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SI (MODERN METRIC) CONVERSION FACTORS (from FHWA)

APPROXIMATE CONVERSIONS TO SI UNITS

SYMBOL |  WHENYOUKNOW | MULTIPLY BY | TO FIND | sYmBOL
LENGTH
in inches 25.4 millimeters mm
ft feet 0.305 meters m
yd yards 0.914 meters m
mi miles 161 kilometers km
SYMBOL WHEN YOU KNOW MULTIPLY BY TO FIND SYMBOL
AREA
in? square inches 645.2 square millimeters mm?
ft? square feet 0.093 square meters m?
yd? square yard 0.836 square meters m’
ac acres 0.405 hectares ha
mi? square miles 2.59 square kilometers km?
SYMBOL WHEN YOU KNOW MULTIPLY BY TO FIND SYMBOL
VOLUME
fl oz fluid ounces 29.57 milliliters mL
gal gallons 3.785 liters L
ft* cubic feet 0.028 cubic meters m®
yd® cubic yards 0.765 cubic meters m®
NOTE: volumes greater than 1000 L shall be shown in m®
SYMBOL WHEN YOU KNOW MULTIPLY BY TO FIND SYMBOL
MASS
oz ounces 28.35 grams g
Ib pounds 0.454 kilograms kg
T short tons (2000 Ib) 0.907 megagrams (or "metric Mg (or "t")
ton")
SYMBOL WHEN YOU KNOW | MULTIPLY BY | TO FIND | SYMBOL
TEMPERATURE (exact degrees)
°F Fahrenheit 5 (F-32)/9 Celsius °C
or (F-32)/1.8
SYMBOL WHEN YOU KNOW | MULTIPLY BY TO FIND SYMBOL
ILLUMINATION
fc foot-candles 10.76 lux Ix
fl foot-Lamberts 3.426 candela/m’ cd/m?
SYMBOL WHEN YOU KNOW MULTIPLY BY TO FIND SYMBOL
FORCE and PRESSURE or STRESS
Lbf” poundforce 4.45 newtons N
kip kip force 1000 pounds Ibf
Ibf/in? poundforce per square inch 6.89 kilopascals kPa

111




APPROXIMATE CONVERSIONS TO SI UNITS

SYMBOL WHEN YOU KNOW MULTIPLY BY TO FIND SYMBOL
LENGTH
mm millimeters 0.039 inches in
m meters 3.28 feet ft
m meters 1.09 yards yd
km kilometers 0.621 miles mi
SYMBOL WHEN YOU KNOW MULTIPLY BY TO FIND SYMBOL
AREA
mm? square millimeters 0.0016 square inches in?
m? square meters 10.764 square feet ft*
m? square meters 1.195 square yards yd?
ha hectares 247 acres ac
km? square kilometers 0.386 square miles mi?
SYMBOL WHEN YOU KNOW MULTIPLY BY TO FIND SYMBOL
VOLUME
mL milliliters 0.034 fluid ounces fl oz
L liters 0.264 gallons gal
m? cubic meters 35.314 cubic feet ft®
m? cubic meters 1.307 cubic yards yd®
SYMBOL WHEN YOU KNOW MULTIPLY BY TO FIND SYMBOL
MASS
g grams 0.035 ounces oz
kg kilograms 2.202 pounds Ib
Mg (or "t") megagrams (or "metric ton") |1.103 short tons (2000 Ib) T
SYMBOL |  WHENYOUKNOW | MULTIPLY BY | TO FIND | symBOL
TEMPERATURE (exact degrees)
°C |Celsius |1.8C+32 |Fahrenheit |°F
SYMBOL | WHEN YOU KNOW | MULTIPLY BY | TO FIND | sYmBOL
ILLUMINATION
Ix lux 0.0929 foot-candles fc
cd/m? candela/m? 0.2919 foot-Lamberts fl
SYMBOL WHEN YOU KNOW MULTIPLY BY TO FIND SYMBOL
FORCE and PRESSURE or STRESS
N newtons 0.225 poundforce Ibf
kPa kilopascals 0.145 poundforce per square |lbf/in®

inch

*SI is the symbol for International System of Units. Appropriate rounding should be made to comply with Section 4 of ASTM E380.
(Revised March 2003)
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EXECUTIVE SUMMARY

This research reports on a 2 '5-year field study of deep foundations that support FDOT’s
high mast lighting, signage, etc., which are subject to (1) axial and (2) combined lateral and
torsional loading. In urban areas, the typical foundation of choice has been drilled shafts
(reduced vibration and noise); however, a new jet-grouted pile system was also evaluated. It has
a number of distinct advantages: (1) the reinforced precast concrete member eliminates the
quality uncertainty issues inherent in cast-in-place drilled shafts; (2) jetting minimizes noise and
vibration of driven piles installation; (3) grouting maximizes the skin and tip resistance; and (4)
tip grouting of the pile not only increases tip resistance, but provides a proof test from which
higher LRFD ¢ factors may be used in design. Of interest with jet-grouted piles was (1)
constructability, (2) capacity vs. design resistance and (3) cost vs. conventional drilled shafts.
Additionally, a revised FDOT design method for drilled shaft foundations subject to torque and
lateral loading was also evaluated based on measured drilled shaft field response.

This research started with the design of two 28-in square x 18-ft-deep (with two 48-in
diameter side grout zones) jet-grouted piles to sustain the lateral and torsion loading for an
FDOT E7-T6 mast arm assembly under a design wind speed of 130 mph. A similar size drilled
shaft (4-ft diameter x 18 ft deep), as well as a shorter shaft (4-ft diameter x 12 ft deep) was also
designed for comparison with similar loading and soil condition. Next, all the foundations (jet-
grouted and drilled shafts) were installed by an FDOT-approved contractor (Reliable
Constructors, Inc., Mount Dora, FL). Then a heavy-duty mast arm was designed and constructed
for the combined torsion and lateral load testing of piles/shafts. Subsequently, testing was

performed on the foundations by applying a lateral load on the mast arm by pulling with a crane.
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In the case of the jet-grouted piles, the reaction system (4 ft diameter x 40-ft-deep drilled
shafts) used for the static top-down load testing was found not able to reach the ultimate capacity
of jet-grouted piles. Consequently, a Statnamic load test was conducted on one of the jet-grouted
piles to obtain the ultimate axial resistance (1200 kip). Similarly, the combined torsion and
lateral loading of both piles had to be stopped before reaching the failure state due to the capacity
of the crane’s winch cable and/or the structural capacity of mast arm assembly.

The top-down load testing showed that the axial capacity of jet-grouted pile was more
than three times that of drilled shafts with the same diameter and length. Similarly, the torsional
resistance of the piles was found to be more than 2.5 times of the ultimate torsional capacity of
the drilled shafts. The study also considered the effect of loading sequence on the axial and
torsional response of the jet-grouted piles (i.e., first axial, then torsion on pile 1 and vice versa on
pile 2). However, it was observed that the influence of prior loading was negligible, if any, in
both axial and torsional loading scenario. The estimate of axial or torsional side resistance for the
jet-grouted pile was found to be in general agreement with the predictions based on (1) K,
method, (2) pressuremeter method, or (3) construction tip grout pressure data.

Combined torsion and lateral load testing of three drilled shafts (two 4-ft diameter x18 ft
deep and one 4-ft diameter x 12 ft deep) was conducted to validate FDOT and FHWA design
approaches. For all the shafts, the test was continued until failure; the shorter shaft (12 ft deep)
failed by combined rotation and translation; whereas 18-ft-deep shafts had a rotational mode of
failure. A comparison of measured torsional resistance with FDOT design methods revealed that
the revised method overpredicts the torsional capacity by 25-45%. O’Neill and Hassan’s (1994)
beta () method is found to predict the torsional resistance very well, while the rational method

(Brown et al., 2010) predictions were in the range of 1.2 to 1.7 times the measured values.
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In addition to the axial and torsional resistance, the lateral resistance of jet-grouted pile
was also found to be greater than that of a similarly sized drilled shaft. It is believed that the
greater lateral stiffness of the pile was attributed to the increased stiffness of soil surrounding the
pile due to grouting, as well as stiffness contribution of the pile cap. Finally, a cost of
comparison of jet-grouted piles vs. equivalent capacity drilled shafts revealed that the jet-grouted
piles vary from 30% to 80% the cost of a drilled shaft with similar load resistance.

It was also found that FDOT Index No. 17743, which calls for a 4-ft diameter x 18-ft-
long drilled shaft to support an E7-T6 mast arm subject to 130 mph wind speed, was
unconservative. However, a similarly dimensioned jet-grouted pile under small rotations (< 3°)
was capable of supporting the E7-T6 mast arm assembly at 140 mph wind speeds. Consequently,
based on capacity as well as cost, the research supports the use of jet-grouted piles for FDOT

pole/mast arm structures in typical Florida soils (silts and+ sands).
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CHAPTER 1
INTRODUCTION

1.1 Background

Jet-grouted precast pile is a new generation of deep foundation, recently developed by the
Florida Department of Transportation. The construction of the new pile is accomplished in four
distinct stages: (1) Construction of precast concrete pile and preparation for jetting; (2) Jetting of
the pile into ground using pressurized water; (3) Side grouting of the pile; and lastly, (4) tip
grouting. The use of jetting and grouting techniques overcome the inherent disadvantages of
currently used deep foundations. Specifically, the jetting minimizes the noise and vibration as
opposed to hammer-driven installation of conventional driven pile; the reinforced precast
concrete member eliminates the quality uncertainty issues inherent in cast-in-place drilled shafts
and continuous flight auger (CFA) piles; and side and tip grouting significantly improves skin
and tip resistance. In addition, tip grouting also provides a proof test from which higher load and
resistance factor design (LRFD) ¢ factors may be used in design.

The jet-grouted pile incorporates its own jetting/tip grouting system, i.e., nozzles to
minimize water use. In cases of surface limestones or marls, an augur may be used to create the
hole. With respect to the grouting system, jet-grouted pile’s unique attributes include a novel
grout delivery and pressure monitoring system that allows for multiple grouting sessions to
ensure specified grout pressures and volumes are achieved adjacent to the pile. In addition, by
incorporating micro-fine fly ash, the improved mix design results in an excellent bond of the
grout to the pile. Multiple semi-rigid membrane sections attached around the perimeter of the
pile confine the grout flow, cause radial expansion of the grout zone and ensure a good bond

between grout and pile, i.e., no mixing of grout and soil. In addition, the radial expansion of the



grout develops very high radial stress next to the pile and thus increases the axial and torsional
side resistance of the pile.

FDOT research BD545-31 tested small jet-grouted piles (6-inx6-in x 8 ft and 8-inx8-in x
8 ft) in the FDOT’s 12 ft @ x 35 ft deep test chamber filled with loose to medium dense Florida
silty sands. The piles developed 65 kip &110 kip of axial capacity or 1.2 ksf of unit skin friction
at 5 ft depth vs. 0.62 ksf for driven piles. Moreover the excavated piles showed excellent grout
coverage and bonding along entire length of the pile. Also tested was a large pile, 16-inx16-in by
20 ft precast concrete jet-grouted pile which was capable of resisting 450 ft-kip of torque or 1.6
ksf of shear resistance, and the axial top-down load test showed 300 kip of resistance at 0.1-in
pile head displacement.

The results of FDOT research showed that jet-grouted piles are an attractive alternative to
both driven piles and drilled shaft for FDOT structures (i.e., signage, lighting, walls, etc.). Even
though the piles have been tested in a large test chamber environment, they need to be tested
under typical field conditions to validate construction as well as design estimates of torsion and
axial resistance. In addition, the axial and torsional resistances of the new piles need to be
compared with similar sized drilled shafts in the same field condition. It is also of interest to
study the influence of test sequence on the axial and torsional resistance of the pile (i.e., 1*
torsion test, then axial test and vice-versa) in order to obtain an adequate level of confidence in
the constructability and applicability of the pile.

Concurrently, with recent jet-grouted pile research, the FDOT revised the design
approach for drilled shaft supporting Mast Arms (FDOT, 2011). An important change was the
introduction of the torsional resistance based on the “omega” method. For granular soils, a

constant “omega value” (g0t =1.5) is used unlike the FHWA Beta method (O’Neill and Reese,



1999), which uses a depth dependent B value. Note the embedment depth for pole-mast arm
foundation is determined as the maximum of the depth to resist overturning (function of lateral
loads and moments) and the depth to resist torsion. However, past FDOT laboratory research
(i.e., centrifuge study, BC354-09) has revealed that even though the torsional resistance of the
shafts was not influenced by lateral load, the shafts’ lateral resistance was reduced significantly
by torsion. Since the tests were carried out on 30 ft mast arms (i.e., not the longest one; 78 ft), as
well as no full scale data on such foundations (i.e., construction issues) are available, full scale
field testing is required for further verification. In addition, the static load testings of drilled
shafts will identify the actual soil-structure interaction as well as failure mode for verifying the

revised design approach and/or modifying the methodology, if necessary.

1.2 Objective and Supporting Tasks
The primary objective of this research was testing the new jet-grouted piles and drilled
shafts under typical construction practices and in Florida soil conditions with typical design
loads, which includes axial, lateral, and combined torsion and lateral. The specific objectives are

as follows:

e Validate design and constructability by performing full scale field installation and load
testing (axial, lateral, and combined torsion and lateral) of two identical jet-grouted piles

e Obtain combined torsion and lateral load response of drilled shafts and verify FDOT’s
revised design approach for drilled shafts supporting Mast arm structures

e Compare axial, lateral, and combined torsion and lateral load response of jet-grouted pile
vs. drilled shaft

e Cost comparison of jet-grouted piles vs. drilled shafts

In case of foundation for a standard FDOT Mast arm assembly, the eccentric self-weight
of the structure develops axial load and bending moment about the axis perpendicular to arm and

the wind loading generates torsion, lateral load, and bending moment about the arm axis



(function of pole height). Consequently, the actual loading scenario could only be simulated by
the use of a full scale Mast arm structure. Accordingly, one of FDOT’s longest Mast Arm
assemblies E7-T6 type (78-ft long; Index No. 17743) was considered for this research. FDOT
Design Standards (Index No. 17743) prescribe a 4-ft diameter x 18 ft long drilled shaft to support
an E7-T6 Mast Arm assembly. Due to location, FDOT borrow pit in Keystone Heights, Florida
was used for the full scale test program.

The following are the specific tasks that were performed as part of the research:

1.2.1 Construction of reaction drilled shafts and test drilled shafts

Four 4 ft x 40 ft and two 4 ft x 55 ft reaction shafts, two 4-ft x 18 ft test drilled shafts and
one 4 ft x 12 ft test drilled shaft were constructed for the research. The construction of reaction
and test drilled shafts were performed by third party vendor: Reliable Constructors Inc. Due to
water table location, the wet construction method with bentonite slurry was used for all the shaft
construction. Forty-foot reaction shafts were used to provide resistance during the axial top-
down load testing of jet-grouted piles and an 18 ft deep drilled shaft. Two 4 ft diameter x 55 ft

deep reaction shafts were used for the FDOT’s concurrent research project: BDK-75-977-46.

1.2.2 Combined torsion and lateral load testing on drilled shafts

Combined torsion and lateral load testing of three drilled shafts: two 4 ft x18 ft drilled
shafts and one 4 ft x 12 ft drilled shaft, were conducted to identify the actual soil-structure
interaction and failure mechanism. The measured results were compared with FDOT’s revised
design approach as well as other prediction methods reported in literature. Note that two test
shafts were of the same size (4 ft diameter x 18 ft deep) to study the influence of prior top-down
loading on the torsional resistance of the shaft. Specifically, one 18 ft deep drilled shaft was

subjected to top-down load testing before torsion test. Two different length shafts (18 ft and 12



ft) were used to facilitate the verification of the adequacy of a constant Wt (1.5, independent of
depth) in the FDOT’s revised design approach. Test was performed using a heavy duty full-scale
mast arm assembly attached to the top of shaft. The lateral load was applied in increments on the
mast arm at an eccentric distance of 35 ft from the pole by pulling with a crane. Applied load,
and rotation and translation of shaft were monitored throughout the load test. The tests were
continued until the failure of shafts. The measured torsional resistance was subsequently

compared with predicted values based on representative Florida design approaches.

1.2.3 Top-down axial compression testing of the 4 ft x18 ft drilled shaft

Axial top-down testing of one of the 4 ft x18 ft drilled shafts was also performed.
Reaction drilled shafts, along with FDOT load test girders and 1000 ton jack and load cell were
used to test the axial capacity of the drilled shaft. The strain gauges installed at various levels
within the shaft were continuously monitored during the test and used to separate out skin
resistance and tip resistance contributions. The focus of this test was to compare the drilled shaft
response to the jet-grouted pile behavior. The test result (skin resistance) was also be used to

verify the applicability of various SPT and CPT based prediction methods in typical Florida soil.

1.2.4 Design and construction of jet-grouted piles

Two identical jet-grouted piles were designed and constructed at the test site for axial,
lateral, and combined torsion and lateral load test program. The structural element of the pile was
28 in square x 19.5 ft long (18 ft embedment depth) reinforced concrete member. The expected
final diameter of membrane (side grout bulb) was 48-in. The standard two membrane system
with both an inlet and exit ports for the grout delivery system was considered in conformity with
previous research. Sister-bar stain gauges were placed at various levels within piles to separate

out skin and tip resistance from total resistance, estimate bending along pile if any, etc. After the



curing, the precast piles were prepared for field installation (i.e., attaching membranes, nozzles,

etc.).

1.2.5 Field installation of jet-grouted piles

After construction of the pre-cast pile with jetting, and grout delivery system, the
membranes were attached and piles were jetted into the ground at the test site. Water was
recirculated throughout the jetting process to minimize the water loss (e.g., percolation, surface
flow). The piles were supported in vertical position using a crane and lowered as penetration
occurred. After the installation of jet-grouted piles, reinforced concrete cap was placed /
constructed at the top of each pile. A precast concrete cap was chosen for one of the jet-grouted
piles and a cast-in place cap for the other. This concrete cap was required for transferring the
forces and moments from the mast arm structure to the pile during the torsion test. The concrete
cap was designed to meet various standard code requirements (ACI 318-08, AASHTO LRFD,
AISC 360-05, etc.). After the installation of concrete caps, the piles were grouted in place. First
side grouting was performed and after hydration, tip grouting on the piles were performed. One
of the advantages of the jet-grouted pile is that tip grouting of the pile tip will always mobilize
the axial unit skin friction along the pile shaft. Grout pressure, grout volume pumped, upward
displacement of pile, and strain at different levels within the pile were continuously monitored
during the grouting process. Noise and ground surface vibration measurement were also

undertaken during both jetting and grouting operation.

1.2.6 Combined torsion and lateral load testing on jet-grouted piles

Combined torsion and lateral load testing of jet- grouted piles were performed to
determine their response in typical Florida conditions and loading scenarios. Test setups for the

jet-grouted piles were the same as that for drilled shafts. The testing sequence was different for



the two piles to identify the influence of loading sequence on the behavior of the piles. That is,
for one piles, the torque test was performed before axial load test and for the other vice-versa.

The results were compared to predictions based on measured in situ/laboratory soil properties.

1.2.7 Top-down axial compression testing of the jet-grouted piles

Static top-down testing of jet-grouted piles were performed to validate their axial
capacity and design estimates in typical soil condition. The test set up for the static top-down
testing was the same as that for drilled shaft. One pile was subjected to axial test before torsion
and the other only after torsion test to estimate the influence of prior torsional loading on the
axial resistance. The pile strains, applied load, and pile top displacement were monitored during
the tests. The strain gauge data were used to estimate skin and tip contribution to the total
resistance. The measured resistance was then compared with earlier design values. However, the
ultimate capacity of both piles could not be obtained from the static load tests due to the pullout
failure of reaction drilled shaft. A Statnamic load test on one of the jet-grouted piles was required

to determine the ultimate capacity of the pile.

1.2.8 Lateral load testing on drilled shaft and jet-grouted pile

After torsion and axial load testing of drilled shafts and jet-grouted piles, lateral load
testing of one of the drilled shafts (4 ft x18 ft) and a jet-grouted pile was performed. The testing
of jet-grouted pile and drilled shaft was performed simultaneously using a combined
loading/reaction system with dywidag bars. The load was applied at one end (jet-grouted pile)
using an hydraulic jack and the applied load was measured using a load cell installed at the other
end (drilled shaft). The results were then used to compare the response of jet-grouted piles vs.

Drilled shalft.



1.2.9 Cost comparison of jet-grouted piles vs. drilled shafts

To assist with the implementation, a cost comparison of the manufacture and installation
of jet-grouted piles vs. drilled shafts was undertaken. The comparison considered all costs: direct
costs (labor and materials), and indirect costs (rental, size of equipment, mobilization,
demobilization, and cleanup). Since the jet-grouted pile has significantly higher axial and
torsional resistance compared to a similar sized drilled shaft, the cost of jet-grouted pile was

compared with an equivalent drilled shaft (i.e., similar axial and torsional resistance).

1.2.10 Statnamic load testing of jet-grouted pile

The ultimate capacity or even the Davisson capacity of the side and tip grouted drilled
shaft could not be determined from the static top-down load test due to the pullout failure of
reaction drilled shafts. FDOT engineers decided that another load test should be performed on
the pile to assess its capacity for design purposes. Accordingly, Applied Foundation Testing
performed a 500 ton Statnamic Load Test on jet-grouted pile. The ultimate static capacity of the
pile was deduced from the measured dynamic force, acceleration data, and strain gauge data. The
static load-displacement response was subsequently compared with that of similar sized drilled

shafts.



CHAPTER 2
LITERATURE REVIEW

This Chapter reviews past studies on jet-grouted piles and drilled shafts relevant to this
research project. Specifically, previous research on the individual and group response of jet-
grouted piles, the design methodology for the piles in cohesionless soils, and the behavior of
drilled shafts supporting mast arm structures under combined torsion and lateral loading are
presented. Different methods used in this study for predicting the ultimate unit skin, torsional,

and lateral resistance of drilled shafts utilizing field/ laboratory soil tests data are also discussed.

2.1 Past Studies on Jet-grouted Piles

Jet-grouted piles are a new foundation type recently developed by FDOT and UF
utilizing different proven deep foundation installation and improvement techniques (McVay et
al. 2009; Lai et al., 2010; McVay et al., 2010; and Thiyyakkandi et al., 2013a). Four distinct
stages are involved in the construction of the pile: (1) construction of precast pile with jetting and
grout distribution systems (1) jetting of prefabricated pile with the aid of pressurized water; (2)
side grouting of the pile; and (3) tip grouting.

Pressurized water jetting is an effective method for installing piles near existing
structures, which eliminates the issues of noise and vibrations associated with dynamic pile
driving operations (Tsinker, 1988, Gunaratne et al., 1999, Gabr et al., 2004). Jetting assists pile
installation in the following ways: (1) the jetting pressure erodes the soil at the tip of the pile; (2)
jetting will increase local pore water pressure and hence decrease effective stress, resulting in
easier pile penetration; (3) the upward flow of water brings cuttings to the surface as well as
lubricates the pile (relieve skin friction) and assists with its downward movement (Tsinker,
1988). Equation (2-1) is the flow rate equation to estimate the water requirements for jetting into

sandy soil proposed by Shestopal (1959).
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Where,

QO = flow rate (m*/hr)

D = pile diameter or width (m)

dsp = average size of sand particles (mm)

[/ = desired submerged length of pile (m)

C=0.1 for dry sand and 0.017 for saturated sand stratum

k = (2 kul,) /| = average permeability coefficient (m/ day)

Gunaratne et al. (1999) identified that the lateral load capacity of a jetted pile is
considerably less than that of driven pile due to the soil disturbance (stress relief) due to the
jetting process. Gabr et al. (2004) has found that pile insertion rate increases with increase in
flow velocity for a given flow rate.

Deep foundation grouting has been successfully employed worldwide for the last five
decades (Gouvenot and Gabiax, 1975; Stocker, 1983; Bruce, 1986; Plumbridge and Hill, 2001;
Mullins et al., 2001; McVay et al., 2009; and Thiyyakkandi et al., 2013b). However most of the
past studies were focusing on tip grouting and their effectiveness in improving the tip resistance
of deep foundations (Mullins et al., 2001, 2004 and 2006; Ruiz, 2005; Duan and Kulhawy, 2009;
Youn and Tonon, 2010; Dapp and Brown, 2010, Dai et al., 2010, Thiyyakkandi et al., 2013b).
Joer et al. (1998) developed an apparatus for pile-soil interface grouting. McVay et al. (2009)
identified that side grouting of a pile using single-pipe delivery system similar to one developed
by Joer et al. (1998) has the following drawbacks: (1) no regrouting possible; (2) very poor

bonding between the grout and pile as the grout flows along the least resistant path. Typical
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grout mixes used for grouting are cement, sand, and water. Micro-fine materials (e.g., fly ash,
bentonite, etc.) are also used to partially replace cement and improve pumpability through small
diameter grout delivery pipes.

Precast pile

Jet/tip grout pipe

Side grout system

Membrane

Grout orifice
{Gum rubber membrane)

Jet Nozzle
Figure 2-1. Schematic of jet-grouted pile with grout delivery and jetting systems
Figure 2-1 shows the schematic of the jet-grouted pile with grout distribution and jetting
systems from McVay et al. (2009). Separate grout distribution systems are used for side and tip

grouting. As shown in Figure 2-1, two side grout zones are generally considered along the pile

length with their own pipe network for each zone. However, more side grout zones can be
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included depending on the length of pile. Each of the side grout pipes has an entry and an exit
(U-shaped) to allow staged grouting (Figure 2-2). The grout exits the pipe network through a
series of holes drilled into the bottom half of each grout pipe. Note that each pair of holes are
covered with gum rubber membranes, which allows the exit of grout under certain minimum
pressure and seals the holes while cleaning the pipe network with water for regrouting. A center
jetting pipe is used to provide pressurized water at the tip of the pile for jetting/ pile installation.
The central pipe is later used for tip grouting. In the case of larger size (width) piles, the jet pipe
can be branched off into four or five pipes at bottom for the uniform distribution of water at tip.
The nozzle at the end of the jet pipe (Figure 2-3) increases the water velocity as well as
minimizes the water consumption during jetting. The nozzle also prevents sand or fines ingress
into the jet pipe after jetting, and thus avoiding possible grout blockage during subsequent tip
grouting. Most importantly, each side grout zone is surrounded by a high tensile strength
membrane attached to the pile, which prevents the grout flow along the weakest path and causes
radial expansion of the grout zones by providing confinement. Recall that such radial expansion
results in the major principal stress oriented along the horizontal/radial direction. The
membranes also prevent the grout-soil mixing and improve the grout-pile interface bonding
(McVay et al., 2009; Thiyyakkandi et al., 2013a). Previous studies have shown that the piles
have very high axial and torsional resistances (McVay et al., 2009; Lai et al., 2010). It has been
reported that the unit skin friction of a jetted and grouted pile is about 5 times that of similar
sized drilled shafts (Thiyyakkandi et al., 2013a). Figure 2-4 shows the photograph of the

excavated 16-in-square x 20-ft-long jet-grouted pile (McVay et al., 2009; Lai et al., 2010).
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(Source: FDOT Report BD545)

Figure 2-2. Grout delivery systems for the top and bottom zones of pile

Small-scale pile Full-scale pile

(Source: FDOT Report BD545)

Figure 2-3. Jet nozzles and side grout membranes attached to piles
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Figure 2-4. Excavated 16-in-square x 20-ft-long jet-grouted pile

Thiyyakkandi et al. (2013b) proposed a design methodology for the jet-grouted piles in
cohesionless soils based on the experimental data and finite element modeling. The methodology
includes the prediction of the expected grout pressures, the unit skin friction, and the load-
displacement response of the piles. According to which, the cylindrical cavity limit pressures and
spherical cavity limit pressures at representative depths can be used as reasonable predictors of
the expected grout pressures during side and tip grouting respectively.

