VOWS 
Oderleald 

I 

ev 

.1 

1,1 1,41 6 - 

SECTION -A-A 

Pole Bend tea (?)'No 3'm., 
or fete el ore complete 
revotallar p. 20' of Shell 

' 

irefds►
lertIcat

eeiestrairg. 
X• et Ihterorefertorith 

SEE more 6 • 

•verticet bora Imp white 
It-7" es aoresecey -7  

Ala taros (1)00.-\  

P. 

a 

• t. 

\la 

p- 
1.• ! 7 

"". 

• 

• 

• 

I 
4,* 

It Spikes- are recolaret.-... 
enema,. location,  of laps 

I 110 

eatery. od/oornr,Net.-9 flees. t
i 

vit 

E lf 

SEC Nom e 

Cere• Somphr  

1:1 -(5  zt fJM11id Shoff 

-4-gOireCYPOorse I lea 501 

0 
Oat Owe m. (2)Plo. 5 Son 

- of the )shit-  ornnar cdthiffelif 
revolerNot per 20' Si Smelt 
hi Villefteell'elnlerehop _ 
lle N illerbetettbros with. 
vartICel WE top spike 
r-r os RIPCIPS11011C 

Net ff flee* tfp04-\  

, 

.et. Nem. 6  

Coe- Semple 
;h 

The 34 and 44 Mk liner Mild eade am led rely peed e e Mehl above the cut off Mune' to Woe the ilterty oldie deft mamma 

Belem Beaty Commode; les imam se de the mew embed that is emu* Mae Mead om the 36 ash Mild shads Wood es bled 02 ler the reemerag 34 Mk tad 44 tech Paoli shell Med cm had the method te en Idiom 

I. Cut the Ad aver hot above the mime tided 
2 'Weed eel elde ea tot temeteg mend meted the defaudg seal et the eumaff 

Medea 
3. Muldeselly splice 4 ills Ate pee diode e the top des Inhales nee the 

deed me tithe drilled AM elm spread oedemata sapling 6.66 4. Penn ed pod the do as erase* demi 

lUENFORENO STEIL • LAND DIULUD SHAFTS 

„i 

r 

Nee 

a 

'• 

I. Construct end bad drill shafts in two stages, first stage construct drill shafts to 

natural ground using approved construction methods, second nage extend to 

grade rend cages using mockeries' urea; term and four drill shahs to grade. 

2. Cut drill thefts vertical mbar approximately 6 each (3 auk on opposite sides) for 

the removal dripper easing (when the casing is below the top of the rebel cape). 

. Extend mbar age to grate with mechanical splice' after casing removal. 

1) We have no objection to 1313Ci aonstrucing the and bent drill shafts In two stare u 

described in their 1/31N7 letter to you. We suggest that design data from the 

manufacturer for the mechanical splice be provided to PBCS for review. 

2) Cutting vertical bars in the drilled shah in order to remove the ripper casing is 

undesirable. but we have no objection to doing it provided the art reinforcing is 

mechanically spliced and extended to the penned length alter the sting is removed. 
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To repair small underwater concrete spans on the 72 inch drilled shafts in the river Balfotir 
Construction, Inc. proposes the following procedure: 

1. Throughly clean the affected area with high pressure air or water. 
2. Chip and remove any loose material to achieve a clean rough surface. 
3. Place either the product "Plug-Crete" or "Dam-It" into the aftlected area (literature and 

product data attached). The material has a fast set time and will be hand placed by a 
diver. 

4. These products require no special curing procedures. 
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Lap splicing No. 14 ban is not approved. 

An alternative anion:ion since the Met is only six feet longer than it's original length we will approve lap splicing No. II ban to the bottom of the cage to extend it the additional AX int
di min 
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*
To Be Feld Cut or Moved 
To Avoid Any Conflict with 
Shaft Dowels (See Notes 
1 k 2.) 

To Be nod Cut at Bottom of 
Footing To Avoid Any Conflict 
with footing Reinforcing. 
(See Note 2.) 

