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APPROXIMATE CONVERSIONS TO SI UNITS

WHEN YOU KNOW
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WHEN YOU KNOW
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SYMBOL 'WHEN YOU KNOW MULTIPLY BY TO FIND
TEMPERATURE (exact degrees)
°F Fahrenheit 5 (F-32)/9 Celsius
or (F-32)/1.8
SYMBOL 'WHEN YOU KNOW MULTIPLY BY TO FIND
ILLUMINATION
fc foot-candles 10.76 lux
fL foot-Lamberts 3.426 candela/m?
SYMBOL 'WHEN YOU KNOW MULTIPLY BY TO FIND
FORCE and PRESSURE or STRESS
Ibf poundforce 4.45 newtons
Ibf/in? poundforce per 6.89 kilopascals
square inch
kip kilopound 4.45 kilonewtons
1.1.1 APPROXIMATE CONVERSIONS TO SI UNITS
SYMBOL 'WHEN YOU KNOW MULTIPLY BY TO FIND
LENGTH
mm millimeters 0.039 inches
m meters 3.28 feet
m meters 1.09 yards
km kilometers 0.621 miles
SYMBOL WHEN YOU MULTIPLY BY TO FIND
KNOW
AREA
mm? square millimeters 0.0016 square inches
m? square meters 10.764 square feet
m? square meters 1.195 square yards
ha hectares 2.47 acres
km? square kilometers 0.386 square miles

SYMBOL

°Cc

SYMBOL

Ix
cd/m?

SYMBOL

kPa

kN

SYMBOL

ft

yd
mi

SYMBOL

ft?

yd?
acC
mi



SYMBOL 'WHEN YOU KNOW MULTIPLY BY TO FIND

VOLUME
mL milliliters 0.034 fluid ounces
L liters 0.264 gallons
m? cubic meters 35.314 cubic feet
m? cubic meters 1.307 cubic yards
SYMBOL 'WHEN YOU KNOW MULTIPLY BY TO FIND
MASS
g grams 0.035 ounces
kg kilograms 2.202 pounds
Mg (or "t") megagrams (or 1.103 short tons
"metric ton") (2000 Ib)
SYMBOL 'WHEN YOU KNOW MULTIPLY BY TO FIND
TEMPERATURE (exact degrees)
°C Celsius 1.8C+32 Fahrenheit
SYMBOL | WHEN YOU KNOW MULTIPLY BY TO FIND
ILLUMINATION
Ix lux 0.0929 foot-candles
cd/m? candela/m? 0.2919 foot-Lamberts
SYMBOL | WHEN YOU KNOW MULTIPLY BY TO FIND
FORCE and PRESSURE or STRESS
N newtons 0.225 poundforce
kPa kilopascals 0.145 poundforce per
square inch
kN kilonewtons 0.225 kilopound

SYMBOL

fl oz

SYMBOL

0z

SYMBOL

°F

SYMBOL

fc
fl

SYMBOL

Ibf
Ibf/in?

Kip

*Sl 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

Pressure grouting beneath the tip of drilled shafts, also known as postgrouting, has been used for
more than fifty years throughout the world and has shown to be an effective means to enhance
both the usable and ultimate end bearing resistance. In short, postgrouting is a form of compaction
grouting beneath the shaft tip (performed after concrete has cured) that can improve the soil
strength and increase the axial shaft stiffness. Until 2006, there was no published design
methodology and hence the anticipated performance was speculated to be a function of injected
grout volume, shaft uplift and/or the achieved grout pressure. Research leading up to a 2006
design method funded by the Florida Department of Transportation (FDOT) found the grout
pressure applied to the soils beneath the shaft tip to be the key parameter most closely linked to
the resulting end bearing. However, the research did not recommend safety factors or LRFD
resistance factors for use in design, In fact,13 years after the new design method and after
hundreds of projects employing its use domestically and worldwide there were no published
resistance factors for post grouted end bearing resistance of drilled shafts.

Today, FDOT restricts the use of shaft end bearing in sands and as such no resistance
factors are provided in FDOT design manuals. However, end bearing is permitted if postgrouting
is employed and an adaptation of 2006 design method is provided. Even then, when post grouting
is used there is no resistance factor for design computations and a load test is usually required
from which the load test specific resistance factor is used. The objective of this study was to
establish LRFD resistance factors for post grouted end bearing scenarios. To this end, a database
of 31 test shaft was established into which the shaft diameter, length, boring logs, grouting logs
and load test reports were compiled.

As with all resistance factor calibration/determination studies, the measured load test
response was compared to the predicted capacity. The predicted capacity methods weres restricted
to the 2006 design method and the FDOT adapted from the 2006 method. The predicted capacity
methods were restricted to the 2006 design method on which the FDOT method is founded. This
design method is dependent on two factors: (1) the amount of end bearing displacement and (2)
the grout pressure imparted to the end bearing strata. Where no grout pressure is applied, the end
bearing responds as a convention ungrouted shaft. So, the pressure applied at the time of grouting
was scrutined for all 31 shafts and three values of grout pressure were identified: the highest field
recorded pressure, which could have been the by-product of a blocked grout line; the office-
calculated design pressure based on boring log information; and the truly applied, termed
effective, pressure which was verified by reviewing the simulataneous performance/trends of
increasing grout volume, pressure and shaft uplift. Bias values ( the measured to predicted
capacity ratio) were determined for each pressure level of each shaft and at all displacements
underwhich the shaft was load tested.

Resistance factors were found to be higher for effective pressure bias values and lowest for
office-calculated design pressure. Further, both the 2006 and FDOT design methods resulted in
the same resistance factor (0.65) for toe displacements up to 1% of the shaft diameter, D. The
findings further recommend adoption of strict field quality control measures to support the use of
the computed resistance factor.
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Chapter One: Introduction

A drilled shaft is a cast-in-place deep foundation element often chosen over other
foundation options due to its ability to withstand large axial and lateral loading. The axial
capacity of a drilled shaft is the result of a combination of side shear and end bearing, but design
guidelines vary throughout the industry and can often be conflicting. Some agencies exclude the
use of side shear depending completely on the end bearing; others design based solely on side
shear and disregard end bearing. Both rationales are defensible especially given the regional
variability of the existing soil strata. In reality, both end bearing and side shear always contribute
to the overall shaft capacity where the contributing load carrying components depend on shear
strain for side shear resistance and toe displacement for end bearing. The issue then becomes one
of developing both the side shear and the end bearing simultaneously.

The controlling mechanisms for the development of side shear and end bearing capacity
require significantly different displacements. Shafts tipped in competent/hard material require
only small displacements to mobilize the socket side shear or end bearing. In such cases, soft or
loose overburden soil layers never experience the magnitude of displacement (shear strain)
needed to produce meaningful capacity. When tipped in less competent materials or constructed
in uniform soils over the entire length, the side shear contributes to the overall capacity, but end
bearing movement may not be sufficient to mobilize a significant portion of the ultimate end
bearing. Further, the ultimate end bearing value is often small in loose materials. So strain
incompatibility between side shear and end bearing has the most effect on the ability for a given
component (side shear or end bearing) to participate in the load carrying resistance.

The Florida Department of Transportation (FDOT) restricts the use of shaft end bearing
when tipped in sands such that no end bearing can be used unless verified by load testing.
However, if the soils beneath the tip of the shaft are injected with high pressure grout, known as
postgrouting, then the FDOT-prescribed end bearing design equations can be used. To date,
postgrouted shafts used for FDOT structures have been accompanied by some form of load
testing, and the resistance factor associated with the load test method was then applied. In the
event that postgrouted shafts are used without a load test, the present design specifications have
no prescriptive resistance factor for those conditions. In fact, there are no published resistance
factors for postgrouted shafts anywhere in the U.S. or abroad. Setting resistance factors for
postgrouted end bearing capacity forms the basis for this study.

1.1 Overview

Pressure grouting beneath the tip of drilled shafts, also known as postgrouting, has been
used for more than fifty years throughout the world and has shown to be an effective means to
enhance both the usable and ultimate end bearing resistance. In short, postgrouting is a form of
compaction grouting beneath the shaft tip (performed after concrete has cured) that can improve
the soil strength and increase the axial shaft stiffness. Until 2006, there was no published design
methodology and hence the anticipated performance was speculated to be a function of injected
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grout volume, shaft uplift and/or the achieved grout pressure. Research leading up to the new
design methods (Mullins et al., 2000, 2001, 2004, 2006, 2008; Mullins and O’Neill, 2003;
Mullins and Dapp, 2002; Mullins, 2015) found the grout pressure applied to the soils beneath the
shaft tip to be the key parameter.

Prediction of the achievable grout pressure (and the grouted end bearing) hinges on the
available side shear to resist the fluid grout pressing upward on the shaft tip area. Three
assumptions accompany this approach: (1) the fluid grout distributes across the entire tip area, (2)
side shear can be estimated with reasonable confidence, and (3) the end bearing strata can
withstand the “design” grout pressure. To this end, field quality control measures were adopted in
an effort to: ensure grout distribution in the form of a minimum grout volume criterion; show side
shear was not exceeded via a maximum uplift threshold; and verify the design pressure is
sustained for a minimum amount of time. To date, however, designers have not been required to
impose any form of safety factor on the predicted grout pressure which are dependent on side
shear values; rather, upper limits on grout pressure have only been based on equipment
capabilities (i.e. 1000-1600psi) or contractor suggested upper limits based on experience (less
than 800psi). This oversight has led to numerous cases where the design pressure could not be
achieved due to excessive shaft uplift (side shear failure) or excessive grout volume (end bearing
soil failure). Application of reliability-based resistance factors applied to side shear and/or end
bearing can mitigate these problems which are usually only unveiled during production shaft
construction and grouting.

In cases where the design grout pressure is not achieved, the current state of practice has
accepted the use of stage grouting as a catch-all fix or reset of any grouting criterion that has not
been satisfied. This second attempt to achieve the grout pressure in effect produces a drastically
smaller, fluid grout bulb beneath the shaft and therefore cannot produce the same force or soil
modification effectiveness. This can also violate the assumption that the entire tip of the shaft is in
contact with grout. However, some postgrouting design approaches are based on multi-stage
grouting practices which result in lower end bearing predictions. Conversely, single stage
grouting methods produce higher end bearing capacity for a given grout pressure. This suggests
that the construction practice must adhere to the design method used, and that a unique resistance
factor should be applied to the various design methods based the bias factor associated with each
approach. This speaks to one primary goal of this study.

Postgrouting inherently increases the confidence in the as-built shaft performance. If grout
is truly distributed over the entire shaft tip, then the associated bi-directional forces test both the
side shear and mobilized end bearing. Current FDOT design guidelines for post grouted shafts in
sand incorporate a displacement dependent end bearing strength which cannot exceed the applied
grout pressure. So, at the time of grouting the design capacity is essentially fully tested which
suggests a near 1.0 resistance factor could be appropriate. However, even then, there is still
reserve capacity in both side shear and end bearing where the proofed uplift side shear is less than
downward loading and the true ultimate end bearing continues to increase with additional
displacement. In clay or rock, grouted capacity design approaches are not explicitly stated but
generally exhibit the same limits. Assessing how soil type affects grouting performance and
confidence is similarly important.



Finally, the motivation for postgrouting has primarily been to increase capacity which in
turn reduces shaft size and foundation costs. Increased reliability afforded by grouting has not yet
been considered in design; therefore, an increase in the resistance factors could also reduce
overall expense by reducing the required ultimate capacity. Equally important, the improved soil
structure and the size of grout bulb are in essence constructed elements and therefore inspection in
the form of quality assurance and control must be robust. Detailed field practices that verify or
disprove the design assumptions must be employed and will be discussed herein. Use of such
methods provide basis for increased reliability that if omitted would constitute rationale for lower
resistance factors. Determination of resistance factors for the various aspects of postgrouted shaft
design and construction is the primary objective of this study.

1.2 Organization of Report

This study entailed four tasks in the process of defining resistance factors for postgrouted
end bearing capacity of drilled shafts including a literature search, collection of data sources,
analysis of data, and development of recommendations. These steps are outlined in the ensuing
chapters: Chapter two provides a background on postgrouting design and construction methods.
Chapter three consists of a detailed summary of the collected data. Chapter four details the
procedure used to process and evaluate the collect data. Finally, the conclusions drawn from the
study are summarized in Chapter five, recommendations are provided based on the findings.



Chapter Two: Literature Review

In the early nineteen sixties the process of pressure grouting beneath shaft tips was first
used to improve end bearing (Bolognesi and Moretto, 1973). In the ensuing 60 years, numerous
grout distribution systems were developed and tested but the basic approach remained the same.
Despite the almost certain presence of in-house proprietary design methods throughout the world,
it took forty years for the first rational design approach to be published (Mullins et al, 2006).

Pressure grouting is a form of compaction that densifies the soil and is therefore most
effective in granular, free draining soils capable of structurally reorienting in the short timeframe
of the grouting process (i.e. less than 1hr). The term post grouting comes from the fact that the
pressure grouting is performed after/post construction. Pressure grouting should not be confused
with permeation grouting. Permeation grouting uses highly-mobile, thin fluid grouts to flow
through while filling in and around the soil particles to cement the materials together. Designing
capacity from the two methods is completely different as pressure grouting relies on the applied
pressure and the area over which it is applied. Permeation grouting relies on the strength of the
cementing fluid and the size of the bulb that is formed. The bulb size is then used as an increased
end bearing area where conventional end bearing computations can be applied. However,
prediction of the bulb size from permeation grouting and the resulting end bearing area is difficult
and not the subject of this study.

In general, dense sands provide relatively good end bearing without grouting and therefore
improvements from post grouting are modest. The same material at a lower relative density will
achieve a higher percent improvement for a similar magnitude of grout pressure. Where dense
sands may show only 40% capacity increase as a result of post grouting, loose sands can show
800-900% increase (Mullins et al, 2004). Although it is never the intent to allow poor
construction practices and needlessly leave debris or soils loosened by the drilling, these
conditions can be restored to an improved higher relative density than that which originally
existed through the use of post grouting.

2.1 Grout Delivery Systems

Grout delivery systems vary in concept but all must provide a means to place grout in the
locations/areas slated for improvement. These systems can be categorized as sleeve ports (tube-a-
manchette, French), flat jacks, or stem ports. For drilled shaft end bearing applications, sleeve
ports are tubing circuits that allow grout to flow into and out of the target grouting area in a
continuous looped tube. Orifices are drilled in the tubing at the desired grouting locations and
covered with a rubber sleeve to keep debris from clogging the orifices during concreting. Figure
2.1 shows three example sleeve ports systems used around the world (Bittner, et al. 2007 and
Mullins, et al. 2001). In the United States, sleeve port systems commonly use a separation plate to
isolate the shaft concrete from the grouting zone which also minimizes soil disturbance from
tremie placed concrete rushing into the excavation.
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Flat jack assemblies also form circuits via grout delivery tubes that go to and from the
grouting area; however, at the grouting site, the grout is free to distribute across the base of a flat
plate establishing a predefined initial pressurized area much like a hydraulic jack (hence the name
flat jack). Generally, flat jacks have the ability to introduce grout beneath the plate via a plurality
of tubes around the circumference of the plate. Grout flow out of all tubes demonstrates proper
grout distribution. Figure 2.2 shows example flat jack assemblies (Mullins and O’Neill, 2003;
Mullins et al., 2001).

Figure 2.1 Flat jacks used in WestPaIm, FL (top Ieft, Housto, X (top riht), Taipei, Taiwan
(bot left), and Tampa, FL (bot right).

Flat jacks are further classified as closed or open systems. Open systems, the most
common, simply provide a separation membrane (rubber or light gauge sheet metal) or a
protected cavity that keeps concrete from bonding to the underside of the plate and maintains the
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predefined grouting area. At the time of grouting, the membrane expands and may burst allowing
the grout to directly contact the soil. Closed systems provide a highly expansive bladder that
prevents grout migration. The system shown in Figure 2.2 (bottom right) is a double plate closed
system that would eventually become an open system after 4in of lower plate travel. The others
shown are considered open systems. Both sleeve port and flat jack systems benefit from a gravel
pack below the grout delivery system to aid in lateral grout distribution across the shaft tip.

Stem ports are usually used as a remedial response to unexpected loss in side shear or end
bearing for any number of scenarios. This approach is essentially the same as compaction
grouting to stabilize sink holes (or similar); but for shafts, it may involve coring the shaft to the
base to provide a conduit for grout. If multiple stem ports are used, a circuit beneath the shaft can
be established. However, no predefined pathway or loading area can be guaranteed. Only one
stem port is often used due to the difficulty of coring accurately the full length of the shaft.

Further details of post grouting systems can be found elsewhere (Gouvenot and Gabiax
1975; Sliwinski and Flemming 1984; Bruce 1986; Dapp 2002; Mullins, et al. 2000, 2001, 2004;
Bittner, 2007).

2.1.1 Design Considerations

The most simplistic and conservative design approach for post grouted shaft tips is to limit
the end bearing to the applied grout pressure. This in essence is a proof load test of both the end
bearing material and the side shear required to achieve that load. Like bi-directional load tests, the
full proof load is twice the side shear or end bearing load (Eqgn 2.1).

Proof Load = 2(grout pressure)(tip area) (2.1)
Longer shafts with smaller end bearing areas and higher unit side shear resistance can

withstand higher grout pressures. Conversely, shorter shafts with larger diameters and lower unit
side shear withstand less grout pressure (Eqn 2.2).

. unit side shear)(length)(circumference
maximum grout pressure = ¢ )Eip fre;( ! ) (2.2)

For sand, the upper pressure limit (aside from side shear control, Eqn 2.2) can be
estimated from cavity expansion theory and can exceed 1000psi (Vesic, 1967). However, even
when shafts are tipped in sand, layers of weaker clayey soils within the influence zone of the
grout bulb (2-3D below tip) can cause end bearing / punching failures and thereby stop the
increase in grout pressure.

More practically, grout pressure is limited to equipment capabilities (1000-1600psi), side
shear capacity, and the grout working life (e.g. pressure that can be achieved while grout is still
fluid). Figure 2.3 demonstrates the maximum grout pressure possible for various values of side
shear as a function of length (L) and diameter (D). It also shows published grout pressures for
various projects worldwide and indicates that the average mobilized side shear for these projects
was less than 1tsf at the time of grouting. Note the highest pressure recorded by these case studies
was approximately 870 psi.
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Figure 2.2 Grout pressure vs. L/D ratio for published grouting studies (Mullins and Winters,
2004).

For clayey materials, the achieved grout pressure is a good indication of usable end
bearing. For sands, cemented soils and rock, far more capacity can be demonstrated. Focusing on
sands, the ability to develop more capacity than just the applied grout pressure stems from the
understanding that (1) while the ultimate end bearing capacity is typically taken at a displacement
equivalent to 5% of the shaft diameter, smaller allowable displacements restrict the usable
capacity, and (2) sands continue to gain capacity at larger displacements up to as much as 15% of
the shaft diameter (Bruce, 1986). At such large displacements, however, structural deformations
are excessive and the side shear resistance can degrade. Post grouting simply precompresses the
end bearing soils making higher capacities available at lower displacements. In fact, when
postgrouting is employed, the grouted end bearing capacity at small/allowable displacements is
often higher than the ungrouted capacity at ultimate capacity (or a larger 5%D displacement).

The post grouted end bearing design method developed by Mullins et al. (2006) combined
the achievable grout pressure with the predicted ungrouted end bearing capacity to predict the end
bearing capacity at a selected displacement (Eqgns 2.3 and 2.4). The usable end bearing capacity is
therein defined by the tip capacity multiplier, TCM, multiplied by the ungrouted end bearing
capacity. The ungrouted capacity is taken from Reese and O’Neill to be 0.6(N) in units of tsf
(1999) where N is the standard penetration blow count. However, where Reese and O’Neill
provide an upper limit on end bearing to 40tsf (AASHTO, 2013), the Mullins et al. (2006) method
did not intend to limit the ungrouted capacity when using that approach (Eqgn 2.3); Reese and
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O’Neill had applied this limit on the basis that no data had been collected to higher levels when
preparing their relationship.

q grouted = (TCM)(q ungrouted) (2.3)

where
%D

_ 0.364 _—
TCM = 0.713(GPD(%D***) + o5y

(2.4)
and

GPI = grout pressure / ungrouted end bearing capacity (dimensionless)
%D = tolerable displacement / shaft diameter, in percent (dimensionless)

The 2006 design procedure was described for a given shaft diameter and embedment
length, and involved the following steps follows:

1. Calculate the ungrouted end bearing capacity at 5%D displacement, dp uitimate.

2. Calculate the ultimate side shear resistance, Fs, for the total length of embedded shaft.

3. Divide the ultimate side shear resistance by the cross sectional area, A, of the shaft to
determine the maximum anticipated grout pressure, GPpmax

GPmaX = FS / A

4. Calculate the grout pressure index, GPlI, as the ratio of the maximum anticipated
grout pressure (Step 3) to the ungrouted unit tip resistance (Step 1)

GPIl = GPax / Qp uttimate

5. Establish the maximum design displacement as the ratio of the shaft diameter, %D.

6. Determine the tip capacity multiplier, TCM, given the grout pressure index (Step 4) and the
permissible displacement (Step 5) using Eqn. 2.4

7. Estimate the grouted unit tip resistance as the product of the tip capacity multiplier (Step 6) and
the ultimate ungrouted end bearing capacity (Step 1)

Qgrouted = (TCM)(quItimate)

For example, a 0.91 m (3 ft) diameter drilled shaft with an ultimate side shear resistance of
1,780 kN (200 t) will have a grouted end bearing capacity of 3.97 MPa (41.8 tsf). This is with a
permissible shaft displacement of 25 mm (1 in.) and an ungrouted end bearing capacity of 1.71
MPa (18 tsf) again using Eqn. 2.4 and where N=30.

Dapp and Brown (2010) later modified the TCM component of equation 2.3 to fit the
response of load tests performed to predict the site-specific end bearing and effectiveness of the
grouting methods used for that project (Egn 2.5).

B 02y 4 N0
TCM = 0.713(GPD(%D"*) + ooy

(2.5)



Close review of Dapp and Brown’s work revealed that multi-stage grouting was used on
that site as the design grout pressure could not be achieved in a single stage. Both design methods
use the same basic computations for side shear determination and the associated grout pressure
(side shear capacity / tip area). This supports the premise that multi-stage grouting and single
stage grouting do not provide the same level of improvement. Therefore, field practices to use or
not use multi-stage grouting should not be decided by the contractor, but rather established at the
design phase.

The inability to achieve the target design grout pressure is a strong indication that reliability
based resistance factors should be applied. In all cases, the grouting process should demonstrate
that the anticipated physical phenomena are actually occurring (i.e. grout pressure is loading the
entire tip area). To this end, a grout monitoring / quality control program should be carefully
established.

2.2 Grouting Effectiveness

Criteria for effective grouting are site and design dependent but all must consider
monitoring and recording the grout pressure, grout volume and shaft uplift as a means of quality
assurance and quality control.

2.2.1 Pressure.

Design approaches, such as those suggested by equations 2.4 and 2.5 set a minimum grout
pressure from which an anticipated end bearing is computed. Field monitoring must verify that
this pressure is achieved for a minimum sustained time (e.g. > 2min). If the grouting proceeds as
expected, grout pressure should increase with additional volume in response to straining the end
bearing soils. Increases in pressure without an associated increase in grout volume can be caused
by grout system blockages and are an indication of ineffective grouting. Commonly, a minimum
net grout volume criterion must be met by the time the design pressure is achieved as a means to
demonstrate the grouted area is sufficient.

2.2.2 Net Volume

A minimum net grout volume criterion is assigned on the basis of a required quantity of
grout needed to cover the tip area with an estimated amount of end bearing soil movement. Where
the total grout volume includes that volume required to fill the grout system as well as that
volume pumped thereafter, the net volume only considers that grout that actively improves the
soil (after filling the system lines, etc.). A quick estimate of minimum net grout volume can be
accomplished by multiplying the tip area by 5% of the shaft diameter (D). This makes the
simplistic assumption that a disk of grout will form below the shaft as if the soil beneath the shaft
tip had displaced that distance during a load test to ultimate end bearing. This value tends to
underestimate the actual volume but serves as a reasonable starting point. In reality, the minimum
net grout volume threshold is best set by an initial grout test which incorporates the
compressibility of the soil on site (stiffer soils require less volume and vice versa); but minimum
volume criteria tend to over simplify the system and quality assurance considerations.