The approach for estimating unit skin friction was developed based on the stress state
adjacent to the pile during the different stages (such as during grouting, after grouting, and axial
loading) captured from the experimental study and FEM analysis (Thiyyakkandi et al., 2013a).
Since the side grouting resembles a cylindrical cavity expansion, the radial stress (c;) becomes
the major principal stress and the circumferential or hoop stress (cg) becomes the minor principal
stress during grouting. The hoop stress (op) is close in magnitude to the intermediate or vertical

(o) stress. The Mohr circle (6 and 63) corresponding to this stress state touches the critical state
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failure envelope for the soil. However, the stress state around the pile changes due to elastic
unloading immediately after grouting. The elastic unloading causes the radial and vertical
stresses to decrease and the hoop stress to increase. Consequently the radial stress becomes the
major principal stress and the vertical stress becomes the minor principal stress. The Mohr’s
circle at this stage is below the failure envelope. Subsequent axial loading diminishes the
horizontal stress adjacent to the pile as the principal planes rotate until the failure occurs along
vertical plane (Figure 2-5). Recall that the horizontal stress is no longer principal stress. However
the magnitude of the minor principal stress is not significantly altered by the mobilization of side
resistance during axial loading, i.e., it’s approximately equal to the residual vertical stress (6°yg)
after grouting. Shown in Figure 2-5 the Mohr’s circle at the failure state and Equation (2-2) gives
the magnitude of ultimate unit skin friction for the pile (McVay et. al, 2009; and Thiyyakkandi et
al., 2013a).

b Failure Stress State,

B

Failure Pole

Shear Stress, T

v

Failure Normal stress

Failure Plane

¥

Figure 2-5. Mohr’s circle at the failure state (McVay et al., 2009; Thiyyakkandi et al., 2013a)
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Where, f; - ultimate unit skin friction; ¢. — critical state friction angle; and ¢, - vertical effective
stress (0',,) at the grout-soil interface, which is expressed (Equation 2-3) in terms depth (4),

buoyant weight (’) and the grout vertical effective stress coefficient, K.

o,=K,00=K, 7'h (2-3)

vg 4

)
0.3 1.0 15 20 25 30 33

Depth (m)

Fc=31" 337 35"

¢ FE analysis (Fe=317)
@ FE analysis {$c=33")
4 FE analysis{ $e=357)
# Frompressure cell data

® Back calculated from pile's unit skin friction

Figure 2-6. Chart for grout vertical stress coefficients, K (Source: Thiyyakkandi et al., 2013a)

Figure 2-6 presents the chart for the grout vertical stress coefficients, K,, for various
depths and friction angles (Thiyyakkandi et al., 2013a). Thiyyakkandi et al. (2013a) also
suggested a method for predicting the load-displacement response of the pile using the load

transfer approach (T-Z and Q-Z curves) following McVay et al. (1989). The load transfer
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Equations (2-4, 2-5; McVay et al., 1989) and the ultimate unit tip resistance, g, Equation (2-6;

Randolph et al. 1994) are given below:

T-Z curve: Z = {%j{ln{’;’: : Z) } + { (l”mﬂ—(;n)(;oro—)ﬁ)ﬂ (2-4)
Q-Z curve: Z = Q(l — U) (2-5)

R 2
4R,G|1-0
( QQ.J

q, = [1 +tang, tan(45 +g, /2)]PL (2-6)

Where,
rp = radius of pile after grouting (or block radius for group)
rn = radius of influence zone = 2.5pL(1- v) (Randolph and Wroth, 1978)
L = length of pile
v = Poisson’s ratio
p =ratio of G at L/2 to G at tip
79 = shear stress on pile-soil interface,
G = shear modulus
R,
B=r 10—
Ry= ratio of failure shear stress to its ultimate
Ry = radius of tip bulb (or radius of block foot print for group)
0O = mobilized tip load
R, = ratio of failure to ultimate tip resistance
Or = ultimate tip load
q» - Ultimate unit tip resistance
P;- Spherical cavity limit pressure

McVay et al. (2010) conducted the group testing of jet-grouted piles at typical 3D
spacing (D-precast pile width/diameter) in the large test chamber environment and found that the
groups behaves as a single block with uniform displacements within the group footprint during

the top-down loading. The side and tip grouting of adjacent piles significantly improves the

confining stress and the relative density (hence the shear modulus) of the soil mass within the
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group. Consequently very little shear strain is developed within the group with the large shear
strain occurring outside the group with the group failing as a single block. The methodology
suggested by Thiyyakkandi et al. (2013a) for the single piles was found to reasonably predict the
axial load—displacement responses of jet-grouted pile groups (McVay et al., 2010).

All the previous experiments were performed in the large FDOT test chamber. Therefore
the capacity as well as the prediction methods for piles had to be verified under typical field
conditions at full scale. In addition axial, lateral, and combined torsion and lateral resistance of
the pile had to be compared to similar sized drilled shafts in the same field scenario at failure

(hurricane) design loads.

2.2 Foundation for Mast Arm Assemblies Supporting Highway Signs and Signals

Based on observed hurricane extreme events, FDOT has moved towards using the
cantilever Mast arm structures for supporting highway signs, signal, and luminaries (Figure 2-7)
near the coast. In current practice, drilled shaft foundations are used to support such structures.
The drilled shaft for a Mast arm structure needs to be designed to safely carry the large torsion
and lateral loads developed during a hurricane (high wind velocity) in addition to the moment
due to the eccentric dead weight of the structure itself. Specifically, the self-weight of the
structure develops axial load, ¥y and moment, M. (about the axis perpendicular to arm) on the
foundation. The loading on the Mast arm assembly (wind loading; e.g., hurricane) will produce
torsion (7 or M,), lateral load, V-, and bending moment about the arm axis, M, (function of pole

height). The orientation of the coordinate system considered here is shown in Figure 2-8.
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Axis parallel to arm
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I
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Figure 2-8. Coordinate system (ref: FDOT Mathcad program: DrilledShaft v2.0)

The dimensions of Mast arm assembly (i.e., pole height, arm length, etc.,) vary depending
on the number of lanes at the highway intersection. Details of the different combinations (Pole
type and Arm type) of Mast arm assemblies and the supporting drilled shafts used by FDOT are

listed in FDOT Design Standards Index No: 17743. Table 2-1 presents the arm length, pole
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height and the drilled shaft dimensions for the different types of single Mast arm assemblies
currently used in Florida. FDOT has developed a MathCAD spread sheet (Mastarm v4.3) to
determine the forces and moments on the top of the foundations for different Mast arm
assemblies under different wind velocities, which is downloadable from the software section of
FDOT’s Structures Design website. Estimation of lateral load and torque on the top of
foundation for different types of Mast arm assemblies using the Mastarm v4.3 indicates that the
ratio of torque to lateral load (unit-ft or m) is nearly constant for any wind velocities above 40-60
mph. Figure 2-9 shows the torque/lateral load ratio vs. wind speed for different types of single
Mast arm assemblies. It is evident that the wind loading on a Mast arm structure can be
simulated by applying a lateral load on the arm at an eccentric distance (standoff distance) equal
to the corresponding torque/lateral load ratio.

Table 2-1. Mast arm type and corresponding drilled shaft dimensions used in Florida

Mast arm Arm Pole-Arm connection | Drilled shaft Dimensions
assembly type | length (ft) elevation (ft) Diameter (ft) | Length (ft)
D1-S1 36 22 3.5 13
D3-S2 46 22 4 13
D5-S3 60 22 4 15
D6-S4 70.5 22 4.5 17
D7-S6 78 22 4.5 15
EI-T1 36 22 3.5 12
E3-T2 46 22 3.5 14
E5-T3 60 22 4 15
E6-T4 70.5 22 4 19
E7-T6 78 22 4 18
F1-W1 36 22 3.5 12
F3-W2 46 22 3.5 14
F5-W3 60 22 4 15
F6-W4 70.5 22 4 19
F7-W6 78 22 4 18

(Source: FDOT Index No: 17743 and FDOT MathCAD spreadsheet: Mastarm v4.3)
D, E, F — Arm type; S — Pole type
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Figure 2-9. Torque to lateral load ratio for different single mast arm structures

Previous field (Tawfig, 2000) and centrifuge testing (McVay et al., 2003; Hu et al., 2006)
of drilled shaft foundations with Mast arm structures identified that the foundations need to be
designed for coupled torque-lateral load scenario. Specifically, Tawfiq (2000) conducted three
full-scale torsional load tests on drilled shafts constructed using different methods (dry hole, and
wet hole with slurry). The drilled shaft constructed using the dry hole method did not fail (i.e.,
not fully mobilized), whereas the one constructed using wet hole with thick slurry failed at very
low torque. The study concluded that the FDOT design methods were conservative and the
torsional resistance of the shaft is influenced by the lateral displacement of the shaft caused by
the lateral load. Tawfiq (2000) suggested a method to predict the torsional resistance of drilled

shaft as a function of lateral displacement using the Subgrade reaction method (Reese and
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Matlock, 1956; and Matlock and Reese, 1960). Further field testing was required to confirm
repeatability of the results and capture the actual soil-structure interaction to aid the development
of an adequate design approach.

McVay et al. (2003) performed centrifuge testing of high mast arm/cantilever signal
structures supported on drilled shafts as a part of FDOT research project BC354-09. The tests
were conducted at three different length-to-diameter ratios (L/D = 3, 5, and 7) in both dry and
saturated cohesionless soil conditions. Lateral load was applied at one of the three locations: (1)
on the pole; (2) at mid-mast arm; and (3) at the mast arm tip. The study showed that laterally
loaded short shafts (L/D<3) failed due to the soil failure; on the other hand, long shafts (L/D>7)
failed because of the limited moment capacity of the shaft section (McVay et al., 2003; Hu et al.,
2006). The experimental study also revealed that the torsional resistance of the shaft was not
influenced by lateral load; whereas the lateral capacity was significantly influenced by the
applied torsion and found to be a function of torque-to-lateral-load ratio. A reduction of 50% was
observed for high torque to lateral load ratio. Figure 2-10 displays the variation of lateral load
capacity with torque to lateral load ratio for different L/D ratios (McVay et al., 2003; Hu et al.,
2006). A method to predict the ultimate lateral capacity was suggested using the free earth
support approach (Hu et al., 2006). The method is briefly described in Section 2-5 of this
chapter. Though the centrifuge model tests can model the stress state, foundation geometry, and
different loading conditions appropriately, they fail to incorporate the effect of soil grain size.
For that reason, the findings from the centrifuge study require further validation by performing

full-scale field tests before implementation.
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Lateral Load Capacity vs. Point of Load Application Along Mast Arm
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Figure 2-10: Variation of lateral load capacity with torque to lateral load ratio for different L/D
ratios (source: McVay et al., 2003; Hu et al., 2006)
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Even though past studies suggest that the foundation for such structures should be
designed for a coupled case of torque and lateral load, the current practice is still to treat the
lateral and torsional load separately due to the lack of further validation. The lateral capacity is
estimated using Brom’s solution, or p-y curve approach, or continuum analysis (FEM). The
lateral load analysis using one of the above methods decides the required shaft diameter and the
minimum embedment depth. Then the torsional capacity of the foundation with the minimum
embedment depth is compared with design torque. If the design torque exceeds the estimated
torsional capacity, the embedment depth is increased.

The majority of failures during the past hurricane events were found to be at the anchor
bolt connection between the pole and drilled shafts, with little evidence of the foundation failure
(i.e., no shaft-soil interface failure). Consequently, FDOT reviewed the methodology that had
been used for determining the embedment depth (FDOT Design Standards), and had the opinion
that the method was over conservative. Accordingly, FDOT revised the design approach for
economic considerations. The revised approach is known as ‘OMEGA (»)’ method, which is
discussed later in this chapter. A MathCAD spreadsheet (Drilled Shaft v2.04) based the revised
design method is available in the software section of FDOT’s Structures Design website. Still,
the adequacy of the revised approach had to be verified by observing the field performance of

drilled shafts designed using the new approach.

2.3 Unit Skin Friction of Drilled Shafts Using In Situ Test Results

The unit skin friction of drilled shafts in general can be estimated using indirect and
direct methods. For indirect methods, the required soil parameters are angle of internal friction,
@, coefficient of lateral earth pressure (K), etc., for cohesionless soils and undrained shear

strength, S, for cohesive soils from in situ or laboratory soil tests. Direct methods use empirical
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correlations based on in situ soil tests. The most commonly used in situ tests used for the pile
design are Standard Penetration Test (SPT) and Cone Penetration test (CPT). There are a large
number of methods available for predicting the unit skin resistance of drilled shafts. The methods

used in this research are briefly described below:

2.3.1 SPT-Based methods

Based on Coulomb’s friction law, unit skin friction (f;) on a pile/drilled shaft in granular
cohesionless materials can be represented as:

f,=0d,tand, = K,0',,tané, = B,0',, 2-7)

B, = K, tané, (2-8)
Where, z - depth below ground surface; ¢’ . - horizontal effective stress at depth z; K. -
coefficient of lateral pressure; ¢’ ,. — vertical effective stress at depth z; J - interface friction
angle at depth z.
Two different beta (f) methods discussed by Brown et al. (2010) are used in this study.
The first method is the depth dependent beta method (O’Neill and Hassan method, 1994) and the

second is the rational method (Brown et al., 2010).

2.3.1.1 O’Neill and Hassan (1994) method

O’Neill and Hassan method uses a £ value, which solely a function of depth, but
independent of the soil strength and in situ stress state, except the modification when Ngo <15.
Note, this f value as a function of depth was back-calculated from the field test data. The latest
FHWA manual for drilled shaft (Brown et al. 2010) refers to it as ‘O’Neill and Reese (1999)

method’. The following expressions can be used to estimate £:
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For sandy soils:

g =15-0.135Vz for Ngp>15,025<p>1.2
N (2:9)
B = %(1.5 —0.135vz)  for Ngy<I5
For gravelly sand and gravels:
p=2-— 0_06(2)0'75 for Ngp>15,0.25<p>1.8
(2-10)

N
B = 1—650(2 —0.06(2)°75)  for Ngy <15

2.3.1.2 Rational method (Brown et al., 2010)

The rational method uses more fundamental approach to estimate 3 value. Specifically
coefficient of horizontal soil stress (K) and shaft-soil interface angle () are first estimated, which
are then combined to obtain the f value. The procedure and equations for estimating unit skin
friction using this method are as follows,

1) Interface friction angle () is assumed to be equal to the effective stress friction angle

of the soil; i.e., 0 =¢".

2) Itis assumed that no stress change around shaft occurs due to installation process;

i.e., coefficient of lateral stress, K = K ( coefficient of earth pressure at rest)

3) Determine K using the Equation (2-11):

— (1 — <ind’ sin ¢ i Mayne and Kulhawy
Ky = (1 —sin¢’)OCR <K, (2-11) (1982)
a
I'U

OCR =

¢I
K, = tan® (45 + >
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Where OCR — over-consolidation ratio; K, — coefficient of passive earth pressure;

o’ — effective vertical pre-consolidation pressure, which can be obtained by,

For sand or silty sand to sandy silt:
O.l
P—p ~ 047(Ngo)™  (2-12)  (Mayne, 2007)
a

m = 0. 6 for clean quartzitic sand; 0.8 for silty sand to sandy silt

For gravelly soils:

O.l
P—p =0.15N;, (2-13)  (Kulhawy and Chen, 2007)
a

Where, P,- atmospheric pressure in the same units as o,
4) Substituting Equation (2-11) into Equation (2-8) yields,

sin ¢/
B =(1-sing¢") <%> tan¢’ < K, tan ¢’ (2-14)

v

2.3.2 Alpha () method for cohesive soils

This is the well-known method used for drilled shafts in cohesive soils (Brown et al.,

2010). According to this method unit skin friction is given by,

fz = asy; (2-15)

Where, s,. — undrained shear strength at depth z; o - coefficient relating unit skin with undrained
shear strength. The value of a is as follows:

o = 0, between the ground surface and a depth of 5ft or the depth of seasonal moisture
change, whichever is greater.
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o= 0.55, along remaining portion of shaft for (s,/P,) <1.5

a=0.55-0.1 (;—“ - 1.5), along remaining portion of shaft for 1.5 < (s,/P,) <2.5

2.3.4 CPT based direct methods

Past studies by several investigators (Briaud and Tucker, 1988; Tand and Funegard,
1989; Sharp et al., 1988, Lee and Salgado, 1999) have reported that the CPT based prediction
methods are normally better than other in situ test based methods for the axial capacity of deep
foundations. This is due to the quasi-static nature of the cone penetration test, where a cylindrical
penetrometer is pushed in to the ground, which is similar to a static pile load test. Although both
cone tip resistance (g.) and cone sleeve friction (f;5) have been used to predict the unit skin
friction, the expressions based on cone tip resistance are most common. General expressions for

unit skin friction in terms of ¢. and f.; can be expressed as:

fsi = Csi* Aei (2-16)

fsi = Csfi* Jfesi (2-17)

Where c,; and ¢y are the reduction coefficients to convert g.; and f.; respectively to unit
skin friction for layer i. The need for such reduction coefficient is to take account of the
influences of scale effect, loading rate, and the difference of the pile/shaft installation (driving,
drilling hole, etc.). The basic difference in the CPT based methods suggested by various
investigators is the different values for reduction coefficients (¢ and cy). In this research, three

different methods were used for the predictions, which are described below:
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2.3.4.1 Aoki and Velloso's method

Aoki and Velloso (1975) proposed an Equation (2-18) for unit skin friction by correlating
the load test results with CPT data at the locations. In the equation, « is the shaft resistance factor
depending soil type as given in Table 2-2 and F» is function of foundation type. For bored pile

(or drilled shafts) F is in the range of 6.0-7.0.

a
fsi = F_2 qci (2-18)

Table 2-2. a values for different soil types

Soil Type a (%) Soil Type a (%) Soil Type a (%)
Sand 1.4 | Silt 3.0 | Clay 6.0
Silty sand 2.0 | Sandy silt 2.2 | Sandy clay 2.4
Clayey silty sand 2.4 | Clayey sandy silt 2.8 | Silty sandy clay 2.8
Clayey sand 3.0 | Clayey silt 3.4 | Silty clayey 4.0
Silty Clayey sand 2.8 | Sandy clayey silt 3.0 | Sandy silty clay 3.0

2.3.4.2 LCPC method

LCPC method is the most common CPT method used for estimating deep foundation
capacity. This method is suggested by Bustamante and Gianeselli (1982), which considers
different pile installation methods and soil types. Several researchers (Briaud et al., 1989,
Milovic and Milovic, 1993) validated the adequacy of the method for different piles/shafts in
different types of soils. Euro-code also recommends this method for pile design. Bustamante and
Frank (1997) updated this method with minor changes. The method suggests equations for both
side and tip resistance of the piles/shafts in terms of cone resistance (g.). The expression for unit

skin friction can be written as:
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q .
fsi = =

= 2-19
Arcpc ( )

Where, o is the LCPC friction coefficient and their values for bored piles (drilled

> LCPC

shafts) are given in Table 2-3. The value of depends on pile and soil types. Table 2-3 also

LCPC
presents maximum recommended f; values for different soil type.

Table 2-3. Friction coefficient, o (Bustamante and Gianeselli, 1982)

> “Lepc

Nature of Soil q./P. B Maximum /P

1A IB 1A IB

Soft clay and mud <10 30 30 0.15 0.15
Moderately compact clay 10 to 50 40 80 |0.35(0.8) | 0.35(0.8)

Silt and loose sand <50 60 150 0.35 0.35
Compact to stiff clay and compact chalk > 50 60 120 | 0.35(0.8) | 0.35(0.8)

Soft chalk <50 100 120 0.35 0.35
Moderately compact sand and gravel 50to 120 | 100 200 | 0.8(1.2) | 0.35(0.8)
Weathered to fragmented chalk > 50 60 80 1.2 (1.5) | 0.8(1.2)
Compact to very compact sand and gravel > 120 150 300 | 1.2(1.5) | 0.8(1.2)

Type IA — Plain bored piles, mud bored piles, hollow auger bored piles, cast screwed piles, piers,
barrettes, and micropiles installed with low injection pressure

Type IB — Bored piles with steel casing and driven cast piles

P, - reference stress = 100 kPa. (Bracketed value is used only in the case of careful execution

and minimum soil disturbance due to construction)

2.3.4.3 UIUC method (Alsamman 1995)

Alsamann (1995) at University of Illinois at Urbana- Champaign (UIUC) developed
correlations for unit skin and tip resistance of drilled shafts using 95 full-scale load test results
and the corresponding CPT data. Figure 2-11 shows the design curves for unit skin friction as a
function of cone penetration resistance (g.) for gravelly sand/gravel, sand/silty sand and cohesive
soils. Separate curves are suggested for mechanical and electrical cones (Figure 2-11). As shown

in the Figure 2-11, f; values are nearly the same irrespective of the type of cone (mechanical or
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electrical) and hence the same set of correlations given in Table 2-4 can be used for both types of

cones.

Cohesionless soils

2
1.8
1.6
14 —
| - -~
12 | _-:.:: .
g 1 =] —— ===
“ 08
0.6 — Sand/zilty sand-mechanical cone
0.4 / ----- Sand/silty sand-electrical cone
) / = Gravelly zand/'gravel-mechanical cone
0.2 - Gravelly sand/gravel-electrical cone
0 [ [ [ | [ [
0 50 100 150 200 250 300 350 400
q.(tsf)
Cohesive soils
1.2
1
08
< 7
£ 06
o )%
0.4 /f
0.2 Mechanical cone
----- Electrical cone
0 . , ,
0 20 40 60 80 100 120

[4:-6v] (tsf)

Figure 2-11. Design curves for f; (after Alsamman, 1995)
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Table 2-4. Equations for f; (after Alsamman, 1995)

Soil type Ultimate unit skin f; (tsf)
Grostysmnd | ol ge00s  Bas30
Sand / silty Sand j’;g 8:8(1)?2chc+ 0.7< ?g; Zf ; gg Ezi
Clay Jg; 0.023 (gc- 0vo) <

2.4 Methods for Estimating Torsional Capacity of Drilled Shafts

Although both side and tip of a drilled shaft contribute to its torsional capacity, the major
contribution is from the side resistance (skin friction). Since anomalies may still exist at the shaft
tip even after cleanout, increased use of post tip grouting has been observed. Generally, torsional
resistance from a shaft’s tip should only be accounted when the engineer is confident about the
shaft-soil contact at the tip (i.e., no debris or anomalies). Assuming that the diameter of shaft is

uniform throughout the length, the torsional resistance due to skin (side) can expressed as:

L
nD?
Ts = Tf f:gde (2-20)
0
Where, f;. — torsional unit skin friction; D- diameter of the shaft; and L- length of the shaft.

Tip contribution of torsional resistance can be obtained using the following equation:

2

D D
T, =n(5) LY eone (5) tan (2-21)
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Where, yconec — unit weight of concrete (in submerged condition use submerged unit weight);
0 — Interface friction angle at tip.

The total nominal torsional resistance is given by

T, =T, +T, (2-22)

It is reasonable to assume that torsional unit skin friction is equal to the axial unit skin
friction (Hu et al., 2006) based on Coulomb friction law and hence the axial unit skin friction
predicted using the various methods discussed in previous Section (Section 2.3) could be used to
estimate skin contribution of torsional resistance.

As mentioned earlier, FDOT recently revised the methodology for estimating the
torsional resistance of drilled shafts supporting Mast arm structures in granular soils, i.e.,
Equations (2-20) through (2-22) with the following approximations:

1) In Equation (2-21), 0 = ¢sir

2) In Equation (2-20),

f:sz = OJvz(‘)FDOT (2'22)

Where, o — load transfer ratio where allowable rotation may exceed 10°.

FDOT

Initially a constant @ value of 1.5 irrespective of soil properties and depth was used

FDOT
to consider the simultaneous overturning and torsional loads. However based on the results of the
first full-scale combined torsion and lateral load test performed in this research, FDOT re-revised

the methodology by changing w value as shown in Equation 2-23, which is called as “FDOT

FDOT
re-revised methodology” in this report. For cohesive soil, a method is used for obtaining f;, in

Equation (2-20).
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Wrpor = 1.5 fOI'N6()>15
(2-23)

N
60) for 5<Nyy <15

(UFDOT == 15 <1_5

2.5 Estimation of Lateral Capacity of Drilled Shafts

In this study, the ultimate lateral capacity of drilled shaft was estimated using the free
earth support approach proposed by McVay et al. (2003) and Hu et al. (2006). The method uses
the free earth support pressure distribution (Teng, 1962) and the ultimate value of the soil
pressure variation with depth as characterized by Reese et al. (1974). Figure 2-12 shows the
assumed soil pressure distribution. A reduction factor (R,,) was introduced to adjust the soil
pressure [S,(x)], i.e., R, Sp, (Figure 2-12) in case the bending moment reaches the moment
capacity of the shaft section. Note that once the shaft’s moment capacity is reached, lateral
resistance is fixed and in such cases full soil resistance (passive state) may not be mobilized. The
magnitude of R, and ultimate lateral capacity are obtained by considering the force and moment
equilibrium along with the moment capacity of the shaft. In the case of coupled torsion and
lateral loading, another reduction factor (Rr) obtained from Figure 2-9 (McVay et al., 2003; Hu
et al., 2006) was used to further adjust the lateral capacity due to the influence of torque [i.e.,
new soil pressure = Rr R, S, (x); Figure 2-12]. Recall that previous centrifuge study (Hu et al.,
2006) provided Ry factors up to a maximum torque to lateral load ratio (eccentric distance) of
21ft only. McVay et al. (2003) also developed a MathCAD spreadsheet to estimate the lateral

capacity based on this approach.
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Figure 2-12. Soil pressure diagram proposed by McVay et al. (2003)
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CHAPTER 3
SOIL EXPLORATION AT THE TEST SITE

The test site chosen for the research project was an FDOT borrow pit located in Keystone
Heights, Florida. The test layout to accommodate the planned axial, torsion and lateral load tests
is shown in Figure 3-1. There are four 4ft diameter x 40ft deep reaction drilled shafts (labeled
RS1-4) to provide reaction for axial static top-down testing of jet-grouted piles (JP1 and 2) and
drilled shaft (TS2). Note that the two 4ft diameter x 55ft deep drilled shafts (RS 5 and 6) in the
second row (Figure 3-1) are for another FDOT research project (BDK-75-977-46: Bottom Side
Grouting of Drilled Shafts Prior to Tip Grouting), but constructed along with other shafts to
minimize the mobilization cost. Assisting with the shafts/piles locations/in situ testing at the site
was the state materials office, SMO, at Gainesville. To align/position the shaft/piles for the axial
top-down tests, a ‘Total station’ (Leica Geosystems) was used for the layout work. All shafts/pile
locations were staked out in accordance with the field test layout shown in Figure 3-1. The
accuracy of the work was cross-checked by setting instruments at the different stations.

After layout, a detailed subsurface exploration at the test site was undertaken by State
Material Office personnel. Both in situ testing (SPT, CPT, PMT, and DMT) and laboratory soil
testing (classification tests and direct shear tests) were conducted at the site and in the laboratory.
Figure 3-2 depicts the location of various in situ tests along with the location of the shafts/piles.
Also included are a description of the various laboratory tests performed, analysis and soil

properties (e.g., angle of internal friction, un-drained strength, etc.) estimated.
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Figure 3-1. Test layout
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Figure 3-2. Location of various in situ tests along with the location of shafts and piles
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3.1 In Situ Tests
3.1.1 Standard penetration test

Standard Penetration tests were performed within the footprint of all the shafts and piles
to a depth of about 3 times diameter of pile/shaft to assist with the design/construction (e.g., skin
friction and end bearing). Four additional SPT borings were made near shaft TS2 and RS3 (SV1
— SV4; Figure 3-2) for spatial variability studies. Figure 3-3 displays the SPT blow count (N)
profile from all the borings performed at the site. Evident, all the borings indicate a similar
spatial trend of N-values in the vertical direction. In addition, the borings revealed very high N
value (exceeds 50) at a depth of 30 ft through 45 ft, representing the existence of a hard stratum.
Figure 3-3 also exhibits the presence of some horizontal spatial variability at the test site. For
instance, the SPT blow count (N) at 20ft depth varied from 10 to 20.

Soil samples at different depths were collected during SPT boring for laboratory
classification tests, which will be discussed later. SMO, Gainesville, also drilled a 1.25 in
diameter, 30 ft deep, well at the test site for monitoring water table during the various stages of
the research project. Throughout the in situ soil testing, the water table at the test site was
approximately 9.5 ft below ground surface, which appeared to be perched on the hard stratum
located at 30 ft depth. The SPT N values obtained from the footprint of test shafts and piles were
subsequently used to estimate the unit weight and angle of internal friction based on various
empirical correlations available in the literature. The N values were also used to predict the axial

and torsional resistance of the piles/shafts using the methods discussed in the previous Chapter

Q).
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Figure 3-3. SPT blow count (N) profiles at the test site

3.1.2 Cone penetration test

Cone penetration tests were conducted at locations in between shafts/piles at an interval
of approximately 6 ft to identify the spatial variability at the site. All the CPT soundings were
performed to a depth range of 30-35 ft. Figure 3-4 shows the q. profiles from all the CPT
soundings at the site. Like the SPT blow count profiles, g. profiles also indicate some spatial
variability in the horizontal direction. All the g. profiles show high tip resistance (about 350 tsf)
near 30 ft depth, which confirm the presence of hard strata at that depth. The g, profiles also
show a more pronounced thin hard layer at 20 ft depth vs. SPT N profile (Figure 3-3, 10<N</5
at 20 ft). Graphical presentation of the output (g., F, friction ratio) of the CPT soundings near

some of the test shafts/piles are presented in Appendix A. The shear wave velocity profile
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(m/sec) from geophysical site characterization (Figure 3-5) also indicates the presence of spatial
variability at the test site, especially near the ground surface. It was later discovered that the top

6-10 ft had been excavated and later backfilled at the site.
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Figure 3-4. g. profiles at the test site

The estimation of soil’s unit weight, and angle of internal friction using various CPT
based relationships are also presented later in this Chapter. The CPT results were also used in the
axial and torsional resistance predictions (Chapters 6 and 7) for drilled shafts based upon

different methods described in Chapter 2.