PUN 
TYPICAL TYPICAL SHAFT/FOOTING REINFORCING INTER  

13414 -1 ro t re. 3 u.s-t i. vvi- 1 ,3  c S 

Pil r ZB - Lite44- 

fiat-  Lo St.444. 1 1 11  1lo 

NOTES  

(7•) The Contractor Shoe Adjust Footing Reinforcement where possible 

to avid conflicts with the OrMed Shaft Reinforcing. Minimum Bar 

Spacing shod be throe (J) tines Bo, Diameter and Shad Not 

Exceed Reinforcing Spacing Shown on Pier Footing Reinforcing by 1". 

(2.) The Contractor Shall Be Permitted to Field Cut Footing or °riled Shaft 

Bars only as indicated on This Sheet. No Adjacent Footing Bars or 

Drilled Shaft Bars may be cut. No mare than four (4) &Med Shalt 

Bars may be cut in any Owen shaft. 

* To Be Feld Cut and only if there is on Unchoidoble Conflict Between 

Shaft and Footing Reinforcing and Field Adjustment Is Not An Option. 

SECTION D—D  

Field Bend two (2) No. 5 Bars 4  
of the rate of one complete 
revolution per 20' of Shaft 
inside terrtical reinforcing. 
Tie at intersections with 
vertical bars. Lop splice r-r os necessary 

No. 14 801? ( T)p 

SEE NOTE 6 411 

Core Somol. 

SEE NOTE 6 

tO 

ELEVATION — 72" DIAMETER DRILLED SHAFT 

Field Bend two (2) No. 5 Bars 
of the rote of one complete 
revolution per 20' of Shaft 
inside vertical reinforcing.  
roe at ntersections with 
vertical bars. Lap spike 
7•-7" as necessary 

No. 11 Bars (r)p.)-,,,
,  

to 
• 

L.!
In 

 

If Spikes are reouirecL 
alternate location of lops 

among adjacent No. 11 Bars 

Care Sample 

fi 

p. 
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SEE NOTE 6 
to  

SEE NOTE 6 41  

O 

ELEVATION — 72" DIAMETER DRILLED SHAFT  
Tjp. A 

SHAFT DETAILS (2) 

NE SE JOHNS RIVER 

28 - No. 118ors 0 Ea Spa 

6" Cover 

r-7" Min L 

V-0" 

12'51'26" 
-i &Med Shaft 

- 

12.51:26" 

No. 5 Spiral Stiffener 

No, 5 Tie Bor 

SECTION C—C  

No. 5 Spiro/ Stiffener 

No. 5 Tie Bar 
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28 - Na 11 Bars • Eq. Sao. 

6 -  Cover 

l'-7 .  Mk) L 

12 5126" 
Shaft 

yr 51'26 - 

No. 5 Spiral Stiffener 

No. 5 Tie Bar 

SECTION C—C  

1.11 
Field Bend two (2) No. 5 Bas 
of the rote of one complete 
revolution per 20' of Shaft 
inside vertical reinforcing.  
Tie at intersections with 
vertical bat Lop spike 

os necessary 

O 

SEE NOTE 6 

Core Sample 

ELEVATION — 72w  DIAMETER DRILLED SHAFT  
Toe A 

No. 5 Tie Bar - No. 14 Bors 0 Eq. Spa 

1*-7 -  Min Lap 

-y,-to•oovo- 
Drilled Shaft 

...Z. 

No. 5 Spiral Stiffener 

Drilled Shaft 

% 

Bottom Footing Reinforcing 
(ro.) 

SECTION D—D  

II 
Field Bend two (2) Na`iiitors 4  
of the rote of one corn to 
revolution per 20' of Sho 
inside vertical reinforcing. \\_ 
Tie at intersections with 
vertical bas. Lap splice 
1 .-7 -  as necessary. 

No. 14 Bas (Ty:).)-\  

To Be Field Cut or Moved 
To Avoid Any Conflict with 
Shaft Dowels (See Notes 
I & 2.) 

To Be Field Cut of Bottom of 
Footing To Avoid Any Conflict 
with Footing Reinforcing. 
(See Note 2.) 