Increases in volume without an increase in pressure can indicate no additional side shear
or end bearing resistance is available or the grout is piping/migrating to an unknown location.
Shaft uplift measurements can be used to differentiate between side shear and end bearing
failures. Failure to achieve grout pressure as volume increases can be catastrophic to the design
whereby remediation to the design will be required and construction will be delayed.

2.2.3 Uplift.

Shaft uplift measurements are perhaps the most telling indicator of grouting performance
and are a direct indication of applied force. As many designs are balanced where the grout
pressure and end bearing improvement are limited to available side shear, it is reasonable to
expect the side shear strain and uplift to be appreciable at the point where the design grout
pressure is achieved. In these cases, uplift will be proportional to the grout pressure and should be
expected if grouting is performed correctly.

Maximum permissible uplift should be set such that no degradation to the side shear
resistance results. Uplift values of 0.5 to 1.0%D are reasonable starting values but site specific
soil response may vary and more appropriate values can be obtained from load tests or in some
cases a demonstration grout test.

Uplift measurements can also be used to identify or rule out side shear control when
excessive grout volume is taken. If the shaft does not continue to uplift with additional volume
and also without increases in pressure, the end bearing has been exceeded or grout is
piping/migrating elsewhere (no positive benefit). Conversely, persistent uplift with increasing
volume and without additional grout pressure indicates side shear failure.

2.2.4 Toe Strain.

Instrumenting grout tests with strain gages provides a means to demonstrate whether or
not grout is distributed across the full tip area. When grout is uniformly distributed, strain in the
shaft tip should be reasonably uniform. The magnitude of observed strain is often a point of
contention where the grouted area of the tip and the mobilized unit side shear have offsetting
effects. Using estimated unit side shear values (fs) for the length of the shaft segment between the
toe elevation and the elevation of the strain gages (Lsg), the force at the strain gages is expected
to be less than the force applied to the tip via the grouted area. During grouting, the average gage
level strain (g) can be estimated using equation 2.6.

PAgrout—T D Lseg fs

AshaftEcomp

€gage level = (2.6)

It becomes apparent that a smaller than expected strain value can be caused by a smaller
than expected grout area or a larger than expected unit side shear value. This is based on reliable
values of shaft area (Asnat), cOmposite shaft modulus (Ecomp), Shaft diameter, gage level elevation,
and an accurate measurement of grout pressure (P). In any event, change in strain should be
proportional to change in grout pressure to ensure lines have not become blocked. Furthermore,
strains should be uniform to verify the entire tip area is experiencing grout improvements.



2.3 Quality Assurance and Control

The contradictory results of the individual performance measures can lead to inadvertent
acceptance of ineffectively grouted shafts. As a result, a performance review is recommended
wherein the three field measurements are plotted in tri-axis graphs to show the actual grouted
outcome and to confirm proper grouting has been achieved (Figure 2.4).
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5 (or Side Shear Control)
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reasons shown 123
4 %
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Figure 2.3 Quality assurance plots for post grouting drilled shafts (Winters, 2014).

In short, all graphs should demonstrate a diagonal trend away from the center. If any one
of the graphs demonstrates a horizontal or vertical trend and it is confirmed by a second graph,
the post grouting process has become ineffective for one of the reasons shown. Figures 2.5-2.7
show examples of effective grouting, end bearing failure, and grout system blockage which all
would have been missed without using proper quality control/assurance methods as each
individual criterion was satisfied. The dashed red lines denote the individual grouting criterion
required for each project. Only figure 2.5 shows all criterion were met “effectively.”

For the proposed study, it is imperative that all data collected be pre-processed using the
tri-axis plots to identify the grout pressure at which the grouting process was still effective instead
of automatically taking the highest pressure recorded in the field logs. However, statistical
evaluation of the same data where no quality control method (QA/QC) was used provides
rationale for developing different resistance factors for cases where QA/QC is not employed (e.g.
resistance factors for QA/QC and for no QA/QC).
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2.4 Derivation of Resistance Factors

summarized in Eqn. (7a)

where

pR, 21> 7,Q,

= nominal resistance
= load effect

= resistance factor
= load factors

= load modifier

LRFD — based evaluation of strength limit states (FHWA, 1998, AASHTO, 2007) can be

(2.7a)

Load factors account for the uncertainties in magnitude and direction of loads, location of

application of loads and combinations of loads. On the other hand, resistance factors can be made
to incorporate variability of soil properties, reliability of predictive equations, quality control of
construction, extent of soil exploration and even the consequences of failure.
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For the combination of dead load and live load and a load modifier of 1.0, Eqgn. (2.7a) can
be rewritten as



HRR>2y Q. +7.Q, (2.7b)

The procedure used for the selection of load and resistance factors is known as the
calibration of LRFD. Two methods are popularly adopted to select the resistance and load factors
(FHWA, 1998): calibration by matching the results of previously acceptable allowable stress
designs (ASD) or use of reliability theory.

The measured resistance Ry, can be expressed in terms of the predicted (nominal) resistance, R,
as:

R = A.R (2.8)

where 1, represents the bias factor for resistance.
2.5 Statistics of Resistance Bias Factors

The bias factors are random variables that include the net effect of various sources of error
such as the tendency of a particular method (e.g. method of computing the skin friction capacity)
to under-predict foundation resistance, energy losses in the equipment in obtaining SPT blow
counts, and soil borings in strata not being representative of the site, etc. For n number of sources
of error with individual factors affecting the strength of resistance prediction procedure, the mean
(average) bias factor can be expressed in terms of the means of each individual bias factor as
follows:

A= A A, A (2.9)

COV; of any bias factor, A;, can be determined based on its mean and the standard deviation based
on the following expressions:

cov (1) =2+ (2.10a)
‘Lll
where
z liyi
=2 (2.10b)
m
and
(j’i,j H; )2
o= (2.10c)
m-1
where

m = number of observations of the A; factor.



Then, based on the principles of statistics, the coefficient of variation (COV) of 2_ is given by

2

COV [ =COV ,* + COV ) + ... +Ccov ’ (2.11)
Alternatively, cov ? can also be determined directly by combined . estimates obtained from an

I number of individual load test data (measured resistance Ry,) and the corresponding predictions
(nominal resistance R;) using equation 2.8 and the following expressions:

z ’1R,k
A, = HI (2.12a)
Z (’1R,k - /1_R )2
s, = F—— (2.12b)
) -1
Sxi
COV (1,)=—= (2.12¢)
/1R
2.6 Statistics of Load Factors
Similarly for the measured load, one can write:
Q, =24 Qp + 44 Q, (2.13)

where the load bias factor includes various uncertainties associated with dead and live loads.

2.7 Determination of the Design Reliability
Due to the above mentioned uncertainties in the soil parameters used in the resistance
computation and the uncertainties in the axial load applied on a drilled shaft, the resistance and
the load can be modeled by random variables Q and R respectively,
Then the reliability of the design can be expressed as
Reliability = Re = Probability [¢rR>(7,Q, + 7, Q. )] (2.14a)

or

Re =P [#Rn - (r,Q, +7,Q,)>0] (2.14b)
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2.7.1 Reliability Index

Typically, as an alternative to a target probability measure expressed in equation 2.14b, a
corresponding target reliability index (s 1) yielding the above probability from an appropriate
probability density function (F), associated with the random variation of the resistance (R) and
load effect (Q) (or the quantity (R-Q)), is used to express the reliability (Re) of the design. Then,
the reliability of the design would be

Re = F(f7) (2.14c)
A common probability distribution used for expressing F is the lognormal distributions of

R and Q. Then, based on the probability theory and the central limit theorem, the resistance factor
can be derived as

(1+COV,, +COV_)
ﬂ“R[}/DQD-i_yL(gL:I (1 COVZ)
+
. = - (2.15a)
Q. exp{s, \/In[(l+ COV,, +COV. )@+ COoV)I}
where Q  =1,Q, +1,Q, (2.15b)

and  p. = the target reliability index.

2.8 Determination of ¢r

Inspection of equations 2.15a and 2.15b shows that the resistance factor can be computed
based on an assumed dead load to live load ratio (@, /@, ). Such ratios of 2.0 or 3.0 are
commonly used in LRFD computations. AASHTO (2007) recommended statistics for the load
factors are 1q. = 1.15, COVq. = 0.18 and Aqp = 1.08, COVqgp= 0.13. Furthermore, it is assumed
that = 1.75 and »» = 1.25 also from AASHTO.

As stated in section 2.5, 4, and cov are needed for manipulation of equations 2.15a and

2.15b and can be obtained from a combination of either equations 2.9 and 2.11 or a combination
of 2.12a and 2.12c.

2.9 Frequency of Tests

The Florida Department of Transportation establishes the threshold of load tests required
for a given site that would support the use of the higher 0.75 resistance factor. This factor is based
on a PD&E study where regions of the project are broken into representative areas. This provides
a convenient alternative to AASHTO-recommended testing frequency based on PaikowskKi
(2004).

Table 2.1 gives the AASHTO relationships between resistance factor, site variability and
the number of static load tests performed. While table 2.1 is primarily established for driven piles,
when used for drilled shafts an upper limit on the resistance factor of 0.7 is imposed. This table



implies that most projects qualify for a 0.7 resistance factor with one static load test and all
projects qualify with two tests.

Schmertmann and Hayes (1997) cite a case study in Los Angeles, California where 27
shafts were constructed with a toe level O-cell to reduce uncertainty and the safety factor from 2
to 1.5. While static testing to such high frequency is uncommon (relative to AASHTO recorded
values), building with post grouted shafts approaches that level of confidence. However, post
grouting is still a construction process which has associated uncertainties.

Table 2.1. Resistance factor expressed as function of site variability and number of load tests
(reproduced from AASHTO, 2015).

Number of Static Resistance Factor
Load Tests per Site Site Variability
Low Medium High
1 0.80 0.70 0.55
2 0.90 0.75 0.65
3 0.90 0.85 0.75
>4 0.90 0.90 0.80

The number of test records needed to obtain Ag for each class in Table 2.1 can be estimated using
equation 2.16.

nz[ to ] (2.16)

MOE

where,

Z* = Z value from the standard normal distribution corresponding to the desired
confidence level (e.g. Z* = 1.645 for 90% confidence)

o = population standard deviation of Ar Which can be estimated from the corresponding
sample standard deviation in Eqn. (12b), using a preliminary computation based on the
DSTG database prepared by the investigators.

MOE = desired margin of error allowed for Ar

2.10 Studies Focused on Determining Foundation Resistance Factors
2.10.1 Development of LRFD Procedures for Bridge Pile Foundations in lowa

The motivation of this study was a FHWA-issued policy requiring all new bridges
designed after 2007 be designed according to the LRFD approach. As a response to the policy,

many states (lllinois, Wisconsin, and Florida) have made an effort to collect load test data and
create a regionally calibrated database for the design and construction of driven piles. The
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implementation of a calibrated database insures design consistency and reliability in the
construction of bridge foundations.

In lowa, the policy was implemented in four different phases labeled Volume 1 through
IV. Volume | (Roling et al., 2010) focused on collecting reliable and usable static and dynamic
pile load test data from different regions in lowa and developing a user friendly, quality assured,
electronic database (PILOT). Once the data was collected, it was separated into different fields
(Contractor, Location, and Project No. etc.) and entered into different columns in excel. Even
though PILOT included a large number of data, it did not have enough data to represent all the
different soil profiles found in lowa.

The second phase of the study concentrated on gathering information to fill all the gaps
found during the previous volume. Volume I1 (Ng et al., 2010) included conducting ten (10) full
scale driven pile field tests in different regions in lowa. The field testing included site
characterization using subsurface investigation (SPT and CPT), laboratory tests, installation of
push-in pressure cells, strain gauges and use of PDA. Once testing was complete, all results were
plotted, reviewed and added to the PILOT created in Volume 1.

Volume 111 (AbdelSalam et al., 2012) focused on developing LRFD factors for static and
dynamic pile analysis based on the existing PILOT database. Resistance factors were computed
following the AASHTO LRFD framework and the results were compared with the old ASD
method. The outcome from this research was used in the fourth and final volume which was to be
the database to be used by lowa DOT.

The final phase of the research incorporated the results from Volume Il along with
specifications in the AASHTO LRFD bridge design specifications (2010). In Volume IV (Green
et al., 2012), a new LRFD method for driven pile foundations in lowa with considerations to
design specifications was developed. The outcomes of the in-depth study enabled lowa DOT to
fulfill the FHWA requirement.

2.10.2 Evaluation of Pile Load Tests for Use in Missouri LRFD Guidelines

As a response to AASHTO’s adoption of the LRFD method for all federally funded
bridges, the Missouri Department of Transportation (MoDOT) performed three driven pile load
tests in two different regions with relatively firm ground. The first selected region was in the
southeastern lowlands (Sikeston and Poplar Bluff) and included two load tests. The second
location was in the northern glaciated plains regions (Chillicothe) and had one load test.

The initial portion of the study (Luna, R., 2014) consisted of installing, load testing and
plotting results of all the static and dynamic load tests performed. For quality assurance purposes,
all driven piles were installed by the same contractor and in accordance to industry and MoDOT
standards. The second phase of the research (Stuckmeyer et al., 2014) incorporated the load test
results to develop LRFD factors. Once data was available, pile resistance capacity were calculated
using the Davisson method as specified by AASHTO and values were used to determine LRFD
resistance factors. It was concluded that the piles installed could have been smaller because the
measured resistance was greater than the calculated resistance.



2.10.3 FDOT Calibration of Pile Resistance Factors

Similar to the lowa and Missouri studies, the Florida Department of Transportation has
undertaken several projects to evaluate and assign resistance factors for piles driven with various
methods of computer monitoring (i.e. PDA and EDC). Both pile driving analyzers (PDA) and
embedded data collectors (EDC) are methods of monitoring driving effectiveness through
measurements of strain (converted to force) and acceleration (converted to velocity and
displacement). Differences in the instrumentation schemes make it possible to predict pile
capacity using alternate methods. Hence, the resistance factor determination was not based on soil
properties from lab tests and predicted capacity but rather was based on the relative capacity of
two measurement/pile capacity prediction methods compared to conventional static capacity.

Gunaratne et al. (2019) evaluated the bias from 27 test piles which extended the previous
studies by McVay and Wasmann (2015) and McVay et al (2013) which dealt with 11 test piles.
The Gunaratne et al. study concluded with resistance factors from various methods of
determination other than equation 2.15a (FOSM) which included the alternate FOSM (AFOSM)
and Monte Carlo (MC) simulations. In general, 5 or 6 difference cases were evaluated from which
different resistance factors were established. Factors considered to influence the resistance factor
were: the method of measuring and predicting capacity from measurements, the time lapse
between dynamic driving measurements and the static load test, end of drive vs. restrike
measurements and predictions and the method of determining the resistance factor (FOSM,
AFOSM, and MC). AFOSM and MC values were generally similar.

Each of the cited studies provided a framework for which this study could follow in the
assessment of resistance factor for post grouted end bearing prediction.

2.11 Further Considerations

Side shear determination using alpha or beta methods (FHWA, 1999; AASHTO, 2010)
assumes downward loading. Studies have shown that uplift shear capacity can be between 0.66
and 0.74 times that of the downward resistance (O’Neill, 2001; Fellenius, 2002; Mayne, 2002).
These variations come as a result of decreased vertical effective stress and hence horizontal soil
pressures when a shaft is pulled in tension. This is reflected in code assigned resistance factors
being 25 percent less in uplift (e.g. 0.6 downward, 0.45 uplift for sands, FDOT, 2017; 0.55
downward, 0.45 upward, AASHTO 2015). Postgrouted applications are equally affected by these
conditions, yet no present code restrictions or recommendations are in place.

Where AASHTO permits the use of end bearing in sands and has assigned resistance factors
accordingly (Table 2.2), FDOT does not provide analogous values. Rather, the Soils and
Foundations Handbook (p. 91) states:

Resistance factors and associated design methods for geotechnical resistance of drilled
shafts are in SDG Table 3.6.3-1 [Table 2.3]. It is implicitly shown in the table that the
resistance factors for drilled shafts tipped in sand or clay are based on side shear design
methods only (i.e. FHWA alpha method in clay and FHWA beta method in sand).
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However, it further states for post grouted shafts:

In sand, drilled shafts with pressure grouted tips should be considered. Pressure grouted
tips are most effective in loose to medium dense sands. Guidance for the design of drilled
shafts with pressure grouted tips may be found in Appendix D and in Reference 9.*

*The design example provided in Appendix D follows from Mullins, et al. (2006) excepting an upper limit is placed

on the end bearing not to exceed the design grout pressure. For all practical purposes, this limit only engages in
designs with higher permissible displacements.

No reference to end bearing resistance factors for grouted shafts in sand is provided and
this absence in part, was the motivation for this study.

Table 2.2 AASHTO resistance factors for drilled shafts (reproduced from AASHTO, 2015).

Method/Soil/Condition Resistance Factor

alpha method 0.45

Side resistance in Clay (O’Neill and Reese, 1999)

. . . Total Stress
Tip resistance in clay (O"Neill and Reese, 1999) 0.40

. . . beta method
Side resistance in sand (O’Neill and Reese, 1999) 0.55

Tip resistance in sand O’Neill and Reese (1999) 0.50

Nominal Axial | Side resistance in IGMs | O’Neill and Reese (1999) 0.60

Compressive Resistance of | Tip resistance in IGMs O’Neill and Reese (1999) 0.55

Single-Drilled Shafts Horvath and Kenney (1979) 055

Side resistance in rock O’Neill and Reese (1999)

Side resistance in rock Carter and Kulhawy (1988) 0.50

Canadian Geotechnical
Society (1985)
Tip resistance in rock Pressuremeter Method | 0.50
(CGS, 1985)
O’Neill and Reese (1999)
Block Failure Clay 0.55
alpha method
Clay (O’Neill and Reese, 1999) 0.35
Uplift  Resistance  of beta method
Single-Drilled Shafts Sand (O"Neill and Reese, 1999) | 04°
Horvath and Kenney (1979)
Rock Carter and Kulhawy (1988) 0.40
Group Uplift Resistance Sand and clay 0.45
Horizontal ~ Geotechnical
Resistance of Single Shaft | All Materials 1.0

or Shaft Group

Values in AASHTO Table
All Materials 10.5,5.2.3-2 [Table 2.1]
but no greater than 0.70

Static Load Test
(compression)

Static Load Test (uplift) All Materials 0.60




Table 2.3. FDOT resistance factors (reproduced from FDOT, 2017)

. . Construction Resistance Factor

Loading Design Method QC Method Redundant Non-redundant
For soil: FHWA alpha or e
beta method Specifications 0.6 0.5
For rock socket:
McVay’s method | Specifications 0.6 0.5
neglecting end bearing
For rock socket:

Compression McVay’s method R
including 13 end Specifications 0.55 0.45
bearing
For rock socket: | Statnamic Load 0.7 06
McVay’s method Testing ' '
For rock socket: . .
McVay’s method Static Load Testing 0.75 0.65
For clay: FHWA alpha Specifications 0.35 0.25
method

Uplift For sand: FHWA beta Specifications 0.45 0.35
method
For rock socket: R
McVay’s method Specifications 0.5 0.4

Specifications
Lateral FBPIER Or Lateral Load Test 1.00 0.9

2.12 Chapter Summary

While post grouting shaft tips has great potential to improve shaft capacity and reduce costs,
it can be problematic to implement effectively while ensuring the intended outcome is obtained.
Therein, the grout pressure is expected to cover the entire base area as was demonstrated in the
numerous instrumented case studies used to develop the design relationships. Today, routine
grouting procedures monitor grout pressure, grout volume and survey shaft uplift whereby each
parameter must achieve or stay below a given threshold (e.g. pressure>thresholdy;
volume>threshold,; uplift<threshold,). However, abiding by these thresholds does not in itself
define effectiveness. It is therefore conceivable to meet all criteria and yet not grout the end
bearing soils with total effectiveness, up to expectations.

It will be shown that in the assignment of LRFD resistance factors to post grouted shafts,
the use of quality control/assurance standards (or lack thereof) should also be introduced to ensure
the statistics used to establish resistance factors are meaningful. This study scrutinized a wide
range of data set types from different grout delivery systems and design methods to ensure the
data incorporated into the analysis meets this standard of care. This means that grouting case
studies / projects were ranked on the basis of data type, quality, and completeness; and, that
resistance factors were assigned based on the level of verification testing and quality assurance
provided.
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Chapter Three: Geotechnical Design Data Collection

Data was obtained from 35 projects wherein post grouting was administered. Of these 35
sites, 17 were found to contain sufficient information to warrant inclusion in this study. A
summary of those 17 applicable projects is contained herein. Particular notes on the information
pertaining to load testing, pressure grouting, soil classification, and strain gages are listed below
each project description. A project location map is given in Figure 3.1. The project list is as

follows:
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3.1 Royal Park Bridge West Palm Beach, Florida

This study was conducted at Royal Park Bridge in West Palm Beach, Florida. The bridge
crosses the Intracoastal Waterway, and connects Royal Palm Way to Highway 704. The project
was part of a bridge construction program wherein a temporary bridge was constructed for use
during the replacement of the existing bridge. Drilled shafts were constructed and load tested
through large openings that were cut from the existing bridge deck and installed into a soil strata
consisting of mostly sandy-cemented sands and coquina (Mullins et al, 2001). Two post grouted
shafts (LT-2 and LT-3) were installed on the Royal Bridge site in West Palm Beach, Florida. LT-
2 and LT-3 were both 4-ft in diameter and planned to be 114.2-ft long; LT-2 was later shortened
to 87.4 feet due to shaft LT-3 having a capacity that exceeded the load limit of the load testing
device. During pressure grouting and load testing processes, strain gauges, shaft displacement and
pressure were monitored using computerized data acquisition. The geotechnical consultant on the
site was Professional Services Industries (PSI), drilled shafts were installed and grouted by
Coastal Caisson Corp, load testing was performed by Applied Foundation Testing (AFT) and all
grouting apparatus and data reporting was performed by the University of South Florida (USF).

Load Test
Load testing was performed using a 30MN Statnamic device. Load test shafts (LT-2 and
LT-3) were tested before and after the post grouting process was performed.

Pressure Grouting
Graphs and logs for grout pressure, uplift and volume were obtained from the project load
test report. All data was digitized for this analysis.

Soil Classification
Boring logs for the two test shaft locations were performed to a depth of 100-ft. Shafts
were tipped in sand and cemented/partially cemented coquina sand.

Strain Gage

Five levels of strain gages were used for verification of the design side shear values. Data
from toe level strain gages were available to assess the effectiveness/uniformity of the
grout bulb beneath the toe.

3.2 PGA Boulevard, Florida

The study was conducted as part of the PGA Boulevard Grade Separation Construction
Project in West Palm Beach, Florida and consisted of intersection improvements with Alt A1A.
Improvements included three bridge structures, PGA Blvd Alt A1A, AlA southwest ramp to
interstate 1-95 and Alt A1A southwest ramp over FEC Railway. The originally submitted
foundation on the site was designed per LRFD approach on 24-inch driven piles using a resistance
factor of 0.65 and factored loads ranging from 135 to 220 tons. A total of one hundred and eight
36-inch in diameter drilled shafts replaced 234, 24 inch driven piles. The new design used a
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higher resistance factor (0.75) and factored loads (195 to 490 tons). The testing program included
the installation of two 3-ft in diameter, 60-ft long shafts (LT-1 and LT-2) tipped in shelly sand.
LT-1 was an ungrouted control shaft and LT-2 was post grouted.

Load Test
A total of two load tests were performed on the site. One load test on post grouted shaft
(LT-2) and one test on the control shaft (LT-1). Results from both tests are accessible.

Pressure Grouting
Grout pressure, uplift and volume data for LT-2 is available.

Soil Classification

Drilled shaft LT-1 corresponds to Boring B-1 and LT-2 corresponds to Boring PGAB-1.
Generally, the site consisted of very loose to medium dense sand in the upper 30 feet of
the boring and medium to very dense sand in the bottom 50 feet of the boring (Mullins et
al, 2004). At the time of construction, the ground water table was at a depth of about 8
feet.

Strain Gage

Three levels of strain gages were used for verification of the design side shear values. Data
from toe level strain gages are available to assess the effectiveness/uniformity of the grout
bulb beneath the toe.