41



350

300

250

Depth (m)

200

150

0 5 10 15 20 25 30 35
Distance (m)

Figure 3-5. Shear wave velocity (m/s) profile at the test site

3.1.3 Pressuremeter test

Pressuremeter tests (PMT) were performed in the footprints of the two jet-grouted piles at
depths of 8.5 ft and 16 ft, which is approximately at the center of each grout bag. In addition, one
of the reaction drilled shafts, RS2, had tests performed at depths of 16 ft and 24.5 ft. Figures 3-6
and 3-7 show the pressure-volume curves from PMT at 8.5 ft and 16 ft depths, respectively, for
the two jet-grouted piles. Similarly, Figure 3-8 depicts the pressure-volume curves for the
reaction drilled shaft. The expected side grout pressure for each bag of jet-grouted piles will be
nearly equal to the pressuremeter limit pressures at corresponding depth (McVay et al 2009;
Thiyyakkandi et al. 2013). The limit pressure is the maximum pressure at which a steady-state
cavity expansion occurs. It is evident from the Figures 3-6 through 3-8 that the limit pressure
was not fully reached in any of the PMT; the expansion pressure was increasing with volume,
and the loading (expansion) had to be stopped when the expansion limit of the pressuremeter
probe or the capacity of the pressure gauge (e.g., in case of PMT_3b) was reached. However, the
pressure-expansion curves at the location of jet-grouted piles (Figure 3-6 and 3-7) indicate that

the maximum pressures were approaching the limit pressures (relatively flat slope), and hence
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the measured maximum pressures given in Table 3-1 were considered to be representative of the

limit pressures at the respective depths.
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Figure 3-6. Pressure-volume curves from PMT at 8.5 ft for two jet-grouted piles

250

——PMT 1b_ 16 ft depth
200 | —PMT2b_16 fidepth

100 -

0 20 40 6
Volume (cm?)

Pressure (psi)

LA
=

0

/
150 | ——
/
0 8

0 100

Figure 3-7. Pressure-volume curves from PMT at 16 ft for two jet-grouted piles
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Table 3-1. Pressuremeter limit pressures for jet-grouted pile locations

. Maximum pressure
Jet-grouted pile
8.5 ft depth 16 ft depth
JP1 113 psi 198 psi
JP2 85 psi 153 psi

3.1.4 Dilatometer test

Three separate dilatometer tests (DMT) were carried out, Figure 3-2, near the foot print

of the jet-grouted piles and torque drilled shaft, TS2, to a depth of 18 ft. The location of each test

was 4ft away from the center of foot print of respective pile/shaft. Figure 3-9 shows some of the

DMT output. The Material Index (/p) can be used as a rough guideline for classifying the soil

type (Figure 3-9). Since the parameter, /p only reflects the mechanical behavior of soil (not based

on grain size analysis), it may sometimes misinterpret silt as clay and clay-sand mixture as silt.

The Horizontal stress Index (Kp) is considered as an amplification of K, value (i.e., Kya Kp).
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The parameter can be used to determine several soil parameters such as K, OCR, undrained

shear strength (s,), and angle of internal friction (¢) of the soil.

3.2 Laboratory Tests and Soil Classification

SMO at Gainesville also performed laboratory classification tests such as, grain size
analysis, liquid limit, plastic limit, and organic content determination, on the soil samples
collected during the SPT boring. The test results generally showed that the soil to a depth of 3 to
8.5ft was a low compressible clay (CL) and/or clayey sand (SC). SPT N values in this layer
ranged from 2 to 10. This layer was underlain by a poorly graded fine sand with silt (SP-SM)
fraction down to depth of approximately 30 ft. SPT blow count in this sand-silt layer varied from
3 to 34. From depths of 30 to 50 ft, very dense sand stratum with N value ranged from 51-100
exists. The hard sand stratum was followed by medium dense fine sand (N value: 17 to 33),
which extended to the end of boring (70 ft). Shown in Figure 3-10 are the typical grain size
distributions for the different soils found at the site. Figure 3-11 presents the soil moisture
content profile for all the borings at the test site. Moisture content of the soils above the water
table (i.e., depth of 9.5 ft) varied from 1.5 to 20%, whereas the soils beneath the water table had
reasonably uniform moisture content (25-30%) irrespective of the depth. The Unified Soil
Classification (USC) and SPT blow count (Ngo; corrected for hammer efficiency) profile in the
footprint of the jet-grouted piles and test drilled shafts including a schematic of installation are
given in Figure 3-12 and 3-13 respectively. The USC classification and uncorrected SPT blow

counts (N) for all reaction shafts locations are also included in Appendix A.
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Undrained shear strength of the top clay layer (i.e., up to 3-8 ft depth) was determined by

unconsolidated undrained triaxial compression tests (UU-test) on the undisturbed samples
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obtained with Shelby tube sampling. The tests were conducted in accordance with AASHTO T

296. The undrained shear strength was found to be 620 psf.
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Figure 3-12. Soil classification (USC) and Ng at the location of jet-grouted piles

3.3 Estimation of Soil’s Unit Weight

Accurate evaluation of total and effective overburden stresses is necessary for predicting
the in situ soil stresses, as well as the axial and torsional resistance of the deep foundations, and
the expected maximum grout pressures during the grouting of jet-grouted piles. The unit weight
of each of the overlying soil layers is required for the estimation of the overburden stress at a
particular depth. Undisturbed samples procured from soil boring are needed for laboratory
assessment of unit weight, which is extremely difficult in the case of cohesionless soils.

Therefore empirical methods (correlation, chart and empirical values) based on various in situ
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tests were considered in this study to obtain the unit weight of the granular soils. The unit weight

was predicted using CPT, SPT, and DMT results.
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Figure 3-13. Soil classification (USC) and Ng at the location test drilled shafts
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CPT-based relationship [Equation (3-1)] proposed by Robertson and Cabal (2010) was
used to estimate unit weight directly from CPT results, g.and F; (sleeve friction). The advantage

of this method is that it is applicable for all types of soils.
yl = 0.27[logR;] + 0.36 [log <%)] +1.236 (3-1)  Robertson and Cabal (2010)
w a

Where, y is moist unit weight; y,, is unit weight of water in the same units as y; R, is friction ratio,
which is equal to (Fy/q.) *x100%; P, — atmospheric pressure in the same units as ¢..

In the case of DMT data, the study used the chart suggested by Marchetti and Craps
(1981). Finally, the empirical values based on the SPT N values (Bowles, 1996, adopted in FB-
Multipier) were considered for comparison with other predictions. Table 3-2 shows the unit
weight values predicted for each soil layer at the location of test piles and shafts using the
different approaches discussed above. It can be seen that the values predicted using CPT-based
approach suggested by Robertson and Cabal (2010) were close to the average values predicted
by all methods, including DMT and SPT approaches (JP1, JP2 and TS2). Consequently, the
CPT-predicted unit weight was subsequently used for calculation of other soil properties (angle

of internal friction, unit skin resistance, etc.).

3.4 Estimation of Angle of Internal Friction

Direct shear tests on the samples obtained from a depth of 6-8 ft near the footprint of jet-
grouted pile 2 revealed a peak angle of internal friction (¢,) of 34% and constant volume friction
angle (d.) of 30° (Table 4-4). At all other depths and locations, in situ soil test results were used
to evaluate the peak friction angles using different correlations available in the literature. The
most commonly used relationships for obtaining peak friction angle utilizing CPT, SPT, and

DMT results are presented in Table 3-3.
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Table 3-2. Unit weight estimation at the test piles and shafts locations using different approaches

v (pef) :
Location Soil layer CPT based DMT SPT S.Oll .
(Eq. (3-1) based based Average | Classification
0-4ft 110.2 112.32 120 114.2 Clay (CL)
4-12.5ft 110.6 116.16 100 108.9 SP-SM
JP1 12.5-17.5ft 116.2 118.56 109 114.6 SP
17.5-25ft 122.6 123.24 113 119.6 SP
25-30ft 126.5 134.16 132.5 131.1 SP
0-25ft 113.6 110.76 123.35 115.9 SC-SM
2.5-12.5 1t 111.5 116.06 96.5 108.0 SP-SM
JP2 12.5-17.5ft 121.3 118.6 104.6 114.8 SP
17.5-25ft 123.9 123 112.5 119.8 SP
25-30ft 131.3 134.2 132.5 132.7 SP-SM
0-2.5 ft 113.6 113.88 120 115.8 Clay
2.5-5.5 ft 114.9 114.816 102.5 110.8 SP-SM
TS2 5.5-12.5 ft 109.8 118.56 94 107.5 SP-SM
12.5-17.5 ft 120.7 118.56 109.6 116.3 SP-SM
17.5-25 ft 125.7 125.06 115.3 122.0 SP-SM
0-2.5 ft 114.7 - 123.35 119.04 Clay
2.5-12.5 ft 112.6 - 90 101.3 SP-SM
15! 12.5-15 ft 116.2 - 96 106.1 SP-SM
15-25 ft 124.9 -- 124.6 124.75 SP
0-8.5 ft 112.8 - 125.3 119.0 Clay
8.5-17.5 ft 116.2 - 105.4 110.8 SP-SM
153 17.5-25 ft 126.8 - 117.3 122.0 SP-SM
25-30 ft 129.7 - 125 127.4 SP-SM
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The peak friction angles for each of the soil layers at the test piles/shafts locations
predicted using the different methods are listed in Table 3-4. As shown in the Table 3-4, both
CPT and DMT based methods were predicting higher values compared to SPT based methods. It
was found that the prediction using Schmertmann (1975) method was close to the measured
value at the location of JP2 (Table 3-4). Therefore the peak friction angles obtained by
Schmertmann (1975) equation were subsequently used for axial and torsional resistance

(Chapters 5 & 6) of the piles/shafts.

Table 3-3. Correlations for peak friction angle prediction

In situ test Source Correlation for Peak angle of internal friction
Robertson and Campanella , _1{ 1 [ ( dc ) }
=t —|! 0.29
(1983) ¢ = el 9\7,,)
CPT
Kulhawy and Mayne , 0 qc/Pa
=17.6"+ 11log |-———<=
(1990) i L G o /R
Ny, 0.34
Schmertmann (1975 "= tan~! [ ]
(1975) ¢ =N | 203(0 /B
SPT @' = [15.4(N;y)g0]%> + 20°
Hatanaka and Uchida
(1996) ( Ngo
Niso = 7o
YO0 (0 o/ )OS
(I)’safe,DMT == 280 + 14‘60 lOgKD - 21olog2 KD
DMT Marchetti (1997)
Kp — Horizontal stress index from DMT
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Table 3-4. Shear parameters at the test piles and shafts locations

Peak angle of friction, ¢’ (degree) bev Su
. . CPT SPT DMT | .| (degree) | (psf)
Location | Soil layer | Robertson & | Kulhawy & Schmertmann | Datanaka [ o | shear (]s)hléz:t tr(iggal
Campanella Mayne (1975) & Uchida (1997) test t

(1983) (1990) (1996) est) test)

0-2.51t -- -- -- - - - - 620
4-125ft 38.6 35.8 33.0 31.6 40.5 34 30 --
JP2 12.5-25ft 41.7 39.7 36.1 33.8 42.4 -- -- --
17.5-25ft 42.4 40.9 39.5 36.7 39.3 -- -- --

0-4ft -- -- -- - - -- -- 620
JP1 4-125ft 38.5 35.8 33.8 323 39.7 -- -- --
12.5-17.5 ft 39.4 37.5 36.2 34.6 38.7 -- -- --
17.5-25 ft 42.7 41.0 40 37.1 393 -- -- --

0-2.5 ft - - - - - - - 620
2.5-55ft 41.2 36.6 36.7 35.2 41.9 -- -- --
TS2 5.5-12.5 ft 36.1 34.1 31.2 30.6 40.5 -- -- --
12.5-17.5 ft 40.0 38.4 34.2 32,5 393 -- -- --
17.5-25 ft 42.6 41.3 38.3 35.7 40.3 -- -- --

0-2.5 ft - - - - - - - 620
S1 2.5-12.5 ft 36.1 34.4 28.9 29.2 -- -- - -
12.5-15 ft 35.0 343 29.9 29.8 -- -- - -
15-25 ft 42.6 41.3 43.1 40.1 - - - -

0-8.5 ft - - - - - - - 620
TS3 8.5-17.5 ft 38.4 36.6 32 323 -- -- - -
17.5-25 ft 43.7 41.9 40.7 37.7 -- -- - -
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CHAPTER 4
DESIGN AND CONSTRUCTION OF REACTION AND TEST DRILLED SHAFTS

This Chapter presents a detailed description of the structural design and construction of
the reaction and test drilled shafts used in this study. FDOT’s recently developed ‘Embedded
pipe and flange system’ (BDK 75 977-04, Cook et al., 2010) for transferring torque, moment,
etc. from Mast arm structure to supporting drilled shaft was used in the present study. The design
and fabrication of the shafts, connecting pipe and flange system as well as construction of drilled

shafts and Cross-Hole Sonic Logging (CSL) of the shafts are also presented.

4.1 Structural Design of Drilled Shafts

As discussed in Chapter 1, one of the longest FDOT Mast arm types, E7-T6 was
considered in the present study; the recommended foundation for the structure is a 48-in diameter
x 18 ft deep drilled shaft (FDOT Index No: 17743). According to the FDOT’s revised design
methodology for drilled shaft supporting Mast arm structures (FDOT Structures Manual, vol.9,
January 2011 and MathCAD spread sheet: Drilled Shaft v2.0), a 48-in diameter x 18 ft deep
drilled shaft will have a torsional resistance of 650 kip-ft. Recall that FDOT has re-revised the
methodology (FDOT Structures Manual, vol.9, January 2013 and MathCAD spread sheet:
Drilled Shaft v2.04), based on the results of the first torque test performed as a part of this study.
As identified in the Chapter 2 (Literature survey: Figure 2-9), the torque to lateral load ratio for
E7-T6 Mast arm assembly is 35 for wind speeds exceeding 60 mph (e.g., hurricane); in case of
wind speed of 206 mph, a point lateral load of 18.57 kip at an eccentric distance of 35 ft will
develop a torque of 650 kip-ft at the top of the foundation. Table 4-1 shows the forces and
moments on the foundation top for E7-T6 Mast arm at a wind speed of 206 mph. Since the

combined torsion and lateral load test is intended to cause soil-structure interaction failure
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(torsion and/or lateral) the drilled shafts’ reinforced section need to be designed to carry the
forces and moments identified in Table 4-1.

Table 4-1: Moments and load on the foundation top for E7-T6 mast arm assembly at a wind

speed of 206 mph
Forces and Moments Magnitude
Torsion (My) kip-ft 650
Moment about axis parallel to axis of arm (My) kip-ft 374
Moment about axis normal to the axis of arm (M,) kip-ft 121.6
Lateral load (Vy) kip 0.7
Lateral load (V) kip 18.6
Axial load (Vy) kip 5.6

The longitudinal and shear/torsion reinforcement for the test drilled shafts were calculated
according to Building Code Requirements for Structural Concrete (ACI 318-08). The
calculations are given in Appendix B. A concrete strength of 4000 psi was used in the design.
The threshold torsional strength of the concrete shafts (without reinforcement) was estimated
using ACI 318-08 11.6.1 (a) to be 114 kip-ft. Since the threshold strength is much less than the
expected maximum torsion (650 kip-ft), torsional reinforcement is needed to provide the
required strength. It is found that traverse reinforcement comprised of #5 bars spaced at 5-in, can
provide a nominal torsional strength of 749.5 kip-ft (Appendix B). The longitudinal steel
reinforcement consist of 15 #10 bars (p = 1.05% of C.S area) evenly spaced around a 39.48” c/c
diameter. The reinforced concrete section with the above longitudinal and traverse reinforcement
will have a flexural strength of 1542 kip-ft, an axial capacity of 5859 kip and a shear capacity of
363 kip (Appendix B). The ACI stress block method given in ACI 318-8, 10(5) was used to
estimate flexural capacity of the section. This section is enough to carry the moments and forces

generated in the foundation at its top (Table 4-1).
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Flexural Reinforcement
{15 nos. of #10 rebars)

Cross Section

Torsional Reinforcement
(#5 bars @ 5" spacing)

Longitudinal Section

Figure 4-1. Longitudinal section and cross-section of test drilled shafts with reinforcement
details

Figure 4-1 shows the longitudinal and cross-section of the test drilled shafts with
reinforcement details. It was decided to use the same reinforcement for all reaction shafts except
the RS2 which was planned to provide reaction for the lateral load testing of shaft and jet-

grouted pile. For RS2, longitudinal reinforcement of 1.5 % of C.S area of shaft (18 # 11 bars)
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was needed to prevent the formation of plastic hinge (L/D =10, long shaft; FB-MultiPier

Analysis) during the lateral load testing.

4.2 Design and Fabrication of Embedded Pipe and Flange Section

The failure of several Mast arm foundations in Florida during the 2004 hurricane event
were caused by breakout failure of the anchor bolts in shear caused by torsional loading (wind).
Since the present research focus is on the soil-foundation interaction during torsional loading,
structural failure of foundation, Mast arm, or connections should not occur. FDOT recently
developed an alternative support structure (BDK 75 977 -04, Cook et al., 2010) to transfer load
from superstructure to foundation. The alternative system basically consists of an embedded pipe
with annular flange and stiffeners (fins) welded to it. FDOT research (BDK 75 977 -04) revealed
that the embedded pipe and plate section was able to transfer torsional and flexural loading to the
foundation safely. The research also proved that ACI-318 code equations for concrete breakout
from applied shear could be modified to accurately predict the concrete breakout strength of the
new system. Figure 4-2 shows schematic of the alternative support system (Cook et al., 2010).

The new support structure (embedded pipe and plate section) was used for this study and
designed according to the guidelines given in BDK 75 977-04 (Cook et al., 2010). The design
was based up on the forces and moments on the foundation top, given in Table 4-1. The cross-
section of embedded pipe (outer diameter = 24-in and thickness = 0.625-in) was chosen to be the
same as the Mast arm pole (upright; discussed later) with yield strength = 42 ksi and ultimate
strength = 60 ksi. The design calculations are given in Appendix B. The design capacity of 24-in
diameter x 0.625-in thick HSS round pipe was determined using AISC 360-05 (Specification for

structural steel building) and is presented in Table 4-2.
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Figure 4-2. Alternative support structure (FDOT project BDK75-977-04, Cook et al., 2010)

Table 4-2. Design capacity of 24-in diameter x 0.625-in-thick HSS pipe

Capacity Magnitude
Flexural capacity 1004 kip-ft
Shear capacity 484 kip
Torsional capacity 923 kip-ft
Axial capacity 2091 kip

The size (width and thickness) of the added torsional stiffener plates (Figures 4-2 and 4-
4) was 1-in x1-in, which is approximately equivalent to an anchor bolt. Length of the plate was
determined based on the required weld length for 3/8-in fillet weld (see Appendix B). It was
found that 18-in long stiffener plate was adequate for the design. The torsional strength and side
face rupture strength of the embedded pipe with 4 torsional stiffeners was calculated to be 1372

kip-ft and 1806 kip-ft respectively (see Appendix B). The annular flexural plate (Figure 4-4)
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welded to the top of 24-in pipe was 1-in thick plate with inner diameter of 24-in and outside
diameter of 29-in. The flexural breakout strength and side face blowout strength of the
embedded pipe with the annular flexural plate were determined to be 988 kip-ft and 1045 kip-ft
respectively (Appendix B). Since the torsion and moment will be acting concurrently on the
foundation during the torsion test, there would be a possible interaction between torsional and
flexural breakout due to the overlap in breakout surfaces (Cook et al. 2010). Figure 4-3 shows
the assumed linear interaction diagram between torsion and flexure for concrete breakout along
with the actual torque-moment combination acting on the foundation. Evident from the Figure 4-
3, concrete breakout should not happen with the planned torsion and flexure testing of the

foundation.
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Figure 4-3. Assumed linear interaction between torsion and flexure for concrete breakout
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Next, the required length of the embedded pipe was determined based on the
development length for longitudinal reinforcement and concrete breakout length. The
development length was determined to be 36 in using ACI 318-08 12.3.3. Concrete breakout
length above the stiffener plate (18 in long) was estimated to be approximately 12.5-in.
Therefore, the required length for embedded pipe to avoid the overlapping of reinforcement
development length and concrete breakout was 66.5 in (36 in+12.5 in+18 in = 66.5 in = 5.5 ft,
see Appendix B).

Finally, the annular base plate (Figure 4-2 and 4-4) was designed to have a thickness of 1
in and outer diameter of 36 in with twenty-two 1.75-in diameter equally spaced bolt holes. The
equivalent torsional bolt bearing strength and bolt shear were estimated to be 15,592 kip-ft and
3,499 kip-ft, respectively, which significantly exceeds the expected torsion. The weld size
considered for the plate welding was 0.5-in fillet weld, which is expected to have a torsional and
flexural capacity of about 1,104 kip-ft (Appendix B). In addition, the base plate stiffeners of 0.5-
in thickness provided as shown in Figure 4-4 provide added strength to the annular base plate.

Figure 4-4 shows the longitudinal, cross-sectional and isometric views of the designed
embedded pipe and plate section with all dimensions. The pipe and flange sections for three test
shafts (TS1, 2, and 3) were fabricated in accordance with the dimensions of all the components
(pipe, annular base flange, flexural base flange and torsional stiffeners) shown in Figure 4-4. The
structures were fabricated at the University of Florida Coastal engineering laboratory, and then
transported to the test site. First, the annular base flanges and flexural base flanges were made
with dimensions as shown in Figure 4-4. Then, twenty-two 1.75-in diameter equally spaced bolt
holes were drilled in each annular base flange. The annular base flange was subsequently welded

to the 6-ft-long, 24-in HSS pipe. Then eleven, 0.5-in thick, base plate stiffeners (triangular
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shaped) were welded to the pipe and annular base flange at equal spacing to provide added
strength to the pipe-flange connection. Next, welding of the flexural base plate to the bottom end
of HSS pipe was completed, followed by the welding of 4 torsional stiffeners (@ 90° apart) to
the section. Figure 4-5 displays the fabricated embedded pipe and flange section ready for

installation.

Fam 22 nos. of 1.75" dia_ holes
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Stffeners
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Cross-Section of Embedded Pipe and Plates

— l=— 5 in l
J T T Annular Base
——— 1 frmem i 3
e \ &in 44 Plate
e 24in —= “'\_ BI?SB Plate
Stiffeners
— Embedded Pipe
| —
Torsional _ il
Stiffeners

~— 1in
Flexural Base
Plate

| T Isometric View

1€in

1

\\ |
—-1 |-—— 25in |

Longitudinal Section of Embedded Pipe and Plates

Figure 4-4. Longitudinal, cross-sectional, and isometric view of embedded pipe and flange
section
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Figure 4-5. Fabricated embedded pipe and flange section

4.3 Construction of Reaction Drilled Shafts

The construction of reaction and test drilled shafts were performed by third party vendor:
Reliable Constructors Inc. Drilled shaft inspector from FDOT district 2 was present at the site
throughout the construction period for monitoring all the construction activities, logging

excavation & concrete placement, and quality control.

4.3.1 Construction of reinforcing cages, attachment of Dywidag bars, and instrumentation

The reinforcing cages for all the shafts were constructed on site in accordance with the
design discussed in Section 4.1(Figure 4-6). Since FDOT beam girders (40 ft long) were planned
for top-down axial load tests, 6 dywidag bars, spanning the full length (Figure 4-7) had to be
installed within each reaction shaft during construction. Each Dywidag bar had a diameter of
1.25-in and a tensile strength of 150 kip. The Dywidag bars spanned the full length of the shaft
by employing couplers between the 15 ft length sections. Researchers fabricated Dywidag bar

cages (Figure 4-8) for top portion of shaft as no tolerance in the spacing between the Dywidag
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bars was available for Acosta load frame system. For construction, the fabricated Dywidag bar
cage was attached to the rebar cage (top) in accordance with the drawing (Figure 4-7), then the

14/15 ft Dywidag bars were coupled one by one to obtain in the full length of rebar cage; finally

each bar was tied to rebar cage using short rebar pieces.

Figure 4-6. Construction of reinforcing cage

Reaction shaft RS2, which provide reaction during static top-down load testing of both
test drilled shaft (TS3) and jet-grouted pile (JP1), was also instrumented with 8 sister bar strain
gauges (2 gauges @ 180° apart in 4 levels) as shown in the Figure 4-9. The gauges used to

monitor strain (axial and bending) were tied securely to the inside of reinforcement cage at 4

different levels after attaching the Dywidag bars.
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Figure 4-7. Schematic of reaction drilled shafts with reinforcement and Dywidag bars
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Figure 4-9: Instrumentation on RS2
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4.3.2 Shaft excavation, reinforcing cage placement, and concreting

Wet shaft construction was employed for all the drilled shafts, as depth of water table was
only 9 ft from the ground surface. Mineral slurry (bentonite clays) was used in all the excavations
to provide hole stability. A truck mounted drill rig was used to excavate all the shafts (Figure 4-
10). The contractors planned to use a 4.5 ft diameter x 6.3 ft long temporary surface casing
(Figure 4-10) to support the top of the excavation. Since the diameter of casing was 6-in larger
than the nominal diameter of shaft, the constructed shaft would have 4.5 ft diameter for the top
5.5 ft below ground surface. This was considered not acceptable for test shafts as this would
increase the complexity of the load distribution during various load tests (e.g., end bearing due to
larger diameter portion during top-down test). Hence, based upon the researchers’ request, no
casing was used for any of the test shafts.

No drilling concerns such as heaving, caving, slurry loss, etc., were observed during the
excavation of any of the test/reaction shafts. Excavation of shaft hole and concrete placement
were carried out in successive days for each reaction shaft. Before reinforcement cage placement
in the excavation, desanding (Figure 4-11) and cleaning of the mineral slurry, as well as over
reaming of the excavation wall with final cleaning of the excavation bottom by means of a
bailing bucket (figure 4-12) were performed. The drilled shaft inspector (FDOT) performed all
tests (Mud density balance, Marsh Cone Method- viscosity, pH indicator paper strips, FM 8-
RP13B-3 - sand content) on mineral slurry used in the excavations to determine density,
viscosity, pH and sand content. Table 4-3 presents the measured (range) properties of the

bentonite slurry, which were within the range recommended by the FDOT specification 455.
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Table 4-3. Measured range of properties of bentonite slurry

Properies | Measured | S 15,1 (65°)
Density 64 - 65 64 - 73 1b/ft’
Viscosity 30-34 30 - 40 seconds
pH 8-9 8-11
Sand content 0.1- 0.5% <4%

Figure 4-11. Desanding the bentonite slurry
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Figure 4-12. Bailing bucket used for cleaning the excavation bottom

A truck mounted hydraulic crane was used to lift the reinforcing cages and position them
within the hole as shown in Figure 4-13. After placing the cage into the excavation and setting at
the proper elevation (3-in below shaft top), the cage with the Dywidag bars was turned and

aligned for the axial top-down test with the aid of a “Total station”.

Figure 4-13. Setting rebar cage in the excavation
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A 11-in diameter tremie and hopper was used for concrete placement of all shafts. A
disposable plate was used at the bottom of each tremie placement to prevent inflow of slurry and
segregation during initial placement of the concrete. Class IV drilled shaft concrete (4000 psi),
recommended by FDOT specification 346 was used for all shafts. The specified minimum
compressive strength of concrete after 28 day is 4000 psi. Table 4-4 shows the measured range of
the properties (slump, air content) of the fresh concrete, which falls within the range specified by
FDOT specification 346.

Table 4-4. Measured properties of fresh concrete

Properties measured Range specified in 346
Slump 8—101in 7-101n
Air content 1-1.5% 0-6%

Figure 4-14. Concrete placement
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Figure 4-15. Forming the shaft top with the use of a template

During placement, the concrete trucks “tailgated” the concrete to the hopper with the
tremie pipe gradually raised as concrete flowed into the shaft (Figure 4-14). After each truck load,
depth of concrete to the top of casing was measured using a tape and actual volume of concrete
placed was subsequently compared to the theoretical prismatic volume. Analysis showed that the
actual placed volume was slightly more than the theoretical volume for all the shafts. After
completely filling the hole with concrete, temporary surface casing was removed and a 4ft
diameter x 1.5 ft long template (casing) and frame with adjustable legs were used to form the
above ground section of the shaft (Figure 4-15). The alignment of Dywidag bars was rechecked
and adjusted if necessary with the assistance of a “Total station”.