PLAN 
(TYPICAL (TYPICAL SHAFT/FOOTING REINFORCING INTERACTION) 

=Li 
(1.) The Contractor Shall Ad)jst Footing Reinforcement whore possible 

to avoid conflicts with the &Ned Shaft Reinforcing. Minimum Bar 
Spacing shag be three (J) times Bar Diameter and Shall Not 
Exceed Reinforcing Spacing Shown on Pier Footing Reinforcing by 1' 

(2.) The Contractor Shall Be Permitted to Field Cut Footing or Drilled Shaft 
Bars only os indicated on This Sheet. No Adjacent Footing Bars or 
Drilled Shaft Bars may be cut. No more than four (4) Drilled Shaft 
Bars may be cut h ony given shaft. 

''*To Be Field Cut and only If there is on Unavoidable Conflict Between 
SAO and Fooling Reinforcing and Field Adibstment Is Not An Option. 

For Additional Notes see Sheet A24. 

Core Sample 

ELEVATION — 72' DIAMETER DRILLED SHAFT  
Two B  

O 

h
d  

If Splices are required, 
alternate location of lops 

among adjacent No. 11 Bars 

No. 11 Bars (T)p.)-\  

HOWARD NEEDLES TAMMEN & BERGEN:10PP 

SEE NOTE 6 

40 

mIll STRUCTURES DESIGN OFFICE 

..En nnc 

DRILLED SHAFT DETAILS (2) 

POOAC1 MIL 

1-95 OVER THE ST JOHNS RIVER 

O. NA 
I LOR I DA OVA la MR or 7 RAN5 PORT AT I ON 

knaknah
StrikeOut
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CS-2 1130 
The footings have vertical cracks up to 3ft. 6in. L x 1/32in. W, in the following locations: 

Footing Number of cracks 
North side 

Number of cracks 
South side 

Quantity 

4 3 1 4177 
5 0 0 OFT. 
6 0 2 2FT. 
7 0 4 4FT. 
8 0 1 1FT. 
9 0 3 3FT. 
10 0 0 OFT. 
11 1 3 4FT. 
12 0 3 3FT. 
13 0 4 4FT 
14 0 1 1FT. 
15 0 1 1FT. 
16 0 1 1FT. 
17 1 3 4FT. 
18 2 3 5FT. 

CS-3 1080 
Footing 17: North face, 3ff from east end, 4ff below top of footing, void, 6in. H x 6in. W x 4in. D. 

Routine Underwater Bridge Inspection Report 
BOLT UNDERWATER SERVICES, INC. 

for 
KISINGER CAMPO & ASSOCIATES, CORP. 

NBI Structure ID (8): 155522 Underwater Date (93): 	12/30/16 

Structure/Roadway Identification: 

	

District (2). 	01 

	

County (3): 	Pinellas 

	

Feature Intersected (6): 	Clearwater Pass Bridge 

	

Facility Carried (7): 	CR 183 & 699 (Gulf Blvd.) 

Previous Inspection: 

Underwater Inspection Details: 

	

Special Crew Hours: 	23 ,2 

	

Max. Depth: 	35ft. at Bent 15 

	

Type of Dive Insp.: 	Level II (SCUBA) 

	

Type of Boat Used: 	23ft. Skiff 

	

Water Type/Marine Growth: 	Salt - Barnacles/Oysters 

Lead Diver: C.B.I. No.: Inspection Date: 

Hoogland, Keith S. 00341 12/12/14 

Inspection Personnel: 

Field Personnel: Title C.B.I. No.: Duty: 	Sture: 

Hitch, Victoria G. C.B.I. Diver-Inspector 00414/Lead Tend 

Hoogland, Keith S. C.B.I. Diver-Inspector 00341 Dive 
Jensen, Denise R. Diver-Inspector Dive 
Brewer, James D. Diver Dive 

Goldman, Derek B. Diver Tend 

CHANNEL 
ELEMENT: 8290 I EA. 

NO NOTES. 

RE CONC SUB PILE CAP/FTG 
ELEMENT: 220 
	

432 FT. 

INCIDENTAL. 
There are minor washouts between the footing and seal, and portions of the seal are missing. Approximate footing thickness is 6ft. 

Cleaning Log: Footing 5 and 6 were cleaned. 

This report contains information relating to the physical security of a structure and depictions of the structure. This information is confidential and exempt .from public 
inspection pursuant to sections 119.071 3.)(a) and 1/9.071(3)(h), Florida Statutes. 