3.3 Broadway Bridge Viaduct Improvements, Council Bluffs, lowa.

The Broadway Bridge was constructed in 1955 and is located between 8th and 16th streets
in Council Bluffs, lowa. The bridge cross section consists of two 26-foot roadways, a 4-foot
raised median, and a 6-foot sidewalk on the north side of the bridge. The superstructure consists
of a reinforced concrete deck on continuous steel rolled 1-beams. The substructure include three-
column reinforced concrete bents supported by driven piles, and cellular reinforced concrete
abutments. The bridge is a critical east-west arterial with a traffic volume of approximately
34,600 vehicles per day which is considered to be at its maximum capacity. A study was
performed to assess the use of post grouted shafts for pier foundation improvements.
(CH2MHILL, 2007)

Load Test
One load test was performed for TS-4 and data was digitized for analysis.

Pressure Grouting
Grout pressure, uplift and volume data for shaft TS-4 is accessible.

Soil Classification
Soil geology in the area consist of loess, alluvium and glacial till underlain by shale and
limestone bedrock.



Strain Gage
Strain gages were used for verification of the design side shear values. Data from four toe
level strain gages are available.

3.4 Gerald Desmond Bridge, Long Beach, California

The Gerald Desmond Bridge is an access point to Long Beach Port, California. The
existing bridge is four lanes with no emergency / storage lanes and is being replaced to carry a six
lane roadway with emergency lanes on each side, a pedestrian/bike path and observation deck
along the south side of the bridge. The design also included an approximately 200 foot clearance
to allow ship entry to the port. To maintain traffic flow, the new bridge was constructed alongside
the existing bridge. The new bridge is founded on drilled shafts with post grouted tips. All shaft
construction is currently completed.

Load Test
Data from two static load tests were made available and digitized for further analysis.

Pressure Grouting
Graphs and logs for grout pressure and volume are available for TP-2 and TS-3C.

Soil Classification
SPT and CPT testing was performed throughout the project. On site geology consisted of
silty/fine grained sand followed by dense sand to termination depth.

Strain gage

Six segments of strain gages were used for verification of the design side shear values.
Data from toe level strain gages are available to assess the effectiveness/uniformity of the
grout bulb beneath the toe.

3.5 Huey P. Long Bridge, Mississippi River, New Orleans, Louisiana

The Huey P. Long Bridge in New Orleans is part of US Hwy 90 over the Mississippi
River. The bridge has two lanes in each direction and is one of the three Mississippi river
crossings in New Orleans. The project scope was to retrofit the existing piers at the crossings to
widen the deck for additional traffic lanes. The foundation included the construction of a new pier
on post grouted shafts. A total of 13 drilled shafts, 9 feet in diameter and 184 feet in length, were
constructed under the existing bridge.

Load Test

Only one post grouted shaft was tested and the test was performed before grouting. The
data for the load test is available.
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Pressure Grouting
One shaft was grouted on this project. Pressure, uplift and volume graphs for the grouting
process are available.

Soil Classification
Borings for this project consisted of clay, silty sand and sand. One soil boring is available
for the locations of the post grouted shaft.

Strain Gage
Seven segments of strain gages were used for verification of the design side shear values.
Data from four toe level strain gages are available for further analysis.

3.6  University of Houston, Houston, Texas.

The study was conducted in collaboration between the University of South Florida (USF)

and the University of Houston (UH) along with A.H Beck Foundation Co., Inc., Applied
Foundation Testing, Inc. and Fugro South, Inc. (Mullins and O’Neill, 2003). The purpose of the
study was to test the effectiveness of the post grouting method in drilled shafts and to evaluate
shaft capacity using load test. Four piles were installed on the University of Houston campus.
Soils in the area were mostly overconsolidated clays and fine silty and clayey sand and water was
found at depths ranging from 8 to 15 feet. Two shafts were tipped in clay and two tipped in sand.
One of each pair was post grouted. The post grouted shaft tipped in sand will be the only shaft
used for this study; shaft is 48-inch in diameter and 22-feet in depth.

Load Test
Only one post grouted shaft was tested and the test was performed after grouting. The data
for the load test is available.

Pressure Grouting
One shaft was grouted on this project. Pressure, uplift and volume graphs for the grouting
process are available.

Soil Classification

Soils in the area were mostly overconsolidated clays and fine silty and clayey sand and
water was found at depths ranging from 8 to 15 feet. One soil boring is available for the
locations of the post grouted shatft.

Strain Gage
Three segments of strain gages were used for verification of the design side shear values.
Data from four toe level strain gages are available for further analysis.

3.7 Natchez Trace Parkway Bridge, Natchez, Mississippi.

The construction was performed as part of the Natchez Trace Parkway Bridge over

Catherine Creek and Melvin Bayou in Natchez, Mississippi. The team of Wilbur Smith



Associates and Hill Brother, Inc. were selected by the Eastern Federal Lands Highway Division
of the Federal Highway Administration (FHWA) to design and build the project. The project
includes the construction of the final 4.3 mile segment of the Natchez Trace Parkway in which
seven new bridge structures were required to complete the highway construction; one of which
was a 1700 foot long bridge crossing Catherine Creek and Melvin Bayou. Post grouted shafts
were 6 foot in diameter and 75 feet in length.

Load Test
Only one post grouted shaft was tested and the test was performed after grouting. The data
for the load test is available.

Pressure Grouting
One shaft was grouted on this project. Pressure, displacement and volume graphs for the
grouting process are available.

Soil Classification
One soil boring is available for the location of the post grouted shaft. Boring consisted of
stiff clay followed by dense sand.

Strain Gage
Four levels of strain gages were used for verification of the design side shear values. Data
from three toe level strain gages are available for further analysis.

3.8 Clearwater Sites | and Il, Clearwater, Florida.

Clearwater Site | consisted of four post grouted drilled shafts (FJ-1, FJ-2, SP-1 and SP-2)
and Clearwater Site Il consisted of two drilled shafts (FJ-1 and SP-1). Shafts for both sites were
installed in the Coastal Caisson Corporations equipment yard in Clearwater, Florida. All shafts
were 2-ft in diameter and 15-feet in length; soils on the site consisted of sand and clay.

Load Test
Six post grouted shafts were tested and the tests were performed after grouting. The data
for the load tests is available.

Pressure Grouting
Six shafts were grouted on this project. Pressure and displacement graphs for the grouting
process are available. Volume data was not available.

Soil Classification

One soil boring is available for each one of the locations of the post grouted shafts. Site 1
consisted of sand and clay while Site 2 was all sand. All shafts were tipped in sand.
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Strain Gage
One toe level of strain gauges was installed for side shear analysis and the data from two
toe level gages are available for further analysis.

3.9 Flagler Memorial Bridge, West Palm Beach, Florida.

The Flagler Memorial Bridge Replacement Project is located in West Palm Beach,
Florida. Some of the shafts were constructed in limestone material and those shafts derived
capacity from side shear. However, many areas of the bridge consist of sandy material and in
those cases, resistance was derived by a combination of side shear and post grouted end bearing.
Generally, soil conditions of the post grouted shafts consisted of 2 feet of organic soils followed
by limestone fragments and sand to termination depth. The shafts were 60-inches in diameter and
100-feet in length.

Load Test
Only one post grouted shaft was tested and data is available.

Pressure Grouting
One shaft was grouted on this project. Pressure, uplift and volume graphs for the grouting
process are available.

Soil Classification

One soil boring is available for the locations of the post grouted shaft. Generally, soil
conditions consisted of 2 feet of organic soils followed by limestone fragments and sand
to termination depth.

Strain Gage

Eight levels of strain gages were installed for side shear evaluation. Data for four toe-level
strain gauges results are available to further assess the effectiveness/uniformity of the
grout bulb beneath the toe.

3.10 Security Checkpoint building concourse “C” West Palm Beach Airport, West Palm
Beach, Florida.

The Security Checkpoint building concourse “C” project is located at the West Palm
Beach Airport in West Palm beach, Florida. One 48-inch in diameter post grouted shaft was
embedded at a length of 52 feet. The shaft was installed on August 31st, 2004 and was
postgrouted 10 days after and load tested 16 days after construction. The shaft was constructed at
a production location AA.7-50 using a temporary casing method and water as drilling fluid.

Load Test
Only one post grouted shaft was tested and the test was performed after grouting. The data
for the load test is available.



Pressure Grouting
One shaft was grouted on this project. Pressure, uplift and volume graphs for the grouting
process are available.

Soil Classification
Subsurface conditions for the post grouted shaft consisted of all sand.

Strain Gage
Three levels of strain gauges were tested for side shear; data for four toe-level strain
gauges are available for further analysis.

3.11 Plant Daniel, Escatawpa, Mississippi.

Plant Daniel Scrubber Foundation is located in Escatawpa, Mississippi. The project
consisted of three post grouted drilled shafts (501, 528 and 530) with similar geometry.

Load Test
All three post grouted shafts were tested and the test was performed before grouting. The
data for the load tests is available.

Pressure Grouting
One shaft was grouted on this project. Pressure and volume graphs for the grouting
process are available.

Soil Classification
One soil boring is available for each drilled shaft location. Generally, soil conditions
consisted of 20 feet of soft to medium stiff clays and silts underlain by medium dense to
very dense sands.

Strain Gage
Four levels of strain gauges were tested for side shear; data for four toe-level strain gauges
are available for further analysis.

3.12 SR 80 Southern Blvd Bridge, West Palm Beach, Florida.

The State Road 80 Southern Blvd Bridge project included two spans over the Atlantic
Intracoastal Waterway and the Lake Worth Lagoon connecting SR 80 in the city of West Palm
Beach to the town of Palm Beach in Palm Beach County. The new main bridge was designed to
be a movable bridge while the second bridge was a fixed-span bridge over a narrow section of
open water along the eastern shore of the lagoon. Drilled shafts for the main bridge in piers 2
through 11 utilize pressure grouted tips.

29



Load Test
Three post grouted shafts were tested and the tests were performed after grouting. The
data for the load tests is available.

Pressure Grouting
Three shafts were grouted on this project. Pressure, displacement and volume graphs for
the grouting process are available.

Soil Classification
One soil boring is available for each of the locations of the post grouted shatft.

Strain Gage
Six segments with strain gages were installed for side shear testing and results are
available to further assess the effectiveness/uniformity of the grout bulb beneath the toe.

3.13 Overland Bridge Widening, Jacksonville, Florida.

The 1-95 Overland Bridge project included the reconstruction of 1-95 in downtown
Jacksonville, Florida. Project location map is shown in Figure 3.13. The construction included 14
new bridges and 3 bridge widenings. The 1-95 over Palm Ave/San Marco Blvd/ St. Johns River
was constructed on a foundation of 16 post grouted shafts with three (3) of those shafts subjected
to Statnamic load testing. Shafts range from 60 to 72-inches in diameter and were 72 to 96-feet in
length.

Load Test
Three post grouted shafts were tested and the tests were performed after grouting. The
data for the load tests is available.

Pressure Grouting
Three shafts were grouted on this project. Pressure, displacement and volume graphs for
the grouting process are available.

Soil Classification
Generally, soil conditions consist of 13 feet of loose to medium dense sand followed by
weathered limestone then a layer of clayey sand with shell and limestone fragments until
termination depth.

Strain Gage

Ten levels with strain gages were installed to evaluate shaft side shear. Results for four
toe-level strain gauges are available to further assess the effectiveness/uniformity of the
grout bulb beneath the toe.



3.14 Carolina Bays Parkway, Myrtle Beach, South Carolina.

This project was located at SC 544 Carolina Bays Parkway in Myrtle Beach, South
Carolina. The shaft had a planned diameter of 54 inches and was constructed using 56 inch
diameter permanent casing in the upper 12.4 feet. The actual constructed tip elevation was -42.15
feet with the top of shaft at elevation +24 which resulted in an as-built length of 66.15 feet. Post
grouting was performed four days after shaft construction and left to cure for three days before the
Statnamic load test was performed.

Load Test
Only one post grouted shaft was tested and the test was performed after grouting. The data
for the load test is available.

Pressure Grouting
One shaft was grouted on this project. Pressure, displacement and volume graphs for the
grouting process are available.

Soil Classification
One soil boring consisting of sand, clay and silty sand is available for the location of the
post grouted shaft.

Strain Gage

Four levels of strain gages were used for verification of the design side shear values. Data
from toe level strain gages are available to assess the effectiveness/uniformity of the grout
bulb beneath the toe.

3.15 Gilmerton Bridge Replacement, Chesapeake, Virginia.

Post grouting was performed on Pier 9 at the Gilmerton Bridge Replacement project in
Chesapeake, Virginia. The purpose of the project was to provide a new lift span bridge over the
southern branch of the Elizabeth River to replace the existing double-leaf bascule bridge that was
constructed in 1938. The new bridge is 1908 feet long with a vertical clearance of 35 feet in the
closed position and up to 135 feet when the lift span is opened. The project is to be constructed in
stages on the existing Military Highway alignment and will provide a bridge width of 85 feet to
accommodate future widening of Military Highway from four to six lanes. Post grouted drilled
shafts installed were 12-foot in diameter and approximately 112.5 feet long.

Load Test

Only one post grouted shaft was tested and the test was performed after grouting. The data
for the load test is available.
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Pressure Grouting
One shaft was grouted on this project. Pressure, displacement and volume graphs for the
grouting process are available.

Soil Classification
Soil profiles consisted of 40-feet of alluvial sands followed by Yorktown formation which
extended to the termination depth.

Strain Gage

Ten levels with strain gages were installed to evaluate shaft side shear. Results for four
toe-level strain gauges are available to further assess the effectiveness/uniformity of the
grout bulb beneath the toe

3.16 Peninsula Condominium, Jacksonville, Florida.

The post grouted drilled shafts was installed in the Peninsula Condominium in
Jacksonville, Florida. The drilled shaft is 36-inch in diameter and 60-feet in length and was tested
using the Statnamic load testing technique.

Load Test
Only one post grouted shaft was tested and the test was performed after grouting. The data
for the load test is available.

Pressure Grouting
One shaft was grouted on this project. Pressure, displacement and volume graphs for the
grouting process are available.

Soil Classification

Soil strata on the site consists of approximately 20-feet of sand followed by 10-feet of
limestone and marl to termination depth. A boring is available for each post grouted shaft
location.

Strain Gage
Three strain gauge segments were used for side shear calculations; four toe-level strain
gauges  are available to further analyze the shaft.

3.17 West Rail Bypass, Brownsville, Texas.

Testing was performed on the drilled shaft located on the bent 41 at West Rail Bypass
project in Brownsville, Texas. Bent 41 is supported by two 8-foot diameter drilled shafts that
have been base grouted; both shafts are 8-feet in diameter and 115 feet in length. The bridge
designer for this project was HNTB and the general contractor was McCarthy Building



Companies, Inc. and foundation construction was performed by Weber-Balke Foundation
Company.

Load Test
Two post grouted shafts were tested and the tests were performed after grouting. The data
for the load tests is available.

Pressure Grouting
Two shafts were grouted on this project. Pressure, displacement and volume graphs for the
grouting process are available.

Soil Classification

Borings for this project were drilled to 165 feet below ground which was around +30 feet
elevation; geotechnical subsurface profiles consisted of 67 feet of clay followed by silty
sand and sandy silt to a depth of approximately 107 feet and finally sand was found to
extend to the boring termination depth of 165 feet.

Strain Gage

Four strain gauge segments were used for side shear calculations; three toe-level strain
gauges are available to further analyze the shaft.
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Chapter Four: Data Processing and Analysis

All collected data was digitized and re-plotted to confirm conformance with reported
values. The premise of the analysis revolved around proper or improper assignment of the applied
grout pressure to the design method. Artificially high field values affect the predicted load and
provide a false sense of field performance. Design graphs are the result of the calculated grouted
and ungrouted capacity that can be obtained based on the soil profiles. Boring log data was used
to compute side resistance, anticipated grout pressure and grouted capacity using the USF method
and the FDOT method described in Chapter 2. Load test versus displacement graphs were
obtained directly from load test reports and are used to obtain the measured shaft capacity data
used in plotting bias curves.

4.1 Data Plots

In analyzing the grouting and load test data, several types of plots were employed: tri-axis
grouting plots, comparative load test plots, bias vs displacement plots and typical design plots.

4.1.1 Tri-axis Plots

Tri-axis plots represent the three quality control or quality assurance (QA/QC) thresholds
used for grouted shafts. In order to validate the grouting process, all field grouting data was
analyzed and graphs correlating pressure vs displacement, pressure vs volume and volume vs
displacements were plotted. These were used to determine the true effective grout pressure and
the peak field recorded pressure which is often caused by blockage and different from the
effective pressure. Data from each site was scrutinized for possible errors or conditions by which
grouting became ineffective as indicated by the red arrows in Figure 4.1 (replotted for
convenience from Chapter 2.
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Figure 4.1 Concept tri-axis grouting effectiveness plots.



4.1.2 Design and Bias Curves

Load test (measured) data was compared to each of three prediction methods to compute the
associated bias (measured/predicted) values. Prediction methods varied largely on the basis of the
grout pressure which was either calculated / designer selected, or measured in the field. Field
measured values were further delineated by quality of the scrutiny used (use or no use of tri-axis
plots). Once all the above graphs were provided, criteria for bias design curves were established
as follows:

o Effective Pressure — verified grout pressure achieved in the field (obtained from
tri-axis plots). This is considered to be the most reliable.

o Maximum Field Pressure — maximum grout pressure obtained in the field. This is
often not reliable but is presently used for contractual acceptance of satisfactory
grouting.

o Maximum Calculated Pressure — Side shear predicted resistance is used to

determine maximum grout pressure that can be withstood; determined from soil
profiles (calculated from soil boring information using the highest possible /
ultimate side shear predictions).

For the FDOT method, any computed end bearing capacity that exceeded the side shear
predicted grout pressure was capped to equal the predicted grout pressure. Further, both the USF
and FDOT end bearing capacity predictions were computed using each one of the pressure criteria
above. Predicted and measured capacities were then plotted against toe displacement and the bias
between the two values was found and plotted on the same graph. Finally, data was summarized
and bias tables created for displacements of 0.3, 1, 2, 3, 4, and 5%D where D is the shaft
diameter. Statistical analyses were performed to obtain a resistance factor versus the reliability
index for each of the conditions mentioned above.

4.2 Analysis

To date thirty-one shafts populate the database for this analysis. The data comes from
seventeen sites discussed in Chapter 3 and analyzed below. Each shaft was given a data set
identification number. Those numbers can be found in Table 4.1. Each data set includes a
summary of project circumstances, a plot of the design curves, a tri-axis plot and the predicted
load vs displacement response for both grouted and ungrouted scenarios where the grout pressure
used in the predictions was changed for the three pressure selection methods: (1) Effective
pressure, (2) Maximum field pressure, and (3) Maximum calculated pressure. Additionally, the
bias (measured/predicted) is plotted vs displacement as a function of shaft diameter (in percent)
for all three prediction methods.
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Table 4.1 Data set shaft ID summary

Project Data Set # | Shaft ID DiariZ?; (ft) Ler?gtahﬂ(ft)
Royal Park Bridge 1 LT-2 4 114.2
Royal Park Bridge 2 LT-3 4 87.4

PGA 3 LT-2 3 60
lowa 4 TS-4 5 70
Gerald Desmond 5 TP-2 6 156
Gerald Desmond 6 TS-3C 8.2 187
Huey P Long 7 TS-1 9 184
TXDOT 8 S-2 4 22
Natchez 9 S-1 6 75
Clearwater Site | 10 FJ-1 2 15
Clearwater Site | 11 FJ-2 2 15
Clearwater Site | 12 SP-1 2 15
Clearwater Site | 13 SP-2 2 15
Clearwater Site |1 14 FJ-1 2 15
Clearwater Site |1 15 SP-1 2 15
Flagler 16 S-1 5 100
WPB Airport 17 S-1 4 52
Plant Daniel 18 501 5 -
Plant Daniel 19 528 5 -
Plant Daniel 20 530 5 -
Southern 80 SR 21 S-1 4 -
Southern 80 SR 22 S-2 4 -
Southern 80 SR 23 S-3 52 -
Overland 24 S-1 6 72
Overland 25 S-2 6 72
Overland 26 S-3 6 12
Carolina Bay 27 S-1 4.66 66.15
Gilmerton 28 S-1 12 112.5
Peninsula 29 S-1 3 60
West Rail 30 41E 8 115
West Rail 31 41W 8 115




4.2.1 Data Set 1 Royal Park Bridge (RPB) LT-2

No design pressure was noted in the grouting and load testing report but figure 4.2 gives
the design curves which provides a maximum design grout pressure for the test shaft length.
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Figure 4.2 Data set 1 design curves
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As noted in Figure 4.1, horizontal data lines in volume vs. pressure graph indicate an end
bearing failure or grout loss to a surrounding void or cavern. This should be supported with a
similar horizontal line in the volume vs. displacement graph. In this case, the horizontal lines
occur at near zero pressure making the volume data suspicious although after the grouting event.
Similarly unusual, is the increase in displacement as pressure decreases noted in the pressure vs.
displacement graph. No explanations for the anomalous end of grouting conditions are presented,
but this would be usually attributed to survey or reference beam disturbance. The max effective
pressure was taken at 400 psi; peak measured pressure was 700 psi. Design pressure was 787psi.
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4.2.2 Data Set 2 Royal Park Bridge (RPB) LT-3
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As outlined in Figure 4.1, vertical data lines in displacement indicate a survey error if
supported by similar features in both the volume vs. displacement and pressure vs. displacement
graphs. This data set supports that type of error. At approximately 11.3 cuft the disp data original
jumped 0.16-in without a commensurate increase in volume. These graphs have been replotted
with an assumed displacement offset to account for this error. The maximum effective pressure
was taken at 300psi as at that point an increase in volume accompanied the increase in pressure.
The peak recorded pressure was taken at 700psi which occurred at the point where a vertical line
in the data is observed in the pressure vs. volume graph. Again, as noted in Figure 4.1, this
indicates an error in grouting which is common for a blocked grouting line.
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4.2.3 Data Set 3 PGA Boulevard- LT-2
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Figure 4.9 shows the tri-axis grouting quality assurance plots for shaft LT-2 and where no
grouting / data collections errors occurred. This conclusion is based on the additional information
offered by toe level strain gages used to delineate side shear from end bearing during the load test.
During grouting, however, concrete stress at the toe correlated well to grout pressure up to 600psi.
The effective pressure was taken at 750 where a flat pressure/volume response corresponded to a
vertical press/disp response. Peak pressure was 1097psi. Grouting was terminated from a ruptured
grout line but well above the anticipated side shear predicted pressure of 719 psi.
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4.2.4 Data Set 4 lowa Broadway Bridge Viaduct Improvements — TS-4
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Figure 4.12 shows the tri-axis effectiveness plots for data set 4. Grouting was performed
in three stages. The first stage shows an end bearing / piping grouting failure where both the
press/vol and press / disp show a horizontal trend. Cycle 2 shows the same response after a slight
increase in grout pressure. Cycle 3 shows no effective grouting as both the highest pressure and
uplift were not achieved from the previous cycle. Recall, uplift is the best measure of global force
application as the shaft is responding to toe load. For cycle 3 the same level of uplift was not
achieved. The effective grout pressure was taken from the first cycle (80psi) as the second cycle
did not align with the press/vol of the previous cycle, hence the grout bulb was smaller than the
original and eventually demonstrated end bearing/ piping grouting phenomenon. Max pressure of
142psi was selected for the statistical evaluation used in this study.
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4.25 Data Set5, Gerald Desmond Bridge- TP-2
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Figure 4.15 shows the tri-axis plots for data set 5 and indicates two issues only visible
when using the effectiveness plots. Both the pressure vs. volume and volume vs. displacement
show horizontal trends supporting end bearing failure or piping at around 600psi. Both the
pressure vs. volume and pressure vs. uplift show spikes in pressure without an associated uplift or
volume increase which indicates a grout line blockage at the end of grouting. Effective pressure
could be argued to be either 600 or 450psi. The 600 psi value was legitimately achieved during
effective grouting, but was unable to maintain that pressure with additional volume which
suggests a change is soil structure beneath the shaft tip. The ensuing 400 psi value was sustainable
up to the point where the grout line became blocked and spiked a maximum field recorded
pressure of 1060 psi. Effective pressure was taken at 400 psi. Based on shaft length, tip area and
soil strength the maximum calculated grout pressure was 1000 psi.
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4.2.6 Data Set 6, Gerald Desmond Bridge- TS-3C
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Figure 4.18 shows the tri-axis plots for data set 6. Again, using the Figure 4.1 criteria for
effective / ineffective grouting, the vertical pressure spike in the pressure vs. volume graph
coupled with the horizontal pressure spike in the pressure vs. displacement plot confirm grouting
became ineffective due to system blockage. The effective pressure was 350 psi and maximum
field recorded pressure was 1300 psi.
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4.2.7 Data set 7 Huey P. Long Bridge
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Figure 4.21 shows the tri-axis plots for the data set 7 grouting program. Again, using the
Figure 4.1 criteria for ineffective grouting, the vertical pressure spike in the pressure vs. volume
graph coupled with the horizontal pressure spike in the pressure vs. volume plot confirm grouting
became ineffective at pressure levels above 300 psi. Additionally, there is a peculiar increase in
displacement and volume with near zero pressure which should not be considered to be valid;
increases in volume beyond the 300psi time frame are likely due to the volume used to clear the
line or change grouting lines. Peak field recorded pressure was 750 psi. Side shear restricted
design pressure was 276 psi. The 184ft shaft length provided for up to 1230 psi of calculated
grout pressure (beyond practical limits usually imposed by equipment).
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4.2.8 Data Set 8 The University of Houston (UH)- S-2
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Figure 4.24 shows the tri-axis grouting quality assurance plots for data set 8 and where no
grouting or data collections errors can be seen. As noted in Figure 4.1, vertical data lines in
volume vs. displacement graph indicates a side shear failure which is supported with a vertical
line in the pressure vs. displacement graph. The max effective pressure can be taken at 225psi
based solely on the negative effects on side shear. For end bearing computations, 230psi could be
legitimately selected as the effective pressure for the anticipated end bearing and for the peak
pressure. Design pressure was 95psi.
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4.2.9 Data Set 9 Natchez Trace Parkway Bridge- S-1
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Figure 4.27 shows the grouting quality assurance plots for data set 9. As noted in Figure
4.1, the vertical line in the press/disp graph at the end of grouting indicates near or full side shear
failure, however, the press/vol graph showed no additional volume increase but with increasing
displacement. This physical impossibility denotes an error in survey/disp data. The pressure/vol
relationship was unaffected by the displacement error and the max effective pressure can be taken
at approximately 320 psi which was also the peak measured pressure.
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4.2.10 Data Set 10 Clearwater Site | — FJ-1
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55

Depth (ft)



Figure 4.30 shows the grouting quality assurance plots for data set 10. Incremental volume
measurements were not taken, so time was used in lieu of volume. The progressive uplift with
increasing pressure made this data usable. Effective pressure was selected from both pressure
curves. The max effective pressure can be taken at 80 psi. Peak pressure was also 80psi.
Anticipated design pressure was 88.42 psi.
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4.2.11 Data Set 11 Clearwater Site | — FJ-2
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Pressure was again confirmed by both pressure curves. The maximum effective pressure
can be taken at 70 psi. Peak pressure was 70psi. Peak anticipated design pressure was 35 psi.
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4.2.12 Data Set 12 Clearwater Site I, SP-1
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Figure 4.35 Data set 12 design curves
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Pressure was selected based on both pressure graphs. The maximum effective pressure
was taken at 151 psi. Peak pressure was 162 psi. Peak anticipated design pressure was 68 psi.