Concrete cylinders (4-in diameter x 8-in long) were taken from each concrete truck to
measure compressive strength after 7" day and 28" day. Table 4-5 presents a summary of the
cylinder tests results after 28 days.

Table 4-5. 28" day compressive strength

mean strength 5068 psi
coefficient of variation 0.133

minimum strength 4021 psi

maximum compressive strength 5914 psi
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4.4 Construction of Test Drilled Shafts

Figures 4-16 (TS1, 12-ft deep shaft) and 4-17 (TS2 and TS3) show the plan and cross-
sectional views of test shafts with steel reinforcement and connectors. The excavation and
concrete placement for each test shaft were performed on the same day to avoid over-reaming
the shaft bottom, which is required if the time of drilling to concreting exceeds 12 hours
according to FDOT specification 455-15.11.5.

4.4.1 Instrumentation installed in test drilled shafts

Four CSL access tubes were installed full length in all the test drilled shafts to allow
cross-hole sonic logging. The tubes were 2-in diameter schedule 40 black iron pipe. Tubes were
equally spaced (90° apart) around the circumference of drilled shaft and aligned parallel to the
vertical axis of the reinforcing cage. Tubes were then securely tied to the inside of the
reinforcing cage (Figure 4-19). Bottom and top ends of the tubes were sealed with threaded caps.

The shafts, TS2 and TS3, were installed with inclinometer casing, which allowed the
use of in-place inclinometers during the lateral load testing. The data was used to obtain the
shaft’s lateral displacement profile during lateral loading. Quick connect (QC) type inclinometer
casing with an outer diameter of 3.34-in (85 mm) was used. Casing was placed along the central
vertical axis of the reinforcing cages and attached to the cage by means of rebar pieces as shown
in Figure 4-19 (blue pipe).

Test shaft, TS2 was instrumented with 8 sister-bar strain gauges (2 gauges diagonally
opposite in 4 different levels) as shown in the Figure 4-18. The strain gauge data during axial
top-down test was used to separate out skin resistance and tip resistance of shaft, as well as
negate any bending of shaft recorded in the data. The gauges were tied securely to the inside of
reinforcement cage at 4 different levels and aligned in direction of a pair of grooves in the

inclinometer casing. All the strain gauge wiring was routed through two %-in PVC pipes (i.e.,
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strain relief, 4 strain gauge wiring in each pipe) to the top of shaft to avoid any damage during

the torsional loading of the shaft (Figure 4-19).
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Figure 4-16. Schematic of test drilled shaft TS1
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Figure 4-17. Schematic of test drilled shafts TS2 and TS3

Applied Foundation Testing Inc. (AFT) also instrumented the two 18-ft test shafts (TS2

and TS3) with EDC 601 and EDC 401 at no expense to FDOT for data acquisition in case of any
dynamic load test will be planned on these shafts in future. Each EDC 601 consists of 3 sets of

embedment strain gauge (Vishay Micro-Measurements) and accelerometer. EDC 401 comprised
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of 2 sets of sister bar strain gauge and accelerometer. Figure 44 shows completely instrumented

shafts TS2 and TS3.
5.5 f
11 fi | |
14]5
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1 1
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Figure 4-18. Location of sister-bar strain gauges in TS2
4.4.2 Shaft excavation

As mentioned earlier, no temporary surface casing was used in all test shaft excavations in
order to construct shafts having uniform nominal diameter along their full lengths. The hole was
drilled in dry condition up to a depth of about 6ft. Then, the bentonite slurry was pumped into the
excavation to maintain hole stability and drilling continued to the required shaft depth. Like
reaction drilled shaft construction, no drilling issues (heaving, caving, and slurry loss) were
noticed during the excavation of any of the test shafts. For each test shaft, excavation was
performed in the morning and the concrete placement was carried out in the afternoon. Before
reinforcing cage placement in the excavation, the slurry was desanded, the hole was cleaned and
the depth to the bottom of the excavation was rechecked. The FDOT drilled shaft inspectors
measured the properties of bentonite slurry regularly; measured range of properties is presented

in Table 4-6 along with the range specified in the FDOT specification 455. A 4-ft diameter x 1.5
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ft long template (casing) and frame with adjustable legs were placed at the top of excavation to

form the shaft above the ground surface (Figure 4-20).

(b) TS3
Figure 4-19: Completely instrumented test shafts TS2 and TS3

Table 4-6. Measured range of properties of bentonite slurry (test shafts)

Properies | Measured | S 5.1 (65°)
Density 64 - 65 64 - 73 1b/ft’
Viscosity 32-33 30 - 40 seconds
pH 9 8-11
Sand content <0.5% <4%
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4.4.3 Placement of reinforcement cage, concrete, embedded pipe and flange section, and

Dywidag bars
After drilling and cleaning the hole, the reinforcing cage with CSL tubes and

inclinometer casing (in case of TS2 and TS3) was lowered into the excavation using a truck
mounted hydraulic crane (Figure 4-20). In the case of test shaft TS2, the cage was oriented with

a “Total station” such that one pair of inclinometer casing grooves and strain gauges aligned with

the direction of lateral load tests.
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Figure 4-20. Lowering reinforcing cage to excavation

As shown in Figures 4-16 and 4-17, the minimum spacing between the embedded pipe &

flange section and rebar cage with CSL tube was only 3.87-in. Use of #57 coarse aggregate

(maximum size = 1 -1'2-in, which is commonly used in class IV (drilled shaft) concrete) could

possibly results in segregation of concrete or lifting of the reinforcing cage during concreting. In
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order to avoid or reduce these issues, it was decided to use a smaller sized aggregate distribution.
As per “FDOT standard specification, section 346: Portland Cement Concrete”, #89 aggregate
(maximum size = %2”’) may be used in concrete with Engineer’s approval. Accordingly a concrete
mix with the properties as shown in Table 4-7 was used for all the test shafts. Table 4-8 shows
the measured range of the properties of the fresh concrete, which was fully compliant with values
recommended by FDOT specification 346. During the placement, concrete trucks tailgated the
concrete to the hopper and the tremie was gradually raised as the concrete flowed into the shafts.
The actual volume of concrete placed slightly exceeded the theoretical volume for all the test
shafts (see Appendix B for drilled shaft logs). After completely filling the excavation and top
template (casing resting on ground), the alignment of rebar cage and inclinometer casing (TS2)
was verified using a “Total station”.

Table 4-7. Properties of new concrete mix

Mix number HC62JD
Comp. Strength 28 days (psi) 4000
Slump (in) 8+/- 17
Air Content (%) 1.5%
Plastic Unit Weight (Ibs/cf) 143.4 +/- 1.5
Cement 70%
Slag 30%
Coarse aggregate #89 aggregate

Table 4-8. Measured properties of fresh concrete

Properties measured Range specified in 346
Slump 8—101n 7-101n
Air content 1.4-1.5% 0-6%
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Subsequent to the completion of concrete placement, the pipe and flange section was
lowered into the concrete using a crane as shown in Figure 4-21. Since the top flange of the
section needs to be 6-in above the shaft top, the required clearance was maintained using angle
sections (bolted to flange) and steel clips resting on the top of the casing (Figure 4-21). The
section was then aligned and leveled using digital level and the “Total station”. Next, for shafts
TS2 and TS3, the Dywidag bar cage (4 bars) was placed within the embedded pipe as shown in
Figure 4-22. The Dywidag bars are required for attaching the lateral load test frame to the test

shafts. Figure 4-23 displays the test site after the construction of reaction and test drilled shafts.

Figure 4-21. Installation of embedded pipe and flange section
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Figure 4-22. Installation of Dywidag cage within pipe and flange section

Concrete cylinders were collected for each truck to assess compressive strength (7" day
and 28" day) and Young’s modulus. Table 4-9 presents the measured compressive strength for all
test shafts after 28" day. As shown from the Table 4-9, the minimum 28" day compressive

strength for the new mix was 6290 psi, which was much greater than the design 28" day

compressive strength (4000 psi).

Table 4-9. Measured 28" day compressive strength (test shafts)

Shaft No. | Sample No. | 28" day comp. strength (psi) | Average (psi)
TS1 1d 6711
la 7195
TS2
2d 6761 6718
1b 6632
TS3
2b 6290
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Figure 4-23. Test site with reaction and test drilled shafts.

4.5 Cross-Hole Sonic Logging (CSL) Tests on Test Drilled Shafts

Cross-Hole Sonic Logging (CSL) Tests on the three test drilled shafts were performed by
the State Material Office, Gainesville, to verify final integrity. Tests were conducted in
accordance with ASTM D 6760 using Cross Hole Analyzer (CHA) manufactured by Pile
Dynamics, Inc., after a curing period of 12-14 days. The later complies with FDOT specification
455-17.6.1.2, i.e., concrete compressive strength of test shafts must exceeded 3000 psi before
testing. Figure 4-24 shows the CSL testing setup for one of the test shafts. The tests were carried
out by lowering an ultrasonic source transmitter and a receiver/phone to the bottom of the shaft
through separate CSL tubes and raising them simultaneously while the transmitter probe emits
ultrasonic signals at 2.5-in depth intervals along the tubes with the receiver monitoring
magnitude and arrival times. Considering all the possible tube pair combinations, a total of six

log profiles were performed for each shaft.
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Figure 4-24. CSL testing setup for test shaft
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Figure 4-25. Typical CSL results for the test shafts (TS3)

Figure 4-25 presents typical CSL results for the test shafts. The results for each profile

(each tube pair logging) include wave speed versus depth, pulse energy versus depth and sonic
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map (or “water fall diagram”) along with first arrival time (FAT). The CSL results for all the
shafts were nearly identical. As shown in the Figure 4-25, CSL results for all the adjacent tube
pairs (perimeter tube pairs) indicated uniform first arrival time and energy throughout the depth.
It is evident from the above observation that, all the shafts were of high quality and integrity.
However, CSL results for the diagonal tube pairs for all the test shafts showed identical reduction
in wave speed (increase in FAT) and energy/signal strength over the top 5.5 ft of shaft (Figure 4-
25), which is the zone where the pipe and flange section for the combined torsion and lateral load
test was embedded. The measured wave speed (or first arrival time) and energy were nearly
constant for the shaft segment below 5.5 ft depth (Figure 4-25), which indicated that the shafts
were of good quality, and hence the lower wave speed and energy for the top 5.5 ft was
obviously due to the presence of embedded pipe and flange section. The actual mechanism
behind this reduction is not clear. It is believed that the reduction may be due to the difference in
impedance of steel and concrete. As the wave propagates through the embedded pipe and flange
section during logging, it gets partially reflected and partially refracted at the interface of steel
and concrete. The refracted component will be smaller because of the smaller impedance of
concrete compared to steel. The smaller impedance will reduce the amplitude/energy of the
transmitted wave and causing a shadowing effect as shown in the sonic map (Figure 4-25). The
first arrival time (FAT) for all the testing was selected by setting absolute and relative thresholds
in the cross-hole analyzer (CHA) system. The relative threshold is set based on the maximum
signal received for the individual logging. Note that in determining FAT, the CHA system will
only consider the received waves with energy exceeding the threshold values. Since the wave
transmitted through the embedded pipe and flange section has greatly reduced amplitude/energy

(may be less than threshold value), the CHA system filters it out while determining the FAT.
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Consequently, the measured FAT may be greater than the true value, and hence the estimated
wave speed (spacing between tubes/FAT) may be less than the actual value. Results of all the

CSL testing performed are included in Appendix B.
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CHAPTER 5
DESIGN AND CONSTRUCTION OF JET-GROUTED PILES

This Chapter discusses the design and construction of jet-grouted piles for axial lateral,
and combined torsion with lateral load. To limit the influence of depth, diameter, etc., it was
decided to compare the new pile with a current mast arm foundation (drilled shaft) of similar
dimensions. Accordingly, the piles would be embedded 18 ft and have a diameter of 4 ft (i.e.,
after side grouting). To transfer the mast arm torque, moments, etc. to the pile, a reinforced
concrete cap was designed. A detailed description of the design and construction of the concrete
cap is included in this Chapter. Analysis of the noise and ground surface vibration data measured

during the jetting and grouting of the piles is also presented.

5.1 Structural Design of the Precast Pile Section

The precast section for the jet-grouted pile should transfer the forces and moments acting
on top of the foundation (torsion, axial and lateral) to the side and tip of the pile without
structural failure. Moreover, the section should have enough cross-sectional area to
accommodate both the reinforcement as well as the grout delivery system. Accordingly, a 28-in x
28-in reinforced concrete section was chosen for the precast pile element to carry the expected
maximum loads. Steel reinforcement for the section was determined in accordance with ACI
318-08. Concrete compressive strength of 5000 psi was used in the design (Appendix C). The
estimated threshold torsional strength for the section without reinforcement (32 kip-ft) was much
less than the anticipated torsion (= 560 kip-ft), requiring the use of steel torsional reinforcement.
Traverse steel reinforcements, #5 bars @ 2.5 -in spacing, was estimated to provide a nominal
torsional resistance of 737 kip-ft (Appendix C). The pile section with -16 #9 bars (2.04% of C.S

area) has a flexural strength of 783 kip-ft, an axial capacity of 3465 kip and a shear capacity of
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403 kip as found in Appendix C. Shown in Figure 5-1 is the cross-section view of the precast
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Figure 5-1. Cross-section of precast pile component with reinforcement details

5.2 Design and Fabrication of Grout Delivery and Jetting Systems

Figure 5-2 displays the schematic diagram of the jet-grouted pile with side grout
membranes, instrumentation and concrete cap. External to the pile are two 7 ft long side grout
bags with separate grout delivery systems. In conformity with the previous FDOT research
projects (BD545, RPWO # 31and BDK-75-977-07), 1-in PVC pipes were selected for the grout
delivery systems. Figure 5-3 shows the fabrication of grout delivery systems. Each grout delivery
system had its own grout entry and exit pipe. This facilitated the cleaning of grout system for
potential of regrouting. Each of the grout pipes (entry & exit) had 7 pairs of holes with 3-in
center to center spacing (Figure 5-3), evenly distributed (5-in intervals) along the bottom 2/3™ of

each grout bag. For the bottom 4 pairs, the diameter of hole was 2-in and for the top 3 pairs, it
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was ¥z-in. Each pair of holes was covered with 1-in diameter gum rubber (1/4-in thick)
membranes (Figure 5-3). The gum rubber membrane allowed the grout to exit the grout pipe
under high pressure, but prevented the exit of water when cleaning the pipes or re-entry of grout

after placement.
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Figure 5-2. Schematic diagram of jet-grouted pile
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Figure 5-3. Grout delivery systems for side grouting

Figure 5-4 shows the PVC piping which was used for jetting of precast pile into ground.
The same jetting pipes were also used for tip grouting after side grouting of the pile. Diameter of
the central jetting pipe was determined based on the guidelines recommended by Tsinker (1988)

with the flow rate equation (Equation 2-1) for sandy soil suggested by Shestopal (1959).
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Table 5-1. Estimation of required jet pipe diameter

D / dsy Soil k 0] Velocity Jet pipe area Jet pipe diameter
in (cm) ft(m) | (mm) | Type | (m/day) | (m*/hr) | (m/s) A = Q/V (mm?) in (mm)
28(71.1) | 15(4.57) | 017" | A3 | 11.23° | §23° 5¢ 4572 3 in (76.2 mm)

“ from grain size analysis
® for A3 soil, Smith and Bloomquist (2010)

“ using Equation (2-1)
“ Tsinker (1988)

Figure 5-4. Jetting system for jet-grouted pile

Table 5-1 presents the estimation of diameter of the central (main) jetting pipe.

Shestopal’s Equation (2-1), suggests a flow rate of approximately 362 gallon/minute (82.3

m’/hr). Gabr et al. (2004) identified that pile insertion rate increases with increase in flow

velocity for a given flow rate. Whereas, Tsinker (1988) recommended that velocity of flow
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should not be greater than 16.4 ft/s (5 m/s). Hence an optimum velocity of 5 m/s was considered
in the present case and required jet pipe diameter was estimated to be 3-in (Table 5-1). The
central jet pipe branched off into five 2-in diameter pipes at bottom of pile for uniform
distribution of water at tip. In order to maintain the uniform flow velocity, nozzles were attached
at the exit of all the jet pipes after the curing of the precast piles (discussed later). It should be
noted that the nozzles at the end of the jet pipes also prevent ingression of sand/fines into the

jet/grout pipe after jetting, which can result in grout blockage during tip grouting.

5.3 Construction of Precast Piles

Formwork for casting the piles was assembled using plywood sheets reinforced with 2-in
x 4-in wooden strips as shown in Figure 5-5. The bracings as shown were needed to provide

adequate stability to the concrete when first placed.

Figure 5-5. Formwork for precast piles

89



The reinforcement cage was fabricated in accordance with the design (Section 5.1). Figure
5-6 shows the placement and attachment of PVC side and tip jetting/grouting pipes to the pile’s
reinforcing cage. Also shown in Figure 5-6 (Middle and Bottom) are 4 bolts/ side attached via
3/8-in thick x 2.5-in wide steel plates to reinforcing cage. These bolts will be used to attach the
side grout membranes to the pile prior to jetting. One inch diameter threaded bolts were used for

bottom membrane and 3/4-in diameter bolts were used for top membrane.
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Figure 5-6. Reinforcement cage with grout delivery systems, jetting system, and instrumentation

The piles were instrumented with 5 concrete embedment strain gauges (Figure 5-2 and 5-
6) for monitoring the load distribution along the piles during the top-down load test. One gauge
was installed at the center of the pile, just above the top grout membrane (Figure 5-2), in order to

assess load transferred to soil from the concrete cap during loading. The middle pair of gauges
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was positioned between the top and bottom membranes for estimating load shedding between the
top and bottom membranes. The final pair of gauges were installed at the bottom (i.e., below
bottom membrane) of pile, in order to differentiate the tip resistance from the side resistance
during axial top-down testing as well as mobilized tip resistance during tip grouting of the piles.
All the strain gauge wiring was routed through 2-in PVC pipes to the top of pile to protect the
wires during torsion testing of the piles. All gauges were tied securely to the inside of

reinforcement cage using plastic tie wires.

Figure 5-7. Reinforcement cage within the formwork ready for concrete placement

Shown in Figure 5-7 is the rebar cage centered in the formwork ready for concrete
placement. As shown from the Figure 5-7, the side grout delivery pipes were temporarily tied to
formwork to keep them from moving during the concrete placement. Since the clear spacing of
the shear steel, i.e., transverse reinforcement, was only 2-in, it was decided to use #89 aggregate

maximum size = %-in) for the concrete mix. In conformity with the structural design
g
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requirements (i.e., torsion), the required minimum 28" day compressive strength for the concrete
was 5000 psi. The concrete was obtained from a nearby ready-mix yard (Florida Rock Industries,

Inc.) and the properties of the mix are given in Table 5-2.

Table 5-2. Properties of the concrete mix

Mix number C85JC
Comp. Strength 28 days (psi) 5000

w/c ratio 0.39
Slump (in) 5+/-1”

Air Content (%) 3.0%
Plastic Unit Weight (pcf) 1405+ 1.5
Cement C 150, type 11
Fine aggregate sand
Coarse aggregate #89 stone
Admixture C 494, W/reducer

Table 5-3. Measured properties of concrete

Properties measured
Slump 5.251in
Air content 3.3%
7™ day comp. strength 6848 psi
28™ day comp. strength 8069 psi

Table 5-3 shows the measured slump, air content of the placed concrete. During
concreting, the truck “tailgated”, Figure 5-8, concrete was poured directly into the formwork and
a concrete vibrator was used to consolidate the fresh concrete (release entrapped air and move

large aggregate), ensuring bonding with the reinforcement. After completely filling the
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formwork, the top surface was leveled using straight edge and trowel. The pile was then covered

with plastic and was allowed to cure for 28 days.

Figure 5-8. Concrete placement

During the pour, concrete cylinders (4-in diameter x 8-in long) were collected to measure
compressive strength and Young’s modulus of the concrete. After 7 and 28 days, the concrete
cylinders were tested under compression loading (Table 3). As shown in the table, even the 7"
day compressive strength (6848 psi) of the poured material was greater than the design 28" day

compressive strength (i.e., 5000 psi).
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5.4 Preparation of Precast Piles for Jetting

After sufficient time for curing, the formwork was detached and excess concrete at the
location of side grout exit ports (covered with gum rubber) was removed. Then the precast piles
were prepared for jetting, which involved: (1) flushing of each grout delivery systems to ensure
proper function, (2) testing the membrane, (3) attaching top and bottom side grout membranes,
(4) attaching nozzles for jetting/tip grouting system, and (5) testing of nozzles to ensure uniform

water distribution spread at the pile tip.

5.4.1 Flushing of each grout delivery systems to ensure proper function

Each grout delivery system (both top and bottom) was connected to the city water supply
and flushed to ensure that the systems were working properly (Figure 5-9). A pressure of
approximately 7 psi was needed for water to exit through the ports after expanding the gum

rubber covers.

Figure 5-9. Flushing the grout delivery systems
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5.4.2 Testing the membrane

The membrane used for side grout bags was 45-mil thick reinforced polypropylene
geomembrane (RPP). This RRP membrane was slightly different from the one used in the
ongoing FDOT research project: “Bottom side grouting of drilled shafts prior to tip grouting
(BDK- 75-977-46). Therefore the membrane was first tested for interface friction angle (o) and
tensile strength. The friction angle for the membrane - soil interface (o) was determined from
direct shear testing at different normal stresses. The soil used for the tests was a typical Florida
silty sand. Figure 5-10 presents the failure envelopes for the membrane-soil interface and the soil
itself. The interface friction angle, 6, is found to be 22.5° versus ¢ = 33.5° for soil (6 =0.7 ¢). To
improve friction, small (=1/16-in) holes @ 6-in spacing (square pattern) were made in the

membrane between the polymer reinforcements.
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Figure 5-10. Failure envelope for direct shear tests on membrane-soil interface
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Tensile strength of the membrane was estimated by conducting tension tests (Figure 5-
11) on a number of 1.25-in wide continuous membrane loops formed by heat seaming the ends
with an overlap of 6-in. Membranes with (1/16-in @, without cutting reinforcement) holes and
without holes were tested. Using the universal testing machine (UTM), the specimens were
loaded until failure. Average tensile strength of all membranes was 3210 psi. Both the strips with
and with without holes showed similar results, which indicated that drilling of holes without

cutting the reinforcement does not cause any strength reduction.

|

Figure 5-11. Tension test of membrane strip

5.4.3 Attaching top and bottom side grout membranes

The width of the membrane roll purchased for the jet-grouted piles was 12 ft. As per the
design, the final diameter of side grout bulbs for jet-grouted pile was 48-in, which equates to a
perimeter of 150.8-in. Considering a vertical seam width (overlap) of 6-in, the total membrane
width required to make a 48-in diameter cylinder was 156.8-in, which was rounded up to 160-in.

Accordingly, the membrane roll was cut into four rectangular pieces of 160 -in width. Next, each
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piece was rolled to form a cylinder (48-in diameter) and an overlap/pleat (i.e., heat seam) was
created using two 6-in square hot plates at a temperature of about 130°C (5 minute holding time).
The length of each side grout zone for the pile was 7 ft (84-in). For each grout zone, the total
length of the required membrane was the sum of the length of side grout zone, additional length
for expansion outward during grouting, and width of steel plates for attaching the membrane to
pile at both ends (i.e., 84 + 20 + (2 x 3) + 3 in extra = 113 in). Each vertically seamed membrane
was cut to a length of 113-in (Figure 5-12). A grid of small holes (1/16-in @) at 6-in spacing
were drilled into the membrane, which was expected to allow the grout seepage through the
membrane during grouting process and thus develop improved bonding between the grout bag

and the surrounding soil.

Figure 5-12. Membrane seamed for side grout zone

In order to attach the membrane to the pile, both vertical and horizontal pleats had to be
placed in the membrane. Note that the vertical pleats will reduce the circumference and one
horizontal pleat will reduce the height of the membrane. For each pile, the horizontal pleat was

placed first in the middle by folding the membrane roll. Then, the membrane was positioned at
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the location of grout zone (Figure 5-13). Finally, the membrane was attached to the pile in such a
way that a vertical pleat of about 4.5-in wide was made in the middle of each face. The
membrane was secured to the pile by means of steel plates and threaded rods embedded in pile
(Figure 5-13). Silicone gasket maker was used to seal the attachment (Figure 5-13). Figure 5-14

displays one of the piles after attaching the top and bottom grout membranes.

Figure 5-13. Attaching membrane to pile
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Figure 5-14. Pile after attaching the grout membranes

5.4.4 Attaching nozzles for jetting/tip grouting system

At the bottom of pile, the central 3-in jet pipe branched off into five 2-in diameter pipes
for tip jetting of the pile as discussed earlier. The nozzles were attached at the exit of all the 2-in
jet pipes (Figure 5-15). The nozzle pattern for all the outer pipes was same; four — Y2-in diameter
holes, as shown in Figure 5-15. For the central pipe, the nozzle pattern consisted of four — /2-in

diameter holes and one- 3/8-in diameter hole in the middle.

Figure 5-15. Pile after attaching nozzles

5.4.5 Testing of nozzles to ensure uniform water distribution at tip

After attaching the nozzles to the piles, they were tested to ensure uniform water

distribution at the bottom (Figure 5-16). Test was performed by connecting the central jet pipe to
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the city water supply. The maximum water pressure recorded by pressure gauge was less than 5
psi. As evident from the Figure 5-16, flow distribution was virtually uniform even under small

pressure.

Figure 5-16. Nozzle testing

5.5 Jetting of Piles

After preparation, the piles were transported from Coastal Engineering Lab to the test site
using a flatbed truck. Jetting of the piles was performed with the help of Reliable Constructors
inc., Mount Dora, FL and SMO, Gainesville. In order to reduce water loss (e.g., percolation) and
minimize water requirement during jetting, it was decided to collect the water flowing up around
the pile during jetting. Accordingly, 3 ft deep holes were made at the location of both piles using
a backhoe and 7 ft diameter x 5 ft long surface casings were installed to collect the water coming
up during the jetting process (Figure 5-17). A 50 ton crane was used for positioning and holding
the pile during the jetting process. After unloading the pile from flat bed, the jet hose was
attached to the top of pile. Subsequently, the pile was positioned in the hole and aligned properly

with reaction drilled shafts on either side using a surveying level.
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Figure 5-17. Pile jetting

Figure 5-17 shows the setup for pile jetting. As shown in the Figure 5-17 two water
tankers were used; one tanker (Reliable Constructor’s) provided water for jetting and the other
(SMOQ’s) as back up, i.e., water from the SMO’s tanker was pumped to the Reliable’s tanker
when the water levels diminished. The pressurized water for jetting was provided to the test pile
from the water tanker through a 6-in high pressure jet pump (max. flow rate = 1600
gallon/minute and max. pressure = 184 psi), Figure 5-17. The pump was equipped with flow
meter and pressure gauge to monitor the flow rate and pressure respectively. Jetting initiated
with flow of water from the water tank through the pump to the test pile with a flow rate of 400

gallon/minute and a pressure of about 130-135 psi. Subsequently the test pile was lowered with
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the crane as penetration occurred. The pile was allowed to penetrate with its own self-weight by
releasing the weight steadily from the crane. A hydraulic trash pump (maximum flow rate = 1300
gpm and pressure = 65 psi) was used to pump the water collected in the surface casing back to
the tanker (Figure 5-17) at a flow rate of nearly equal to the jetting flow rate (400 gallon/minute).
Total water loss (percolation) during the jetting of two piles was approximately 1000 gallons.
After jetting of each pile, the casing was pulled out and soil was backfilled around the pile,

Figure 5-18.

Figure 5-18. Pulling out the casing after jetting and soil backfilled

SMO, Gainesville, monitored the noise and ground surface vibration during the pile
jetting operation. The equipment used for the measurement consisted of five sets of Vibration
and Overpressure Monitor (Instantel® Minimate Plus™) with triaxial geophone (velocity
transducer) and overpressure microphone. Analysis of the data collected using the

instrumentation is presented later.
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5.6 Design and Construction of Concrete Cap for Jet-Grouted Piles

A reinforced concrete cap was required for transferring the forces and moments from the
loading assembly (Mast arm structure) to the pile during the combined torsion and lateral load
testing. A precast concrete cap was chosen for one of the jet-grouted piles and a cast-in place cap

for the other. Figure 5-19 depicts the schematic of precast concrete cap - pile connection.