(C2\rnydoc\bridgereports\15-PineIIas\155522_BIR_12-30-16UW) 	Page 1 of 3 



BOLT UNDERWATER SERVICES, INC. 
Structure ID: 155522 
District: 07 
	

Inspection Date: 12/30/16 

RE CONC COLUMN 
ELEMENT: 205 	 28 EA. 

NOTE: There are no columns (shafts) visible under the footings at Pier 4 and Pier 19. 
The columns on Piers 5 through Pier 18 have steel casings in place. On several of the columns, the bottom edge of the casings 
are visible up to 4ft. above the groundline. The concrete is irregular with no exposed steel. Refer to Element 8290 for the distance 
of the casings to the groundline. 

CS-2 6000 
Scour dishes/irregular bottom around the columns were up to 5ft. deep and extending up to 6ft. out from the columns. 

Distance from bottom of casings to groundline: 
Column 2009 2014 2016 

8-1 N/A 121n 191n. 
6-2 N/A 14in. 14in. 
9-1 N/A 4ft. 4ft. 
9-2 281n. 341n. 3ff. Sin. 

10-1 121n. IBm. 281n. 
10-2 Sin. 201. 28in. 
13-1 jIm. 161n. 141n. 
13-2 Sin. 121n. 171n. 
14-1 221n. 3ft. Bin. 3ff. em. 
14-2 Bin. 221n. 201n. 
15-1 - - 71n. 
15-2 Bin. Din. 3ft.6in. 

Changes greater than 241n. in the above measurements may be due to strong currents and loose channel bottom. 

INCIDENTAL: 
The steel casings have some areas of light corrosion and minor pitting up to 1/1 61n. deep. 

Cleaning Log: No cleaning due to steel casings on the visible shafts. 

This report contains information relating to the physical security of  structure and depictions of the structure. This information is confidential and exemptfrom public 
inspection pursuant to sections 119.07](3)(a) and 119.071 (3) (b), Florida Statutes. 

(C2'mydoc\bridgereportsI 5-Pinellas\1 55522_B IR_1 2-30-1 6_UW) 	Page 2 of 3 
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BOLT UNDERWATER SERVICES, INC. 
Structure ID: 155522 
District: 07 	 Inspection Date: 12/30/16 

PS FENDER/DOLPHIN 
ELEMENT: 8387 	 502 FT. 

NOTE: This element represents the epoxy jackets on the east plumb and batter piles, approximately 8ft. 3m, below the bottom wale. 

CS-3 1080 
North Fender: 
West end 131  batter pile on NW edge at top of marine growth, spall, 30in. H x 6in. W x 3m. D (below this spall there is a sound epoxy patch). 
INCREASE. IFT. 

The connecting hardware holes have spalls up to 81n. diameter  un. deep (approximately 10 per side). 20FT. 

CS-4 1110 
South Fender 
3rd plumb pile from the east at groundline on the south face is fractured, up to 241n. 'high and extending into the west and east faces. 1 FT. 

5th plumb pile from the east at groundline on all four faces is fractured, up to 18in. high. One piece of pre-.stress cable has up to 
100%sectionloss. INCREASE. IFT. 

31d batter pile from east at groundline on the south face is fractured up to 18in. high. NEW. 1 FT. 

INCIDENTAL: 
Connecting hardware has minor to moderate corrosion. 

Several of the lower wales have areas that are deteriorated up to 10% due to marine borer activity, with areas up to 20% section loss 
typically at the connecting hardware. 

INSPECTION NOTES: Divers inspected Channel, Footings, Piers 5 through 18 with twenty-eight drill shaft casings, Jackets and Fender 
System. 

STRUCTURE NOTES: Structure inventoried south to north. 

PHOTO LOG: 
No. 1: Structure ID. 
No. 2: East elevation 
No. 3, 4: South fender 5th plum pile from east, fractured pile with exposed cable 
No. 5: South fender 31d batter pile from east, fractured pile 
No. 6: Typical corrosion on lower connecting hardware 
No. 7, 8: Fender lower wales, typical section loss 
No. 9, 10: North fender west batter, NW corner, spall 
No. 11, 12: Typical spall on fender pile at lower bolts 
No. 13,14: Footing 17 north face, void 

This report contains information relating to the physical security of a structure and depictions of the structure. This Information  is confidential and exemptfrom public 
Inspection pursuant to sections 119.071(3)(a) and 119.071(3)(b), Florida Statutes. 