End Bearing (ksf)

0 10 20 30 40 50 60 70
0 —_— 1 1 1 1 1
£ 1
1S
()
§ 2
()
©
2
a 3
()
o
|_
4
5
End Bearing (ksf)
0 10 20 30 40 50 60
0 E‘E 1 1 1 1
.
S 1
5
£ 2 —
o
(]
2 3
2
8
L2 4
5 T T T T
0 1 2 3 4 5

Bias (Measured/Predicted)
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4.2.13 Data Set 13 Clearwater Site I, SP-2
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Figure 4.38 Data set 13 design curves
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Again incremental volume measurements were not available. The SP designation of this
shaft indicates it was a sleeve port and which had two circuits. A vertical line in the pressure/disp
graph denotes a disturbance of the reference frame but which did not degrade the usability of the
data. The max effective pressure can be taken at 170 psi. Peak pressure was 180psi. Peak
anticipated design pressure was 68 psi.
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4.2.14 Data Set 14 Clearwater Site 11, FJ-1
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Figure 4.42 shows the grouting quality assurance plots for data set 14. Pressure was
selected based on both pressure graphs. The max effective and peak pressure can be taken at
100psi. This shaft exhibited side shear control where no further grout pressure could be applied.
Peak anticipated design pressure was 79.6 psi.
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4.2.15 Data set 15 Clearwater Site 11 SP-1
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Figure 4.44 Data set 15 design curves
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Figure 4.45 shows the grouting quality assurance plots for data set 15. For this site, SP
again refers to sleeve port and where two different grout delivery circuits were used. This is
clearly noted by the two rises and falls in the grout pressure corresponding to the two circuits
grouted sequentially. Effective pressure was selected based on the time versus pressure and
displacement graphs where the displacement was maximum (not pressure) which is a global
indication of applied force. The max effective pressure can be taken at 90 psi. Peak pressure was
114psi. The second circuit did not achieve the same pressure level.
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Figure 4.46 Data set 15 predicted/design and load test response (top); bias vs disp (bottom)



4.2.16 Data Set 16 Flagler Memorial Bridge, S-1
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Figure 4.47 Data set 16 design curves
0.25 0.25
<
0.2 0.2
= £
015 % 015
[ @
£ E
2 3
0.1 ?':_ '_; 0.1
0.05 0.05
0 0
1000 800 600 400 200 0 0 5 10 15 20
Pressure (psi) Volume (ft"3)
Volume (ft"3)
0 5 10 15 20
0 T
100
200
_ 300
E 400
§ 500
g 600
a
700
800
900

1000

Figure 4.48 Data set 16 grout tri-axis plots.

67



Figure 4.48 shows the tri-axis plots for the Flagler Memorial Bridge shaft and indicate two
issues only visible when using the effectiveness plots. Grouting was performed through 3 sleeve
port circuits below a steel plate. The first circuit ended with line blockage, the second circuit took
no grout and showed line blockage, the third circuit continued the work of the first circuit with the
same effective pressure of 700 psi. The maximum field recorded pressure was 880psi. Large
volumes without accompanied increases in volume or uplift indicate pumping to fill lines or expel
old grout. Approximate 10 cu ft of the grout volume shown did not participate in active grouting.
The maximum anticipated design pressure was 645 psi.
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4.2.17 Data Set 17 Security Checkpoint building concourse “C”, S-1
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Figure 4.50 Data set 17 design curves.

09 0.9
038 0.8
07 0.7
0.6 0.6
05| £os
£
0.4 G 04
=]
03 03
02 0.2
0.1 0.1
0 0
600 500 400 300 200 100 0 0 2 4 6 8 10
Pressure (psi) Volume (cu ft)
0 2 4 6 8 10

100

200

300

Pressure (psi)

400
500

600

Figure 4.51 Data set 17 grout tri-axis plots.
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Figure 4.51 shows the tri-axis plots for data set 17. Both the pressure vs. volume and
volume vs. displacement showed a trend away from effective grouting in the form of a restriction
but not full blockage. Effective grouting used was observed up to 470psi; maximum field
recorded pressure was 529psi. Maximum anticipated design pressure was approximately 375 psi
extrapolated from a shorter that shaft length boring.
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Figure 4.52 Data set 17 predicted/design and load test response (top); bias vs disp (bottom)



4.2.18 Data Set 18 Plant Daniel - 501
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Figure 4.53 Data set 18 design curves
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Figure 4.54 Data set 18 grout tri-axis plots.

71

Depth (ft)



Toe Displacement (in)

Toe Displacement (%D)

Figure 4.54 shows the tri-axis plots for data set 18 and indicates two issues only visible
when using the effectiveness plots. Both the pressure vs. volume and volume vs. displacement
show horizontal trends supporting end bearing failure or piping. Also, both the pressure vs.
volume and pressure vs. uplift show spikes in pressure without an associated uplift or increase in
volume which indicates a grout line blockage. Effective pressure was determined to be 700 psi
which was sustainable up to the point where the grout line became blocked and spiked a
maximum field recorded pressure of 800psi.
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4.2.19 Data Set 19 Plant Daniel - 528
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Figure 4.57 shows the grouting quality assurance plots for data set 19. Effective pressure
was selected based on the volume versus pressure graphs where the effective pressure was taken
as 700psi and peak pressure was 800psi. However, with no displacement/uplift during grouting it
is likely the displacement measuring system was not working. While this can be caused by an
excessively unbalanced amount of side shear (long shaft), the anticipated/calculated pressure was
well in line with the measured levels. An alternate explanation would indicate the small amount
of grout volume did not cover the base of the shaft and therefore produced a small uplift force.
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4.2.20 Data Set 20 Plant Daniel — 530
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Toe Displacement (in)
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Figure 4.56 shows the grouting quality assurance plots for data set 20; Effective pressure
was selected based on the volume versus pressure graphs where the effective pressure was taken
as 800psi and peak pressure was 900psi. The same discussion offered for data set 19 applies here.
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4.2.21 Data Set 21 SR 80 Southern Blvd Bridge, S-1
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Figure 4.62 shows the tri-axis plots for data set 21 and indicates two issues only visible
when using the effectiveness plots. Pressure vs. displacements and volume vs. displacement show
the effects of very small displacements that appear to be registering the noise in the displacement
measurements caused by electrical sensitivity or reference system movement. Low volume
quantities from what appear to be 3 grouting circuits indicate poor grout distribution and most
likely a small uplift force (also noted by small displacements). Effective pressure was taken as
590psi while the maximum pressure was recorded as 640 psi. The load test data supports very
competent material that with such small amounts of grout would have performed well without
grouting.
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Figure 4.63 Data set 21 predicted/design and load test response (top); bias vs disp (bottom)



4.2.22 Data Set 22 SR 80 Southern Blvd Bridge, S-2
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Figure 4.64 Data set 22 design curves
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Figure 4.65 Data set 22 grout tri-axis plots.
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Figure 4.65 shows the tri-axis plots for data set 22 and indicates the same issues as data set
21 (same comments). Effective pressure was taken as 600psi while the maximum pressure was
recorded as 765 psi. Statistically the data has been retained despite the poor grouting
effectiveness.
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Figure 4.66 Data set 22 predicted/design and load test response (top); bias vs disp (bottom)



4.2.23 Data Set 23 SR 80 Southern Blvd Bridge, S-3
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Figure 4.69 shows the tri-axis plots for data set 23. Three circuits again are noted, the first
of which produced a normal response up to 590psi and approximately 6.7 cuft of grout. The
second two circuits had no effect. Horizontal lines in the pressure vs. volume plot show the
volume used to fill the next circuit and did not contribute to the net volume. Effective pressure
was taken as 590psi while the maximum pressure was recorded as 647 psi. Like the other shafts
grouted at this site, the grouting process aided only in proofing the end bearing, not improving it.
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Figure 4.70 Data set 23 predicted/design and load test response (top); bias vs disp (bottom)



4.2.24 Data Set 24 Overland Bridge Widening, S-1
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Figure 4.71 Data set 24 design curves
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Figure 4.72 shows the tri-axis plots for data set 24. Displacement measurements were
coarse relative to the overall amount of displacement with a minimum sensitivity of
approximately 0.012 in. This makes the effectiveness difficult to assess, but pressure vs. volume
shows a generally increasing pressure with volume; pressure drops in that plot suggest
reorientation of soil from the compaction grouting effects or migration into nearby voids.
Grouting appears to have ended with line blockage (press/vol plot). The sudden increase in
displacement at the end of grouting with a reduction in grout pressure and no increase in volume
suggests a displacement error. Effective pressure was taken as 400 psi while maximum pressure
was 609psi.The anticipated maximum design pressure was 541 psi.
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Figure 4.73 Data set 24 predicted/design and load test response (top); bias vs disp (bottom)



4.2.25 Data Set 25 Overland Bridge Widening, S-2
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Figure 4.74 Data set 25 design curves.
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Figure 4.75 Data set 25 tri-axis plots.
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Toe Displacement (in)

Toe Displacement (%D)

Figure 4.75 shows the grouting quality assurance plots for data set 25. Several issues
become clear upon reviewing the triaxis plots: the initial jump in displacement without pressure
(disp error); the horizontal nature of the pressure vs. volume plot indicates and end bearing failure
or migration but nearing the end of the grouting the increase in pressure with volume is not
supported by uplift; uplift data is already questionable but the near vertical pressure vs. volume
response at the end of grouting with the horizontal pressure vs. displacement suggests progressive
closing of the grouting lines (eminent blockage). Effective pressure was taken as 300psi while
the maximum pressure was recorded as 743psi.
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Figure 4.76 Data set 25 predicted/design and load test response (top); bias vs disp (bottom)



4.2.26 Data Set 26 Overland Bridge Widening, S-3
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Figure 4.77 Data set 26 design curves.
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Figure 4.78 Data set 26 tri-axis plot.
Figure 4.78 shows the grouting quality assurance plots for data set 26. Uplift displacement
from 0.01 to 0.05 with decreasing pressure indicates grout was not fully distributed across the
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base area. This not an error in measurements but rather a transference of high pressure on a small
area to lower pressure on a larger area while still increasing uplift force. The pressure spikes in
both the pressure vs displacement and pressure vs volume suggest momentary line blockage
which miraculously cleared. Grouting appears to have remained mostly effective throughout.
Effective pressure was taken as 345psi while the maximum pressure was recorded as 365psi. The
maximum anticipated design pressure was 513 psi.
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Figure 4.79 Data set 26 predicted/design and load test response (top); bias vs disp (bottom).



4.2.27 Data Set 27 Carolina Bays Parkway, S-1
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Figure 4.80 Data set 27 design curves.
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Figure 4.81 Data set 27 volume vs pressure plot.

No displacement data was available for data set 27, but the pressure vs. volume plot
showed proper shape. Figure 4.81 shows the pressure versus volume graph for data set 27 where
effective pressure was determined to be 293psi and the maximum pressure was 308psi. Without
displacement data the horizontal trend at approximately 300 psi cannot be explained. The
maximum anticipated design pressure was 488 psi.
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4.2.28 Data Set 28 Gilmerton Bridge Replacement, S-1
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Figure 4.83 Data set 28 design curves.
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Figure 4.84 Data set 28 grout tri-axis plots.
Figure 4.84 shows the tri-axis plots for data set 28. Similar to data set 27, the normal

pressure vs volume response makes this data usable despite the small and irregular uplift
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displacement response. A second circuit may have been used or a second attempt to grout the
same circuit is shown as a spike in pressure in both the pressure vs. volume and pressure vs.
displacement plots. Effective and maximum pressures were taken to be 380psi. Maximum
anticipated design pressure was 260 psi.
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Figure 4.85 Data set 28 predicted/design and load test response (top); bias vs disp (bottom)



4.2.29 Data Set 29 Peninsula Condominium

Capacity (tons)
0 100 200 300 400 500 600 700 800 900
0
10
20
£ 30
-
2 -
o 40
[a]
N \:‘\\
60
70
800 700 600 500 400 300 200 100 0
Grout Pressure (psi)
—&—Side Shear = —®—Ungrouted Capacity = —®— Grouted Capacity Grout Pressure

Figure 4.86 Data set 29 design curves.
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No volume data was available for this site, but the pressure vs. displacement plot appears
to be normal. Figure 4.87 shows the pressure versus displacement graph. Had irregularities in this
plot been present, the lack of volume data would make it impossible to troubleshoot. Maximum
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pressure was 997psi while effective pressure was taken as 935psi. The maximum anticipated
design pressure approximately 710 psi.
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4.2.30 Data Set 30 West Rail Bypass, 41E
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Figure 4.90 Data set 30 grout tri-axis plots.
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Figure 4.90 shows the tri-axis plots for data set 30. Both the pressure vs. volume and
volume vs. displacement graphs show horizontal trends supporting end bearing failure or piping.
Also, both the pressure vs. volume and pressure vs. uplift graphs show spikes in pressure without
an associated uplift or volume increase which indicates a grout line blockage at the end of the
grouting process. Effective pressure could be argued to be 400 or 150psi. The 400 psi value was
legitimately achieved during effective grouting, but was unable to maintain that pressure with
additional volume which suggests a change is soil structure beneath the shaft tip. Just prior to line
blockage 300 psi was being sustained. This value was used as the effective pressure. The
maximum field recorded pressure was 530psi.
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4.2.31 Data Set 31 West Rail Bypass, 41W
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Figure 4.93 Data set 31 grout tri-axis plot.
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Figure 4.93 shows the tri-axis plots for data set 31. Grouting on this shaft was performed
in 2 stages; stage 1 shown in orange and stage 2 in blue. Both the pressure vs volume and volume
vs. displacement graphs show horizontal trends supporting end bearing failure or piping /
migration. Also, both the pressure vs. volume and pressure vs. uplift graphs show spikes in
pressure without an associated uplift or volume increase which indicates a grout line blockage at
the end of stage 1. Stage 2 had no meaningful effect on the resulting pressure even though it did
cause uplift. Effective pressure could be taken as 380psi but with reduction thereafter, 300psi was
chosen. The maximum field recorded pressure was 513psi.
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4.3 Bias Factors

The bias was computed using the measured load, and predicted capacity of the 31 subject
shafts at each of 7 different displacements. Therein capacity both measured and predicted is not
simply one number but rather a function of shaft displacement. Displacement values were
selected on the basis of a function of shaft diameter percentage which normalizes all shaft sizes to
a common variable. These values were selected as 0.3, 1, 2, 3, 4, and 5%D. As some designers
arbitrarily assume linch to be an acceptable service limit, 1 inch has also been included for each
case, but note this is not a truly comparable value when considering the percentage of shaft
diameter. Tables 4.2-4.4 summarize the bias values for three grout pressures: effective, maximum
field and maximum calculated / design, respectively.

Table 4.2 Shaft bias versus percent displacement for effective pressure.

Data Set Project Shaft ID - BIAS
linch 030% | 1% | 2% | 3% | 4% | 5%
1 Royal Park Bridge LT-2 2.500 1.324 2.461 2.427 2.109 1.901 1.751
2 LT-3 1.216 1.122 1.216 - - - -
3 PGA LT-2 0.882 0.510 0.833 0.893 0.858 0.827 -
4 lowa TS-4 4.250 5.868 4,531 3.909 3.500 3.091 2.682
5 Gerald Desmond TP-2 0.886 1.167 0.915 0.846 0.826 0.801 0.789
6 TS-3C 1.431 1.440 1.432 1.370 1.276 1.204 1.161
7 Huey P. Long TS-1 1.526 1.888 1.439 1.256 1.204 1.194 1.210
8 TXDOT S-2 1.220 1.551 1.378 1.229 1.117 1.039 0.986
9 Nachez S-1 2.385 2.640 - - - - -
10 Clearwater Site | FJ-1 0.928 1.324 1.314 1.139 1.013 - -
11 FJ-2 1.341 1.365 1.615 1.408 1.249 1.128 -
12 SP-1 1.080 1.042 1.246 1.207 1.132 1.057 -
13 SP-2 1.016 0.531 0.849 0.935 0.966 - -
14 Clearwater Site Il FJ-1 1.079 0.412 1.336 1.077 1.010 1.081 1.204
15 SP-1 2.080 1.072 1.861 2.017 2.067 2.070 1.963
16 Flagler S-1 3.847 1.698 3.387 - - - -
17 WPB Airport S-1 0.846 0.990 0.964 0.855 0.760 0.685 -
18 Plant Daniel 501 1.403 1.242 1.498 - - - -
19 528 1.470 1.277 1.470 - - - -
20 530 1.590 1.277 1.518 - - - -
21 Southern 80 SR S-1 4.024 2.570 4.024 - - - -
22 S-2 4.822 2.866 4.329 - - - -
23 S-3 2.700 3.137 - - - -
24 Overland S-1 4.968 4.851 4.968 - - - -
25 S-2 5.318 6.661 5.318 - - - -
26 S-3 2.290 3.428 2.290 - - - -
27 Carolina Bay S-1 2.106 2.529 2.106 - - - -
28 Gilmerton S-1 1.873 2.012 1.210 - - - -
29 Peninsula S-1 3.533 1.712 3.368 - - - -
30 WestRail 41E 4.248 3.501 3.501 - - - -
31 41W 3.829 3.499 2.580 - - - -
Avg 2.33 2.13 2.27 1.47 1.36 1.34 1.47
STD Dev 1.43 1.50 1.33 0.83 0.74 0.69 0.62
CoV 0.61 0.71 0.59 0.57 0.54 0.51 0.42
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Table 4.3 Shaft bias versus percent displacement for maximum field pressure.

Data Set Project Shaft ID - BIAS
linch  030% | 1% | 2% | 3% | 4% 5%
1 Royal Park Bridge LT-2 1.892 0.975 1.843 1.845 1.616 1.464 1.354
2 LT-3 0.632 0.536 0.632 - - - -
3 PGA LT-2 0.626 0.353 0.584 0.632 0.610 0.591 -
4 lowa TS-4 2.838 3.619 2.981 2.624 2.369 2.113 1.858
5 Gerald Desmond TP-2 0.602 0.730 0.614 0.593 0.591 0.580 0.576
6 TS-3C 0.783 0.704 0.792 0.814 0.785 0.756 0.738
7 Huey P. Long TS-1 0.766 0.873 0.738 0.687 0.680 0.688 0.706
8 TXDOT S-2 1.220 1.551 1.378 1.229 1.117 1.039 0.986
9 Nachez 51 2.385 2.640 - - - - -
10 Clearwater Site | FJ-1 0.928 1.324 1.314 1.139 1.013 - -
11 FJ-2 1.341 1.365 1.615 1.408 1.249 1.128 -
12 SP-1 1.022 0.976 1.172 1.139 1.070 1.000 -
13 SP-2 0.970 0.503 0.807 0.891 0.922 - -
14 Clearwater Site Il FJ-1 1.079 0.412 1.336 1.077 1.010 1.081 1.204
15 SP-1 1.719 0.860 1.511 1.653 1.703 1.712 1.627
16 Flagler S-1 3.188 1.377 2.790 - - - -
17 WPB Airport S-1 0.774 0.891 0.876 0.782 0.698 0.630 -
18 Plant Daniel 501 1.003 0.844 1.065 - - - -
19 528 1.331 1.140 1.331 - - - -
20 530 1.438 1.140 1.374 - - - -
21 Southern 80 SR S-1 3.809 2.406 3.809 - - - -
22 S-2 3.969 2.299 3.535 - - - -
23 S-3 2.506 2.945 - - - -
24 Overland S-1 3.644 3.398 3.644 - - - -
25 S-2 2.863 3.201 2.863 - - - -
26 S-3 2.209 3.280 2.209 - - - -
27 Carolina Bay S-1 2.032 2.427 2.032 - - - -
28 Gilmerton S-1 1.873 2.012 1.210 - - - -
29 Peninsula S-1 3.347 1.614 3.190 - - - -
30 WestRail 41E 2.527 2.219 2.219 - - - -
31 41W 2.358 2.174 1.679 - - - -
Avg 1.84 1.62 1.80 1.18 1.10 1.07 1.13
STD Dev 1.04 0.96 0.99 0.56 0.50 0.48 0.46
CoV 0.57 0.59 0.55 0.48 0.45 0.45 0.41




Table 4.4 Shaft bias versus percent displacement for maximum calculated design pressure.