Grout

Anchor Bolt

Concrete Cap

T Jet-Grouted Pile

Figure 5-19. Schematic of precast concrete cap-pile connection

5.6.1 Design of concrete cap

The starting point for the design of concrete cap was the dimension of inner square hole
required for the precast pile head. In case of the precast cap, a 2-in grout space/gap between the
cap hole and pile was designed, which provided space for leveling as well as placement of the
standard grout tube used in the industry. Next, the other dimensions (width, and depth) , (anchor
bolts, and reinforcement (flexural, torsional and shear) were designed to meet various standard

code requirements (ACI 318 - 08, AASHTO LRFD, AISC 360-05, etc.). Detailed design
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calculations for the cap are given in Appendix C. The diameter and the number of ASTM F1554
Grade 55 anchor bolts required to transfer the loads from Mast arm pole to foundation were
determined by considering steel strength requirements of anchors in tension and shear (ACI 318 -
08, AASHTO LRFD, AISC 360-05). It was found that sixteen - 1.5-in diameter bolts were
sufficient for transferring the anticipated forces and moments. Shown in Figure 5-20 are the

longitudinal and cross-sectional views of concrete cap — pile connection.
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Figure 5-20. Longitudinal and cross-sectional views of concrete cap-pile connection
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Figure 5-21. Longitudinal section and cross-section of concrete cap with reinforcement details

The optimum dimensions (outer width and depth) for the cap was selected considering
the concrete breakout strength of anchor groups in shear, side face “blowout” failure of anchors
in tension, concrete pry out strength in shear, anchor bolt embedment, FDOT’s clear cover
requirement and cost. A square cap with 60-in outer width and 30.375-in depth was found to be

adequate for transferring the forces and moments generated during load tests without concrete
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breakout and side face blowout failure (Figure 5-20 and Appendix C). A minimum clear cover of
3-in was provided to all the reinforcements for all the exposed sides of cap in accordance with
FDOT's "Structures Design Guidelines for LRFD" (2002), assuming that the site condition as
“moderately aggressive". The required anchor bolt embedment depth was determined by
considering the development length for longitudinal reinforcement and spacing between anchor
bolts and longitudinal reinforcement in accordance with NCHRP (2003). The development
length for # 5 rebars was determined to be 15.91in based on ACI 318-08 12.3.3. The minimum
horizontal distance between the anchor bolts and the outer vertical reinforcement was 5.37 in.
Consequently, the required embedded depth for anchors was estimated to be 24.28-in
(15.91+5.37+ top clear cover (3) = 24.28 = 25-in, see Appendix C).

Steel reinforcement for concrete cap was calculated according to ACI 318-08. A concrete
strength of 5000 psi was used in the design. The calculations are included in Appendix C. Figure
5-21 shows the longitudinal and cross-section of cap with reinforcement details. Flexural
reinforcement comprised 6 - #9 bars in both directions (3 on each side as shown in Figure 5-21).
Design flexural capacity (nominal x phi (@) factor) of the section with the above reinforcement
was found to be 661 kip-ft. The torsional steel reinforcement consist of #5 bars at 4.46-in center
to center spacing as shown in 5-21, which was shown to provide a design torsional strength of
2525 kip-ft (Appendix C). It was also verified that the design shear capacity (303 kip) of vertical
section of cap is enough to resist the expected maximum shear force (279 kip) on the section
during torsion test. Note that the dimensions and various reinforcements for both precast and
cast-in place cap were the same. Only difference was the grout space/gap for the precast one.
Estimation of grout tensile strength, shear strength and bond resistance at grout-concrete

interface of the precast cap-pile connection using the strength properties of cementitious non-
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shrink grout approved by FDOT (Qualified Products list) indicated that the interface could safely

transfer the forces from cap to pile during different load tests (Appendix C).

5.6.2 Construction of concrete cap

Figure 5-22 displays the formwork assembled for casting the cap. The mold was
assembled using plywood sheets (3/4-in thick) as facing with 2-in x 4-in wooden members as
bracing. The bracing ensured minimal movement of the concrete during placement (hydrostatic
pressure) as a result of the tight tolerance between pile and cap. The inner framework (only for

precast cap) was the cutout of the pile with a 2-in grout gap.

Figure 5-22. Formwork for concrete cap

The reinforcing cage for the cap was fabricated in accordance with the design (Section
5.6.1) as shown in Figure 5-23. Figure 5-24 shows an anchor bolt welded to 3.5-in diameter x %a-

in thick bearing plate. The anchor bolts were positioned within the reinforcement cage in
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accordance with the design layout (Figure 5-20 and 21). Figure 5-25 depicts the reinforcement
cages within the formwork ready for concrete placement. The template in the form of steel rings,
Figure 5-25, aligns the anchor bolts both in circular pattern and elevation. The template was
attached to the formwork/pile (Figure 5-25), which prevented the misplacement of anchor bolt

group during the concrete placement operations (pouring, vibration, etc.).

Figure 5-23.: Reinforcement cage for concrete cap

Figure 5-24. Anchor bolt welded to 3.5-in diameter x %-in-thick bearing plate
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b) Cast-in place cap

Figure 5-25. Reinforcement cage for caps ready for concrete placement

The concrete mix used for the caps was the same as that for the piles. The ready mix
truck “tailgated” concrete directly into the formwork and the concrete was then vibrated using a
concrete vibrator to release entrapped air and move large size aggregates (Figure 5-26). After the

concrete placement, the top surface was leveled by means of straight edge and trowel.
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b) Cast-in place cap

Figure 5-26. Concrete placement for caps

Figure 5-27 displays the placement of precast concrete cap. It was ensured that the gap
between the pile and cap was uniform (i.e., 2-in) all around the pile. The gap was then grouted
using the FDOT approved cementitious non-shrink non-metallic grout: Vibropruf#11
(Reference: FDOT Quality Product List- section 934). The grout was mixed to a fluid
consistency (4.5 quarts water per 50 Ib bag of grout) using a revolving concrete mixer as per the

manufacturer’s recommendation (Figure 5-27). The grout was filled from bottom to top (free
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flow) using a funnel and a hose. Any air entrapped in the filled region was removed by tamping

with a steel rod. About 32 gallon of grout was required to completely fill the gap.

Figure 5-27. Precast cap placement and grouting

5.7 Side Grouting of Jetted Piles

Side grouting of the jetted precast piles was performed with the help of Applied
Foundation testing, Inc. (AFT) of Jacksonville, FL. The side membranes were grouted only after
allowing sufficient time for the hydration of concrete cap installed at the top of piles. Theoretical
grout volume required to fill a prismatic cylindrical side membrane was estimated to be about

350 gal. Since the membrane had vertical pleats on both ends to attach to the pile faces (reduced
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perimeter at both ends), the actual volume needed to fill the membrane will be less than then
theoretical volume. A grout volume of about 300 gal may be sufficient for each membrane. The
mixing and pumping of grout was carried out using AFT’s grout pump, Figure 5-28. The grout
volume and sustained grout pressure were recorded throughout the grouting process for each
membrane. The grout pressure was recorded at the pump and the top of the pile (both inlet and
outlet pressures, Figure 5-29). Pile head and soil displacement were also monitored (Figure 5-29)
throughout the grouting process. SMO, Gainesville, monitored noise and ground surface

vibration during the side grouting of top membrane of both piles, which is discussed later.

Figure 5-29. Grout pressure and displacement measurement
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Figures 5-30 present the grout pressure (inlet pressure at pile head) versus the
accumulated grout volume pumped in each top and bottom membranes of the piles. In grouting
the top membranes, grouting terminated when surface cracks (expansion cracks; Figure 5-31)
were observed on all sides of the pile cap and theoretical volumes were reached. In the case of
bottom membrane, grouting ceased when the theoretical volume 300 gallons was exceeded.
Grout test cylinders were obtained during the grouting of each membrane to determine 28™ day

compressive strength of the injected grout.
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Figure 5-30a. Pile 1, top membrane, measured side grout pressure vs. grout volume
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Figure 5-30b. Pile 1, bottom membrane, measured side grout pressure vs. grout volume
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Figure 5-30c. Pile 2, Top membrane, measured side grout pressure vs. grout volume
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Figure 5-30d. Pile 2, Bottom membrane, measured side grout pressure vs. grout volume

Figure 5-31. Ground surface crack (pile 2: top bag)
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As side grouting involves increase in lateral stress alongside the pile, cylindrical cavity
expansion theory may be used to predict the expected maximum lateral stresses during the side
grouting phase. Table 2 shows the comparison of measured grout pressures with predicted grout
pressures from multiple approaches. For the predictions, field limit pressures (Pressuremeter test
data), elastic-perfectly plastic closed-form solutions, Yu and Houlsby (1991), and charts
provided by Salgado and Randolph (2001) were used. It is evident from the table that the

measured side grout pressures are in the range of predicted grout pressures.

Table 5-4. Comparison of measured and predicted grout pressures

Top membrane Bottom membrane
Jp1¢ jp2¢ P1° P2’
Measured Maximum Pressures (psi) 100-120 90-100 140-160 180-200
Yu and Houlsby’s solution (psi) * 110 110 224 224
Salgado and Randolph’s chart (psi) " 116 116 210 210
PMT (psi) 1134 857 198° 153°¢

" Corresponds to the middle of top and bottom membrane: 6.5ft and 14ft

“ Poisson’s ratio (v) = 0.3, & Relative density (Dr) = 45%, Critical state friction angle (¢.)= 29°,
Linear equivalent friction angle (¢,= 33°, Linear equivalent dilation angle (y) = 5°

P0=03, & Dr=>55%, ¢.=30°, p=35°, y="1.5°

(Where, ¢ and y estimated from@. based on Salgado & Prezzi 2007),

* At a depth of 8.5ft

¢ At a depth of 16ft

5.8 Tip Grouting of the Piles

After allowing sufficient time for the curing of side grout zones, tip grouting of the piles
were undertaken with the help of Applied Foundation testing, Inc. (AFT) of Jacksonville, FL
(Figure 5-32). The sustained grout pressure, grout volume, and vertical displacement of pile and
surrounding soil were recorded throughout the grouting process (Figure 5-33). The tip grouting

was controlled by the upward displacement of pile head. Specifically, the grouting stopped when
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the average upward pile head displacement exceeded ¥z-in in combination with a steady or

dropping tip grout pressure. Generally, ¥z to %-in of displacement is considered sufficient to

fully mobilize skin resistance on a pile in the literature.

Figure 5-32. Grout mixing and pumping

Figure 5-33. Grout pressure and displacement monitoring
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Shown in Figure 5-34 is the measured grout pressure versus grout volume pumped during
the tip grouting of piles. Figure 5-35 presents the pile head displacement versus grout pressure
versus plots. In the case of Pile 2, Figure 5-34, there was an approximate linear increase of grout
pressure with volume until pile began to move upward (390 psi), and grout pressure dropped off
(280-300 psi) with further vertical movement (i.e., full mobilization of skin friction). In case of
pile 1, the grout pressure and volume increased until 210 psi, whereupon pressure dropped, and
grout volume still increased below the tip, Figure 5-34. However, the increase in upward
movement of the pile was insignificant unlike the pile 2 (Figure 5-35). The latter suggests that
the soil beneath pile 1 was being compacted (i.e., SPT N values went from 5-10 range at 15ft to
over 20 at 20-25 ft depth). Interestingly, at grout volume of 85 gallons (Figure 5-34), the grout
pressure started to increase again and at grout volume of 140 gallons, upward movement had
reached 3/8” and grout pressure dropped again, suggesting full mobilization of skin friction had

occurred.
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Figure 5-34. Tip grout pressure versus grout volume pumped
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Table 5-5 Comparison of the measured and predicted tip grout pressures

JP1 JP2
Measured tip grout pressure (psi) 290 280-300
Yu and Houlsby’s solution (psi) 509 509
Salgado and Randolph’s chart (psi) * 522 522

“0.=29°, ¢p=35°, w=17.5° (Salgado & Prezzi 2007), v = 0.3, & Dr=55%

Table 5-2 presents a comparison of the sustained tip grout pressures versus the spherical
cavity expansion limit pressures at the pile tips predicted using Yu and Houlsby’s (1991) closed
form solutions, and Salgado and Randolph’s (2001) charts. It is evident from the table that the
sustained grout pressure was about 60% of the spherical cavity limit pressures at that depth. In
general, the maximum possible tip grout pressure will be the minimum of the spherical cavity
expansion pressure and the pressure required to mobilize the full side resistance of the pile. In

the present case, the maximum sustained tip grout pressure was governed by the available skin

118



resistance. However, it should be noted that the side grouting of the piles had significantly
improved the side resistance, (i.e., increased lateral stresses) upon which tip grouting developed
very high grout pressures. In case of tip grouting without a prior side grouting, the tip grout
pressure will be significantly less than the present values (e.g., tip grouted drilled shafts; McVay

etal. 2010).

5.9 Analysis of Noise and Vibration Data

As mentioned earlier, SMO, Gainesville, measured the noise and ground surface
vibration during the pile jetting and grouting operation. Vibration and Overpressure Monitor
(Instantel® Minimate Plus™) with triaxial geophone (velocity transducer) and overpressure
microphone were used for the measurement (Figure 5-36). The monitors were located at different

radial distances from the pile location.

Microphone

Teianal GeaRanE Recorder/monitor

Figure 5-36. Instrumentation for noise and vibration measurement
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5.9.1 Measured noise

Figure 5-37 shows the location of construction equipment and vibration and noise
monitors with respect to the pile location during the jetting process. Note that the layout of noise
and vibration monitors was same for both piles, but the locations of the construction equipment
were different. The construction equipment used for jetting of the piles were: 1) high pressure jet
pump, 2) crane, and 3) water recirculation pump, as identified earlier. Therefore the major
sources of noise in the jetting operation were the sound/noise emitted from the motors of these
equipment, and not from the jetting process itself.

According to FHWA’s Noise Abatement Criteria (NAC), hourly equivalent steady-state
sound level (L¢q) should be limited to 67dBA in residential, hospital, school, picnic, and
recreational areas and 72dBA in developed lands (commercial and industrial areas). Figure 5-38
shows the noise measured at different locations during the operation of crane alone, crane and
recirculation pump, and pile jetting process (i.e., operation of jet pump, crane, and recirculation
pump) for pile 2. Noise is reported in “A-weighted” decibels (dBA), which is the sound level
measurement in decibel (dB) adjusted/weighted to match the sensitivity of human ear. Noise
measured during the operation of crane alone was less than 70dBA at all locations, as the crane
was located 50ft away from the pile in the opposite direction of measurement points (Figure 5-
37). It can be seen from the Figure 5-38 that the noise in the vicinity of pile location was in the
range of 85-92 dBA, which is attributed to the operating noise of water recirculation pump and

high pressure jet pump.
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Figure 5-39. Noise measurement during pile jetting process

Shown in Figure 5-39 is the noise measurements during the jetting of both piles. It is
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evident from the figure that noise levels at different points were nearly the same for both cases,
even though the locations of equipment were different. This is due to the fact that resultant noise
level at a location due to multiple noise sources is dominated by the highest individual noise

level (as sound level, dB or dBA is logarithmic). It can also be seen from the Figure 5-39 that for




the distance beyond 70 ft (21.3 m), the noise level is less than 72 dBA (FHWA-NAC criterion).
The noise can be further reduced by shielding the equipment (jet pump and water recirculation
pump) and locating the pumps away from any sensitive building/structure under consideration.
FHWA’s Road Construction Noise Model (RCNM) database suggests an A-weighted
maximum sound level (Lmax) of 95dBA at a distance of 50 ft for any impact pile driving
operation. Since the noise levels decrease with the logarithm of distance from the source, the
corresponding hourly equivalent sound level (L.y) at various distances can be obtained using Eq.
5-1 (FHWA: RCNM). Figure 5-39 also displays the estimated variation of noise levels with
distance for an impact pile driving operation (using Eq.5-1, Limax = 95 dBA and U.F (%) = 100).
In the case of impact/dynamic pile driving, it can be found using Eq.5-1 and an L,,,, value of 95
dBA that the noise level is less than 72 dBA (FHWA 2006) at a radial distance beyond 700 ft
(213 m). Therefore it can be concluded based on limited data that the noise generated during a

pile jetting operation is much less than a dynamic pile driving as expected.

U.F(9
Leg = Limax — ZOlog(D/SO) + 1010g< (A))/100) (1)

Where, D- distance from source, U.F (%) - time-averaging equipment usage factor

Noise and ground surface vibration were also measured during the side grouting (top
membrane) and tip grouting of both piles. The grout pump/diesel generator was the only
construction equipment and hence the only source of noise during the grouting process. Figure 5-
40 shows the schematic of grout pump and the monitors’ locations for pile 1 and pile 2 during
side grouting. In both cases, the grout pump was about 50 ft away from the pile and in the
opposite side of noise and vibration monitor’s locations. During tip grouting the grout pump was

located at a distance of 28-34 ft away from the piles.
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Figure 5-42 Noise measurement during tip grouting
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Figures 5-41 and 5-42 show the noise measured at different locations during the top
membrane grouting and tip grouting respectively. It is evident from the figures that the noise
measured at all locations was less than 67dBA (FHWA’s Noise Abatement Criteria for
residential area) and hence the noise during the grouting process is not critical as long as the

source (grout pump) is at least 55 ft (16.75 m) away from the location under consideration.

5.9.2 Measured ground surface vibration

Also of significance is the induced ground vibration during the construction. Ground
motion may cause structural and architectural damage to nearby structures. Triaxial geophones
(velocity transducers) were used to measure the three orthogonal components (transverse,
vertical, and longitudinal) of particle motion at different radial distance during the pile jetting
and grouting operation. The resultant particle motion was determined as the vector sum of three
orthogonal components. Figure 5-43 presents the peak (maximum) particle velocity measured
during the operation of crane alone, crane and recirculation pump, and pile jetting process (i.e.,
operation of jet pump, crane, and recirculation pump) for pile 2. It is evident from the figure that
vibration during the operation of crane alone, and crane & water recirculation pump were
negligible. Ground vibration during the jetting process (although small) was due to the high

pressure jet pump operation.
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Figure 5-43. Peak particle velocity measurement for pile 2

Shown in Figure 5-44 are the peak particle velocity profiles for pile 1 and 2. The peak
particle velocity was higher (0.19 in/s) for pile 1 and it was attributed to the proximity of jet
pump to the pile as shown in Figure 5-37a. However, beyond 30ft, the particle velocity was
negligible. For pile 2, the peak particle velocities were similar (0.07 in/s) at 12t and 32ft due to
the distance from jet pump to the pile (similar, see Figure 5-37b). At larger distances, peak
particle velocity was higher in the case of pile 2 than pile 1, which is attributed to the difference

in location of the jet pump as identified from Figure 5-37a & b.

Table 5-6. Limiting velocity suggested by AASHTO Designation R8-81

Type of situation Limiting velocity (in/s)
Historical sites or other critical locations 0.1
Residential buildings, plastered walls 0.2-0.3
Residential building in good repair with gypsum board walls 0.4-0.5
Engineered structures, without plaster 1.0-1.5

Source: AASHTO Designation R8-81
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Figure 5-44. Peak particle velocity during jetting process

Table 5-3 presents the maximum vibration level recommended by AASHTO Designation
R8-81 to avoid structural damage. It is evident from Figure 5-44 that for distance greater than 22
ft (6.7 m), peak particle velocities were less than the minimum limiting velocity (0.1 in/s)
suggested by AASHTO Designation R8-81 for historical or critical structures.

Figure 5-45 presents the peak (maximum) particle velocity measured during the side and
tip grouting of the piles. It is clear from the Figure 5-45 that vibrations during the process were
negligible; much less than minimum limiting velocity suggested by AASHTO Designation R8-

81 (Table 5-3) for even historical sites or other critical locations.
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CHAPTER 6
AXIAL TOP-DOWN LOAD TESTS ON A DRILLED SHAFT AND JET-GROUTED PILES

Axial top-down load tests were performed on the two jet-grouted piles and a similar sized
drilled shaft to compare axial resistance (i.e., skin and tip) as well as validate the capacity and
design estimates for typical Florida conditions. This chapter presents detailed description of the
test setup, instrumentation, data acquisition, and the analysis of the results from all top-down
load tests. Measured skin resistances for both types of foundations were compared with values

predicted from methods reported in the literature.

6.1 Top-Down Static Load Testing of Drilled Shaft

Static top-down load test on one of the 4 ft diameter x 18 ft long drilled shafts (TS2) was
performed in accordance with ASTM Designation: D 1143/D 1143M — 07. Figure 6-1 shows the
setting up of the reaction system for the load test. The reaction was provided by two 4ft diameter
x 40 ft long reaction drilled shafts (RS2 and RS3). Reaction support stands used in previous
FDOT project: BDK-75-977-07, were modified for this project. The support stand is principally
a three-dimensional frame fabricated using different steel sections (tube, channel, pipe, etc.).
Diagonal bracings were added to the frame to provide sufficient lateral stiffness against wind
loading. The stand provides enough clearance (7.5 ft.) between the shaft/pile top and the bottom
of the reaction beam for placing the hydraulic jack, load cell, and displacement instrumentation
(Figure 6-1). FDOT’s 40ft long reaction beam girders and load distribution systems (Acosta load
test frame) were used for the test. The girders and load distribution systems were transported
from SMO, Gainesville to the test site using a 50 ton crane and flat beds. On site, the beam
girders were placed on top of reaction stands and then the Dywidag support and transfer
assemblies were positioned across the top of the beams (Figure 6-1). The assembly was then

bolted using Dywidag plates and nuts. Finally, the load test shear transfer plate (transfer load
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from jack/load cell to beam girders) was placed under the beams directly above the test shaft
using the crane, and attached to the beam girders by means of fabricated HSS tube and Dywidag

bars system (Figure 6-1).

Figure 6-1. Setting reaction beam girders on the top of reaction support stands

Figure 6-2 shows the load test setup. SMO’s 2000 kip hydraulic jack was used for
applying the load (Figure 6-3). The applied load was measured using the 600 kip load cell, which
was connected to a visual digital readout box for load control. Vertical shaft displacement
monitoring included digital dial gauges and a mirrored scale with wire line reference. The digital

dial gauges were attached to a wooden reference beam as shown in Figure 6-3. The end supports
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for the reference beam and wire lines reference were 20 ft (5x shaft @; ASTM D 1143) away
from the test drilled shaft. The sister-bar strain gauges installed at the different elevations of the
test drilled shaft were also monitored throughout the test to estimate the load distribution along
the shaft and separate out the side and tip resistance (Figure 6-3). In addition, the vertical
displacements of both reaction drilled shafts and sister-bar strain gauges embedded in one of the

reaction shafts (RS2) were monitored during the test.

Figure 6-2. Load test setup for the 4-ft diameter x18-ft-long drilled shaft (TS2)

The load was applied in 20 kip increments with a time interval of 10 minutes. Since the
test drilled shaft had to undergo a combined torsion and lateral load test later, the loading was
stopped when the shaft underwent a vertical displacement of approximately 0.5-in (i.e., after
ensuring skin resistance is fully developed). Then the load was removed in four approximately

equal decrements. The water table during the load test was 10 ft below the ground surface.
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Load cell

Readout box

Figure 6-3. Hydraulic jack, load cell, digital dial gauges, mirrored scale with wire line reference,
and data acquisition using National Instruments device

Figure 6-4 presents the measured strains at different elevations during the load test. The
loads at the different elevations were determined from the measured strains using modulus
(laboratory testing) and estimated cross-sectional area. Shown in Figure 6-5 is the load
distribution along the shaft during the application of each load increments. It is clearly evident
from the figure that the side resistance of the shaft was fully mobilized (240 kip — lines become
parallel) prior to peak test load (320 kip). Table 6-1 lists the estimated ultimate unit skin frictions

for each segment. Figure 6-6 displays the total load vs. top displacement of the shaft along with
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separated skin and tip contributions. The ultimate skin resistance of the drilled shaft was found to
be 141 kip. The maximum upward displacement observed at the top of the reaction drilled shafts

RS2 and RS3 were 0.0964 and 0.0937-in respectively.

:II i ) | L L | 1 L] T ¥
Strain at 5.5f depth : i

e Crain &t 1111 dapth :
Strain at 16,51 depth erevresd : A

WhCro-stram

A0 b

X P Sk B WU T N i KIS SN A VO S0t T [ A P VP MR VL Suf N VU Lo R L PR S —
125‘31]F’M 1T00PM 130PM 200PW 230PM 300PWM 330PM 4:00PM 430 PM 500 PM
firme

Figure 6-4. Measured strain at various levels within the drilled shaft

Table 6-1: Unit skin frictions for each segment

Segment Unit skin (ksf)
0-55ft 0.275
55-111t 0.767
11-16.5 ft 0.998
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Figure 6-5. Load distribution along the shaft

The measured skin resistance was then compared with the values predicted using

different SPT and CPT based methods discussed in Chapter 2. Table 6-2 gives a comparison of

the measured vs. the predicted values. Detailed calculations for each method are given in

Appendix D.. It is evident that the prediction using Rational method (FHWA 2010) was very

close to the measured value. SPT based O’Neill and Hassan (1994) method under-predicted the

measured resistance by 22%. But the predictions based on all the CPT methods (Aoki and

Velloso’s method, LCPC method and UIUC method) were significantly different from the

measured value (+50% difference).
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Figure 6-6. Load vs. displacement response of the drilled shaft
Table 6-2. Comparison of the measured vs. the predicted values
. Skin resistance .
In situ test Method ) % of difference
(kip)
O’Neill and Hassan (1994) method 110 -22%
SPT
Rational method (FHWA 2010) 136 -3.5%
Aoki and Velloso’s method 61 -57%
CPT LCPC method 210 +49%
UIUC method ( Alsamman 1995) 219 +55%
Measured Value 141 --

6.2 Top-Down Static Load Testing of Jet-grouted Piles

In order to study the influence of test sequence on axial results, the load tests on jet-
grouted piles were performed in two different orders. Jet-grouted pile-1 (JP1) was first subjected
to top-down load test and then to a combined torsion and lateral load test. Whereas, jet-grouted

pile-2 (JP2) first underwent combined torsion and lateral load test and then a top-down load test.
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6.2.1 Axial load test on jet-grouted pile 1

After waiting approximately four weeks following the tip grouting of the piles, a static
top-down axial load test was performed on jet-grouted pile 1 (JP1). The pervious load frame for
the test drilled shaft (TS2) was dismantled and re-assembled at the location of the test pile with
the help of a 50 ton crane. The two reaction drilled shafts used for the load test were RS1 and
RS2. Note that RS2 was used in the previous top-down load test (TS2) also. The measured depth

of water table on the day of testing was 8.6ft.

Figure 6-7. Load test setup with all instrumentation

Figure 6-7 shows the load test setup with all the instrumentation. SMO’s 2000 kip load
cell was used to measure the applied load. The vertical displacement of the pile was monitored
using digital levels, digital dial gauges, and a mirrored scale (Figure 6-8). The digital levels were
borrowed from LOADTEST, Gainesville, Florida. The upward displacement of the reaction
drilled shafts was also monitored throughout the test. The data from the strain gauges embedded

within the test pile and reaction shaft (RS2) was acquired using the National Instruments data
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acquisition system. The data was later used to identify the load distribution along the pile and

used to separate the skin and tip components.

Figure 6-8. Pile displacement monitoring instrumentations

The load was applied in 25 kip increments and each increment was kept for a constant
time interval of 10 minutes in conformity with ASTM D 1143. The loading could not be
continued beyond 350 kip due to failure (upward movement, i.e., pullout — 180 kip) of one of the
reaction drilled shafts (RS2). Before the application of the last load increment, the total upward
displacement of the reaction shaft (RS2) was only 0.079 in. When the last load increment (total
load = 350 kip on test pile) was applied, the RS2 subjected to an additional movement of 0.78-in
and additional loading of the pile was not possible. At this point, the total upward displacement
of the other reaction drilled shaft (RS1) was only 0.047-in. Note that RS2 had been previously
subjected an uplift load of approximately 160 kip during the top-down load testing of drilled
shaft. The maximum displacement observed on the top of the test pile was only 0.15-in. The

applied load was then removed in five decrements.