(C2'niydoc\bridgereports\1 5-Pinellas\1 55522_BIR_12-30-1 6_uw) 	Page 3 of 3 
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Profile  Data  - Numerical Summary  
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Profile  Data  - Numerical Summary  

REPORT  ID:  INSP005 

Structure  ID :  155522 
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BRIDGE NO. 

 
 
720633 

 
FLORIDA DEPARTMENT 

OF 
TRANSPORTATION 

************************************* 

UNDERWATER 

BRIDGE INSPECTION REPORT 

 
LOCATION 

I-95 SB Off Ramp over 
St. Johns River 

 
COUNTY SECTION NO. 

 
72020065 

 
INSPECTION DATE 

 
08/10/15 

 
STATE ROAD NO. 

 
N/A 

 
LEAD INSPECTOR 

 
Qualls, Dion C. CBI 00470 

 
U.S. ROAD NO. 

 
I-95 

 
MILE POST NO. 

 
0.016 
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CHANNEL 
ELEMENT: 290 1: ea. 
NBI:  7 
 

NOTE: This structure joins the main river crossing, Structure No. 720629 over the St. Johns River.  
 
Condition State: QTY: Recommended Feasible Action:  
CS-2 1 Do Nothing 
There is construction debris on the channel bottom below the footings – NEW. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

This report contains information relating to the physical security of a structure and depictions of the structure.  This information is confidential 

and exempt from public inspection pursuant to sections 119.071(3)(a) and 119.071(3)(b), Florida Statutes.   
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SUB STRUCTURE ELEMENTS INSPECTED 
 
Elements of the substructure inspected include the following: 

 Bent 3 with one footing and one visible pile 

 Bents 4 through 6 each with four drilled shafts and one footing  

 Bent 7 – This Bent is common with Structure No. 720629; bent quantity is listed with that report 

 Channel 
 
 
 
_____________________________________________________________________________________________
___________________ 
INSPECTION CONDITIONS 
 
Arrive on site:   12:00  Growth:  Barnacles/Oysters  
Visibility: 12”  Water Type:  Brackish/Tidal  

Water Temp.: 88F  Wind:  Light  

Air Temp.: 90F  Weather:  Cloudy  
Year Built: 2003  Current:  Strong  
Bottom:  Mud/Sand   
   
Top of footing to waterline: 5’ at Footing 6-1 
Top of footing to top of marine growth: 4’ 6” at Footing 6-1 
 
Travel: 24.0     Field: 6.0      Report: 1.0 
 
 
 
 

EQUIPMENT USED 
 
SCUBA Chipping Hammers  U/W 
Lights 
Dive Flag Rulers  Digital 
Depth Monitor  
1 Vehicle 23’ Boat & Motor  
 
 
 
 

INSPECTION NOTES: 
STRUCTURE NOTES:  Bridge inventoried east to west on south to north route. 
 
 
 
 
 
 

 
 
 
This report contains information relating to the physical security of a structure and depictions of the structure.  This information is confidential 

and exempt from public inspection pursuant to sections 119.071(3)(a) and 119.071(3)(b), Florida Statutes.   





 
 

BRIDGE NO. 

 
 

720628 

 
FLORIDA DEPARTMENT 

OF 
TRANSPORTATION 

************************************* 

UNDERWATER 

BRIDGE INSPECTION REPORT 

 
LOCATION 

I-95 NB On Ramp over 
St. Johns River 

 
COUNTY SECTION NO. 

 
72020064 

 
INSPECTION DATE 

 
08/10/15 

 
STATE ROAD NO. 

 
N/A 

 
LEAD INSPECTOR 

 
Qualls, Dion C. CBI 00470 

 
U.S. ROAD NO. 

 
I-95 

 
MILE POST NO. 

 
0.11 

 

 Page 6 of 7 

CHANNEL 
ELEMENT: 290 1: ea. 
NBI: 8 
 

NOTE: This structure joins the main river crossing, Bridge 720629 over St. Johns River. Only Spans 5 and 6 are over water. 
 