Data Set Project Shaft ID - BIAS
linch 030% | 1% | 2% | 3% | 4% | 5%
1 Royal Park Bridge LT-2 1.711 0.874 1.661 1.671 1.467 1.331 1.232
2 LT-3 0.538 0.451 0.538 - - - -
3 PGA LT-2 0.845 0.487 0.797 0.856 0.822 0.794 -
4 lowa TS-4 0.687 0.786 0.707 0.642 0.588 0.535 0.481
5 Gerald Desmond TP-2 0.628 0.767 0.641 0.617 0.614 0.602 0.597
6 TS-3C 0.783 0.704 0.792 0.814 0.785 0.756 0.738
7 Huey P. Long TS-1 0.500 0.555 0.486 0.463 0.465 0.474 0.489
8 TXDOT S-2 1.980 3.074 2.407 2.005 1.763 1.607 1.504
9 Nachez S-1 1.799 1.985 - - - - -
10 Clearwater Site | FJ-1 0.876 1.215 1.223 1.068 0.954 - -
11 FJ-2 1.892 2.286 2.453 2.012 1.741 1.541 -
12 SP-1 1.892 2.110 2.362 2.188 2.000 1.840 -
13 SP-2 1.968 1.207 1.788 1.876 1.886 - -
14 Clearwater Site I FJ-1 1.258 0.511 1.600 1.272 1.183 1.260 1.400
15 SP-1 2.279 1.195 2.059 2.221 2.269 2.268 2.148
16 Flagler S-1 4.106 1.829 3.624 - - - -
17 WPB Airport S-1 0.995 1.207 1.150 1.006 0.888 0.797 -
18 Plant Daniel 501 1.290 1.126 1.376 - - - -
19 528 5.460 8.118 5.460 - - - -
20 530 6.079 8.118 5.708 - - - -
21 Southern 80 SR S-1 12.075 12.931 12.075 - - - -
22 S-2 22.032 28.192 23.706 - - - -
23 S-3 13.721 9.585 - - - -
24 Overland S-1 3.990 3.765 3.990 - - - -
25 S-2 4,121 4.876 4.121 - - - -
26 S-3 1.751 2.487 1.751 - - - -
27 Carolina Bay S-1 1.432 1.631 1.432 - - - -
28 Gilmerton S-1 2.677 2.884 1.702 - - - -
29 Peninsula S-1 4.419 2.195 4.228 - - - -
30 WestRail 41E 1.669 1.515 1.515 - - - -
31 41W 1.514 1.403 1.114 - - - -
Avg 3.11 3.68 3.40 1.34 1.24 1.15 1.07
STD Dev 4.27 5.66 4.65 0.64 0.60 0.58 0.60
CoV 1.37 1.54 1.37 0.48 0.48 0.50 0.56

Figures 4.95 - 4.97 show the resistance factor computed using equation 2.15a for the same
three pressures (effective, maximum field, and maximum calculated respectively) all as a function
of the reliability index varying from 1 to 4.
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Figure 4.95 Resistance factor vs target reliability graph for effective pressure.
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Figure 4.97 Resistance factor vs target reliability graph for maximum calculated pressure.

4.4 Bias Factors FDOT Method

Bias factors have also been calculated using the FDOT method which puts a cap on the end
bearing at the design grout pressure determined from side shear computations. However, if
demonstrated in the field to be higher then the same effective grouting considerations must be
introduced (effective vs max pressure). The resulting bias values have been tabulated below. The
bias plots for each data set can be found in appendix C.

Tables 4.5-4.7 summarize the bias values for three design pressures: effective, maximum
field and maximum calculated respectively.
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Table 4.5 Shaft bias versus percent displacement for effective pressure using an end bearing cap.

Data Set Project Shaft ID - BIAS
linch 030% | 1% | 2% | 3% | 4% | 5%
1 Royal Park Bridge LT-2 2.636 1.324 2.461 2.818 2.932 3.005 3.045
2 LT-3 1.271 1.122 1.271 - - - -
3 PGA LT-2 0.995 0.510 0.833 0.945 1.035 1.128 -
4 lowa TS-4 4,987 5.868 5.098 5.045 5.114 5.183 5.253
5 Gerald Desmond TP-2 1.100 1.167 1.019 1.392 1.697 1.910 2.101
6 TS-3C 1.775 1.440 1.895 2.758 3.249 3.597 3.896
7 Huey P. Long TS-1 1.526 1.888 1.624 2.086 2.497 2.880 3.263
8 TXDOT S-2 1.735 1.551 1.387 1.710 1.897 2.030 2.147
9 Nachez S-1 2.385 2.640 - - - - -
10 Clearwater Site | FJ-1 1.907 1.324 1.433 1.651 1.827 - -
11 FJ-2 2.204 1.365 1.835 2.139 2.318 2.471 -
12 SP-1 1.544 1.042 1.246 1.358 1.505 1.597 -
13 SP-2 1.401 0.531 0.849 1.032 1.265 - -
14 Clearwater Site Il FJ-1 1.817 0.412 1.336 1.312 1.497 1.824 2.239
15 SP-1 3.068 1.072 1.861 2.242 2.744 3.109 3.240
16 Flagler S-1 3.930 1.698 3.387 - - - -
17 WPB Airport S-1 1.061 0.990 0.964 1.056 1.136 1.167 -
18 Plant Daniel 501 1.489 1.242 1.534 - - - -
19 528 1.470 1.277 1.470 - - - -
20 530 1.590 1.277 1.537 - - - -
21 Southern 80 SR S-1 4.368 2.570 4.368 - - - -
22 S-2 5.205 2.866 4.329 - - - -
23 S-3 2.700 3.338 - - - -
24 Overland S-1 5.094 4.851 5.094 - - - -
25 S-2 6.529 6.661 6.529 - - - -
26 S-3 2.619 3.428 2.619 - - - -
27 Carolina Bay S-1 2.138 2.529 2.138 - - - -
28 Gilmerton S-1 1.873 2.012 1.210 - - - -
29 Peninsula S-1 3.533 1.712 3.368 - - - -
30 WestRail 41E 4.248 3.501 3.501 - - - -
31 41W 3.829 3.499 2.580 - - - -
Avg 2.64 2.13 2.40 1.97 2.19 2.49 3.15
STD Dev 1.49 1.50 1.48 1.07 1.09 1.15 1.07
CoV 0.56 0.71 0.61 0.55 0.50 0.46 0.34




Table 4.6 Shaft bias versus percent displacement for maximum field pressure using end bearing

cap.
Data Set Project Shaft ID BIAS
linch 030% | 1% | 2% | 3% | 4% | 5%
1 Royal Park Bridge LT-2 1.892 0.975 1.843 2.015 2.094 2.146 2.175
2 LT-3 0.632 0.536 0.632 - - - -
3 PGA LT-2 0.680 0.353 0.584 0.657 0.708 0.771 -
4 lowa TS-4 2.838 3.619 2.981 2.867 2.901 2.935 2.970
5 Gerald Desmond TP-2 0.622 0.730 0.624 0.788 0.960 1.081 1.189
6 TS-3C 0.783 0.704 0.796 1.103 1.300 1.439 1.559
7 Huey P. Long TS-1 0.766 0.873 0.738 0.834 0.999 1.152 1.305
8 TXDOT S-2 1.735 1.551 1.387 1.710 1.897 2.030 2.147
9 Nachez S-1 2.385 2.640 - - - - -
10 Clearwater Site | FJ-1 1.907 1.324 1.433 1.651 1.827 - -
11 FJ-2 2.204 1.365 1.835 2.139 2.318 2.471 -
12 SP-1 1.439 0.976 1.172 1.272 1.403 1.489 -
13 SP-2 1.323 0.503 0.807 0.975 1.194 - -
14 Clearwater Site Il FJ-1 1.817 0.412 1.336 1.312 1.497 1.824 2.239
15 SP-1 2.422 0.860 1.511 1.770 2.166 2.454 2.558
16 Flagler S-1 3.188 1.377 2.790 - - - -
17 WPB Airport S-1 0.943 0.891 0.876 0.938 1.009 1.036 -
18 Plant Daniel 501 1.003 0.844 1.065 - - - -
19 528 1.331 1.140 1.331 - - - -
20 530 1.438 1.140 1.374 - - - -
21 Southern 80 SR S-1 4.027 2.406 4.027 - - - -
22 S-2 5.205 2.866 4.329 - - - -
23 S-3 2.506 3.044 - - - -
24 Overland S-1 3.644 3.398 3.644 - - - -
25 S-2 2.863 3.201 2.863 - - - -
26 S-3 2.475 3.280 2.475 - - - -
27 Carolina Bay S-1 2.034 2.427 2.034 - - - -
28 Gilmerton S-1 1.873 2.012 1.210 - - - -
29 Peninsula S-1 3.347 1.614 3.190 - - - -
30 WestRail 41E 2.527 2.219 2.219 - - - -
31 41W 2.358 2.174 1.679 - - - -
Avg 2.06 1.64 1.86 1.43 1.59 1.74 2.02
STD Dev 1.10 0.98 1.06 0.63 0.63 0.68 0.62
CoV 0.53 0.60 0.57 0.44 0.39 0.39 0.31
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Table 4.7 Shaft bias versus percent displacement for maximum calculated pressure using end

bearing cap.
Data Set Project Shaft ID BIAS
linch 030% | 1% | 2% | 3% | 4% | 5%
1 Royal Park Bridge LT-2 1.711 0.874 1.661 1.798 1.863 1.909 1.935
2 LT-3 0.538 0.451 0.538 - - - -
3 PGA LT-2 0.949 0.487 0.797 0.903 0.987 1.075 -
4 lowa TS-4 0.687 0.786 0.707 0.674 0.659 0.643 0.628
5 Gerald Desmond TP-2 0.660 0.767 0.657 0.835 1.018 1.146 1.261
6 TS-3C 0.783 0.704 0.796 1.103 1.300 1.439 1.559
7 Huey P. Long TS-1 0.500 0.555 0.486 0.509 0.609 0.702 0.796
8 TXDOT S-2 4.200 3.074 3.263 4.139 4.592 4.915 5.198
9 Nachez S-1 1.799 1.985 - - - - -
10 Clearwater Site | FJ-1 1.725 1.215 1.315 1.494 1.653 - -
11 FJ-2 4.407 2.286 3.416 4.277 4.637 4.942 -
12 SP-1 3.398 2.110 2.500 2.946 3.313 3.516 -
13 SP-2 3.502 1.213 1.950 2.558 3.162 - -
14 Clearwater Site Il FJ-1 2.282 0.511 1.600 1.648 1.880 2.291 2.812
15 SP-1 3.452 1.195 2.059 2.522 3.087 3.497 3.646
16 Flagler S-1 4.265 1.829 3.624 - - - -
17 WPB Airport S-1 1.330 1.207 1.150 1.323 1.424 1.462 -
18 Plant Daniel 501 1.325 1.126 1.392 - - - -
19 528 - - - - - - -
20 530 - - - - - - -
21 Southern 80 SR S-1 - - - - - - -
22 S-2 - - - - - - -
23 S-3 - - - - - - -
24 Overland s-1 3.990 3.765 3.990 - - - -
25 S-2 4.352 4.876 4.352 - - - -
26 S-3 1.761 2.487 1.761 - - - -
27 Carolina Bay S-1 1.432 1.631 1.432 - - - -
28 Gilmerton S-1 2.677 2.884 1.702 - - - -
29 Peninsula S-1 4.419 2.195 4,228 - - - -
30 WestRail 41E 1.669 1.515 1.515 - - - -
31 41W 1.514 1.403 1.114 - - - -
Avg 2.28 1.66 1.92 191 2.16 2.29 2.23
STD Dev 1.39 1.09 1.21 1.22 1.37 1.55 1.57
CoV 0.61 0.66 0.63 0.64 0.63 0.68 0.70

Figures 4.98 - 4.100 show the resistance factor computed using equation 2.15a for the
same three pressures (effective, maximum field, and maximum calculated respectively) all as a
function of the reliability index varying from 1 to 4.
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4.5 Chapter Summary

In this chapter the information gathered from 31 data sets was presented. All data was
shown in tri-axis plot format with each plot analyzed for grouting anomalies. Bias factors were
calculated and tabulated for three pressure conditions for both end bearing capped (FDOT

method) and uncapped (2006 method) scenarios and the respective resistance factors were
presented over the usable range of reliability indices.



Chapter Five: Discussion and Conclusions

5.1 Overview

Post grouting is the process of injecting high-pressure grout beneath or beside a deep foundation
element to improve the load carrying capacity. While used for precast and cast-in-place piles, this
study focused only on cast-in-place drilled shafts and even more specifically, only on end bearing
improvements. As the name implies, “post” grouting is performed post construction, after the
element has been cast / constructed and has achieved necessary strength to structurally withstand
the high-pressure grout. A significant benefit is realized to reduce the strain incompatibility
between mobilized side shear and end bearing. Therein, a conventional shaft end bearing requires
10 times the amount of displacement to mobilize the same percentage of side shear / friction (i.e.
0.5%D for side shear vs 5%D for end bearing). While it is tempting to view post grouting as a
measure to increase quality, it should be more appropriately deemed a construction process that is
vulnerable to the same construction-type problems. Hence, the quality of the grouting process can
be and should monitored and inspected.

This study introduced quality control and assurance protocols that, if observed, benefit
both the contractor and owner to better understand how well or effectively the grouting is being
performed or how well it was performed. The simple act of plotting real-time tri-axis plots
(discussed in Chapter 2 and 4) helps to identify if the grouting process has become ineffective or
that it is well on its way to successful completion. Further, the pressure at which the system
becomes ineffective was shown to be more closely linked to predicted end bearing. So, criteria for
acceptance should not only incorporate thresholds for pressure (min), volume (min) or uplift (min
or max), but also should demonstrate the inextricable connections between these measurements.
When performed correctly, increasing the volume of grout pumped to the bottom of the shaft
should be accompanied by a steadily increasing pressure and uplift.

Thirty-one post grouted and load tested shafts from eighteen sites were examined for
grouting quality, grouting parameters, and load response and compared to predictions using two
closely linked design methods: the 2006 method proposed by Mullins et al. and an adaptation of
that method described by the FDOT Design Guidelines which caps the end bearing to be no
higher than the applied grout pressure. In both methods, the design predictions hinge on imparting
the anticipated grout pressure to the entire shaft tip. And, if the design pressure cannot be
achieved in the field, a lesser capacity should be expected. Therefore, at the design phase, side
shear resistance is estimated from which the anticipated grout pressure is computed, and the
reliability of the pressure values (or measurements) in predicting end bearing (via equations) then
comes into play. The primary objective of this study was to determine the magnitude of LRFD
resistance factors to be used in concert with post grouted end bearing design methods.
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5.2 Reliability Index Selection

One of the most important parameters when calculating resistance factors is the target
reliability which is controlled by the reliability index (). The chosen value reflects the acceptable
failure ratio which is chosen based on the philosophy of the owner balancing risk and safety;
higher values are associated with safer designs (lower failure ratio). In some cases, the failure of
one element leads to the failure of the entire structure (fracture critical elements) while in others,
multiple load paths (high redundancy) prevent global failure through reliance on the group
performance. Therefore, when selecting B values, redundancy, frequency of testing, and quality
controls/inspection must be addressed. Typically, B values used for foundations range from 2.33
(driven piles) to 3.00 (little or no testing) which as shown in Figure 5.1 correspond to failure
probabilities of 1/100 and approximately 1/1000, respectively.
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Figure 5.1 Reliability index vs probability of failure (Allen, 2005).

In this study, resistance factors were calculated and plotted for a range of reliability index values
from 1 to 4 corresponding to failure ratios of 1 in 5 to 1 in 50,000 (Figure 5.1). Basically, using a
B of 1 is too risky while choosing a B of 4 is perhaps too conservative and will incur excessive
costs. However, typical values for concrete or steel structural applications use a reliability index
of 3.5 (1 in 4146 failure ratio). For redundant foundation applications, values of 2.33 have been
justified by both experience and with the notion that exceeding the design capacity often does not
cause failure but rather capacity can increase with more displacement (which is not always true).
For non-redundant applications consideration for a higher reliability index (3.0) is justified.

Presently there is debate as to what is an acceptable amount of end bearing displacement
when computing strength limit resistances. O’Neill (1988), for instance, presented the now widely
used equation for shaft end bearing in sand. He noted an estimated 5%D displacement would be
experienced at the point at which 100% of the computed capacity was mobilized and that
additional capacity could be expected up to 10-12%D displacements. Bruce (1986) estimated
shafts in sand could undergo up to 15%D displacement where more capacity would be



progressively mobilized. To this end, O’Neill also provided a tip capacity reduction factor (a
normalized end bearing relationship shown later in Figure 5.4) intended to match the project-
specific allowable displacement with the anticipated end bearing. Today, all too often, designers
simply sum the maximum equation-predicted capacities from side shear and end bearing without
consideration of the strain compatibility or incompatibility. This is not tolerated in steel design
where excessive displacements from a yielding section (not ultimate breaking strength) is
considered ultimate capacity for gross cross-sectional area computations and where ultimate
strength is restricted only to connections. This too could present problems when considering to
what degree of settlement a post grouted shaft should be permitted to undergo without the
expectation of unforeseen performance problems.

The act of grouting pre-mobilizes the end bearing soils in some cases to very high levels.
Considering that the grout compresses the soil up to and beyond the amounts to which O’Neill
and Bruce postulated as upper levels, it may then be prudent to reduce the amount of tolerable
settlement in design. Figure 5.2 presents the magnitude of end bearing movement (from the study
data) using a simplistic assumption that the volume of grout forms a disk with thickness (in %D)
and with the cross-sectional area of the shaft. In reality, cavity expansion theory should be
employed which will lessen the magnitude of the grout bulb thickness, but the data suggests the
soil moved anywhere from 1 to 200% of the shaft diameter. The very low volumes were probably
insufficient to impart meaningful improvement (or the soil did not need improving) and the very
high volumes most likely migrated a portion of the grout volume away from the shaft.
Nevertheless, with an average of 49%D one must suspect the 10-15%D upper limit has been
exceeded. Therefore, one aspect of the study was to determine the resistance factor associated
with various amounts of displacement as both the end bearing prediction and load test capacity
are dependent on displacement.
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Figure 5.2 End bearing movement from grouting.

While computation of resistance factors was completed for displacement values ranging
from 0.3 to 5%D (Chapter 4), Tables 5.1 and 5.2 highlight the resistance factors for 1%D which is
similar to the upper limit for side shear (0.5 — 1%D) and for all displacements. Table 5.1 provides
resistance factor values for the 2006 design method without an upper bearing capacity limit and
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Table 5.2 provides values for the FDOT method that caps the computed end bearing to the
computed grout pressure. In both cases, a higher resistance factor is assigned to cases with
controlled grout pressure verification.

Table 5.1 Bias criteria vs resistance factor summary for 1%D and all displacements.

Resistance Factor, Phi (¢) Resistance Factor, Phi (¢)
Bias Criteria 1% Displacement All Displacements
B=2.33 B=3.00 B=2.33 B=3.00
Effective pressure (tri-axis
blots) 0.67 0.45 0.55 0.38
Maximum field pressure 0.58 0.40 0.49 0.35
Boring log-calculated pressure 0.23 0.12 0.36 0.24

Table 5.2 Bias criteria vs resistance factor summary using a grout pressure end bearing cap

(FDOT method).

Resistance Factor, Phi (¢) Resistance Factor, Phi (¢)
Bias Criteria 1% Displacement All Displacements
B=2.33 B=13.00 B=2.33 B=3.00
Effective pressure (tri-
axis plots) 0.67 0.44 0.82 0.58
Maximum field pressure 0.57 0.38 0.68 0.50
Boring log-calculated 0.52 0.34 0.53 035
pressure

Several observations can be made when reviewing the computed resistance factors:

1.

In all cases verification of effective pressure resulted in higher resistance factors
confirming a closer agreement between actual and the anticipated performance. This was
followed by the maximum field recorded pressure values and a much poorer correlation
between boring log predicted pressure to actual.

All 31 data sets exhibited at least 0.3%D displacement, but only 8 achieved 5%D (Chapter
4 bias tables). Therefore, when considering the all displacements category the data is
populated more heavily with smaller displacements (31-0.3%; 30-1.0%, 14-2%; 14-3%);
12-4%; and 8-5%). However, 0.3%D was not included when determining the all
displacements resistance factor.

By limiting the design end bearing to the computed grout pressure, the FDOT method
produces progressively higher bias values at higher and higher displacements as the
increasing load test data separates from the prediction method (Figure 5.3). This results in
progressively higher resistance factor values at larger displacements. This skews the all
displacements values as a result.

The 1%D values for both methods are essentially the same given lower predicted capacity
is developed at small displacements and the FDOT limit is not yet active.

The relationship between the boring predicted pressure and that applied in the field is
poorest resulting in the lowest resistance factors in all categories. Table 5.4 shows the
ratios for the various grout pressure values and the CoV values which in part support this



finding. The average effective (actual measured) to design pressure ratio while close to 1.0

has the highest variability (CoV = 0.67).
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Table 5.3 Summary of grout pressures and grout pressure ratios.

Data Set Project Shaft ID | Effective Peak Design | Eff/Des | Eff/Peak |Peak/Des
1 Royal Park Bridge LT-2 500 700 787 0.64 0.71 0.89
2 LT-3 300 700 846 0.35 0.43 0.83
3 PGA LT-2 750 1097 787 0.95 0.68 1.39
4 lowa TS-4 80 142 726 0.11 0.56 0.20
5 Gerald Desmond TP-2 600 1060 1000 0.60 0.57 1.06
6 TS-3C 400 1000 1000 0.40 0.40 1.00
7 Huey P. Long TS-1 300 750 1230 0.24 0.40 0.61
8 TXDOT S-2 230 230 95 2.42 1.00 2.42
9 Nachez S-1 320 320 450 0.71 1.00 0.71
10 Clearwater Site | FJ-1 80 80 88 0.90 1.00 0.90
11 FJ-2 70 70 35 2.00 1.00 2.00
12 SP-1 151 162 69 2.20 0.93 2.36
13 SP-2 170 180 68 2.50 0.94 2.65
14 Clearwater Site Il FJ-1 100 100 80 1.26 1.00 1.26
15 SP-1 90 114 80 1.13 0.79 1.43
16 Flagler S-1 700 880 645 1.09 0.80 1.36
17 WPB Airport S-1 470 529 375 1.25 0.89 141
18 Plant Daniel 501 700 1097 787 0.89 0.64 1.39
19 528 700 800 - - 0.88 -
20 530 700 800 - - 0.88 -
21 Southern 80 SR S-1 590 640 - - 0.92 -
22 S-2 600 765 - - 0.78 -
23 S-3 590 647 - - 0.91 -
24 Overland S-1 400 609 541 0.74 0.66 1.13
25 S-2 300 743 450 0.67 0.40 1.65
26 S-3 345 365 513 0.67 0.95 0.71
27 Carolina Bay S-1 293 308 488 0.60 0.95 0.63
28 Gilmerton S-1 380 380 260 1.46 1.00 1.46
29 Peninsula S-1 935 997 710 1.32 0.94 1.40
30 WestRail 41E 300 530 822 0.36 0.57 0.64
31 41W 300 513 822 0.36 0.58 0.62
average 0.99 0.78 1.24
stdev 0.66 0.21 0.61
CoV 0.67 0.26 0.49

5.3 Design Equation Refinement

The design equation published by Mullins et al (2006) was based on the linear relationship
between the grout pressure index (GPI) and the tip capacity multiplier (TCM) and the non-linear
relationship between displacement expressed as the percent of shaft diameters (%D) and TCM.
This was determined by computing the TCM and GPI at different points along the load test curves



from nine test shafts from five different sites and expressed as a three-dimensional plot (Figure
5.4).

O’Neill (1988)

0 0
Figure 5.4 TCM defined by linear and non-linear relationships between GPI and %D, respectively
(Mullins et al. 2006).

The design equation that resulted from these regressions (Eqn 2.4) was developed by determining
the slope of each linear relationship and then by defining a relationship between slope of each line
and the respective %D. The slope of each line in that publication was expressed as a fitted power
function with R® of 0.97 (Figure 5.5). This is the same equation as the present FDOT method. The
zero-GPI intercepts when plotted versus %D replicated O’Neill’s (1988) equation for the
normalized load transfer in end bearing also shown in AASHTO (2016) and Figure 5.6. Hence, at
zero grout pressure the design equation resulted in an end bearing TCM that was the same as an
ungrouted shaft.

Simply, TCM is a linear equation (mx+b) where X is the grout pressure index (GPI) and where m
and b are dependent on %D. Equation 5.1 reorders Eqn 2.4 to show this more clearly. Table 5.3
shows the values of the slope and intercept for each of the lines shown in Figure 5.2.