137



T L e e e e e e St St et ot et et e e et e S

Stramn above top bag (258 depth)
= Stran between top and bottom bag (10 257 depth)
ol Strain below bottom bag (17 758 depth) ]
- -
=
8.0
o
o
=
=
&l .
a_" -
r,:l:llllllllll||'|||I.|I.I.|.II.II.|IIII|I.III
1100 AM 11:30 AM 12200 PM 12:30 PM 100 PM 1:30 PM 200 PM 230 PM 300 PM

time

Figure 6-9. Measured strain at different depths

Shown in Figure 6-9 is the strain measured at different locations: above the top
membrane, between membranes, and below the bottom membrane; during the load test. The load
distribution along the pile, and skin and tip contributions were estimated using the measured
strains and applied top load. Figure 6-10 depicts the load distribution along the pile during the
incremental loading and Figure 6-11 presents the total load, mobilized tip load, and mobilized

skin resistance versus top displacements during the load test. It can be seen from the Figures 6

10 and 6-11 that that the side resistance of the pile was not fully mobilized during the load test.
Also it should be noted that approximately 10 kip was transferred to the soil from the concrete

cap due to vertical movement of the cap, i.e., 0.15”.
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Figure 6-11. Load-displacement response for the jet-grouted pile

6.2.2 Load test on jet-grouted pile 2

After the completion of the combined torsion and lateral load test (discussed in Chapter
7), a static top-down load test was performed on jet-grouted pile 2. The test set-up was the same
as the pervious top-down load tests. The reaction for the load test was provided by RS3 and RS4.
Figure 6-12 shows the reaction girder, jack, and monitoring system. The load was applied in 25
kip load increments. Each load increment was kept constant for a time interval of 10 minutes in
accordance with ASTM D 1143. The vertical pile displacement was monitored using digital
levels with invar staffs, digital dial gauges and mirrored scale with wire line reference. The
vertical displacement of the wooden reference beam supporting the digital dial gauges was also
monitored using a digital level (Figure 6-12). The resistance strain gauges embedded in the pile
at the different elevations were monitored throughout the test at 20 sec intervals using National

Instruments data acquisition system. The vertical displacements of both reaction drilled shafts
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were also measured during the test. The measured depth of water table on the day of testing was

8.6-ft.

Figure 6-12. Test setup for top-down testing of jet-grouted pile 2

The loading was stopped at a total load of 375 kip due to pullout failure of one of the
reaction drilled shafts (RS4). When the last load increment was applied (i.e., from 350 to 375
kip), the reaction shaft, RS4, underwent 0.265-in of incremental displacement, for a total upward
displacement of 0.362-in. From statics, reaction shaft, RS4, had a pullout resistance (skin
resistance) of 187.5 kip and hence further loading was not viable with the current reaction
system.

It should be noted that similar reaction shaft failure (RS2) was observed during the top-
down testing of jet-grouted pile 1. In that test, top-down loading could not be continued beyond
350 kip. It was thought that failure of reaction shaft, RS2, may have been due to repeated used of
the reaction shaft. Specifically, the reaction shaft, RS2 was first used for the testing of TS2,

which may have resulted in residual stresses in shaft-soil system due to permanent upward
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deformation. However, reaction shaft RS4 was only used for top-down testing of jet-grouted pile
2 and hence no residual stresses due to prior load testing was possible. This suggests that the
lower skin friction which caused failure in both tests is mainly attributed to either spatial
variability at the test site or different construction practices. It should also be noted in the present
test, the maximum upward displacement of the other reaction drilled shaft (RS3) was 0.092-in.
Comparing this with the upward displacement of RS4 (0.097-in) during the previous load
increment, it may be concluded that RS3 might be in the verge of failure; i.e., another load
increment may cause the failure of the shaft. The downward displacement of the test pile was
only 0.198-in at the maximum load. Subsequently the applied load was removed in eight
decrements.

The strain measured at three different elevations within the pile was used to calculate
load distribution along the pile as shown in Figure 6-13. About 15 kip of the total applied load
was transferred through the pile cap to the underlying soil (i.e., a bearing stress of 0.76 ksi). Note
that the total settlement of the pile was only 0.198-in, which is not sufficient to fully mobilize the
cap’s bearing capacity. Skin and tip contribution along the pile were then separated out from the
strain data. Figure 6-14 displays the total load, mobilized tip load, and mobilized skin resistance
versus top displacement. It is evident from the Figures 6-13 and 6-14 that the side resistance of
the pile (bottom zone) was not fully mobilized during the load test, similar to the JP1 load test.

Figure 6-15 presents a comparison of the total load — displacement response of the jet-
grouted piles 1 and 2. It can be seen from the figure that the stiffness response (loading and
unloading) of the piles are nearly the same, which indicates that the axial response of JP2 was
not influenced by the prior combined torsion and lateral load test. The difference is attributed to

the difference in the side grout and tip grout volumes.
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Figure 6-15. Comparison of load-displacement response of pile 1 and 2

Also evident from Figure 6-15, the ultimate capacity or even the Davisson capacity of
both jet-grouted piles could not be obtained from the static load tests due to the pullout failure of
reaction drilled shafts. Therefore a Statnamic load test was undertaken on one of the jet-grouted
piles (JP1) using a 500 ton Statnamic device to obtain the ultimate axial capacity of the jet-

grouted pile.

144



6.3 Statnamic Load Testing of Jet-grouted Pile 1

On Nov 13, 2013 Applied Foundation Testing performed a 500 ton Statnamic Load Test
on jet-grouted pile 1 (JP1), Figure 6-16. The same foil strain gauge instrumentation used to
measure static resistance was used to measure the dynamic forces along the pile, Figure 6-17.
Note, the top of the jet-grouted pile had four dynamic load cells and accelerometers to measure
forces, and accelerations applied to the top of the shaft. The average top applied dynamic force
(1400 kip) is presented in Figure 6-17 (dynamic applied), along with inertia (mass x measured
acceleration), and damping force (viscous damping x velocity). The peak dynamic force within

the pile was just beneath the cap (dynamic-top5), followed by middle (dynamic-mid3) and the tip

Figure 6-16. 500-ton Statnamic testing on jet-grouted pile 1
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Figure 6-17. Dynamic forces in the jet-grouted pile

(dynamic-tip1). Based on the strain gauge data, Figure 6-17, 300 kip of dynamic resistance was
transferred to the soil through the cap, 400 kip through the shaft tip, and 600 kip through side
friction. Next, using Midendorf’s unloading point method, the static resistance was estimated,
Figure 6-18. That is, the estimated inertia and damping (Figure 6-17) was subtracted from the
measured dynamic force applied to the top of the jet-grouted pile. The measured ultimate static

capacity of the pile is approximately 1400 kip of which 450 kip is skin friction.
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Figure 6-18. Dynamic and static resistance of jet-grouted pile 1.

6.4 Prediction of Unit Skin Resistance of Jet-grouted Pile

The unit skin and ultimate side resistance of the jet-grouted piles was estimated using
three different approaches (Kg, pressuremeter, and tip grout pressure). A discussion of each
prediction method follows:

6.4. 1 Kg method

The first approach used was the Kg method suggested by previous FDOT projects:
BD545-031 and BDK-75-977-07 (McVay et al. 2009; Thiyyakkandi et al. 2013). The average
unit skin friction for each membrane was determined at the average depth using the Kg plot
(Figure 2-6) and unit skin friction equation (Eq. 2-2). It should be noted that previous test

chamber studies (BD545-031 and BDK-75-977-07) were conducted at loose to medium dense
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soil state and the peak friction angle (¢,) was very close to the constant volume or critical state
friction angle (¢.). In addition, a semi-rigid canvas membrane was used to confine the side grout
zones, which had interface friction angle (d) nearly equal to the soil’s friction angle.
Consequently, Kg plot (Figure 2-6) and unit skin friction equation (Eq. 2-2) are in terms of
critical state friction angle (¢.). But, in the present case, the peak friction angle (¢,) was greater
than the critical state friction angle (i.e., dilation angle, y #0) and the interface friction angle (J)
was about 0.7 times the soil’s friction angle. Since the expansion ratio (i.e., final radius to initial
radius) of side grout zone is very small (1.64), the reduction in frictional angle due to cavity
expansion process will be negligible (i.e., ¢ = ¢,). Recall that during cavity expansion process,
the friction angle near cavity wall diminish from ¢, initially to ¢. at the steady state cavity
expansion (i.e., once limit pressure is reached), which requires large expansion ratio (>10).
Therefore, the peak friction angle (¢,) was used to estimate Kg value from Figure 2-6.

Previous finite element analysis of jet-grouted piles (McVay et al. 2010; Thiyyakkandi et
al. 2013) showed that under axial top-down loading, the shearing of the pile is not purely along
the pile-soil interface, but partially through the soil itself as shown in Figure 6-19, due to the
non-prismatic shape of the grout zones. Consequently, the use of interface friction angle (0) for
skin resistance prediction (Eq. 2-2) may underestimate, and a prediction based on soil’s friction
angle (¢) may overestimate the actual skin resistance of the pile. The actual skin resistance will
fall within these two predictions. However for design purposes it is safer to use the prediction

based on interface frictional angle.
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Figure 6-19. Deformed mesh after grouting and displacement profile during top-down loading of
jet-grouted pile
Table 6-3 presents the prediction of the average ultimate unit skin friction (fs) and side
resistance (Qs) of jet-grouted piles using both 0 and ¢. The side resistance was obtained by
multiplying the average unit skin friction with the pile surface area. Note that the diameter of the
bulb was estimated by assuming a purely cylindrical shape with volume equal to the volume of
grout pumped.

6.4.2 Using in situ pressuremeter test data

The second approach uses the recorded in situ Pressuremeter test data. As evident from
the previous FDOT research projects, the horizontal stress around side grouted pile diminishes

immediately after grouting due the elastic unloading and incompressible nature of the grout. It is
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well known that side grouting is analogous to Pressuremeter test. In case of Pressuremeter test,
during the unloading phase, large decrease in pressure occurs under a very small decrease in
volume as can be seen from the Figure 6-20. The unloading response is initially linear (elastic
unloading) and further decrease in volume causes reverse yielding of the cavity wall. For the
current prediction, it is assumed that the residual stress around a side grouted pile are
approximately equal to the pressure just before reverse yielding (i.e., 22 & 50 psi for JP1 and 16
& 39 for JP2). Note that reversing yielding around a side grout bulb is not likely due to the
incompressible nature of grout. Using the residual stresses (22 & 50 psi for JP1 and 16 & 39 psi
for JP2) from the Pressuremeter test, the unit skin friction along the piles was estimated (Table 6-
4). For the prediction, the conservative interface friction angle (d) was used, as the soil’s friction
angle (¢) in the prediction would be significantly higher (e.g., 600 kip vs. 400 kip for JP1).
Further research on interface friction angle (), and Pressuremeter modeling of side grouted

piles/shafts are warranted.
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Table 6-3. Side resistance using Kg method

Initial % Grouted /s 4 Os
Grout Zone | Depth to vertical tg vertical 5 (ps, S fv Side Total
Pile (r)(:ll; length | middle of | eff. stress mi?i dle eff. stress 4 (Eq. 2-2) 1;1;;06 resistance (kip)
z H(f) zone (ft) at middle Fig.2-6 0'\=K, 0y, -4 () (kip) 6-¢
U,vo (psﬁ . (psﬁ (5 - ¢)
Top 7 6.5 717.3 2.33° 1671.3 23.8°-34° 1035-1758 83.84 87-147
JP1 235-401
Bottom 7 14 1305.6 2° 2611.2 25.2°-36° 1752-3012 84.29 148-254
Top 7 6.5 730.0 2.33° 1700.9 23.8°-34° 1053-1789 83.39 88-150
JP2 239-409
Bottom 7 14 1331.4 2° 2662.8 25.2°-36° 1787-3072 85.77 151-259
* From Figure 2-6 for ¢ = 34
® Extrapolated from Figure 2-6 for ¢ = 36"
Table 6-4. Estimation of side resistance using the pressuremeter test data
. A Qs
Zone Horizontal stress _ y )
Pile Grout length o after grouting, fs= oy tan(9) Surface .Slde Total (kip)
zone H(fY) on (psi) Fig. 6-16 (psf) area resistance
(ft) (kip)
Top 7 23.8° 22 1397 83.84 117
JP1 403
Bottom 7 25.2° 50 3388 84.29 286
Top 7 23.8° 16 1016 83.39 85
JpP2 311
Bottom 7 25.2° 39 2643 85.77 227
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Figure 6-20. Estimation of residual stress from pressuremeter expansion curves

6.4.3 Using the measured tip grout pressure

The last approach used to estimate skin frictions were based on the field reported tip
grout pressures (i.e., construction approach). The ultimate axial skin friction of a pile should be
equal to the maximum tip grout pressure times the effective tip area (Table 6-5). The effective
area is assumed as the area of circle with diameter equal to the diagonal distance of precast pile
(n x (28V2)*/4 =1231in%). The skin resistance based on the tip grout pressure is found to be 357
kip (Table 6-5). Evident sufficient top-down load was not been applied during the static testing
of both piles to mobilize full skin friction or tip resistance. In the case of JP1, the Statnamic tests
reports a skin friction of approximately 450 kip which is greater than Table 6-5 value. However,
the upward movement of 0.35-in (Figure 5-35) may have been insufficient to mobilize the full

skin friction on JP1.
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Table 6-5. Side resistance using sustained tip grout pressures

Tip grout | Effective Side
Pile pressure tip area | resistance
. .2 .
(psi) (in%) (kip)
JP1 290 1231 357
JP2 280-300 1231 345-369

Table 6-6 provides a comparison of the measured skin resistances with the predicted skin
resistance using the different approaches. It is evident from the measured skin resistances, that
the predicted values are generally conservative and in reasonable agreement with the measured
values. Since the estimated static ultimate resistance from the Statnamic load test requires some

estimation (e.g., damping), the estimated ultimate skin resistance from the different methods are

reasonable.
Table 6-6. Comparison of measured and predicted skin resistance
Pile Method Top membrane | Bottom membrane Total
Measured (kip) 97 151% 248 (450)
Kg method (kip) 87-147 148-254 235-401
ok Pressuremeter data (kip) 117 286 403
Tip grout data (kip) -- -- 357
Measured* (kip) 60 173%* 233
Kg method (kip) 88-150 151-259 239-409
P2 Pressuremeter data (kip) 85 227 311
Tip grout data (kip) -- -- 345-369
*not fully mobilized

value in bracket from Statnamic load test
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6.5 Comparison of the Axial Response of Jet-grouted Piles and Drilled Shafts

Figure 6-21 shows the total load-displacement response of jet-grouted piles and drilled
shaft. It is evident from Figure 6-21 that the axial resistance of the jet-grouted pile is much
greater than that of the similar sized drilled shaft. Table 6-6 presents the mobilized unit skin
frictions for each zones and a comparison with the maximum unit skin obtained during the
drilled shaft test. It is evident from the table that unit skin friction for the jet-grouted pile is much

greater than that for drilled shaft, especially in the bottom zone (2.6 times).
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Figure 6-21. Total load-displacement response of jet-grouted piles and drilled shaft

Table 6-7: Comparison of unit skin frictions for jet-grouted pile vs. drilled shafts

Unit skin (ksf)
Segment
JP1 JP2 Drilled shaft
Top membrane (3 — 10 ft) 1.16 0.72 0.591
Bottom membrane (10.5- 17.5 ft) 1.79* 2.02% 0.852
*not fully mobilized
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CHAPTER 7
COMBINED TORSION AND LATERAL LOAD TESTS ON DRILLED SHAFTS AND JET-
GROUTED PILES

This Chapter presents the combined torsion and lateral load test program on the jet-
grouted piles and drilled shafts as well as a comparison of their torsional response. For the
testing, a full-scale mast arm assembly was designed and fabricated. The test procedure, field

instrumentation, analysis of results and the comparison of resistance are discussed in detail.

7.1 Design and Fabrication of Mast Arm — Pole System and Connections

In the case of a foundation supporting a standard FDOT mast arm assembly, the eccentric
dead load of the structure develops (see Figure 2-8) axial load, Vy and moment, M. (about the
axis perpendicular to arm) on the foundation. Similarly wind loading along the length of the
Mast arm generates torsion (7 or M,), lateral load, V-, and bending moment about the arm axis,
M, (function of pole height). Consequently to simulate the actual loading scenario, a full scale
Mast arm structure needs to be used in the testing. Accordingly, one of FDOT’s longest Mast
arm type (E7-T6: 78-ft long) was considered for the study. As discussed in Chapter 4, the
recommended foundation for the E7-T6 type structure is a 48-in diameter x 18 ft deep drilled
shaft (FDOT Index No: 17743). Of interest is the ultimate torsional resistance of drilled shafts
and jet-grouted piles. Therefore, the mast arm structure should be sufficient to carry the forces
and moments (torque >500 kip-ft) developed by the applied lateral loading until failure of the
foundation. Unfortunately, the standard E7-T6 Mast Arm assembly is not capable of
generating/carrying torque exceeding 305 kip-ft at the foundation. Consequently, a new Mast
arm assembly (arm, pole and connection bracket) was designed using the FDOT’s MathCAD
spread sheet: Mastarm v4.3. The spread sheet was slightly modified to incorporate a point lateral

load instead of wind load acting on the arm. The dimensions of arm and pole are given in Table
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7-1. Figure 7-1 shows the designed arm-pole connection with the dimensions of all the
components. Triangular stiffeners of ’2” thickness were provided at the connection between arm
and pole base plate as shown in Figure 7-1 for additional strength. Figure 7-2 shows the
fabricated arm and pole with connection bracket. There are 10 - 1.5 diameter bolt holes (5 on

each side) for 1.25” @ bolts on the connection bracket.

=1 |— 1S5h

Isometric

View

33in

Front
View

Side View

Figure 7-1. Arm-pole connection with dimensions

Table 7-1. Dimensions of arm and pole

Length (ft) | Diameter (in) | Thickness (in) | Taper angle (deg)
Arm 40 20 0.625 0
Pole 22 24 0.625 0
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Figure 7-2. New mast arm assembly

7.2 Combined Torsion and Lateral Load Testing of Drilled Shafts

Combined torsion and lateral load tests were performed on three test drilled shafts to
verify FDOT’s revised design approach for drilled shafts supporting Mast arm structures. It
should be note that TS1 (4-ft diameter x 12-ft long) and TS3 (4-ft diameter x 18-ft long) was
only subjected to combined torsion and lateral load test (i.e., no prior loading). Foundation TS2
(4-ft diameter x 18-ft long) underwent a static top-down loading prior to the combined torsion
and lateral load test to investigate the influence of axial loading on the torsional resistance of a
shaft. A description of each test and analysis of the results is presented followed by comparison

with multiple prediction methods.

7.2.1 Combined torsion and lateral load test on TS1

Combined torsion and lateral load test on the 4-ft diameter x 12-ft long shaft (TS2) was
carried out in two phases: (1) Setting Mast arm — pole assembly on the top of foundation, and (2)
Applying lateral load on Mast arm at a standoff distance of 35 ft. Setting of Mast arm assembly
itself develops axial load, ¥, =10.7 kip and bending moment, M. = 118 kip-ft (about axis
perpendicular to arm) at the top of the foundation due to the eccentric dead load of the assembly.
Of interest was the tilt/overturning response of this short shaft (12-ft) as a result of dead weight

of pole (axial) and mast arm (axial and moment). In the Second phase, lateral load was applied to
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the Mast arm, (simulate wind loading; e.g., hurricane) which generates torsion (7 or M,), bending
moment (M,, about axis of arm), and lateral load, V- at the top of the shaft. In the second phase,
the foundation is under a combination of loads and moments (V5, V,, M., M,, T). Discussion of

each test phase is as follows,

7.2.1.1 Setting of mast arm — pole assembly on top of shaft

The fabricated Mast arm and pole were transported separately from the Coastal
engineering lab to the test site; whereupon they were bolted together on ground with the aid of a
forklift (total estimated weight 8.5 kip). Next, a crane with an axial capacity of 75 ton was used
to lift and set the assembly on shaft (Figure 7-3). Still under crane support, the bottom flange of
the pole was bolted to the pipe and flange system embedded in shaft (Figure 7-3). The load cell
on crane indicated that the crane was carrying approximately 8.1 kip (note weight of cable and
ball: 2.2 kip), which means, 2.6 kip (10.7- 8.1 = 2.6 kip) was transferred to shaft in the bolting
phase. Next, 2 sets of string pots (4 pots in each set) for monitoring rotation, translation and
tilt/overturning of the shaft were attached to pole. Figure 7-4 shows the schematic of string pots
arrangement and Figure 7-5 displays the placement of the pots at the test site. The first set of
string pots (bottom) were at an elevation of 0.5 ft above the bottom flange and the second set
(top) were 5ft above the bottom set. The string pots with supporting frame were kept outside the
influence zone of shaft [i.e., 20-ft (5D) away from shaft]. A National Instruments data
acquisition system was used to record string pot data. Digital levels were also used to monitor
the vertical displacement of shafts at three different locations (120° apart) as shown in Figure 7-
6. Invar staffs were attached to the top of flange by means of an angle sections. After setting all
the instrumentation, the dead load of the assembly was gradually released to shaft at an

increment of about 0.5 kip (i.e., unloading from crane).
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Figure 7-3. Setting mast arm assembly on the top of shaft using a crane

String pots

A

Pole Mast arm

Drilled shaft l

Figure 7-4. Schematic of string pot arrangement
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Invar staff

Figure 7-6. Digital level and invar staffs for vertical deformation monitoring
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Shown in Figure 7-7 is the vertical load vs. lateral displacement (along mast arm x-axis)
measured at the top of foundation during the release of load from crane. Maximum lateral
displacement observed was 0.12-in under the axial load of 10.7 kip and moment, M. of 118 kip-
ft. Note that lateral displacement was negligible up to an axial load of about 4.5 kip, which is
approximately equal to the self-weight of pole alone (4.8 kip). Note, it may be assumed that
moment, M, on shaft head is zero up to this load. However, the additional load, i.e., the dead
weight of the mast arm is eccentric and generates a moment, M., causing lateral translation and
overturning of shaft. Table 7-2 depicts the maximum vertical displacement measured at three
different locations at the end of the first phase of testing. It is evident from the table that the
vertical displacement was non-uniform at shaft top, supporting the shaft tilting, i.e., overturning

as results of load and moment.
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Figure 7-7. Axial load vs lateral displacement during the application of dead wt. of mast arm
assembly
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Table 7-2. Maximum vertical displacement at the top of shaft

Level No. Displacement (in)
1 -0.06
2 0.05
3 -0.118

Note: -ve represent downward movement

' 9

L.

Axic of arm

7.2.1.2 Application of lateral load on mast arm at an eccentric distance of 35 ft

The combined torsion and lateral loading of shaft was performed after the completion of
phase 1. The lateral load on the mast arm was applied with the crane’s winch cable at an
eccentric distance of 35-ft along the mast arm, Figure 7-8. After setting the Mast arm assembly
on shaft (i.e., unloading from crane; phase 1), the crane was re-positioned at a distance of about
130 ft away from the arm. Next, the boom of the crane was adjusted to a height of 21.5 ft for
horizontal pulling. The crane’s winch cable was then attached to the Mast arm. A ‘Total station’
was used to ensure that the cable was horizontal (i.e., the arm and boom is at the same elevation).
The crane applied the lateral load incrementally by pulling on the arm (Figure 7-8). The applied
lateral load was measured using a load cell installed at the load transfer point of the Mast arm
and the crane’s winch cable. It was found that the application of a small load (less than 1 kip)
resulted in rotation of the shaft. When the load increased beyond 2 kip, it immediately dropped to

2 kip as the shaft rotated. The maximum observed load was 4 kip (i.e., spike — strain controlled
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with 0.1 sec duration) but it dropped to 2 kip (> 1 sec duration) and hence sustained load (> 1
sec) were used when plotting the ultimate torsional resistance of shaft. The test stopped when a
considerable rotation (about 12°) of shaft was observed. The water table was 10 ft below the

ground surface during the load test.

Figure 7-8. Applying lateral load to mast arm

Figure 7-9 displays the torque vs. rotation response measured during the combined
torsion and lateral load testing. Even though the test continued up to a rotation of 11.6°, it is
evident from the figure that torsional resistance of the shaft was fully mobilized under a rotation
of about 8. In addition, the shaft had a lateral translation of about 4-in (at ground level) and an
overturning rotation of 1.4°. The latter suggests that the shaft was approaching a limiting lateral
resistance under a combined lateral load of 2-kip in combination with torque of 70 kip-ft.

Figure 7-10 displays photographs of the shaft after all load testing. Evident from the
photographs, large torsional cracks as well as a gap between the soil and shaft (due to lateral

movement) formed on the back side of shaft (Figure 7-10).
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Figure 7-9. Torque vs. rotation during combined torsion and lateral load test

Figure 7-10. Test shaft after load test

7.2.2 Combined torsion and lateral load test on TS2 (4-ft diameter x 18 ft long)

A crane with an axial capacity of 75 ton was used to set the Mast arm assembly on the

top of drilled shaft, TS2. After setting and orienting the Mast arm assembly properly, the bottom
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flange of the pole was bolted to the embedded pipe and flange system, while the crane supported
a major portion of the dead load of the structure. It was found from the previous test (TS1) that
string pots data were adequate to determine the rotation, but translation could not be obtained
accurately. Therefore three different types of instrumentations: (1) 2- Total Stations, (2) 2-sets of
string pots (4 pots in each set as in the previous test), and (3) a set of four digital dial gauges,
were used in the subsequent tests for rotation and translation monitoring. Note, model tests in the
laboratory had revealed that two “Total Stations” could measure both rotation and translation
accurately. Figure 7-11 shows the locations of Total Stations and the targets on the pole. As can
be seen from the Figure 7-11, the reflective tapes were used as the targets, which were attached
to eye bolts at the end of 1.5-in diameter steel pipes projecting outward from the pole. The
targets were at the two different levels (4 at each levels; Figure 7-11); the first set (bottom) was
0.5-ft above the bottom flange and the second set (top) was 5-ft above the bottom set. The
arrangement of the string pots was the same as the previous test (TS1). The string pots sets (4 in
each set) were nearly at the same elevation of the reflective tape targets (Figure 7-12). The
digital dial gauges are placed at the elevation of bottom reflective targets and string pot set
(Figure 7-13). The gauges were supported by a wooden reference beam as shown in Figure 7-13.

Depth of water table during the test was 6-ft.
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Total stations

Figure 7-11. Total station for rotation and translation measurement
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As in the previous test, the loading was performed by pulling on the Mast arm at an offset
(35-ft) from the center of the pole with a crane (Figure 7-14). A surveying level was used to
ensure that the cable was horizontal during the loading (crane boom orientation was lowered
after each load increment). The applied load was measured using a 20 kip capacity tension load
cell attached to the winch cable (Figure 7-15). Each load increment was kept for a time interval
of 5 minutes. The loading was continued until a rotation of approximately 50 was observed at the
top of the shaft. Note, loading was applied until the torsional resistance of the shaft was fully
mobilized. Then unloading was performed in six approximately equal load decrements with 5
minute hold times. The maximum lateral load applied on the mast arm was 6 kip when the full

torsional capacity was developed.

Figure 7-12. String pot layout and support system
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Figure 7-13. Placement of digital dial gauges

Figure 7-14. Combined torsion and lateral loading on the 18-ft-long drilled shaft (TS2)
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Figure 7-16 displays the torque vs. rotation response for the drilled shaft. As can be seen
from the figure, the rotation measured using the three sets of instrumentation (total station, string
pot, and dial gauges) were the same. Figure 7-16 indicates that the torsional resistance of the
shaft was fully mobilized at a torque of 210 kip-ft. The lateral load vs. resultant lateral
displacement of the top of the shaft is given in Figure 7-17. Similarly, Figure 7-18 presents
lateral load vs. angular rotation of the top of the shaft. Evident, from the figures (7-16 to 7-18)
torsion resistance controlled the failure of the longer shaft. However, even though the maximum
translation was only 0.3641n, its behavior (Figure 7-17) had become highly nonlinear with lateral
resistance influenced by the torsion component. Note, the failure mode for TS1 (4-ft @ x 12-ft
shaft) was combined torsion - lateral failure. Figure 7-19 presents the photograph of the torsional

crack and gap formed around the shaft during the load test.
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Figure 7-17. Lateral load vs. resultant lateral displacement response of TS2

170



6 __*_,/T
w5 |
g A $
® 4T
2 *
T 3t
2 I
[+-]
- s

S RN

0 0.05 0.1 015 0.2 0.25 0.3 0.35 0.4
Overturning (Degree)

Figure 7-18. Lateral load vs. overturning response of TS2
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Figure 7-19. Torsional crack and gap after loading

7.2.3 Combined torsion and lateral load test on TS3 (4-ft diameter x 18 ft long)

The load test set-up and instrumentation layout was the same as the TS2 shaft (4-ft @ x
18-ft long). However, strain gauge data could not be obtained due to malfunctioning of data
acquisition system. Just prior to the test, the water table was measured 6-ft below the ground

surface. The lateral load was applied in 0.5 kip increments with a constant hold time of 5
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minutes. The loading was continued until failure, which was sustained rotation of the shaft. The
maximum continuous lateral load on the mast arm was just 4.88 kip. After peak load, the load

was removed in three load decrements with 5 minute wait intervals in between.
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Figure 7-20. Torque vs. rotation response of drilled shaft

Figure 7-20 shows the torque vs. rotation response for the drilled shaft. It is evident from
the figure that the torsional resistance of the shaft was fully mobilized during the test (171 kip-
ft). Figure 7-21 presents the lateral load vs. lateral displacement of the top of the drilled shaft.
Evident from the small value of maximum translation (0.151-in; Figure 7-21), full nonlinear
lateral resistance vs. displacement did not occur. Note, however the applied lateral load and
torque for TS3 was only 80% of TS2. A comparison of the measured torsional response of the
two 18-ft deep drilled shafts (TS2 and TS3) is shown in Figure 7-22. TS3 had lower torsional
resistance compared to TS2, which was attributed to the difference in soil profile at two

locations. Specifically, at the location of TS2, the top clay layer is 8.5 ft thick, whereas, it is only
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2.5 ft deep at the TS3’s location (Figure 3-13). This soft clay layer offered lower lateral and

torsional shear resistance in the case of TS3.
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Figure 7-21. Lateral load vs. resultant lateral displacement response for drilled shaft
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Figure 7-22. Torque vs. rotation responses for TS2 and TS3
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7.2.4 Comparison of measured and predicted torsional resistance of the test shafts

The measured torsional resistance of the test shafts was compared with the predicted
values using the different methods discussed in Chapter 2 (Section 2.4). Table 7-3 summarizes
the methods and the predicted values. Detailed calculations for each method are given in
Appendix E. It is evident from the table that depth dependent beta () method (O’Neill and
Hassan 1994) predicted the torsional resistance quite well (10-14%). If the side contribution is
only considered, FDOT’s re-revised prediction method over-predicted the measured torsional
capacity by 25-45%. Whereas, the predictions using FHWA’s rational method were 20-70 %
more than the measured values.