Condition State: QTY: Recommended Feasible Action:  
CS-2 1 Do Nothing 
There is construction debris on the channel bottom below the footings – NEW. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This report contains information relating to the physical security of a structure and depictions of the structure.  This information is confidential and exempt from public 

inspection pursuant to sections 119.071(3)(a) and 119.071(3)(b), Florida Statutes.   

 



 
 

BRIDGE NO. 

 
 

720628 

 
FLORIDA DEPARTMENT 

OF 
TRANSPORTATION 

************************************* 

UNDERWATER 

BRIDGE INSPECTION REPORT 

 
LOCATION 

I-95 NB On Ramp over 
St. Johns River 

 
COUNTY SECTION NO. 

 
72020064 

 
INSPECTION DATE 

 
08/10/15 

 
STATE ROAD NO. 

 
N/A 

 
LEAD INSPECTOR 

 
Qualls, Dion C. CBI 00470 

 
U.S. ROAD NO. 

 
I-95 

 
MILE POST NO. 

 
0.11 

 

 Page 7 of 7 

SUB STRUCTURE ELEMENTS INSPECTED 
 
Elements of the substructure inspected include the following: 

 Bents 5 and 6 each with four drilled shafts and one footing  

 Bent 7 – This bent is common with Structure No. 720629; bent quantity is listed with that report. 

 Channel 
 
 
 
 
____________________________________________________________________________________________________ 
INSPECTION CONDITIONS 
 
Arrive on site:   12:30  Growth:  Barnacles  
Visibility: 12in.  Water Type:  Brackish/Tidal  

Water Temp.: 88F  Wind:  Light  

Air Temp.: 90F  Weather:  Cloudy  
Year Built: 2003  Current:  Strong  
Bottom:  Mud/Sand   
   
Top of footing to waterline: 5’ at Footing 5-1  
Top of footing to top of marine growth: 4’ 6” at Footing 5-1 
 
Travel: 24.0     Field: 8.0      Report: 1.0 
 
 
 
 

EQUIPMENT USED 
 
SCUBA Chipping Hammers  U/W Lights 
Dive Flag Rulers  Digital Depth Monitor  
1 Vehicle 23’ Boat & Motor  
 
 
 
 
 

INSPECTION NOTES: 
STRUCTURE NOTES: Bridge east to west on south to north route. 
 
 
 
 
 
 
 
 
This report contains information relating to the physical security of a structure and depictions of the structure.  This information is confidential and exempt from public 

inspection pursuant to sections 119.071(3)(a) and 119.071(3)(b), Florida Statutes.   
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BRIDGE NO. 

 
 
720633 

 
FLORIDA DEPARTMENT 

OF 
TRANSPORTATION 

************************************* 

UNDERWATER 

BRIDGE INSPECTION REPORT 

 
LOCATION 

I-95 SB Off Ramp over 
St. Johns River 

 
COUNTY SECTION NO. 

 
72020065 

 
INSPECTION DATE 

 
08/10/15 

 
STATE ROAD NO. 

 
N/A 

 
LEAD INSPECTOR 

 
Qualls, Dion C. CBI 00470 

 
U.S. ROAD NO. 

 
I-95 

 
MILE POST NO. 

 
0.016 

 

Page 7 of 8 

 

 

 

CHANNEL 
ELEMENT: 290 1: ea. 
NBI:  7 
 

NOTE: This structure joins the main river crossing, Structure No. 720629 over the St. Johns River.  
 
Condition State: QTY: Recommended Feasible Action:  
CS-2 1 Do Nothing 
There is construction debris on the channel bottom below the footings – NEW. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

This report contains information relating to the physical security of a structure and depictions of the structure.  This information is confidential 

and exempt from public inspection pursuant to sections 119.071(3)(a) and 119.071(3)(b), Florida Statutes.   



 
 
BRIDGE NO. 

 
 
720633 

 
FLORIDA DEPARTMENT 

OF 
TRANSPORTATION 

************************************* 

UNDERWATER 

BRIDGE INSPECTION REPORT 

 
LOCATION 

I-95 SB Off Ramp over 
St. Johns River 

 
COUNTY SECTION NO. 