%D 1 2 3 4 5
m 0.6944 |0.9846 | 1.1149 | 1.1923 | 1.2575
b 0.29 0.53 0.71 0.87 1

_ 0.364 %D
TCM = 0.713(%D"***)(GPI) + G- o

(5.1)
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Figure 5.6 TCM intercepts (Table 5.1) match O'Neill design graph (adapted from AASHTO 2016
and O'Neill 1988).

The collection of more data sets compels the re-evaluation of the original design equation. Using
the additional data sets, the same procedure outlined above was replicated to produce a new GPI
vs %D relationship which then collectively becomes the GPI coefficient (Figure 5.7). The original
intercept values were left the same again as the ungrouted shaft databased used by O’Neill is well
accepted. The updated design equation is shown in Equation 5.2.



1.8
e e @

.o
.....
.o
.ot

1.4 [ 3 |

e
.o

1.2 e Power Equation |

O y = 1.1393x0243¢
R? = 0.9963

0.8
0.6
0.4
0.2

Slope Coefficient

0 1 2 3 4 5 6
Shaft Displacement (%D)

® SlopeData oo Power (Slope Data)

Figure 5.7 Updated equation using additional data sets.

TCM = 1.14(%D%243)(GPI) + —22 5.2

0.4(%D)+3.0

At smaller displacements (< 1%D) the updated equation gives higher capacity where the
coefficient increased from 0.713 to 1.14. However, at larger displacements the smaller exponent
gives lower capacity. In all, the average bias reduced. Table 5.5 shows the resistance factors that
result from the updated equation for only the effective pressure bias where no grout pressure limit
was applied just to show the effect of the update.

Table 5.4 Resistance factors using updated equation.

Resistance Factor, Phi (¢) Resistance Factor, Phi (¢)
Bias Criteria 1% Displacement All Displacements
B=2.33 B =3.00 B=2.33 B =3.00

0.45 0.30 0.42 0.29

Effective pressure (tri-axis
plots)

The average bias (1.29) is improved (closer to 1.0) for the 31-shaft database which implies the
updated equation better predicts (on average) the end bearing capacity; the CoV (0.59) did not
improve markedly making the newer expression no better than the original equation. The higher
bias stemming from the original design equation (1.74) coupled with a similar CoV value (0.62)
results in a higher resistance factor. Technically, using the original equation with the higher
resistance factor or use of the updated equation with the lower resistance factor result in the same
probability of failure (and design capacity). Therefore, it is recommended no change be made to
the existing equation and the resistance factors computed Table 5.1 or 5.2 are appropriately safe.
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5.4 Recommendations

Ultimate capacity of driven piles is predicted on the basis of the Davisson method which either
caps both end bearing and side shear dependent on the elastic shortening of the pile head
(displacement based) or by assigning 100% side shear along with only one-third of the ultimate
predicted capacity. In both cases, there is an attempt to match the side shear and end bearing
capacities that develop simultaneously at the same displacement (strain compatible). For shafts,
worldwide, there is a continued practice of assigning ultimate capacity under the strength limit
state umbrella which unwittingly allows indefensible mismatches in the actual shaft performance
from side shear and end bearing for a given displacement. Where post grouting minimizes this
incompatibility, it is unwise (and perhaps unsafe) to assume more capacity from end bearing that
stems from displacements that allow the side shear to go into a reduced residual state.

The rationale for limiting the computed end bearing to the computed grout pressure (FDOT
method) is somewhat simplistic paralleling some of the original design philosophies of the 1970s
when no rational design procedure had been developed. With both methods somewhat based on
toe displacement, a more reasonable restriction is to limit the end bearing capacity to smaller
displacements that align with known maximum side shear movement or 1%D. When considering
the computed resistance factors for limited and unlimited approaches, there is no difference in
resistance factor (¢ = 0.67 rounded down to the nearest 0.05 use 0.65) at strain compatible
displacements (1%D). This should be qualified to only be used for redundant shaft / foundation
configurations as a reliability index of 2.33 was used therein. For non-redundant shaft foundations
that are post grouted a significantly reduced resistance factor should be applied (¢ = 0.45).

The conservatism associated with the grout pressure limited end bearing prediction method
(FDOT method) at larger displacement (Table 5.2 all displacements) resulted in an unusually high
resistance factor (0.82) when compared to other FDOT or AASHTO design methods when not
employing a load test (Chapter 2). The original design method (Table 5.1) resulted in a lower and
more reasonable resistance factor (0.55) again when compared to other design methods. However,
allowing larger displacements defeats the strain compatibility restrictions/compliance discussed
above and is not recommended.

Finally, the underlying premise of the study was that strict monitoring of grout pressure, grout
volume and shaft uplift and the simultaneous evaluation of tri-axis plots provides the necessary
insight and justification to declare how well or effectively the grouting has been performed. The
design pressure must be verified via inspection records and the inspector-determined effective
grout pressure should meet or exceed the design pressure in order to use the 0.65 resistance factor.
Peak field-measured grout pressure was found to 28% higher than the verified effective pressure;
office-calculated grout pressure was 24% higher than the effective pressure. This resulted in lower
resistance factors when ignoring field effectiveness and an even lower resistance factor with no
verification / inspection.
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APPENDIX A — SOIL INFORMATION

Boring Number:|
Ground Surface Elevation:
Water Table Elevation:|
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Figure A.1 Data set 1 soil information
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Boring Number:|
Ground Surface Elevation:

Water Table Elevation:|

Fock Coring Information
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Figure A.2 Data set 2 soil informati



PGA Blvd, Palm Beach: Boring PGAB-1

Top of Boring (ft) =/ 13.123

FY.L: 3 (m) = 0.84251969 (ft.)
Water Table Elev. (ft.) =/ 8.530
FY.L: 1.6 (m) =  5.24934383 (ft.)

e

IS)

C

(O]

8_ —

S

. E 5 3
Elevation Depth ) N w0
(ft) (m) (ft.) N (USCS) (ft.)
12.12 3.70 1.00 7 SP 2.00
10.12 3.09 3.00 7 SP 2.00
8.12 2.48 5.00 11 SP 2.00
6.12 1.87 7.00 12 SP 2.00
4.12 1.26 9.00 10 SP 2.25
1.62 0.49 11.50 9 SP 2.50
-0.88 -0.27 14.00 7 SP 2.50
-3.38 -1.03 16.50 8 SP 2.50
-5.88 -1.79 19.00 19 SP 2.50
-8.38 -2.55 21.50 9 SP 2.50
-10.88 -3.32 24.00 7 SP 2.50
-13.38 -4.08 26.50 7 SP 2.50
-15.88 -4.84 29.00 11 SP 2.50
-18.38 -5.60 31.50 6 SP 2.50
-20.88 -6.36 34.00 2 SP 2.50
-23.38 -7.13 36.50 13 SP 2.50
-25.88 -7.89 39.00 16 SP 2.50
-28.38 -8.65 41.50 13 SP 2.50
-30.88 9.41 44.00 14 SP 2.50
-33.38  -10.17 46.50 11 SP 2.50
-35.88  -10.94 49.00 16 SP 2.50
-38.38  -11.70 51.50 20 SP 2.50
-40.88  -12.46 54.00 37 SP 2.50
-43.38  -13.22 56.50 18 SP 2.50
4588  -13.98 59.00 18 SP 2.50
-48.38  -14.75 61.50 21 SP 2.50
-50.88  -15.51 64.00 24 SP 2.50
53.38  -16.27 66.50 33 SP 2.50
55.88  -17.03 69.00 20 SP 2.50
58.38  -17.79 71.50 18 SP 2.50
-60.88  -18.56 74.00 16 SP 2.50

Figure A.3 Data set 3 soil information
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Project Mame: Machez

Project Location: Machez, M3
Geo Engineer: Wilbur Smith
Boring Mo: B-1
Pile Length [ft): 75
Pile Diameter (ft) &

Elevation [NAD) 35.1 Sail Type
Water Table Depth (ft) O " Clay
Effective Grout pressure (psi) 120 B Sl
ggrouted 33.60 B Sand
w0 13883
TCM [umgrouted] 0.33068
Soil
Classif
: Depth. | Z avr ah N Soil
Elevation [ Ft] Z [ft) [ & & [ke) () N |t:'at|un Type
rom
SPT
351 0
965 15 3.25 15 28.274 3 Sl 2
931 5 7.0 35 B5.373 27 Siilt 2
&3.1 3 1.5 4 75,335 17 Sand 3
gd.1 14 6.5 g 34, 245 Z Siilt 2
731 14 215 5 A4, 248 10 Sand 3
Td.1 2d4.0 ZE.5 5 Ad. 248 dd Sand 3
£3.1 29 35 5 4. 245 S0 Sand 3
£id.1 34 36.5 g 34, 245 20 Sand 3
551 33 415 5 A4, 248 Td Sand 3
5d.1 dd 455 5 Ad. 248 S0 Sand 3
451 43 515 5 4. 245 a3 Sand 3
44,1 g 265 g 34, 245 21 Sand 3
3591 53 29.5 5 Ad. 248 50 Sand 3

Figure A.9 Data set 9 soil information




Project Name: Clearaater
Project Location: Clearwater, FL

Geo Engineer: 51-FJ1
Baring Mo: CFT FIl
Pile Length (ft): 15
PFile Diameater (ft) 2
Elevation (NAD) O
‘Waater Table Depth (ft) O

Effective Groul pressure [psi} 20 2.E8 ksf
q grouted 43.90

perrm disp (il 1

WD 41667

TOM [ungrouted) O0LES2G
Soil

Classific]
Elevation [ ft) Depth, | Zavr |, 5 8o )| e sn e e M ation
Z[ft) [ft) [bar) from
SFT
] a

-0.25% 025 .35 0.25% 15008 00022 Q0022 D482 00147 SAND
-0.5 s s 0.25 L5ME 0008 OpdsE 31 00208 SAND
-0.75 .75 na 0.2% 15708 QD25 0.024 D391 00617 SAND
-1 1 1.1 0.5 1.5708 0.1109 01065 05095 0209 SAND
-1.25 1.25 14 0.25% 15708 0.1411 GU1354 D774 01738 SAND
-1.5 15 1.6 0.25% 15708 QU168 (OU1612 0752 02144 SAND
-1.75 2 1.9 0.25% 15708 0.1534 01473 DE24E 0.2357 SAND
=2 2 e | 0.25% 15708 01366 01311 DBE4A75 02025 SAND
=225 2 x4 0.25% 1.5708 01116 Q1072 08185 01309 SAND
2.5 3 rh 0.2% 15708 00638 0061 1023 0.0483 CLAY
S27E 275 149 025 1.5M& 00347 00333 11354 003%3  CLAY
-3 3 31 0,25 15708 00122 00117 09331 00126 SAND
-3.25 325 3.4 025 1.5M8 00463 00445 0609 00731 SAND
-3.5 3.5 38 0.25 158 00685 OSSR DSBOE 01133 SAND
-3.75 375 38 0.25% 158 00547 0525 D.5245 00588 SAND
- 4 4.1 0.5 1.5708 00434 00417 1641 0.0254 CLAY
-4.25 4.25 4.4 0.2% 15708 00321 OW0E0E 10889 0.02E8 CLAY
-4.5 1.5 4.5 0.25% 15708 00231 Qw22 0O745F 00758 SAND
-4.75 4.75 4.9 0.25% 15708 00331 OQu02F2 D4448 0.04599 SAND
=5 5 5.1 0.25% 15708 00203 Ourles 03505 0.0% SAND
=525 5.25 5.4 0.25% 15708 00282 0027 03205 00653 SAND
55 55 56 0.25% 1.5708 00788 O076E 04336 01766 SAND
5,75 575 549 0,25 15708 00308 OQ08T2 04336 0200 SAND
-6 -] 6.1 0,25 1578 00578 00938 04293 021858 SAND
-6.25 a.25 6.4 025 1578 0091 00952 05504 01729 SAND
-8.5 b5 6.8 0.25 L5ME  QuEas oupal2 Ds504 01657 SAND
-6.75 6.75 6.9 0.25% L5ME 00837 O0EN3 Dea4: 012458 SAND
-7 7 71 0.5 1.5708 Q074 0.071 D3544 018 SAND
-7.25 7.25 74 0.2% 15708 00522 00501 D2173 02308 SAND
-7.5 75 78 0.25% 1.570E 00424 00407 D008 0.44BE5 SAND
-7.75 .75 73 0.25% 1.5708 00355 OUWDZEI DO0109 25946 SAND
-B -] B.1 0.25% 15708 0.0¥5% OQU0ZEI DO0109 250458 SAND
=825 8.25% a4 0.25% 1.5708 00221 Q0212 Q0078 27163 SAND
8.5 BES a6 0.25% 1.5708 00221 Q0212 DOD7E 27163 SAND
875 875 ] 025 1.5M8 00221 00212 00228 09753 SAND
-3 ] 9.1 0,25 15708 00171 GBS D083 01674 SAND
-8.25 9.25 9.4 0,25 15708 00181 0174 00537 03239 SAND

Figure Al0a Data set 10 soil information
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Project Name: Clearwater
Project Location: Clearwater, FL

Geo Engineer: 51-Fi1
Baoring Mo: CFTFI1
Pile Length (ft]): 15
PFile Diameter [ft} 2
Elevation (NAD) O
Water Table Depth (ft) 0

Effective Grout pressure (psi) 20 2EB ksf
q grouted 4390

perrm disp (in) 1

Wbk 41667

TCMW [ungrouted) D.E529
Soil

Classific

Elevation [ f) Depth, | Zave | o i & (i)| e (e8] B N oeppy | w | ation
Z[ft) [Ft) [bar) from
SFT
-85 0.5 96 025 15708 0015 0017 00537 03451 SAND
.75 9.75 9.9 0.2%  1.5708 00281 0027 00537 0802 SAND
10 bl 10,1 025 1.5/08 00235 003X 00379 08485 SAND
10,25 10,25 104 025 15708 00432 00414 00379 10935 SAND
-10.5 0.5 106 025 15708 00432 00414 00379 10935 SAND
-1L3s 10,75 10.% 025 15008 0045 0043% 0917 00473 SAND
-11 11 111 025 L5ME 00457 updaEs 0917 00473 SAND
-11.25 11.25 114 025 L5708 0.0457 00439 D.0D1Z 36584 SAND
-11.5 115 116 025 15708 0.0457 0.0439 00012 36584 SAND
-11.75 1175 119 025 15708 00366 00255 1674AE 0.0152 CLAY
-12 12 121 0.25 L5708 00366 000235 LE674E 0.0152  CLAY
-12.25 12.325 124 025  L5/08 00307 00199 16748 0.0119  CLAY
-12.5 15 12.6 0,25 15708 00156 0015 00591 02531 SAND
-12.75 12.75 12.9 0,25 L5708 00156 0015 16766 00083  CLAY
13 13 13.1 0.25 15708 00257 00247 16766 00147 CLAY
-13.25 13.25 134 025 15708 00257 Q0247 00230 10337  SAND
-13.5 135 13e 025 15708 00181 00174 00239 07162 SAND
13,05 13.75 139 025 15/08% 00181 00174 01417 01225 SAND
-14 14 14.1 025  L5WE 0.0 0018Y 01417 01316 SARD
-14.25 14.25 14.4 025 L5M8 00207 00193 D3ele 0.0531  SAND
-14.5 14.5 14.6 025 L5708 00207 00193 05316 00373 SAND
-14.75 14.75 143 025 L5708 002153 00204 D3TES D054 SAND
-15 15 151 025 15708 00329 00316 03785 0.0835 SAND
-15.25 15.25 154 025 L570E 00329 00316 DIF5E 0.1145 SAND
-15.5 155 156 0,25 15708 00454 000435 0560 00765 SAND
-15.75 15.75 159 025 15708 00421 00404 06153 00657 SAND
16 156 15.1 025 15708 0029 0027% DS5876 00474 SAND
-16.25 1625 164 025 15708 00233 0O02F3 09567 00234 SAND
-16.5 16,5 166 025 L5708 00151 00145 07306 0.01%% SAND
-16.75 16,75  16% 025 15708 00071 00068 07306 0.00%3 SAND
-17 ir 17.1 025 L5708 00107 0103 Doh0s 02527 SAND
-17.25 17.35 17.4 025 L5708 0009 Qup0Ey  DO0YE9S 01084 SAND
-17.5 17.5 176 025 L5708 00104 001 DovEs 01252 SAND
-17.75 17.75 179 025 15708 0.0119 00114 00799 0.1429 SAND
-18 1B 18.1 025 15708 00029 0U00XE 00¥99 0.0345 SAND
-18.25 1B.25 13.4 0.25 1.5708 0.0029 OQ.00ZE D.D425 0.0648 SAND
-1B5 185 18.6 025 L5708 00026 000F: 00425 00554 S5AND
-18.75 1B.75 18.9 0,25 L5708 00026 000XF 0036 00701 SAND
19 19 13.1 0,25 15708 00014 00013 0036 00373 S5AND
19,25 19,25 19.4 026 15708 00014 00013 01808 00074 SAND
-19.5 18.5 196 025 L5702 00014 00013 05229 00026 SAND
-19.75 1875 19% 025 15708 00014 00013 02239 0006 SAND
20 M 201 025 15708 00014 00013 02339 0006 SAND

Figure A.10b Data set 10 soil information




Froject Mamec Clos wanirr
Fraoject Location: Clesswsier, FL
Gra Cnginesr: 51-T12
Barirg Ko: CFT FIT
Pile Lengih [fej: L5
Pile Dimmsier (2] 7
Eeeniban [FADY i1
‘wSaner Tahils Degtks 1) 0

Fifetive Growl presaare (psl) L5 215 ksl
A grosgtesd F 0
=T R G 1
R e N T
TP [ungroegtesd ] DLESES
s
Oepih, | Tasr a5 Tlamiicad
Deentizn | 41| zim |y [EEM] n [Rten] as e | e ] on from
Hd -
[} a
s 035 DaATs 02 LEME 0GEE DDiIeRr QO7ER QAT S&MD
i35 5] e 05 L5ME 0O02ES O0i3ery 0285k QUMTE ShM D
035 075 né 05 15ME 00539 O0sSear 0546 QS SenD
1 1.1x] 11 025 LSPOE 0145 CulEadd  QorEed OLEEs SaMD
S35 L 14 038 15P0E OFET 0142047 02954 05606 SanD
15 184 1k 02§ 18306 08117 Oiadded 05RD  0SA ierb
105 LT 18 02§ LSMOE OO0E DIEIPT OSE5E Q45T SAND
I 20 11 038 15M0E 01475 O0PS414 05158 OL4ER  SAND
1% 5] d 02 15706 O0144E ODEIIST 07106 OO9ER  SAMD
25 L] B 0% L5%ME OB DDEIE 05807 00707 SAMD
TS 7 e 0F% 15706 0127E OMGIIGEE 0436 01532 kMO
x nna L1 0% 15700 OMSGS OMD2IS07 07204 00132  SAMD
RIS 175 Ld 07 15708 OO075E OOMSITE OGIO0R Q0588 SAND
15 b L] b3 0FF 15708 01N O0POTS? OASCE 00458  5ANMD
LTH 1TE LR 075  L570RE DM DIZIRSS 074B5 LGS SAMD
& 40 [ | 07 15%A08 [O061 0024479 01153 0LA07  SAND
435 AT i 0FF 15708 D[OGL OME4479 0133 0LESR  EAND
-45 a5 iR 0F5 L5A0R DA ONES4SS N1 01435 SAND
475 475 in 0F 150 0076 OD01I3T0E 01808 Q0733 SAMD
= S =1 0EF  L5ME 0034 Qol5El9 00d45] 03168 SAMD
55 535 R 025 L5ME 00RI1F 00l 0048l 020es SAMD
55 551 5B 0FF L5ME 00LES DDFE05d Q048] 018 SN
LIS 573 S 025 L5ME 0015 0ODUaIos Q044 Q3319 SeMD
B A K] R 0 15ME 00LEE DDF30EL d4349 Qe e
615 635 ad 025 L5A0E ODGIF 003016 (3034 (L0l S&MD
4.5 L= ] BE 05 LSME 00731 00e4tay 030048 QIsR SeD
BIS a7 6o 05 L5ME 00E11 O035E3T 053369 G.iles Shrd [
T T .1 05 LSME 00EsS DM2Esd 03013 (.0418 el
T.i% s T.d 035 15P0E O099S O042ERE 0SETT Q0755 Sanb
EE ] Ei| Th 038 15306 OIMMIS 0DA3kRr G567 GOFT:  SanD
L] ER | LR ] 028 15RE OO0PRE COETA) 0570 QuiE  SaMD
B B E1 04 15M0E OOSES OOPIGE 0504 00539 SanD
B 1% '] Ed 02§ 15306 O0M10 OOr§isd QS4E8 QO4ES  sAmD
a5 ] EE 02§ LSME OIMID DO2S354 04170 godfa SaND
ETS BS ES 03 1%ME O[RIS 0025354 OLEEE 01342  S&MO
] 200 01 0% 15P0E OO24% OOLOTEZ OO8E OLIES  SAMO
Bl a5 |2 025 15708 OO24S OD0LITEZ 00209 0S80 SAMD
a5 ama -1 07 15708 OO0G7 000054 00208 055 5S40
IS a7 R 07 L5708 DM DORoISE 00309 096 SAMD
-1 nm  L:E 035 L5MOR OGS OORSIAE 00211 144 SAMD
[ 14 Mi% L4 OFF  L5A0E DOEIE OOLSAE 00756 04806  SAND
15 s LA 0FF LSRR NOEEA OOL2119 00256 04743 SAND
B MTS LA AFS  L5MORE NMESS O0LSEA 00I%G 0748 LT
=11 1100 LAk 0FF  L5ME DI DOIIEDS 00256 05431 SAMD
-11325 1135 114 0 L5Me D09 Q0ils 00256 05 SAMD
115 1LED 115 0 L5ME DD G0LEs 00256 05 SAMD
L1375 1LT= 113 0 L5ME DI QI 00117 Li3f SEMD
L2 100 12.4 0 1L5ME DDEL 00LEERd 03332 QuMeS SeMD
1325 X3S 134 a5 L5ME 00253 QudibM  G2517 0D 584D
15 150 124 05 L5ME 00pE QOe?l D007 1493 5D
i35 ir3s ir3 035 1L5NE 00R5F D020l Q03F L7I5S SenD
i3 ixfg 132 025 LE5MGE O0psd QOidles 00ds SR Sirdl
13125 1535 134 05 15ME 00034 Doidies 0029 04754 SeMD
155 1550 134  03F  15K06 OOREX OOL3SEY D0 (LdsD SeMD
-14.7% 1ETE 134 02§ LSA0E QRS DOLI0E Do fLdas SeMD
-14 1M 14 02§ 15806 OO0 Dmossd .0fo Gl saMD
-14.28 147% 144 02§ 1SR0E 0084 OMEsEY ooo| GSsa sepb
145 1450 144 0 02§ LSMOE DO ODOLOSSd -DOLE  -[LESY shMD
14.2% 1474 149 02§ 15%06 OO0? 0O0oSed ool LSS SO
L] 1=00  1%.@ 032 15A0E 00500 OOL422 D167 00302 S&ND
-15.2% 1m3% 154 0325 15708 ODO2EF CU0ATEE  -D0Od -BEmS SAMO
155 1m0 154 0P 15M0E O02I6 OOLOE? 00247 04177 S&ND
1575 1T 159 0P 15AOE DO2SS OOaXS -2 -4 00s SRMD
-LE nmn ey 07 SPOR D07 OORSI0E 0D 02545 SAND

Figure A.11 Data set 11 soil information
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Project Name:

Project Location:

Clearwater
Clearwater, FL

Geo Engineer: S1-SP1
Boring No: CPT SP1
Soil
. Depth, Z avr A A Qc Qc Classificat
Elevation ( ft) Z (ft) (ft) A Z (fr) (ft2) (tsf) (bar) FR(%) N ion from
SPT
(o] o
-0.75 0.75 0.875 0.75 4.712 0.035 0.017 0.34 0.049 SAND
-1 1.00 1.1 0.25 1.571 0.079 0.038 0.338 0.112 SAND
-1.25 1.25 1.4 0.25 1.571 0.085 0.041 0.658 0.062 SAND
-1.5 1.50 1.6 0.25 1.571 0.144 0.069 0.54 0.128 SAND
-1.75 1.75 1.9 0.25 1.571 0.209 O.1 0.54 0.185 SAND
-2 2.00 2.1 0.25 1.571 0.242 0.116 0.329 0.353 SAND
-2.25 2.25 2.4 0.25 1.571 0.122 0.058 0.258 0.227 SAND
-2.5 2.50 2.6 0.25 1.571 0.099 0.048 0.67 0.071 SAND
-2.75 2.75 2.9 0.25 1.571 0.121 0.058 0.529 0.109 SAND
-3 3.00 3.1 0.25 1.571 0.151 0.072 0.536 0.135 SAND
-3.25 3.25 3.4 0.25 1.571 0.149 0.071 0.465 0.153 SAND
-3.5 3.50 3.6 0.25 1.571 0.094 0.045 0.465 0.096 SAND
-3.75 3.75 3.9 0.25 1.571 0.064 0.031 0.465 0.066 SAND
-4 4.00 4.1 0.25 1.571 0.037 0.018 0.447 0.039 SAND
-4.25 4.25 4.4 0.25 1.571 0.022 0.011 0.445 0.024 SAND
-4.5 4.50 4.6 0.25 1.571 0.034 0.016 0.143 0.115 SAND
-4.75 4.75 4.9 0.25 1.571 0.07 0.034 0.208 0.161 SAND
-5 5.00 5.1 0.25 1.571 0.07 0.034 0.208 0.161 SAND
-5.25 5.25 5.4 0.25 1.571 0.082 0.039 0.343 0.115 SAND
-5.5 5.50 5.6 0.25 1.571 0.089 0.043 0.343 0.125 SAND
-5.75 5.75 5.9 0.25 1.571 0.089 0.043 0.385 O0.111 SAND
-6 6.00 6.1 0.25 1.571 0.071 0.034 0.385 0.088 SAND
-6.25 6.25 6.4 0.25 1.571 0.071 0.034 0.425 0.08 SAND
-6.5 6.50 6.6 0.25 1.571 0.053 0.025 0.469 0.054 SAND
-6.75 6.75 6.9 0.25 1.571 0.032 0.015 0.606 0.025 SAND
-7 7.00 7.1 0.25 1.571 0.032 0.015 0.441 0.034 SAND
-7.25 7.25 7.4 0.25 1.571 0.032 0.015 O0.161 0.094 SAND
-7.5 7.50 7.6 0.25 1.571 0.032 0.015 0.02 0.756 SAND
-7.75 7.75 7.9 0.25 1.571 0.032 0.015 0.02 0.756 SAND
-8 8.00 8.1 0.25 1.571 0.018 0.008 0.02 0.421 SAND
-8.25 8.25 8.4 0.25 1.571 0.03 0.014 0.383 0.037 SAND
-8.5 8.50 8.6 0.25 1.571 0.042 0.02 0.013 1.598 SAND
-8.75 8.75 8.9 0.25 1.571 0.029 0.014 0.102 0.134 SAND
-9 9.00 9.1 0.25 1.571 0.029 0.014 0.04 0.346 SAND
-9.25 9.25 9.4 0.25 1.571 0.029 0.014 0.576 0.024 SAND
-9.5 9.50 9.6 0.25 1.571 0.046 0.022 0.071 0.311 SAND
-9.75 9.75 9.9 0.25 1.571 0.046 0.022 0.575 0.039 SAND
-10 10.00 10.1 0.25 1.571 0.035 0.017 0.575 0.029 SAND
-10.25 10.25 10.4 0.25 1.571 0.035 0.017 0.006 2.767 SAND
-10.5 10.50 10.6 0.25 1.571 0.035 0.017 0.006 2.767 SAND
-10.75 10.75 10.9 0.25 1.571 0.035 0.017 0.083 0.201 SAND
-11 11.00 11.1 0.25 1.571 0.035 0.017 0.416 0.04 SAND
-11.25 11.25 11.4 0.25 1.571 0.035 0.017 0.015 1.085 SAND
-11.5 11.50 11.6 0.25 1.571 0.041 0.02 0.015 1.275 SAND
-11.75 11.75 11.9 0.25 1.571 0.013 0.006 0.118 0.054 SAND
-12 12.00 12.1 0.25 1.571 0.049 0.023 0.118 0.199 SAND
-12.25 12.25 12.4 0.25 1.571 0.069 0.033 0.048 0.689 SAND
-12.5 12.50 12.6 0.25 1.571 0.069 0.033 0.158 0.209 SAND
-12.75 12.75 12.9 0.25 1.571 0.059 0.028 0.108 0.259 SAND
-13 13.00 13.1 0.25 1.571 0.044 0.021 0.108 0.196 SAND
-13.25 13.25 13.4 0.25 1.571 0.044 0.021 0.035 0.607 SAND
-13.5 13.50 13.6 0.25 1.571 0.041 0.019 0.035 0.556 SAND
-13.75 13.75 13.9 0.25 1.571 0.041 0.019 0.099 0.197 SAND
-14 14.00 14.1 0.25 1.571 0.041 0.019 0.099 0.197 SAND
-14.25 14.25 14.4 0.25 1.571 0.038 0.018 0.099 0.186 SAND
-14.5 14.50 14.6 0.25 1.571 0.04 0.019 0.045 0.422 SAND
-14.75 14.75 14.9 0.25 1.571 0.029 0.014 0.045 0.311 SAND
-15 15.00 15.1 0.25 1.571 0.026 0.012 0.157 0.078 SAND
-15.25 15.25 15.4 0.25 1.571 0.026 0.012 0.498 0.025 SAND
-15.5 15.50 15.6 0.25 1.571 0.035 0.017 0.659 0.025 SAND
-15.75 15.75 15.9 0.25 1.571 0.026 0.012 0.748 0.016 SAND
-16 16.00 16.1 0.25 1.571 0.026 0.012 0.839 0.015 SAND
-16.25 16.25 16.4 0.25 1.571 0.021 0.01 0.839 0.012 SAND

Figure A.12 Data set 12 soil information




Project Name:

Project Location:

Clearwater
Clearwater, FL

Geo Engineer: S1-SP2
Boring No: CPT SP2
Soil
. Depth, | Z avr aAA Qc Qc Classificat
Elevation ( ft) Z (f1) (ft) A Z (ft) (ftz) (tsf) (bar) FR(%%) N ion from
SPT
(o] o]
-0.5 0.50 0.625 0.5 3.142 0.045 0.022 0.099 0.218 SAND
-0.75 0.75 0.9 0.25 1.571 0.116 0.055 0.467 0.119 SAND
-1 1.00 1.1 0.25 1.571 0.216 0.103 0.467 0.221 SAND
-1.25 1.25 1.4 0.25 1.571 0.203 0.097 0.43 0.226 SAND
-1.5 1.50 1.6 0.25 1.571 0.254 0.122 0.297 0.409 SAND
-1.75 1.75 1.9 0.25 1.571 0.254 0.122 0.297 0.409 SAND
-2 2.00 2.1 0.25 1.571 0.248 0.119 0.454 0.262 SAND
-2.25 2.25 2.4 0.25 1.571 0.243 0.116 0.454 0.256 SAND
-2.5 2.50 2.6 0.25 1.571 0.235 0.113 0.454 0.248 SAND
-2.75 2.75 2.9 0.25 1.571 0.258 0.124 0.361 0.342 SAND
-3 3.00 3.1 0.25 1.571 0.121 0.058 0.431 0.134 SAND
-3.25 3.25 3.4 0.25 1.571 0.218 0.104 0.382 0.273 SAND
-3.5 3.50 3.6 0.25 1.571 0.271 0.13 0.442 0.294 SAND
-3.75 3.75 3.9 0.25 1.571 0.161 0.077 0.436 0.177 SAND
-4 4.00 4.1 0.25 1.571 0.112 0.054 0.656 0.082 SAND
-4.25 4.25 4.4 0.25 1.571 0.086 0.041 0.793 0.052 SAND
-4.5 4.50 4.6 0.25 1.571 0.096 0.046 0.64 0.072 SAND
-4.75 4.75 4.9 0.25 1.571 0.096 0.046 0.371 0.124 SAND
-5 5.00 5.1 0.25 1.571 0.11 0.053 0.256 0.206 SAND
-5.25 5.25 5.4 0.25 1.571 0.11 0.053 0.501 0.105 SAND
-5.5 5.50 5.6 0.25 1.571 0.034 0.016 0.374 0.043 SAND
-5.75 5.75 5.9 0.25 1.571 0.121 0.058 0.374 0.155 SAND
-6 6.00 6.1 0.25 1.571 0.113 0.054 0.415 0.13 SAND
-6.25 6.25 6.4 0.25 1.571 0.09 0.043 0.415 0.104 SAND
-6.5 6.50 6.6 0.25 1.571 0.09 0.043 0.437 0.099 SAND
-6.75 6.75 6.9 0.25 1.571 0.074 0.035 0.458 0.077 SAND
-7 7.00 7.1 0.25 1.571 0.055 0.026 0.497 0.053 SAND
-7.25 7.25 7.4 0.25 1.571 0.055 0.026 0.325 0.081 SAND
-7.5 7.50 7.6 0.25 1.571 0.033 0.016 0.075 0.21 SAND
-7.75 7.75 7.9 0.25 1.571 0.033 0.016 0.039 0.408 SAND
-8 8.00 8.1 0.25 1.571 0.033 0.016 0.039 0.408 SAND
-8.25 8.25 8.4 0.25 1.571 0.025 0.012 0.039 0.315 SAND
-8.5 8.50 8.6 0.25 1.571 0.025 0.012 0.042 0.289 SAND
-8.75 8.75 8.9 0.25 1.571 0.025 0.012 0.042 0.289 SAND
-9 9.00 9.1 0.25 1.571 0.056 0.027 0.042 0.633 SAND
-9.25 9.25 9.4 0.25 1.571 0.056 0.027 0.012 2.162 SAND
-9.5 9.50 9.6 0.25 1.571 0.056 0.027 0.012 2.162 SAND
-9.75 9.75 9.9 0.25 1.571 0.056 0.027 0.012 2.162 SAND
-10 10.00 10.1 0.25 1.571 0.056 0.027 0.012 2.162 SAND
-10.25 10.25 10.4 0.25 1.571 0.037 0.018 0.012 1.428 SAND
-10.5 10.50 10.6 0.25 1.571 0.037 0.018 0.052 0.337 SAND
-10.75 10.75 10.9 0.25 1.571 0.037 0.018 0.052 0.337 SAND
-11 11.00 11.1 0.25 1.571 0.043 0.02 0.052 0.391 SAND
-11.25 11.25 11.4 0.25 1.571 0.043 0.02 0.052 0.391 SAND
-11.5 11.50 11.6 0.25 1.571 0.043 0.02 0.037 0.552 SAND
-11.75 11.75 11.9 0.25 1.571 0.056 0.027 0.037 0.722 SAND
-12 12.00 12.1 0.25 1.571 0.056 0.027 0.037 0.722 SAND
-12.25 12.25 12.4 0.25 1.571 0.056 0.027 0.038 0.712 SAND
-12.5 12.50 12.6 0.25 1.571 0.037 0.018 0.038 0.476 SAND
-12.75 12.75 12.9 0.25 1.571 0.046 0.022 0.038 0.59 SAND
-13 13.00 13.1 0.25 1.571 0.046 0.022 0.064 0.347 SAND
-13.25 13.25 13.4 0.25 1.571 0.046 0.022 0.085 0.26 SAND
-13.5 13.50 13.6 0.25 1.571 0.061 0.029 0.085 0.342 SAND
-13.75 13.75 13.9 0.25 1.571 0.061 0.029 0.085 0.342 SAND
-14 14.00 14.1 0.25 1.571 0.045 0.022 0.07 0.31 SAND
-14.25 14.25 14.4 0.25 1.571 0.045 0.022 0.09 0.24 SAND
-14.5 14.50 14.6 0.25 1.571 0.075 0.036 0.09 0.4 SAND
-14.75 14.75 14.9 0.25 1.571 0.098 0.047 0.189 0.248 SAND
-15 15.00 15.1 0.25 1.571 0.09 0.043 0.189 0.227 SAND
-15.25 15.25 15.4 0.25 1.571 0.072 0.034 0.189 0.182 SAND
-15.5 15.50 15.6 0.25 1.571 0.06 0.029 0.189 0.151 SAND
-15.75 15.75 15.9 0.25 1.571 0.06 0.029 0.189 0.151 SAND
-16 16.00 16.1 0.25 1.571 0.06 0.029 0.189 0.151 SAND
-16.25 16.25 16.4 0.25 1.571 0.06 0.029 0.061 0.469 SAND

Figure A.13 Data set 13 soil information

137




STATE OF FLOKINA DEPARTMENT OF TRANEPORTATION

FIELD BORING LOG s
¢ 4
PR Y A Borig B-3____ penwion: ?:Tm &
m:‘#— ul—k.a%— : Coualy: s -
T e e e
Wader Twtd s Roabtnee: - A/ - .cnu-..ﬂ;_ vt CI:_a2/ 8 Wistar Tade Deplh_
lavi gl e R o SiaroEs
I— o MATEHIAL DEACKIFTION REC.
] » | ™ : wle [w
2.9 ../ T [ .
/ a Lo rocks (‘ m,! ‘ =
.4 1 .
__LL 7 sl
frwe el demes <
5. oy //-'v?r"] 3 ﬂfé, _
3. gl o & Sy Cp s e 3.0
7 £ 4 =t - .
5 J 3 bLszlzs .
ﬁL bst{ el = Mﬂ(m g“ﬁs = 3
axt? s Qe =8 ¥ g
& @ | 4 |y » ,
8 Ot bvn fions Sonad SRy gl b0
2 oy
71( 2 3 I, oe
z5 S &
7
i R 2. L y . :
2o - 5 P !..EE;_ i .
: / fors, el : -
H L 7ol RO S T L3 7z T }z'}
: /"‘/"V f‘l
I&( Mmé‘ ﬂ - y
] P '
: 2.0 . t 12 |52,
2.9 1 GHNME ot 150 o hmwete o5 he J
To e li"*)
3¢ i 5 /R e
Y ol ) v/seZ | - |-l Sypayst it S 12.57
: ; ovit r = X ;
3 » |23% R g

5.9 |

FigureA.14a Data set 14 soil information



2 STATE DF FLOAIDA DEPARYMENT OF TRANIPGRTATION FORM £74. 20013

FIELD BORING LOG MATHRIALS - 1859
'ln..’;,ﬁm.ﬁ
i OSF____vem Dest geond . woemn 8-3 Sotmi A0 o lfd
Slowho g bt) SAMPLES
. T . MATERIAL PESCRIFTION i REC, it
o | wows S g m-
2 MR & : | STwwrrr ¢m‘5¢“ (""'
I'E-F i P - : .
rd - [ 12 |e3klac -
. I A — :
B P A RS prow s E [l w__fG.
.n 7 5ot e Py -

ﬁ( M:.!-lL ’ ,u‘

L L L L el

FigureA.14b Data set 14 soil information

139



ETATE OF FLORMA DIFARTMENT OF TRARNPORTATION

FIELD BORING L{kG

rage ! wmgcd
Prodevith_{} 5 £ _HM Butagm K- Tyes Bovpmanl i A
:.lq,- M.Lﬂ‘_-_- vore ZIST

Ei‘:'%g

Tirwcihlp Souly  Bagn______Favl Becfion

;'“'E .‘rc-fiij.ﬂ'.n-s [

Typelns

% 'h"dlr'l'ﬁl- mEo
D.IHTHI

EIMAHES
o | @ | o - . | m | »
2.0 ) ./H oY S rwvnd "#’F"‘. ﬁ&-
LS 1
£ & ey ]
1 jl’"*’f poie f e yoc, .
L ¥ e f. i 2 fr [ad
-
o
s | i 7 3 o |o :
%< e St Luisroit S ¥
prc el ah--re';.;u?" : il ? -
<4 & B N 173 s
£.e _!(ﬁf?ﬁ.rgj -
75 2. %1
ol
raa 3
i ra [ b 213 |,
20 o Snnal it sg bt ot dinmenin il v he d
' [ wiinop foalof sty : Tvbe f?r";}
l ' :.f Fi _.l' - T ? el -
o5 | Y it Rl s g bk
1 gube ¢°
e 2 1 |s/% 2|, L
i2.4 Loy F et r/.f-n" M.rq-‘rfd-fffa eored L S s had
-:-, B0 ot S be 2"
#5.f s p3%[7 w&iﬂ#f(_w P
ehs i f"fr"" P -1 ﬂ g ‘:ﬂ' T4 Jf'., =
4
> '—-—'——'-
/5B w pi% by | ST e cnadardid o 1757

Figure A.15a Data set 15 soil information



STATE OF FLORIDA DEPARTMENT OF TRANSFORTATXN

FORM S6--13
MATERIALS - 1085

F1ELD BORING LOG
LY CT A
Y T fial Goovd Bwkgh £-§ __ Sumw S/8 Ok acid
Bswric i) ot
S -y MATERAL SESCRIPOION REC. i
p— O ROws wo. | w
/52 & nf Semmy e ndpin Byfo” |
: 2 Lok o S1f Ly '
/6, 2 Jopate r 74 4 y.d
.5 . st b“t)
/8. ¢ 212

LU

o riale® o’ |

Figure A.15b Data set 15 soil information

141



TEST SHAFT 2
SCHEMATIC DRAWING
INSTRUMENTATION LAYOUT

ﬂ 7‘ EL +5.33
— EL 0.00 /
WATER Z
EL -I15.00 -—/— EL -15.53 (MUDLINE)
SAND EL -17.00 EL -19.00
= EL -24.06 (BTM CASING)
ORGANICS |  EL-30.00
SAND W/ EL -38.00 W EL -to0.00
LIMESTOME s
FRAGMENTS EL -50.00 Uil EL -50.00
LIMESTOMNE EL -55.00 ¥
13 EL -80.00
Wl EL -70.00
Ilf|  EL -80.00
il EL -93.00
EL -94. 8L (TIP)
LE" @ GROUT PLATE
~ MOTE: BOTTOM AND
EL -125.00 TOP GAGE LEVELS
EACH HAVE & GAGES.
ALL OTHER LEVELS
HAVE 3 GAGES.
EL -I45.00
J@l APPLIED FoUMDATION TESTING, INC. FLAGLER MEMORIAL BRIDGE

FigureA.16 Data set 16 soil information



SPT

20

2

22

k1A

BorING
TB-I

SanD

WEST PaLM BEACH AIRPORT
TEST SHAFT SCHEMATIC

+|.0FT TOP OF SHAFT

A +0FT GROUND ELEVATION
NI Nl
RERIRIRY o YRR hssimeo)

a a
A b -7.00 FT (LEVEL I}
. 2 STRaIN GAGES
a
.
4 4
cod
<
a B
B, 0 -25.00 FT (LEVEL 2)
2 STRAIN GAGES
B .
. A
7]
] d-
4 a
a
a
<7
GROUT PLATE 4
\ [ I I ] -4,7.00 FT (LEVEL 3)
: |_ L STRAIN GAGES

-50 FT BoTToM OF SHAFT ELEVATION

Test Scquence:

Run Load Test on PC12 Wall

Production Shaft

1} Install instrumented Test Shaft,

Ultimate Required Load = 280 kips 2) 3=4 days later, pressure grout

Replace 2,000 Shaft wi 4'¢) x 500

shaft tip while monitoring specialty instrumentation.

with Ultimate Capacity of 1700 kips

Test Load = 1000 tons (2000 kips)

3) 2 days after grouting, run load
test while monitoring specialty instrumentation.

APPLIED FOUNDATION TESTING, IMC.

SECURITY CHECKPOINT BUILDING - COMCOURSE "C"
PaLM BEACH INTERMATIONAL AIRPORT

Figure A.17 Data set 17 soil information

143




Elevation (ft.) MSL

hqw—m-&nmmumn-wwwwwmmmm 200 - Dp~

ST B el

-70

Stack

i

/ S La30. L 1122
-9 c-19 . 1104 SRR o
/P.Ju..w EL 1567 €L 1561 LA
- Vacuum
a K - « Cxcave tion ol
= —_
L A = oufe g
i i o fi o b po b=
b ouft = e R e
: bl GRS, Y g £ 7Y
svla R L e 1 b S g
i £ svies ~loo b 1oy = svhar - - sv fae
oxor - ~_Dense SAND | i sv ber
™ ol bl 1] 3 PV © ERtlonts i o SRRt i b
- - = - - L3y~ — — ~ -lsv]ee -
v sw baf ol ]S sl . e I
—r w sy — Tola war
il P A fes e VP = Denwe to — |
x = = ool // . 8:"3.‘ ms...‘
" T o M P o
e sp j1y Loose
=t e e = [T =
L sv f46
ot > \F.Blb..& s N 3 L
- ——— - SV +29
v Vu\ sv fze |svies - v vise 24 P
sv \\ = svhso 5P e o
st i Aswisa
svl ‘3\ svise ———_|svfer o~
P Kh!&. ) —
~ = =]
sv Vl\\ Euﬂl/ﬁt =
& lavbse lswlse
Very

€ Compnt BT, Sonthen Compury Surwcnn, v A Wagen Paserend

S Compery e, .