Also shown in the Table 7-3 is the torsional resistance of TS2 estimated using the skin
resistance measured during the prior top-down load test (Chapter 6). Since the depth of water
table during the top-down load test was 10 ft vs. 6 ft during the combined torque and lateral load
response had to be normalized. Using O’Neill” and Hassan (1994) beta method, it was found that
raising the water table by 4 ft (i.e., from 10 ft to 6 ft) caused a decrease in torsional resistance of
31 kip-ft (see Appendix E). If this decrease is taken into account, the predicted value using the
axial load test would be 251 kip-ft (i.e., 282-31 kip-ft). The difference, 41 kip-ft, (i.e., 251 kip-ft
axial vs. 210 kip-ft combined, Table 7-3) indicates that the reduction may be due to combined

loading (Hu et al., 2006) or due to prior loading (i.e., residual stresses).
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Table 7-3. Comparison of measured and predicted torsional resistance

Method TS1 TS2 TS3
Skin Tip Total Skin Tip Total Skin Tip Total
(kip-ft) | (kip-ft) | (kip-ft) | (kip-ft) | (kip-ft) | (kip-ft) | (kip-ft) | (kip-ft) | (kip-ft)

Measured -- -- 70 - -- 210 - - 171
FDOT’s Re-Revised ® method 99 25 124 264 30 294 249 28 277
O’Neill and Hassan (1994)* 80 -- 80 189 -- 189 191 -- 191
Rational method) FHWA 2010* 119 - 119 253 - 253 236 - 236
Based on axial load test* -- -- -- (228 52 1) ; -- (228 52 1) ; -- -- --

*No tip contribution is considered (Hu et al. 2006)
“Corrected for Water Table
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Hu et al. (2006) reported that the lateral overturning resistance is significantly reduced by
the combined torsion and lateral load. Plots for estimating the reduction factors (Rr= lateral
capacity with torque/lateral capacity without torque) based on torque/lateral load ratio (i.e.,
standoff distance) were developed. In the case of the present test series, only TS1 (shortest shaft,
i.e., L/D = 3, D=4ft and L=121t), underwent combined torsion and lateral translation failure. In
case of the longer shafts, TS2 (L/D = 4.5) exhibited rotational failure and significant nonlinear
displacement, but not failure. However, TS2 did exhibit 20% less torque resistance (210 kip-ft)

due to combined loading than estimated from just axial (i.e., Chapter 6 — 251 kip-ft).
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Figure 7-23. Lateral resistance reduction factor due to torsion for L/D ratio = 3

Of interest is where the field TS1 results compared to Hu et al. (2006) centrifuge results.
Using soil properties of the site, an ultimate lateral resistance, 15.7 kip, for TS1 (L/D = 3) due to
lateral loading (i.e., load on pole) was predicted using the force and moment equilibrium
approach suggested by Hu et al. (2006). Since, the reduction factor (Rr) plot, Figure 7-23, for
shafts with L/D ratio = 3 were developed to a maximum eccentric distance of 20 ft (Centrifuge
tests; McVay et al. 2003; Hu et al. 2006) the curve was extrapolated. That is, with a standoff

distance of 35 ft and the measured lateral load (i.e., 2 kip), the Ry factor was estimated, 13 %
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(i.e., Rr=2 kip/15.7 kip) and plotted in Figure 7-23 for a torque to lateral load ratio of 35.
Evident from the Figure, the lateral load reduction (i.e., Ry) follows the centrifuge results;

suggesting the lateral capacity decreases almost linearly with Rr.

7.3 Combined Torsion and Lateral Load Testing of Jet-Grouted Piles

As explained earlier, past FDOT research in large test chamber environment (BD545,
RPWO # 31; McVay et al. 2009) found that the jet-grouted pile possess very high torsional
resistance and suggested that such a pile could be used as the foundation for Mast arm structures
supporting highway signs and signals (large combined torque & lateral resistance). To verify this
in the typical field condition (i.e., no boundary effect), combined torsion and lateral load tests
were performed on the installed jet-grouted piles using the higher capacity mast arm. The tests
were performed in two different sequences to identify the influence of prior top-down loading on
the torsional resistance of the pile; for Jet-grouted pile-2 (JP2) combined torsion and lateral load
test was performed initially, whereas combined torsion and lateral load test on JP1 was
conducted after the static top-down test. Details of each test, analysis of results, and the

comparison of measured vs. predicted resistances are presented below:

7.3.1 Combined torsion and lateral load test on JP2

A crane with an axial capacity of 75 ton was used to move the mast arm assembly from
the top test drilled shaft TS3 to the top of the jet-grouted test pile -2. After setting and orienting
the mast arm assembly properly, the bottom flange of the pole was bolted to the anchor rods
embedded in the concrete cap, while the crane supported a major portion of the dead load of the
structure. The instrumentation for rotation and translation measurement was the same as TS2 and

TS3 shafts, except that the strain gauge layout was slightly changed (Figure 7-24) in order to
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obtain increased translation accuracy. As mentioned earlier, translation could not be obtained

accurately using the strain gauge data with the previous layout.

. . Mastarm
Side view

4 String pots in each
level (total: 2x 4=8)

Figure 7-24. String pot layout and support system

The lateral load was applied in increment of 0.5 kip. The crane was located
approximately 100-ft away from the arm, Figure 7-25. Each increment was kept for a uniform

time interval of 5 minutes as in the previous tests. The loading continued up to 12.17 kip; further
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loading was not possible due to the pull capacity of the crane’s winch cable (tag line).
Subsequently, the load was removed in seven decrements with a time interval of 5 minutes. The
depth of water table during the test was 8.6 ft.

Figure 7-26 shows the torque vs. rotation response measured using different types of
instrumentation (total station, string pots and dial gauges). It is evident that the rotations
measured using different instrumentations were quite similar. The maximum observed rotation
was 1.45° corresponding to a mobilized torsional resistance of 426 kip-ft (Figure 7-26). The
small permanent rotation, 0.7°, suggests that half of the maximum rotation was due to elastic

behavior and the ultimate torsional resistance of the pile was not developed in the test.

Figure 7-25. Application of lateral load on the arm by pulling with a crane
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Figure 7-27. Lateral displacement components during the load test

Shown in Figure 7-27 are the components of lateral displacement along the direction of

lateral load (X-axis) and axis of arm (Y-axis), 1.5 ft above the ground surface. It can be seen

from the figure that the displacement components (x & y) were similar up to 8 kip (0.2”’) and

afterward the component along the pull direction, x, became larger. Figure 7-28 displays the
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lateral load vs. resultant lateral displacement response. The maximum lateral displacement
observed was only 0.57-in. Note that lateral displacement could not be obtained accurately from
the strain gauge data even though a new layout was attempted. It is interesting to note in Figure
7-7-28 that there was significant elastic translation, i.e., rebound during the unloading phase of
the test. The latter agrees with the rotation (Figure 7-26), i.e., more than 50% of the rotation and
translation was elastic in nature (i.e., recovered during unloading). Figure 7-29 shows the
torsional cracks and gaps due to combined rotation and translation after maximum loading and
after unloading. Note that the gaps formed during the loading phase were almost recovered

during the unloading phase.
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Figure 7-28. Lateral load vs. resultant lateral displacement
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Figure 7-29. Torsional cracks and gaps after loading and unloading

7.3.2 Combined torsion and lateral load test on JP1

Combined torsion and lateral load test was performed on JP1 with a larger crane, Figure
7-30, subsequent to a static top-down load test (Chapter 6). The instrumentation set-up for the
test was the same as that for the TS2 and TS3 drilled shafts load test. For the test, the measured

depth of water table was 7-ft.

Figure 7-30. Torsion test on JP 1

182



The lateral load was applied in increment of 0.750 kip and each increment was kept for a
time interval of 5 minutes. The loading was stopped at a maximum load of 13.9 kip (~14 kip),
which was close to the design force and moment capacity of the Mast arm structure. The load

was subsequently removed in eight decrements at 5 minute time intervals.
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Figure 7-31. Torque vs. rotation response for jet-grouted pile 1

Shown in Figure 7-31 is the measured torque vs. rotation of JP1. As evident from the
figure, the rotations measured using the different instrumentations were nearly identical. The
rotation of pile (measured at 1.5ft above ground) corresponding to the maximum applied torque
(487 kip-ft) was only 2.1°. Again upon unloading, more than 50% of rotation was recovered, i.c.,
elastic in nature (i.e., small permanent rotation). It is evident from this small permanent rotation
that the test did not mobilize the ultimate torsional resistance of the pile. Figure 7-32 shows the
measured lateral load vs. lateral displacement response of the pile. The maximum lateral
displacement (1.5ft above ground) was only 0.76-in. As in the case of rotation, more than 50% of

the lateral displacement was recovered during the unloading stage as well.
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Figure 7-33. Torque vs. rotation responses for piles 1 and 2

Figure 7-33 compares the torque vs. rotation response of jet-grouted piles 1 and 2.
Similarly, Figure 7-34 shows the comparison of lateral load vs. displacement response of the two

piles. Evident from the figures, the stiffness behavior of the piles are quite similar even though
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the loading sequence were different. Specifically, the torsional resistance of the jet-grouted pile 1
seems to be little if any influenced by the prior static top-down load test. This behavior may be
influenced by the fact that the skin resistance of the pile was not fully mobilized during the top-

down load test.

16
14
12

—
o3 B = v B |

——Pile 1

Lateral load {kips)

——Plile 2

| T

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Lateral displacement (in)

Figure 7-34. Lateral load vs. lateral displacement responses JP1 and JP2

7.3.3 Comparison of measured and predicted torsional resistance of jet-grouted pile

The torsional resistance mobilized during the test was subsequently compared with the
predicted values (Table 7-4). The Kg method (McVay et al. 2009; Thiyyakkandi et al. 2012), the
Pressuremeter test data, and tip grout pressure data were used for the prediction. A discussion of
prediction methods was presented in previous Chapter (Section6.4). The surface area and radius
of the pile was estimated by assuming that purely cylindrical shaped bulbs with volume equal to
the volume of grout pumped alongside the pile. Detailed calculations are given in Appendix E.
Note that the torsional resistance contribution due to the pile tip is not considered in the

prediction. In case of Kg method, the predictions were made using both interface friction angle
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() and soil’s friction angle (). It is evident from the Table 7-4 that the measured torsional
resistance was in reasonable agreement with the predicted values. Because the torsional
resistance was not fully developed during the load tests, it is expected that the ultimate torsional
resistance of the pile may be between the Kg method and the Pressuremeter results, i.e., the tip
grout pressure approach (~ 680 kip-ft; i.e., shearing resistance was measured during tip

grouting).

Table 7-4. Comparison of measured and predicted torsional resistance

Pile Method Torsional resistance (kip-ft)
Measured (kip) 487*
Kg method (kip) 450°-768"
Pl Pressuremeter data (kip) 772
Tip grout data (kip) 684
Measured* (kip) 426%*
Kg method (kip) 456°-783"
JP2
Pressuremeter data (kip) 598
Tip grout data (kip) 661-707

*not fully mobilized
*using interface friction angle (J) — see Appendix E
b using soil’s friction angle (¢)

7.4 Comparison of the Axial Response of Jet-grouted Piles and Drilled Shafts

Figure 7-35 presents a comparison of torque vs. rotation response of jet-grouted piles and
drilled shafts. It is clearly evident from the figure that the torsional resistance of the piles are
much larger than the ultimate torsional capacity of drilled shafts (>2.5 times) even though both

have identical lengths.
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Figure 7-35. Torque-rotation response of jet-grouted piles and drilled shafts

Table 7-5 presents the estimated forces and moments developed on the top of drilled
shafts and jet-grouted piles under the maximum applied lateral load in each case. Also presented
in the Table 7-5 (column 6) are the expected forces and moments on a foundation supporting an
E7-T6 Mast arm assembly under a design wind speed of 130 mph. Note, as specified in FDOT
Index No. 17743, a 4-ft diameter x 18-ft long drilled shaft is sufficient to support an E7-T6 Mast
arm assembly under a design wind speed of 130 mph in typical Florida soil conditions. However,
the present field tests indicate that the ultimate torsional resistance of the drilled shafts (TS3=171
& TS2=210 kip-ft measured vs. 259 kip-ft required) is less than the required un-factored
torsional resistance (i.e., without factor of safety). Consequently, a 4-ft diameter x 18-ft long
drilled shaft may not be adequate to support an E7-T6 Mast arm assembly during a severe wind
loading (e.g., hurricane). However, the torsional resistance of jet-grouted piles (JP2=426 & JP1=

487 kip-ft measured) even under very small rotation is significantly greater than the design
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torque (259 kip-ft) for an E7-T6 pole/mast arm assembly. It is even greater than the structural

capacity of E7-T6 Mast arm assembly (300 kip-ft — wind speed 140 mph, FDOT Mastarm v4.3).

The tests suggest that the new jet-grouted pile system is well-suited for all FDOT pole/Mast arm

structures beneath highway signals and signs in Florida soils, i.e., silts and sands.

Table 7-5. Comparison of forces and moments on the foundation during the load tests

Forces and Moments TS2 TS3 JP1 JP2 | E7-T6*
Torsion, M, (kip-ft) 210 171 487 426 258.8
Moment about axis of arm, M, (kip-ft) 120 97.6 278 243 149
Moment about axis normal to arm, M. (kip-ft) 118 118 118 118 116.6
Lateral load, V; (kip) 0 0 0 0 0.3
Lateral load, V- (kip) 6 4.88 13.9 12.17 7.4
Axial load, V, (kip) 10.7 10.7 10.7 10.7 5.6

* E7-T6 Mast Arm assembly at design wind speed = 130 mph
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CHAPTER 8
LATERAL LOAD TEST ON DRILLED SHAFT AND JET-GROUTED PILE

A novel lateral load testing of a jet-grouted pile and a similar sized drilled shaft (TS2)
was performed by loading against one another. Test setup, instrumentation, procedure, and
results are presented.

8.1 Test Setup, Instrumentation, and Loading

Static lateral load testing of jet-grouted pile-2 (JP2) and test shaft TS2 was undertaken
using a novel three dywidag bars (75 kip capacity each) setup shown in Figure 8-1. The load was
applied on one end (jet-grouted pile) using a 300-kip capacity hydraulic jack and the applied load
was measured using a 600-kip load cell positioned at the other end (drilled shaft). The three
Dywidag bars transferred the load to each end of the assembly. For the loading configuration,
Figure 8-1, the lateral displacement of each foundation will be toward one another. Since, the
distance between the foundations was 36ft center to center, no overlapping of passive zones was
expected.

In-place inclinometers (Figure 8-2) were used to obtain the displacement profile of drilled
shaft at each load increment. Note, inclinometers were installed at different elevations within the
casing cast within the shaft. The inclinometer readings were collected using a Micro-
measurement datalogger. The lateral load was applied in approximately 23 kip increments and
each increment was kept for a time interval of 10 minutes. The loading was stopped, when the
drilled shaft failed under lateral load (displacement = 3.5 in). Subsequently the load was removed

in equal decrements.
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Figure 8-1. Lateral load test setup
8.2 Analysis of Results

Figure 8-3 shows the displacement profiles for drilled shaft at different load increments
obtained from the inclinometer data. As evident and expected, the shaft underwent rigid body

rotation (L/D = 4.5) under the lateral loading.
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Figure 8-2. In-place inclinometer installation in the test shaft
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Figure 8-4. Lateral load vs. lateral displacement responses

Shown in Figure 8-4 is the lateral load vs. lateral displacement responses of drilled shaft
vs. jet-grouted pile, JP2. The maximum lateral displacement measured for the drilled shaft was
3.5 in, whereas the displacement of jet-grouted pile was only 1.5 in. It was thought that the
drilled shaft and jet-grouted pile would undergo similar displacement since the diameter of
drilled shaft (48-in) and jet-grouted pile (46-in after grouting based on volume of grout pumped)
were nearly the same. However, the increased lateral stiffness may be due to an increased
stiffness of the soil around JP2 due to grouting, as well as the increased rotational stiffness
provided by the cap. It is also interesting that the lateral unloading stiffness of the shaft and JP2
are quite similar; suggesting excellent bond between the grout and the pile, similar to the shaft

concrete.
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CHAPTER 9
COST COMPARISON OF JET-GROUTED PILES VS. DRILLED SHAFTS

A cost comparison of the construction of jet-grouted piles vs. drilled shafts was
performed to assist with the implementation of the new pile. Both direct (labor and materials),
and indirect costs (rental, size of equipment, mobilization, demobilization, and cleanup) were
considered for the comparison.

9.1 Jet-grouted Pile Construction Costs

The construction cost for jet-grouted pile was estimated using the actual cost of
construction for the two jet-grouted piles (28 in square x 18 ft deep and 48-in diameter side grout
zones) installed for this research. The cost of single pile was then taken as the half of the total
cost. It should be noted that the individual construction cost still could be significantly reduced
with increasing the number of piles as the mobilization cost is distributed among the piles and
the purchase of materials in bulk quantity could result in significant savings.

Table 9.1 presents the material cost for all items purchased for the construction of the two
jet-grouted piles. Tables 9.2 through 9.4 summarize the labor cost, pile jetting service cost, and
pile grouting service costs, respectively. Adding all the identified costs, a total cost for the
construction of the two 28 in square x 18 ft deep jet-grouted piles is $19,881; therefore the
construction cost of a single 28 in square x 18 ft deep jet-grouted pile is $9940.5.

The jet-grouted pile had an axial capacity (settlement equal to 5% diameter) greater than
1000 kip and a torsional capacity of 750 kip-ft. But the axial and torsional capacity of a similar
sized drilled shaft (48 -in x 18 ft) was approximately 400 kip (settlement equal to 5% diameter)
and 210 kip-ft, respectively. Since the jet-grouted pile has significantly greater resistance
compared to a similar sized drilled shaft, the cost of jet-grouted pile needs to be compared with

an equivalent capacity drilled shaft (i.e., axial and torsional resistance).
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Table 9.1. Material cost for the construction of two jet-grouted piles

Materials Cost

Item

| Rate ‘ Quantity ‘Amount*

Reinforcing steel

Longitudinal reinforcing steel (#9 rebars, 20-ft long) $32.56 32 $1,165.57
Shear/torsional reinforcing steel (#5 rebars) $6.93 190 $1,316.70
Rebar wire ties (12-in long, 500 /bundle) $17.82 | 4 bundles $79.15
Jetting system
Jet pipes (3-in diameter x 20-ft long PVC pipe) $25.02 3 $75.06
PVC Bushings, caps, elbows, adaptors $41.95
Double PVC wyes (3-in diameter; schedule 40) $25.76 4 $103.04
Black steel threaded nipples (3-in diameter x 12-in long) | $29.40 2 $58.80
Steel for nozzle $54.03
Rubber sheet for nozzles ( 0.1875-in thick x 48-in wide) $147.94
Anchors for nozzle (20 /pack) $9.86 2 packs $19.76
Grout delivery systems
Gum rubber tubes (0.25 in thick, 1.25-in ID) $8.97 30 ft $276.60
Grout delivery pipes (1-in,schedule 40, 20 ft long) $7.44 7 $52.08
Black steel threaded nipples (1-in diameter X 2-ft long) $12.53 8 $100.24
8 cub.
Concrete (4 cub. yard/pile) $100.25 yards $802.00
Grout membrane and attachment
Steel Plates for holding membranes $258.61
Studs for attaching membranes to pile $421.12
Nuts for attaching membranes to pile $133.07
Grout membranes $610.22
Silicon gasket maker for sealing the attachment $15.66 6 $99.46
Side and tip Grouting (1480 gallon)
Cement $10.42 | 148 bags | $1,542.16
Fly-ash (Micron3; 1700 Ibs) $615.43
Total Material cost $7,972.99
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Table 9.2. Labor cost for the construction of two jet-grouted piles

IT | Labor cost
Item Rate Quantity | Amount*
a | Reinforcing cage fabrication $17/hr 20 hrs $340.00
b | Jetting system fabrication and installation $17/hr 8 hrs $136.00
¢ | Grout delivery system fabrication and installation | $17/hr 16 hrs $272.00
Fabrication & installation of grout bag retention
d | system $20/hr 12hrs $240.00
e | Concrete Placement $17/hr 8 hrs $136.00
f | Preparation and attachment of grout membranes $17/hr 28 hrs $476.00
g | Fabrication and installation of nozzles $17/hr 6 hrs $102.00
Total labor cost $1,702.00
Table 9.3. Pile jetting service cost for two jet-grouted piles
III | Pile Jetting cost (Based on quote)
a | Equipment rental
Crane $1200/day 1 day $1,200.00
Backhoe $750.00
High pressure water pump $750/LS $750.00
Hydraulic pump $150/LS $150.00
Provide 8000 gallon water tanker $850/LS $850.00
b | Labor $1500/day 1 day $1,500.00
Total Jetting cost $5,200.00
Table 9.4. Grouting service cost for two jet-grouted piles
Grouting service cost (Based on quote)
v Equipment rental (Grout pipe, hoses, generator, etc.) | $2700/week | 3 days $1,157.00
Personnel (labor cost) $1283/day | 3 days $3,849.00
Total Grouting cost $5,006.00
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9.2 Drilled Shaft Construction Costs

According to FDOT’s Bridge Development Report (BDR) Cost Estimating (Effective
7/01/2013), the cost for a 4 ft diameter x 18 ft deep drilled shaft is $7,740. A quote for the
construction of two similar sized drilled shafts (4 ft diameter x 18 ft deep) at the same test site
(Keystone Heights) was obtained from Reliable Constructors Inc., Table 9-5. As shown from the
table, the contract amount for one drilled shaft is $8,700, which is about 12% more than the BDR
estimation. It can be seen that the cost of construction (based on quote) for drilled shaft was only
12 % less than the cost of a similar sized jet-grouted pile ($9940). However, the 4 ft diameter x
18 ft deep drilled shafts were not equivalent to the jet-grouted piles in terms of axial and
torsional resistance. It was found that 4 ft diameter x 30 ft deep and 5 ft diameter x 25 ft deep
drilled shafts are equivalent to jet-grouted pile in terms of torsional capacity (750 kip-ft; no tip
contribution considered). Similarly, for axial capacity, a 4 ft diameter x 45 ft deep and 5 ft
diameter x 35 ft deep drilled shafts are equivalent to the 28-in square (48-in side grout zone) x
18-ft deep jet-grouted pile. Table 9-6 shows the estimated construction cost for the identified
drilled shafts according to FDOT’s BDR cost estimate. As evident from Table 9-6, the torsion
equivalent drilled shaft was 28%, and the axial equivalent drilled shaft was 80% more than the
jet-grouted piles. This cost comparison suggests that the jet-grouted pile is an economically
viable foundation system for the future. In addition the foundation provides its own proof test

(i.e., tip grouting), to assess skin and tip resistance, allowing for higher LRFD ® values.
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Table 9-5. Construction cost for two 4-ft diameter x 18-ft-deep drilled shaft

Shaft size

Quantity Unit price

Total

Dirt Haul

48-in @ x 18 ft

2 $8,500.00

$17,000

$400.00

Total contract amount: $17400

Contract amount per shaft: $8,700

Table 9-6. BDR cost estimate for equivalent drilled shaft

Shaft size

Cost

% cost > jet-grouted

pile cost
4 ft diameter x 30 ft deep $12,900 29.8%
Torsional equivalent
5 ft diameter x 25 ft deep $12,750 28.3%
4 ft diameter x 45 ft deep $19,350 94.7%
Axial equivalent
5 ft diameter x 35 ft deep $17,850 79.6%
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CHAPTER 10
SUMMARY AND CONCLUSIONS

A significant number of FDOT structures (bridges, signage, lighting, noise wall, etc.) are
supported on deep foundations. Current deep foundations (driven pile, CFA piles, and drilled
shafts) suffer a number of drawbacks for urban use. For instance, pile driving generally creates
significant noise and vibration issues; drilled shafts and CFA piles suffer quality control issues
and lower skin resistance due to the installation process. Recently, FDOT developed a new
foundation system, “jet-grouted pile”, which overcomes the limitations of both driven piles and
drilled shafts. The structural component of the new pile is basically a precast pile (with grout
delivery and jetting systems), which is first jetted into ground and then side grouted to improve
skin resistance and finally tip grouted to improve tip resistance. Previous FDOT research in the
large test chamber environment showed that the new pile possess significantly higher axial and
torsional resistance; making the new pile as an excellent replacement foundation for mast arm
structures supporting signs, signals, lightings, etc., in Florida. Even though the pile’s capacity
was verified in a large test chamber environment, the constructability and the resistance of the
pile had to be validated and compared with similar sized drilled shafts in typical field condition.
Similarly, the FDOT recently revised the design method for foundation of Mast arms structures.
Of interest was the field capacity of a drilled shaft using this new design.

Consequently, the primary focus of this research was to validate through field testing,
axial and torsional capacity of jet-grouted piles, as well as standard drilled shaft foundations.
Since construction/installation was also an issue, the jet-grouted piles were to be installed with a
general contractor. Finally, for implementation of the new pile, a cost comparison was made
between jet-grouted piles and equivalent capacity drilled shafts. The research was successfully

completed in 11 tasks as indicated in Chapterl.
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The test site used for the study was FDOT’s borrow pit at Keystone heights, Florida.
Three test drilled shafts (two 4-ft @ x 18 ft deep and one 4 ft @ x 12 ft deep) and four reaction
drilled shafts (4 ft @ x 40 ft deep) were installed for the load test program. All the shafts were
constructed with the wet-hole approach employing mineral slurry.

The constructability of the jet-grouted piles in typical Florida field conditions was
verified by performing full-scale field installation of two piles. The piles considered for the study
were 28-in square x 19.5 ft precast pile (embedment depth = 18 ft) with two 48-in O side grout
zones. The grout distribution and jetting systems were fabricated in conformity with previous
FDOT research. After the hydration of concrete, the side grout membranes and nozzles were
attached to the pile. The piles were subsequently installed at the test site by pressurized water
jetting (Figure 10-1) by a contractor. Water was recirculated during the jetting process to
minimize the water loss. Water for jetting was provided from a water tanker through a high
pressure pump to the test pile with a flow rate of 400 gallon/minute and a pressure of 130-135
psi. The test pile was positioned using a crane and allowed to penetrate with its self-weight by
steadily releasing the weight from the crane. A hydraulic trash pump (maximum flow rate = 1300
gpm and pressure = 65 psi) was used to pump the water collected in the surface casing back to
the tanker for recirculation. Total water loss (percolation) during the jetting of two piles was
approximately 1000 gallons. It was found that water should be continuously provided with a
uniform flow rate and pressure until the required penetration is reached. Also, the total quantity

of water required for jetting was significantly reduced by recirculation.
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Figure 10-1. Pile jetting

After jetting, reinforced concrete caps were installed on top of the piles for combined
torsion and lateral load testing. Next, side grouting of top and bottom membranes were
completed. After hydration of the side grout zones, the piles were tip grouted. Analysis of the
noise and ground surface vibration measurements during the jetting and grouting operations
suggested that the pile is well-suited for urban environment where the noise and vibrations
during the construction operations are of critical concern.