 
72020065 

 
INSPECTION DATE 

 
08/10/15 

 
STATE ROAD NO. 

 
N/A 

 
LEAD INSPECTOR 

 
Qualls, Dion C. CBI 00470 

 
U.S. ROAD NO. 

 
I-95 

 
MILE POST NO. 

 
0.016 
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SUB STRUCTURE ELEMENTS INSPECTED 
 
Elements of the substructure inspected include the following: 

 Bent 3 with one footing and one visible pile 

 Bents 4 through 6 each with four drilled shafts and one footing  

 Bent 7 – This Bent is common with Structure No. 720629; bent quantity is listed with that report 

 Channel 
 
 
 
_____________________________________________________________________________________________
___________________ 
INSPECTION CONDITIONS 
 
Arrive on site:   12:00  Growth:  Barnacles/Oysters  
Visibility: 12”  Water Type:  Brackish/Tidal  

Water Temp.: 88F  Wind:  Light  

Air Temp.: 90F  Weather:  Cloudy  
Year Built: 2003  Current:  Strong  
Bottom:  Mud/Sand   
   
Top of footing to waterline: 5’ at Footing 6-1 
Top of footing to top of marine growth: 4’ 6” at Footing 6-1 
 
Travel: 24.0     Field: 6.0      Report: 1.0 
 
 
 
 

EQUIPMENT USED 
 
SCUBA Chipping Hammers  U/W 
Lights 
Dive Flag Rulers  Digital 
Depth Monitor  
1 Vehicle 23’ Boat & Motor  
 
 
 
 

INSPECTION NOTES: 
STRUCTURE NOTES:  Bridge inventoried east to west on south to north route. 
 
 
 
 
 
 

 
 
 
This report contains information relating to the physical security of a structure and depictions of the structure.  This information is confidential 

and exempt from public inspection pursuant to sections 119.071(3)(a) and 119.071(3)(b), Florida Statutes.   
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APPENDIX M: UNDERWATER IMAGES  
Photoshopped Images with Originals 

Figure M.1. Figure 10.20, photoshopped (left) and original (right) 

Figure M.2. Figure 10.22, photoshopped (left) and original (right) 

 



1025 
 

Figure M.3. Figure 10.23(a), photoshopped (left) and original (right)

Figure M.4. Figure 10.23(b), photoshopped (left) and original (right) 

Figure M.5. Figure 10.24(a), photoshopped (left) and original (right)



1026 
 

Figure M.6. Figure 10.27 (left image), photoshopped (left) and original (right) 

Figure M.7. Figure 10.27 (right image), photoshopped (left) and original (right) 

Figure M.8. Figure 10.28, photoshopped (left), original (right) 
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Figure M.9. Figure 10.30 (left image), photoshopped (left) and original (right) 

 

Figure M.10. Figure 10.30 (right image), photoshopped (left) and original (right) 

Figure M.11. Figure10.31 (left image), photoshopped (left) and original (right) 
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Figure M.12. Figure 10.31 (right image), photoshopped (left) and original (right) 

Figure M.13. Figure 10.32 (left image), photoshopped (left) and original (right) 

Figure M.14. Figure 10.32 (right image), photoshopped (left) and original (right) 
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Figure M.15. Figure 10.33, photoshopped (left) and original (right)

Figure M.16. Figure 10.34, photoshopped (left) and original (right) 

Figure M.17. Figure 10.35, photoshopped (left) and original (right) 

Figure M.18. Figure 10.36, photoshopped (left) and original (right) 
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Figure M.19. Figure 10.37, photoshopped (left) and original (right) 

Figure M.20. Figure 10.38 (left image), photoshopped (left) and original (right) 

Figure M.21. Figure 10.38 (right image) , photoshopped (left) and original (right) 
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Figure M.22. Figure 10.39, photoshopped (left) and original (right) 

Figure M.23. Figure 10.40 (left image), photoshopped (left) and original (right) 

Figure M.24. Figure 10.40 (right image), photoshopped (left) and original (right) 
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Figure M.25. Figure 10.41, photoshopped (left) and original (right) 
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