Figure A.18 Data set 18 soil information




NEddeg Ot 19, 3508 - Do

S

Bveg rane AL wasw pocxz

Stack

Figure A.19 Data set 19 soil information

»
-0 .
o ner o ol aar
Pl - Bedt. = Cd0. Osrar I —
| Tow _ euw oL o, ] e
« i " u<8‘!
10 a Cxcave tion i1 ¥ e o |ae
; —
= .
™ [ 3 O o i o [— - v.d swre oA |
ot 5 bo == o andl Loase -
6 » 3 Lae ol L 19—y 174 vy s 1715 SanD ol
e swhde o b o ban- lsvleo ViR el sves
> 10 il svbar v {2y 0] 100 ) SO S bl e e A svfae
= Dense SA0
i i d o has Ll LI ) Foy MY e svhes - v e e
E n ~r BEdL g o] Lo R P X i sv e B
: o u svt ~ o hes-  medm -
nnv i ‘g-wo“.“wwnn‘ LAk —(‘ -!lon“‘ o K
o 3 = w oo L B...\E\\\!Va// e ks
nd -
R o SAND , s putoen
& v Zy/l“\n.ﬁ.\.f! vr | - svho
et SV 40 . AR \ SAND v iS4 Asv e - - S P
-40 5eten |svbar N
Y B.wnuf‘é_{ it vl [ i uﬂ_.s
B NSAr <
w L A SV P ra6 s
50 svies v bs oelon
w Tswpan 2\ I o, svlse - T fsvier svies
F SV e dv o n(y/u( % Derse t0 v hae
-60 Very - Py Tee
sv}o e =
=70
@ G 7 e o e g s Southern Company Generation
Engineering and Construction Services
oR
Figers 2 Mississippi Power Company
Scll Profle Bwacth Stock ot 0 15 e M k)
N ES1476S3 | 1 [rmaL

145



NEddeg Ot 19, 3508 - Do

S

Bveg rane AL wasw pocxz

Stack

Figure A.20 Data set 20 soil information

»
-0 .
o ner o ol aar
Pl - Bedt. = Cd0. Osrar I —
| Tow _ euw oL o, ] e
« i " u<8‘!
10 a Cxcave tion i1 ¥ e o |ae
; —
= .
™ [ 3 O o i o [— - v.d swre oA |
ot 5 bo == o andl Loase -
6 » 3 Lae ol L 19—y 174 vy s 1715 SanD ol
e swhde o b o ban- lsvleo ViR el sves
> 10 il svbar v {2y 0] 100 ) SO S bl e e A svfae
= Dense SA0
i i d o has Ll LI ) Foy MY e svhes - v e e
E n ~r BEdL g o] Lo R P X i sv e B
: o u svt ~ o hes-  medm -
nnv i ‘g-wo“.“wwnn‘ LAk —(‘ -!lon“‘ o K
o 3 = w oo L B...\E\\\!Va// e ks
nd -
R o SAND , s putoen
& v Zy/l“\n.ﬁ.\.f! vr | - svho
et SV 40 . AR \ SAND v iS4 Asv e - - S P
-40 5eten |svbar N
Y B.wnuf‘é_{ it vl [ i uﬂ_.s
B NSAr <
w L A SV P ra6 s
50 svies v bs oelon
w Tswpan 2\ I o, svlse - T fsvier svies
F SV e dv o n(y/u( % Derse t0 v hae
-60 Very - Py Tee
sv}o e =
=70
@ G 7 e o e g s Southern Company Generation
Engineering and Construction Services
oR
Figers 2 Mississippi Power Company
Scll Profle Bwacth Stock ot 0 15 e M k)
N ES1476S3 | 1 [rmaL




TS-1 - As-Built

Pilot Baring TS-1

Elevation H-Value
+5.0
0.0 — hra ‘Waler
5.0 —
0.0 —
16.0 ——]
— Mudline
20.0 —] : 1—;
— 2
250 —. —
. 3
.- z
.0 —; —
_— &
T 5
00— —
= el I
— 3
LT Y — [ S
— 18
45, .
al:l IIIII Ty
T T T -
e L
500 .:.:. ol
—— T
|:|:|m:__llf'_.-i‘.-.
550 0
_#m-
e HEL
an.n_::::: | e
o
e
5.0 ===
: ool ansm| et
o o=
"
TO.0 —_—
—]
===
75.0 e
s
BO.D ===

Tog of Shafl

Gage Level 1
EL +0.00°

Gage Lewvel 2

H

P

El.: +5.00"

/ EL -30.00
Batiom of Permanent Casing

2 EL -3102
E
b Gage Lewel 5
El -40.00°
3
- Gage Level 4
4- El -4£.00"
| | | | Gage Leval 5
El -52.00°
5
= Gage Lewval §
El -58.00°
Toe —‘
— Shafl Tip
Segment El. -80.1%'

Applied Foundation Testing
2345 Success DR
(Odessa, Florida 33558

Tele: STATHAMIC TEST SHAFT - 1

Project Mame: SR-50 SOUTHERN BLVD

lﬁ\l-_l' Project #:118033

Author: WeC 110818

Rey: JoON 111418

Figure:1

Figure A.21 Data set 21 soil information

147




TS-2 - As-Built

Pilat Boring T2-2
Sevation N-AEle
=0 Tog of Shatt
— S 4500
g ——1 v v |11 Gage Lavel 1
— L +0.00
50 —
00—
R0 ludins
— H
12
200 —— =
= =
-25.0 14
. T3
— = | I | Sage Laval 2
300 — Ay . -Z500
... E3 Borom of Aermanant Casin
p— . | 3. -2600
e - 1 .
— 5 Gags Leve 3
= oo | | | | B, 3700
0 — e
j— | | | I | Gage lLavald
5 =, -43.50
B3
= | | I | Gagelewe §
. -4550
=

Fats Factorg

Segment 1-0.91
Segment 2 - 0.51
Segment 3-0.54
Zegmart £-0.51
Segment 5-0.04
Segment §-0.92

Toe Sagmen - 0.51

Applied Foundation Testing
2345 Succezs DR
Odessa, Florida 33556

Title: STATHAMIC TEST SHAFT - 2

Project Mame: SR-30 S0UTHERM ELVD IAI-_ Project #:118033
Author: T V02018 .
P Figure: 1

Figure A.22 Data set 22 soil information




Pilct Boring TS-3

H-Vake

TS-3 - As-Built

Top of Shafl

\

El: +5.00°

Gage Level 1
El. +0.00°

L Mudine
EL 1650

HHH
2
FHH

-

C

HHH

o

S

[9)]

L

Botiorn af Permanend Casin
I El -23 98

Gage Lewel 2
El -26.00"

Gage Lewvel 3
El. -36.00"

Gage Lavel 4
Bl -46.00°

Gage Level 5
Bl -52.00"

Gage Level §
El -58.00"

Toe —|

Shall T

Segment

El. -&80.08"

Applied Foundation Testing

2345 Success DR

(Odessa, Florida 33556

Title: STATNAMIC TEST SHAFT - 3

Project Mame:

SR-A0 Z0UTHERN BLVD

|AFT Project #:118031

Author WKC

110618

Rew:

Figure: 1

Figure A.23 Data set 23 soil information

149




60" Test Pile 1
Schematic

66" Temp. CasingTop of Shaft Exising Gmund
L] Ebgwr. =d. 1

Looge to madum denes
omyish brown SAND

Loaes light gray SN

with Clery
| | Cage Leyel 1 = s light grayish Brawn
=3 Clayey SAND

| | | Gop Lewi 2 u
Elow. 520

Gage Lavl 3 =
| | T a0
| | | Cepa Lo 4 ®
B8 Temp. Cesirg Bl 330

Elow. 37 55 | |' E%LE\IBIS n

| | G Loyl § =

[E=TEET]

| | Gage Leynl T ==

Eor 250
I I Cags Lavn & “]
Ehing 520

I I Crapa Lovel &
Bl -5 11

[ || —Segleed

I I Gapga Leval 11

By, 420
Gage Level 12 =
I I B T30
Ca Laval 13 =
I I Elgu. -TED

| ] || —Cemmlesitd
Tip of Shall Ekira 50
Elp. -850

A8 Girout Plade _/ 81—

LAt grayiah Browr
woathered LIMEETONE

\\ ~
L
\\ Y

Y

\

ER

L
-

,
\\\\
> ~
\\

AN

Medium dense to very dense greenish
ray Clayey SAND ith phasplats roduke
and Limaatone fragmerits

e
‘\.\\\
WA
a

SRR
\\ \\\\
~ \\ -

i
=
H
Y
h

i
RN
\
.

5
Y
"

i

-
*

M

&
Applled Faundation Testing, Inc. Elent Archer Weslsm Frigect Overland Bridge n JAE

Figure A.24 Data set 24 soil information




Top of Shafl and 66" Temp. Casing

B, 5738

BE" Temp. Casing |
By, -25.40

Tig of Shaft

60" Test Pile 2

Schematic

Ewisfing Ground

Bl b5 4

287 GErot Flate —’/

Gage Level 10

B, +£0 a5

Loase to medum dense
prayish brown SAND

Gages Lavel 5
[T

Gage Level 6
[T

Light granyish broswn
weathaned LIMESTONE

—

3
K
\

Goge Level 7

Bav. 250 oy
Goga Lavel 8 V. - o 1
B, -530 ] -
Gage Level 8 - Far
Eav. -5a0 S

b
A

B, o

a0 N
.
N

I
\\.

] it
| |
™ P
Y \\ A \\
> \\ AN \\
> L = LY

W
,

\\ o
M

"
\\

Medium den=e 1o wery dense greenish
Clayay SAND wilh phasphate nodules
imesione fragments

5

it

Fa
,L-I =l

LAFTL Applied Foundation Testing, Ine.

Archer Wastern

Project

t Dz by
Owerland BEndge

JAE

Figure A.25 Data set 25 soil information

151




72" Test Pile 3
Schematic

Tap al Shaft! 77 Casing
Elew. +10HS

Existing Ground B
Elgw. Est 150 N Gray o dark gray SAND

T with 5it
Gage Lewd 1 . / Cd
| ! v 30 ,y:f e Tan Clayey SAND
e A A

Tan cemented SAND

77" Casing | |
Elev. -20.00

g

1)

i

tn

|
S P

.’;'5"-:_-'.-_".'

Greerizh brown ta gray Silly SAND
with Limestane and shell fragmenis

E_‘
i
[
|

E
i
-

[}

]

L

Tip of Shaft

Eiv. 8508 _//
0" Grout Flale e |

4

L

. . . Chent: Project: Dozt by
Applied Foundation Testing, Inc. Archer Western Overland Bridge

JAE

Figure A.26 Data set 26 soil information




Proposed Test Shaft
schematic Drawing

Boiing
Depih SPT WA B-6 | 2emeh
feet]  =nr
0 — ] s 26 it Ground Surface Elevation
17 ]
a Two Tefiale Cosings |- | — | Top of Shatt +24.0 1t
— Thiee Grout Lines -
28 Mot Shown,
10— &
| W.OH,
) &6 inch Dia. Pemanent Coasing
o = (15 fiet in length)
QU — a4 ": ':_.\- _ "
& RO R Shigin Gages
5 __ [Twor Por Lowel @2 Mid Lovols)
| 5 ___ Botorn Casing + 11,41
3 ; Ff\- _
. Clay a5
30— 3 [CH)
3
_ a
dq
| 2a .
40 21 Silty -17.01 Shain Gages
Sand
n Sva [5M) Strain Goges
54 (Four Por Lewved at fo)
28 .
50 — 45 m
[5F)
| j’g -32.0 1 5tain Gages
&0 — 38
ity
lsx:n:j 40,0 1t Shain Goges
N 38 inch diormetor ;
. 42,01t Battorn of Shoft
.lrﬂ = i
Shalt Reinforcement:
— 13 ) )
stk 32 #4s langitudinal
{MH) #& hoops - 4" o.c.
g0 - 20
] 34
sz
Jl_-&_ Applied Foundation Testing, Inc. Carolina Bays Parkway

Figure A.27 Data set 27 Soil information

153




0 M, Lo o o

Ve Deparmart of Transpeenngn PROKCT o 20021213 MS-3
LOCAT e (heaopesks. Yirginia
'-'F st PAGE 1 0F 4
. STATION: 12+ Frars 44 it
EASTINE: 1926354.7 WRTE(M: WRBEH.€
SUNFACE ELEVATION: -22.0 #
FRELD BATa Datatah Bl le® LI - 30900 LA% aTA
P PP 011 1ing Nethofst: Wit-Retory
e P Wil Sofety Mo
Ofher Tadfld b ~ l: B
= | E -l P Il S [fr|lhers WCTEC Trginesring & Consulitiag £l =
£ & £ 23 =5 ! == | &
HE i | i =2 i3 - > | Laggers Bewld Goreinber, £.1.T, F|E| 8
: Ei; HHHUE o ‘1Y
= = ]
DESCAIFT v & STRATA wolom
- = [TE (X
1 s Bloo. arganic SLT. som sond. wat. |ALLA0oE] DM
1 "
1@ - } Le v o0 -
1 s Craergriy Fiig 9 conrin Lol somp 5104 wd. AL PIm] 3P
T -
L 4 o .
- [
| &
14 -m -
. . w0 o =
LE s Firm 8 vy irm growegrdy. ey graded fiim |d el S0
k traee sl 1. JulwEm] P
"
5
. -,
L
7 ™ E ik
! ' '
b
E
[ 27
I L. 1 2
- 1 =
L
L o
- -5
a8
o ™ ID]E
- E mn "
| x
- &Y
i
r ' . 10 E @z
LW " ]
F®
L 1=
ns
. R P x
- u -
- ’_
g L »s
& B 12
H i e E
| L S SR S - S—— —
AR PACE 1 OF 4
!.ﬂr I faed o anlis et for Tess Orgonle Da (MO0 Seting.  Saphs Som 12E-1R fawd 1o 607 Eate Gels Secicon,
E M5-3

Figure A.28a Data set 28 soil information




Ve, Depariment of Tranaporason PRILECT = Muod-p-113 MS-3
- LOCATICR: Dhenpeces. Virginla
" I'll STRCTURE: PAGE 2 OF 4
. STATIN: 37455 FFEN 44 1. W
EASTENG: 3926155, 7 NORTalsG: 1EA8N. &
SIRFACE FLEVATIME: <720 1
FIELD DATA Batela? Grilime L2608 - WS LA& Jala
TIT P Bri 1¥ing ethodtsic MudRotory
o SPT Mptnod: Sofety Somwar
B Difwr Tes®isl: -lgle
z| 2 5. (2|8 5 - 3 |Bri thers WACIEC Lrginsaring 4 Conauliing il E
g ) E! a H - i—-l i Logoer: Bavid Gorsanier, E.1.7. H g
L HUHHTHHE o :
Wi DRACHIFT 0N OF S TRATA w |-
™ o
Bl FEFE ]
" o o LiosE b vy dlrm grasegrey. Dee | coores L0, e 000 el
L w4 , "'"g {nmiom 2| W s
- - & -
-
TeT T
S
L A & "
-5
A .
Lo : - E
r N " ) |
L a5
TEE -
L . - ):
=k 1 =
L @
Fo1 . o
oo " 0 E
" 1 11 L]
L
el e ey
L ) - g
- il L]
-
1™ .3
RE] B | E
4 T £
N
E- bl e w5
E..' - . - 2
HaL
Pt PAGE 2 OF 4
Em B bk o g 14 oot bt For Tl e S ITICH desting.  Soeple Bom 1918 Feee b VT meserials Sectio. ot
E - SN

T

Figure A.28b Data set 28 soil information

155




Wrgras Temgarowes o Trrsporsinn PIMECT = HM00-2-1211 ”5_3
- LOCAT sz hasopaoie. ¥irginia
"Illl STRUCTURE PaGE 3 OF 4
. ETATID: 22428 OFFSET: & 14, §
EASTING: ¥E7E354.7 MORTEIRG: 16B404
SURFAY CLEVATION: -22.0 ft
FIELD Dmis Dabelgh Brlileds  LEAD - WrG0R LA Ta
SeIL 13 O 111 ing Sedtdi=): Rad-fotoy
e PT e thads Sofety Sosmer
Urher flestislt - i a
= = 5 i bridlors WACTEL Engingering 4 Samsul! ==
= EEEEI;EI § 7 eles e § Sarslties 55| B
Bl 2 ai i s |E|=z g Logger: Bawid Gorgeniar. E.1.0. HE
AL HUE T HHE a0 ‘|8
\ WSCRIPT ION F STRLTA wo|m
™ L
firm &5 erme, bhuesgroys fine 5w coorss SEMR sone 11 ard mer ine
- il | fapeniy. wet. |WRETOW ) W
3 S =il I -
LM - LI ™ E
B 1 w | o
o ]
i [ ]
R .
o ,mg
- 1] -
- ]
b ] o
L 3 4 W 'wg
i 1 n
=]
b m A -
L ', mx
L L] £
L i
S -1 -
- 4 . ""E
F '] "
s
] |
C RG] . |
4 & “ - E
S E " "
ki
8 EE ] -
B Yo lm i
A af H=
L e
¢
E w4 -
ey
m W 2 1
L ! I S
1 PacE 3 OF 4

W ewt of aoile collemied for Totol Orgmnic Cordon [T00T festing.  Sowpie Som 13=13 fort o VOOT Sasr faly Sectice.

PTARCUNE WY

L m— & TiFgay

Figure A.28c Data set 28 soil information



Vg Depanmerd of Trmponmion PROJELT = X4p0-2-1213 M5-3

LCaTIg: Tespeda. Yirginig
"-'F swegcopR: FAEE 4 OF ¢
. STV X2ads OFFEET: dd 8. W

EASTING: M26193.1 NOETEING: 168405, 6
SURFALE ELEVATIONE =22.0 £t

FIELD Dals Dotedsl Ol | Ipdt  L2EAD0 = WABLS0Y LAS (aklk

TIT ecs Drif g Method! sk ad-Rotary
" SPT Me=teds Sobety Fommer

Utrer Testiaks

Driller: MALTEC Enginmering & Congulting

. E]
_lz| s 1R sfi) 2
= ; i E E g'-_'! § =12 i
5 . g
| = E - 5 = | Loggers Dowid Gordimiers £.).1. o ER R
JHE HHEHH IR o Ik
:d - " L]
CEWRIPTION F STRWTA ) w |-
9| o | mE
1145 7 1.5
SHII. groen-grag- beos CLAT. AWt 0a pand, el (|YOPRTGEW 17| 0L
SRR ] o
& Firm gresn-groy. e 1o coorss GUMD. o siiN. wet, [TOENIDNM
1]

I TECT]
ey oF0, piuges. dol OLEN: Ditie sl wef. |1'I:l|.1CI- n| o

v S
il o
L1z 4
ro1 W
LR it - }
3

L4 ' I
ne Y
o =
TR o
| L 1

1
- 1 » b
- 117 4
[ . T s s
A
1 ] w
3 R n m
I o it
. | H

"5

A
[
47 )
LL ]
1 L] M bl
- ] ]
pag -
- 4 oam
g
il L M IHE ET I T T
- . " L]
_lﬁ-
TRl
, L 5]
150 ¢ ME - R—
" Wor i T minied o8 190 Faet wiow med) ins.
ii
i - Ao - -
! i PAGE 4 OF 4
! o fee of il oo bached for forad ifgonic Coroen D100 Pexting.  Saeple Semm 125170 Seet ho VNI Saker o) @ Sectian.
k - A — HS_E

B P T gl B iy

Figure A.28d Data set 28 soil information

157




ELEVATION

(FEET)
bl B~4A PB—1
R S 16
O = -2
T Sta
3 4 o WOH /127, 4
R i 2
ST WOH /187 Al WoH /18"
i W
15— e - A /
& o WOH /127 S 10
s 7777 H
C T 1s0/0,5" 100%M 50,
1 | BER
ILYT o 2N2x - o) 3
25 LT150/3" erl,'ELr' T T150/5" '00AML T I,
! g | I°%) 1 pou 1
l:l'-50/'" :L—: NX o L sn,1" i
: l lrl ! Bu TI T s i
e ghg .
=28 25585 " 35.5 - 2
R 50/5 (SET 25, A i
%% 3" CASINC)
05908,
X254 80 18,
KR
55
—45— 0:0’0 L 53 48,
B.T.
5 .
o R ; 49,7
50 .0:0:0: {SET 20, (seT 2.’.‘.",6
:::::: 4™¢ CASING} 4" CASING)
a5 O K]
—3 — L " .‘
e X% 11,50/5 ::::’:
20008
o35 o 939505
£9, 0/55 ’.."
SRR
R
55— 51 0. &
3 &
B.T.
70.0°
(SET 22,
4% CASING)
_75 -
SHEET 1 OF 2
(SEE SHEET 2 OF 2 FOR
ol “LEGEND FOR GENENERALIZED
_g5_] 85.0" SUBSURFACE PROFILE")
(S=T 258,
3"¢ CASING)

Figure A.29a Data set 29 soil information



ELEVATION
(FEET)

—+5

6
WOl Z/' g" 1 /1 a"
o WOH'Iﬂ 5" W ‘4/’6",] "/.. 2% = -5

: L4 s0/3°  100% 1/12".8
e ) == : SN
2" =1 bans0/2" L 50/1 _:‘ |- 11,50/4.5
om ‘ N——
: T} 37,50/3" 50/5" 20,50/5
T 1 "
0/3" 40,33,50/3"  12R%-50/5" ——3%
B.T.
40.0°
0,50,/3" 53 i i Y
4"¢ DASING)
SR o
50/2" 37
2,30/2 PAVA
B.T.
0. 30
(SET 27,
4"¢ CASING) i
31.50/5" TR
65
52 — —65
B.T.
70.0° I

9 -20c: 202

Swoor N

» TS YMACTEC =gy

ENGINEERING & CONSULTING, INC.

AEAIENRALITEN CHIDEHIDEARE DONYENLE

Figure A.29b Data set 29 soil information

159




Proposed Test shaft

Schematic Drawing
Bé inch
e ovm Frem 26 it Ground Suroce Elewalion
Two Tolice Cagime 1 bos lop of Shaft +24.01
Thice Giout Lines -
MNOT Shcwn,
WOLH.
ob inch Dia. Pemanent Casing
[15 teet in lenglh)
20 4 .
& siain Gages
5 (Two Pexr Lenvied @) Mid Lenviels)
3 Botorn Casing +11.6 1
3
. Clay
30 3 [CH)
]
4
4
24 .
40 2] Silhy <1701t Strain Gagoes
Sand
St L) smy Strain Gogos
34 fon (Four Per Leved at toe)
28 |
a0 as o
ol R
:: -32.0 ft Shain Gages
A0 38
Silly
20 (R BM 400 ft Shicin Gages
I 38 inch diormotor .
Gaout Plat -42.0 1t Bottar of Shaft
70 .
shift Reinforcernent:
13 . m
it 32 #%'s longitudinal
(MH) #6 hoops - 6™ 0.
A0 20
34
aoye
_,[@3_ Applied Foundation Testing, Inc. Carolina Bays Parkway

Figure A.30 Data set 30 soil information




APPENDIX B — LOAD TEST RESULTS

Figure B.1 Data set 1 load test results
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Figure B.2 Data set 2 load test results



50 60 70

40

End Bearing (TSF)
30

20

10

+-0.2

Displacement (in)

+-04

@

=)
.
t

+-08

-— —
'
"
T

"
L

2Inssald Jnols) payddy

P3PIp3ld QLHSYY L1dS 1-11

pPapipald OLHSYY 1dS T-11

-0.2 1

3
T L I
- ™
" H
-
'

04 -
-06 +
08 -
A4 4
-16 +

(w) yuswaseidsig

18 1

400 500

300
End Bearing (tons)

2

100

Figure B.3 Data set 3 load test results

163



328 4]

LOADTEST Osterberg Cell Load vs.Displacement Plots

Displacement (inches)

2.00

1.00

0.00

-1.00

-2.00

-3.00

-4.00

-5.00

6.00 L
0 200 400 600 800 1000 1200

Broadway Viaduct - Council Bluffs, IA - TS 4

Upward Top of O-cell|

1
by
L ]
LK ]
\

Downward Base of O-cell

Gross Load (Kips)

Figure B.4 Data set 4 load test results

1400



123484 Osterberg Cell Load-Displacement
% TS-2B - Gerald Desmond Bridge - Long Beach, CA

2.0

Upward Top of O-cells

1.0

0.0

Displacement (in)
do
=

4.0
5.0
Downward Base of O-cells
6.0 |
70 \\\
8.0 = = . = . - -
0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000

0-cell Gross Load ( kips )

Figure B.5 Data set 5 load test results

165



(EX XXX

Osterberg Cell Load-Displacement

LOADTEST
T5-3C - Gerald Desmond Bridge - Long Beach, CA
2.00
100 F N PR B— =‘___.__,__-+--'
— A T
0.00 —t A
—,
_-"""ﬂ-_
= e . H“"'x,__
€ =g \\‘
E 3.00 o
=
&
2 400
Dosnwiard Base of O-cell
5.00
.00 \
700 f e \'\
— T N
-£.00 L M i " L L i L " M i " L i L L L i M i i
0 2,000 4,000 5,000 5,000 10,000 12,000 14,000

O-cell Gross Load | kips )

Figure B.6 Data set 6 load test results

16,000



Displacement, inches

0

131ksf

!

2000 4000 6000 8000

Load, kips

Figure B.7 Data set 7 load test results

167

10000



Figure B.8 Data set 8 load test results



Figure B.9 Data set 9 load test results
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Figure B.17 Data set 17 load test results

177

2200

2400



Load vs. Displacement from Statnamic Test
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Figure B.18 Data set 18 load test results



Load vs. Displacement from Stathamic Test
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Figure B.19 Data set 19 load test results
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Load vs. Displacement from Stathamic Test
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Figure B.20 Data set 20 load test results
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Figure B.21 Data set 21 load test results
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Figure B.23 Data set 23 load test results
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Figure B.24 Data set 24 load test results
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Figure B.25 Data set 25 load test results
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Load vs. Displacement from Statnamic Test
T5-3
1-95 Overland Bridge, Jacksonville, Florida
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Figure B.26 Data set 26 load test results
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Osterberg Cell Load vs.Displacement Plots
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Figure B.29 Data set 29 load test results
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Total Load versus Displacement
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Figure B.30 Data set 30 load test results
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APPENDIX C FDOT METHOD BIAS FACTOR PLOTS
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Figure C.1 Data set 1 predicted/design and load test response (top); bias vs disp (bottom).
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Figure C.7 Data set 7 predicted/design and load test response (top); bias vs disp (bottom)
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Figure C.13 Data set 13 predicted/design and load test response (top); bias vs disp (bottom)
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Figure C.18 Data set 18 predicted/design and load test response (top); bias vs disp (bottom)
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Figure C.19 Data set 19 predicted/design and load test response (top); bias vs disp (bottom)
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Figure C.20 Data set 20 predicted/design and load test response (top); bias vs disp (bottom)
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Figure C.21 Data set 21 predicted/design and load test response (top); bias vs disp (bottom)
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Figure C.22 Data set 22 Predicted/design and load test response (top); bias vs disp (bottom)
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Figure C.23 Data set 23 predicted/design and load test response (top); bias vs disp (bottom)
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Figure C.25 Data set 25 predicted/design and load test response (top); bias vs disp (bottom)
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Figure C.26 Data set 26 predicted/design and load test response (top); bias vs disp (bottom)
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Figure C.27 Data set 27 Predicted/design and load test response (top); bias vs disp (bottom)
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Figure C.29 Data set 29 predicted/design and load test response (top); bias vs disp (bottom)
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