Static top-down tests were subsequently conducted on the two jet-grouted piles to verify
their axial capacity vs. the design estimates. A similar sized drilled shaft was also tested for
comparison. FDOT’s beam girders, 2000 kip hydraulic jack and load cell were used for the top-
down axial tests. In order to study the influence of prior loading, one of the piles underwent top-

down loading only after the combined torsion and lateral load test. For both jet-grouted piles,
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ultimate axial capacity could not be mobilized in the top-down tests because of uplift failure of
the reaction drilled shafts. Consequently, a Statnamic load test was performed on one of the jet-
grouted piles (JP1) to estimate ultimate capacity. The top-down load test program revealed that
the axial capacity of jet-grouted pile was approximately 3 times greater than a similar sized
drilled shaft (Figure 10-2). Comparison of the total load — displacement response of the jet-
grouted piles 1 and 2 showed that the stiffness response (loading and unloading) of the piles were
nearly the same irrespective of the loading sequence, (Figure10-3). Specifically, the axial

response of JP2 was not influenced by the prior torsion test.
1600

1400 | -

1200 | /
1000 | /
— |P2-Static test

m
o 800 | / — JP1-Static test
=
-E 600 L —— JP1-Statnamic test
Q = Drilled shaft
|

400

il
200
u /_f“‘
0 0.5 1 1.5 2 25 3

Displacement (in)

Figure 10-2. Total load-displacement response of jet-grouted piles and drilled shaft

A comparison of the measured skin resistance of the piles with the predicted skin
resistance using the different approaches revealed that the predicted values were generally
conservative and in reasonable agreement with the measured values. In case of drilled shaft, the
measured skin resistance was very close to the prediction based on FHWA’s Rational method.

SPT based O’Neill and Hassan (1994) method under-predicted the resistance by 22%. However
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all the CPT based methods (Aoki and Velloso’s method, LCPC method, and Alsamman 1995)

under or over-predicted the skin resistance by about 50%.
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Figure 10-3. Comparison of load-displacement response of JP1 and JP2

Combined torsion and lateral load testing of three drilled shafts (two 4 ft @ x18 ft deep
and one 4 ft O x 12 ft deep, two jet-grouted piles were also conducted. A heavy duty full-scale
mast arm assembly was used for the combined loading. The test was performed by applying
lateral load on the mast arm at an eccentric distance of 35 ft from the pole using a crane. For all
the shafts, the test was continued until the failure. The shorter shaft (12-ft deep) had a combined
torsion — lateral mode of failure, whilst the 18 ft deep shafts were failed by torsion. A
comparison of measured torsional resistance of test shafts with the predicted values using
different methods was undertaken. O’Neill and Hassan’s (1994) beta () method predicted the
torsional resistance quite well; the difference was only +10-14%. FDOT’s re-revised prediction
method over-predicted the torsional capacity by 25-45%, if skin contribution is only considered.

But there was 20-70 % over-prediction in the case of FHWA’s rational method.
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Testing of both jet-grouted piles had to be stopped before mobilizing the ultimate
torsional resistance due to the pull capacity of the crane’s winch cable and/or the design capacity
of mast arm structure. It was also found that the stiffness response of the jet-grouted piles were
very similar even though JP1 had been subject to a prior static top-down load test (Figure 10-4).
There was a reasonable agreement between the measured torsional resistance and the prediction
based on the different design approaches (Kg, tip grout pressure measurements, and
Pressuremeter). Comparison of torque vs. rotation response of jet-grouted piles and drilled shafts

showed that torsional resistance of the piles were more than 2.5 times of the ultimate torsional

capacity of drilled shafts (Figure10-4).
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Figure 10-4. Torque-rotation response of jet-grouted piles and drilled shafts

According to FDOT Index No. 17743, a 4-ft diameter x 18-ft long drilled shaft is
adequate for an E7-T6 mast arm assembly under a design wind speed of 130 mph. However, it

was identified from the present study that the ultimate torsional resistance of the drilled shafts

203



was less than the required un-factored torsional resistance (Table 10-1). Therefore, a 4-ft

diameter x 18-ft long drilled shaft might not be sufficient to support an E7-T6 Mast arm

assembly during an extreme event (hurricane). However, jet-grouted piles show significantly

higher torsional resistance even under very small rotation, even greater than the structural

capacity of E7-T6 mast arm assembly.

Table 10-1. Comparison of forces and moments on the foundation during the load tests

Forces and Moments TS21 TS3 JP1 JP2 | E7-T6*
Torsion, M, (kip-ft) 210 171 487 426 258.8
Moment about axis of arm, M, (kip-ft) 120 97.6 278 243 149
Moment about axis normal to arm, M. (kip-ft) 118 118 118 118 116.6
Lateral load, V; (kip) 0 0 0 0 0.3
Lateral load, V- (kip) 6 4.88 13.9 12.17 7.4
Axial load, ¥V, (kip) 10.7 10.7 10.7 10.7 5.6
* E7-T6 mast arm assembly at design wind speed = 130 mph
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Figure 10-5. Lateral load vs. lateral displacement of jet-grouted pile vs. drilled shaft
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In the case of simple lateral load testing, a novel dywidag bar setup was constructed to
test one of the jet-grouted piles against a similar sized drilled shaft. The lateral resistance of jet-
grouted pile was found to be greater than that of similar sized drilled shaft as shown in Figure
10-5. The larger lateral stiffness of the pile was believed to be the result of increased soil
stiffness around pile after grouting, as well as the increased rotational stiffness of the cap.

Finally, the cost of construction and installation of a jet-grouted pile was compared with
equivalent capacity drilled shaft. It was found that the cost of the jet-grouted pile is 22% less
than that of a drilled shaft comparing equivalent torsional resistance; in the case of axial
resistance, the jet-grouted pile is 44% cheaper than a similar capacity drilled shaft. Consequently,
the research validates as well as suggests that jet-grouted pile are a viable foundation alternative
for FDOT pole/mast arm structures supporting highway signals and signs in Florida silts or

sands.
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APPENDIX B: STRUCTURAL DESIGN OF DRILLED SHAFTS, EMBEDDED PIPE AND
FLANGE SECTION, AND CSL RESULTS

Structural design of test drilled shafts

Forces and Moments on foundation top {from Mast Arm analysis)

T,; = 650kip-ft P, = 10.7kp
M, = 118kp-ft Vy = 0.6kip
M, = 371 4kip-ft V, = 185Tkp

) _
M, = M7+ M M, = 389695 kipRt  uwy'x TVz vV, = 18.58 kip

=| Shaft Design - Flexural Capacity

Check Flexural Capacity of Shaft

Input
Diameter of shaft d. = 48in
dE
Radius of Shaft BE=—=06lm
EERT
d. 2
Area of shaft A, =m) —
2
Longitudinal Reinforcement
Mumber of Longitudinal Bars Mong = 13
Yield Strength of Longitudinal Reinforcement fy long_steel = 60ksi
Longitudinal Steel Area ":‘*lnng_steel = 127in"
Mumber of Bars Yielded (Assumption) Mong vield = 9
Concrete strength f, = 4000psi
PHexure = 0.9
/""D n_“"“\ c / g c
o [+

Figure B-1. ACI stress block diagram for 48-in diameter drilled shaft
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Calculations Using ACI Stress Block

Bylf,) = |83 i £, < 4000psi

63 if £, > 3000psi

[ [[fc — 4000psi)
85— 05—~

if 4000psi € £ < 8000psi
1000psi p £ %

A _ l_“lung _Vield'Alang_steel'fj,f_lang_steel,:'
“eomp T .
P 85,
Initial guess: a = Jin
3 E‘_ _ Bl
Given |:R”- au:ns|:[ = a}:| —(E—-a)+J2R-a- a{| - _,-smep =0
a = Find(a) a= 3.097-in
a
5= —
|3'1|__f|:,,:'
y = 002 —
. 003
(21.9367
30.1
bar = b
3721 - ;
_ | dba.rl}_ 21.936-1n
| 4203 )
3
Z :r dbari"'ﬁ*lnng_steel'lj + 4'3'?4m"'5‘10ng_5teel
i=0
dpars =

ﬂlungj-‘ield"&lung_steel

i

My shaft = Pflexure Mong_vield Mong_steel Ty long_steel |

Flexure Check = |"Insufficient” M, 5= M)

"Sufficient” otherwise

] Shaft Design - Flexural Capadty

dba.rs -5

Bylf.) = 0.85

-
"%'comp = 1401-f
c=0325in

v = 6351

.
Mong_steet = 12710

dpars = 34.032-in

|
a = 5
5] Mn_sha = 192233 kip

Flemure Check = "Sufficient"”
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r| Shaft Design - Shear Capadty

Check Shear Capacity of Shaft

Input
. 2 3 2
Gross cross-sectional area ﬁg =B =181x 10 -in
Axial load N,=0
Effective depth of the section d=d_=48in
Area in compression ﬂmmp = 201.?06-1‘112
Hoop Steel Area ﬁhmp steel = 03061‘112
Hoop Steel Diameter dhmp steel = 0.623in
Spacing of Hoop Steel Shoop_steel = Sin
Yield Strength of Hoop Steel E), hoop_steel = 60ksi
Centerline of Hoop Steel Diamter dy, = 41.623in
Pshear =09
Shear Capacity of the Concrete
f'I:-

V. =2 (— psi-41.373in - .

e =2 [ PAATNd v, = 251211-kip

Shear Capacity of the Steel
(A £ -41.375in)
v, = - hoop_steel v_hoop_steel i V, = 151.929-kip
*hoop_steel
Shear Capacity of the Shaft

Vi shaft = Pshear| Ve + Vsl V) shaft = 362.826-kip

Check_Shear Strength = |"Insufficient” if "rn_sha.ﬁ:i: Va

"Sufficient” otherwize
Check_Shear Strength = "Sufficient”

«| Shaft Design - Shear Capadty
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r| Shaft Design - Axial Capadity

Check Axial Capacity of the Shaft

Input
Radius of Shaft
Area of shaft

Longitudinal Reinforcement

Mumber of Longitudinal Bars
Yield Strength of Longitudinal Reinforcement

Longitudinal Steel Area
Mumber of Bars Yielded (Assumption)

Hoop 5teel
Hoop Steel Area
Hoop Steel Diameter

Spacing of Hoop Steel

Yield Strength of Hoop Steel

Centerline of Hoop Steel Diamter

¢'cnmp =09

E =24-in

A =181x 1'I:I3-1':c12

Mong = 15
Ey_lnng_steel = 60-ksi
.2
Alnng_steel =127n
2

Ahnnp_steel = 0.306-in
dpo op_steel = 0.623-in

*hoop_steel = 3in

Ey_ho op_steel = 60-kesi

Axial Capacity of the Shaft

Area of the tied core

dh = 41.623-in
- 2
Ir dh"'l-
.%.C =7 — |
V2

Pohaft = £l 4 - ﬂlnﬂg"!"'lang_steel_:' + £y long_stesl Mong Mong_steel

I I
P o = 651 107 -kip

Po_shaft = Peomp P shaft

Check Axial Strength = |"Insufficient” if P .5 =Py

"Sufficient” otherwise

«] Shaft Design - Axial Capadty

Py chat = 5839.046- kip

Check_Axial Strength = "Sufficient”
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| Shaft Design - Torsional Capacity

Check Torsional Capacity of the Shaft

Input
Radius of Shaft

Area of shaft

Perimeter of the shaft

Longitudinal Reinforcement

Mumber of Longitudinal Bars
Yield Strength of Longitudinal Reinforcement

Longitudinal Steel Area

Hoop Steel

Hoop Steel Area
Hoop Steel Diameter
Spacing of Hoop Steel

Yield Strength of Hoop Steel

Centerline of Hoop Steel Diamter

Peorsion = 07

223

E =24in
A=A =181« l'IZI3-1'.'c12

P
Pep = w-d, = 150.7%6-in
ﬂlnﬂg =13

£y long_steel = 80ksi

.2
Mong_steel = 12710

.2
Anoop_steel = 03060

o op_steel = 0.623-in

Shoop_steel = 27101

£y hoop_stest = 90ksi
dy, = 41625-in



Threshold Torsion
= r‘ N oA
 psi P
pst

Tihreshold =

MNeglect Torsion = |"Yes" if d’tnrsinn' Tﬂ‘JIESthd = Tu

"MNo" otherwise

Cracking Torsion

Nominal Torsional Strength

At = Apoop_steel
2
A, =0878m

A =1974x% 10 *m

B = 43deg

2-_&0-_'—\1-%.-_11.;, op_steel
=i

Ttorsion =

ot(#)

*hoop_steel
Tn_shaft = Brorsion’ Ltorsion

Check_Torsion_Shaft := | "Insufficient” if Tn_shaﬁi: Ty

"Sufficient” otherwise

«| 5haft Design - Torsional Capacity

Neglect Torsion = "No"

T, = 457.786-kip-ft

8= 0783

T

torsion = 532.817kip-ft

Ty, shaft = 149-536-kip-fi

Check_Torsion_Shaft = "Sufficient"”
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Design of Embedded pipe and plate section

»| Input and Properties
Input and properties
Shaft
Diameter of the Shaft
Concrete Strength

Hoop Steel
Hoop Steel Area

Hoop Steel Diameter

Spacing of Hoop Steel

Yield Strength of Hoop Steel
Centerline of Hoop Steel Diamter

Longitudinal Steel

Longitudinal Steel Area
Longitudinal Steel Diameter

Yield Strength of Longitudinal Steel
Mumber of Long Steel Bars

Torsional Stiffener Plates
Thickness of the plate
Width of the plate

Length of plate

Yield strength of the plate

Flexural Stiffener (base) Plates
Width of the stiffener plates

Thickness of the stiffener plates

Embedded Pipe
Thickness of the pipe
Diameter of the pipe

F.. e = 42ks1 3 58ks1

V_pipe u_pipe =

a] Input and Properties

d_ = 48in
£, = 4000psi

3
Apgop = -306in

dpgop = 62in

Ehnnp = Jin

fy_hn op = G0k=i

dy, = 41.625in

= 127in”
diong = 127in

fy_lnﬂg = G0ksi
15

Alnﬂg

Mong =
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STIFFENER DESIGN

| Torsional Capacity Using Breakout Capadty

Input
Width of the stiffener plates
Thickness of the stiffener plates

Length of the stiffener plates
Diameter of upright/embedded pipe

Diameter of stiffeners

b=1mn
t=lin
L=13in

Gpipe = 24

dgt = dp{pe

Mumber of stiffeners No_Stiff =4
ey =1
Weqy =1
oy =14
[a g MK T M
d 4] 1 o]
] i 1| | Aver X
= b o =3
L& 4 ] F
L breakout 4 b 3 b
d 4 q o]
L& 4 q F
d 4] ] b
L& 4 f ]

/

Figure B-2. Concrete breakout failure for embedded pile and flange section in torsion

Concrete Breakout Equivalent Torsional Strength

{ds - dst:'

2

cover =

226

cover = 12in




| Yst ) 5 st st |
T+32—JT—T —.T_
_ |_“- 2 _}.' |_“- 2 _;'I |‘_‘- 2 _;'I I"\. 2 _.-'I _ e
Cal = 325 Ca1 = 84lin
360d
A= JTCEE A = 90 deg
e No Sff
ds . AN .
chord _group = T-sm: = | chord_group = 33.94in
2 2/
(30-c5 )

Apin_sroup = 6345 deg

+
Check Group_ Effect = |"Group Effect” i A= A . sroup Check_Group Effect = "No Group Effect”

"No Group Effect”  otherwise

lbreaknut =L+ 2 l.jﬂ-al lhrea],;nut =432
.
A‘Tc. = lbrea_],;nut'3":‘al .'-1':.1.r|: = 1.00x 103 i
. 2
A'TI:.D = :I-.j-ll‘,al _5‘_1:':0 = 318.56in
=1 1, = 18in
.- 1 “".I H‘|1 3
Ibf Vi, = 3577k
»bj f p51 L m; b j
[ Ave )
cbg = ey beavbev Vo Vopg = 171.58kip
= -JLTC_DJ,I =
Vebg_paratel = 2 Vebg Vebg paratter = 343-13kip
ro . ) . -
Ve = Vebg_parallel No_Stff Vo= 137 107 kip
'Fdsthl'
Tn_breakout plate = Ve'| T = 137261 ft-kip

c 'ij- n_breakout plate

«] Tarsional Capacity Using Breakout Capacity
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r| Torsional Capadty Using Side-Face Blowout Capadty

Input
Width of the stiffener plates
Thickness of the stiffener plates

Length of the stiffener plates
Diameter of upright/embedded pipe
Diameter of stiffeners

Mumber of stiffeners

Concrete Breakout Equivalent Torsional Strength

( det : (d : .'rdst\"z 'rdst\'I
S oesas|l 2 o 2 -1 2
PR &N / V2 L2 2
323
2

3 .3
Ny, = 200-c ¢ "'!'*brg'fc -psi

. dEt
T = ND_SUE NE]‘J ?

n blowout -

«] Torsional Capadty Using Side-Face Blowout Capadity

b=1in
t=1lin
L=13in

Gpipe = 24

Mo Stff =4

c,p = 84lin

Ny, = 431.53kip

T

n blowout =

1806.11 ft-kip

»|Welding for Stiffener Plates
Weld Design
T

v _ ~n_blowout
weld - *H:-jdsj'

t=1in

tpi-pe = 0.38in

Weld_Size = %in

dede := ?ﬂksi
Fyw = 6F dectrode

Throat = .707-Weld_Size

228

Vel = 229.76kip



kip

Bn welg = ThroatFyy Rn_wetg = 1114 — -
t kip
Bn yield = Fy pipe Rn_yiela = 126
- t _ kip
Bn_rupture = '*I':"Fu_pipe'; Ry rupture = 13.I}:|-E
o \ kip
Bp= ml_Rn_weld-'Rn_1,-"ield-'Rn_mptu.rE_:' Bn= 11'“"?
Viveld
Eequired Length Each Side = R, Bequired Length Each Side = 10.141in
I:Eﬂ:f‘Requj:e d_Leggm_Each_Side“l_m i
\ i ).
«] Welding for Stiffener Plates
CAPACITY OF PIPE
| Flexural and shear Capadty of Fipe
Embedded Pipe
Design Wall Thickness toing, = —8lin
Diameter of the Pipe Dpipe = 24in
Do = Dpipe

Di=Do - z’tpipe

- .
Cross Sectional Area of Pipe |._Do" - Di”_.:'

Apipe =T q

.
A . = 4275
_—XPIPE 4275

Diameter to Wall Thickness Ratio D._.
pipe
Dt=——
"pipe
D t=4131
. . bt
Mominal Weight Wpipe = 156?
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Moment of Inertia

Elastic Section Modulus

Radius of Gyration

Plastic Section Modulus

Torsional Constant

HSS Torsional Constant

Yield Strength
Ultimate Strength

Modulus of Elasticity

+

L oft

pipe =

230

F .= 58ks1

E = 20000ksi



Determine design Shear Strength of Round HSS

L

_ _bipe _
T bshear =° EISEISHEENGH
_ {16E) {.18-E) s
Fc:_l = | 73 Fc:_l = 361.77ks1
L, |2 2
W (D9 L4 (D_) \ 2
ipe

F, = mjn{_Fcr_lr'ﬁ'F}-'_pipEJ Fop=252ksi

d}shea:'F-:r'A'pi

T — pE T — -

""ﬂ_pipe = 3 ‘"ﬂ_p-if.‘r&_ 484 T4 ap
Determine design Flexural Capacity of Round H55

_ _ 7 45E _ ,
Check Applicable = if|D_t < | l,"_-'-‘s.pphc.able" JNSAN _

\Fy_pipe
Check_Applicable = "Applcable"

E

)‘p =7
Fy_pipe

E

Ay = 31
Fy_pipe
Check Compact = |"Compact” of D t= )‘p Check Compact = "Compact"
"Noncompact” if :\P <D t= A
"Slender” if D _t> A

V" Fpipe i Otence =09 EISCISPEENEL
M, _pipe = d’ﬂeme'}"[p M,  pipe = 1003.95 ft-kap

«| Flexural and shear Capacity of Pipe
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| Torsional and axial strength of pipe

Design Torsional Strength
0o

q}torsion =
+

_ I e . (123-E) . (60-E)

F_ . >
Loipe 123 Lpipe 15| @t
(D_Y — (Dt -
| Ppipe Dypipe

[ (60E
u:| otherwise

I {D_t}l':l

F min(F_, . .6-F

y_pipe/

er torsion =

c

F pipe

or_torsion

Tn_pipe = Prorsion
Design Axial Strength

q}mmp =50

E

=11
Fy_pipe
A= |"Noncompact” i D t= A

"Slender" otherwise

__[ (.038:E) }r 2
F, pipeD_t| 3

_ {WIEP

2
.'pripE}

| *pipe

e

|" F R
1 ‘fr 1
Q_ypire |

| Fe
Fop agial = || QL8638

/| F if Fe> 44.QF

v_pipe v_pipe

(877Fe) i Fe< 44QF pin

Pn_s _pipe = d}cnmp'Fﬁ_aﬁial'Apipe

«] Tarsional and axial strength of pipe

Fop = 19665 ksi

F = 232ksi

cr torsion

T .

n._pipe = 923.67ftkip

X = 73.95

& = "Blender"

=13

ID

Fe=370x l'I}Eksi

Fop gt = 34-33ksi

n_s_pipe = 209085kip

232



DESIGN OF FLEXURAL PLATE

r|Flexural Capadity of T-Plates Using Side-Face Blowout Capadity
Flexural Stiffener |base) Plates

+
Width of the stiffener plates

Poenplate, = 270
Thickness of the stiffener plates Hlav.plote, = lin
Length of the stiffener plates I'ﬂex_plate = .lﬁﬂ-dp{pe
Diameter of upright/embedded pipe dp{pe = 24in

Diameter of stiffeners A= dp{pe + z'bﬂex_plate

Concrete Breakout Equivalent Flexural Strength

[ dstH".H i dsh\'. | dstw'a | dstﬁ".
2) VPR T2
P L AN v MEJd V2 ¢,1 = 705in
323
cr: 2
g'iﬁhcpg.\.: Lﬂex_plate'bﬂe:{_plate Abrg = 23.36mn
3 .3 :
Mg = 20025 II"ﬁ‘brg'fc -psi Ny, = 432.68kip
:"‘111_blnwnut = Ngpdye zllriﬂ_‘r:nlu::nWl::uut = 1043.63 ft kip
] Flexural Capacity of T-Plates Using Side-Face Blowout Capacity
| Flexural Capacity Using Ereakout Capacity
Input
Width of the stiffener plates ba alate, = 2in
Thickness of the stiffener plates tex plate = lin
Length of the stiffener plates La T -lﬁ“'dpipe
Diameter of upright/embedded pipe dpip& =Min

Diameter of stiffeners

Mumber of stiffeners No SHff =4
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Concrete Breakout Equivalent Flexural Strength

{_ds - d‘st,"
cover = —————
AAAARANAA 2
~ 2 & 2 o 2 &
| dst\' _ | dsﬁ"' | dst\' | dst
(St Lol &) <[] |- (&)
P L2 L2 L2 L2 )
radrbe 323
A J60deg
M Mo Sff
d 3
chord =roup = 2- = sin i |
2 L2

30y + Lﬂex_plate\'[

Mm 2-asin
d

\ ] A

Check GmuE Effect .= |"Group Effect” o A=< A sroup

"No Group Effect” otherwise
Moreakent, = Hex_plate ¥ 2-13eg
#¥e™ Yoreakout'|3-ca1)
Ayrca, = 4.3 2
HAyr = .:I'Cal

1o, = Litex _plate

’
. bﬂex _p],ate ( ':al
e = 13
' tﬂex_plate_,! P51 \in ;'

C Ay
Ve
[1bec‘v' Wequtbev Vi

= "’rcbg _pa:a]lel'N':' Suff

""In breakout =

«| Flexural Capacity Using Breakout Capacity

cover = 10in

cyq = 1-33in

A = 00-deg

chord group = 33.04in

Apin_sroup = 81.78-deg

Check Group Effect = "MNo Group Effect”

Yreakout = 2310

Ay, = 5058in”
.2

_":|!.1i.l_r‘:.l:I =241%9in

1, = 9.42in

Vi, = 36.15kip

Vepg = 105.84Kip
Vebg paratter = 211.67kip

V.= 346,68 kp

M breakout = 7878 ft kip
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My, pipe = 1003.95ft-kip
Mﬂ_blnwnut = 1043563 ft-kdip

My preakout = 987-8ftkip

T

n_pipe = 923-67ft kip

. 3
Tn_brea.knut - plate = 137 107 ft-kip

3.
T, blowout = 1-81 % 107 fi-kip

r| Development Length of Longitudinal Bars

Longitudinal Steel
Longitudinal Steel Area
Longitudinal Steel Diameter

Yield Strength of Longitudinal Steel

Development Length of Longitudinal Reinforcement

Input

T, =10
T.=10
T =1
Aa=10
Cb + Ktr
SoT AT 13
Id14:::11;;
s i i LIS | | {
i _ 3] ff,-'_lnng ) RERISR PN 4
dh_long -'ki'ﬂ'_) 3 _be N Ktrwi long
1 —pEi 1
| psi S\ dlnng J
g ( i LIS | | |
_I.-* 3N ff,-'_lnng A (R }“,I'
ldh_lnng ’ ’

14 tonz = ldh_tong

+
] Development Length of Longitudinal Bars

23

' dlcng

Ajong = 127in

diong = 127in

£y tong = 60ksi

Lgh_tong = 36-14in

lq_jong = 36.14in
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»|Length of steel pipe Reguired

Length of Stiffeners L=18in
Length of Breakout Meakaut, = 43
Development Length of Longitudinal Reinforcement 14 1 = 36in
breakout ~ Lx:' -
Ly = — Ly =1235mn

F

Required Length of steel pipe Based on Breakout and Development Length
IPIIJE = ]'bI +L+ ld_]. IPIIJE = 665m

] Length of steel pipe Required

»|Base Connection

Plate Properties - Annular Plate

Plate diameter Bp = 36in

Yield strength F},_plate = 50ksi
Ultimate strength Fu_plate = B0ksi
Diameter of the bolt dpopp = 13in
Centerto-center diameter of baolts dy, = 30in
Thickness of plate tolate = 1.5in

Bolt Properties - D1" ASTM A325

Center to Center Radius of Bolts 5, = 13in

Mumber of Bolts No_Boltz =22

Yield Strength of Bolts fj, bolt field = Jiksi

Ultimate Strength of Bolts £ bott = 103ksi

. . dpipe .

Radius of the pipe r, = —— =12in
pip p 3

Diameter of the bolt m: 1.3in
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Bolt Bearing Strength
~ |Bp—dp— Idpyp
¢ 3

Fo laten = B0ksi
bRy, = 1'2'Fu_platva'I‘uz'tplatuz

En_parallel = 2-¢E

I
|

T bolt bearing = No_Bolts-Rn_parallel

%

Check_Bolt_Beanng = |"Sufficient Strength” T, pon pearine

"Insufficient Strengzth"
+
Check Bolt Spacing
Steq = 267-dp e Sreq = 4in
r-d
b
Sactual = +28in

s =_—
actual No_Bolts

Check_Bolt_Spacing = |"Sufficient” i s

Check Bolt Shear

.

F,, = 4 120ksi = 48ksi

PV = Pshear Ao Frv

(=™

otherwize

=
actual = Sreq

"Insufficient” otherwise

= 262in
PR, = 283 5 kp
Rn_parallel = 367 kip
Tn_bult_bea.ting = 15502 3 ft-kip
=T

n_blowout

Check_Bolt Bearing = "Sufficient Strength"

Check_Bolt_Spacing = "Sufficient”

PV, = 63.62%kp

Vn_parallel = $Vn2 Vi paralte = 12723 kip
[dp)
Tbnlt_shea.r = }":'—B':'ltsj'n_pa:a]lel'; Tj Tbnlt_shea.r = 340893 fi-kip
Check Bolt_Shear = |"Sufficient Strength” f Tyon chear = In blowout
"Insufficient Strength”  otherwise
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Weld Design

Weld Connecting Annular Plate to Pipe

tpipe = 0-58in

Weld Size == 0.3in

Ealastrade, = /st

.«lim:: GF efactrode

Throat == 707-Weld Size

m:= Thmat-l:'“_v
Bawviald, = 9Fy pipetpipe

Roamopars,~ 43 Fu_pipe tpipe
B = MRy weld-Fry_yield-Fn_rupture)

Bretd = BT dpipe

. pipe
Tveld = Eweld'—z

_ dpipe
Myetd = Bwetd 3

| Base Connection

Along edges of plates with thickness = 0.25 in

Max weld size =t- 116 in.

+

. kp
alq = 14.85-—
Rn_weld in

kip
Rn_yield = 1464—

Ry gq = 11 % 10° Kip

Tyetd = 1103.92ft-kip

Myepq = 110392 ft-lip

238



(a) TS1

Shaft 6 [8] Shaft 6 [ Shaft & /ﬂ Shaft 6 /B
4-1 4-1 1-2 12
L=15.63 faet | | L=15.63 feet _ L=15.63 faet | | L=15.63 feet .
Spacing=26.0 in €Y | Spacing=26.0in & Spacing=26.0 in G | Spacing=26.0 in LE8
Gain=198 Gain=138 [«6) Gain=623 Gain=623 (x6)
08/30/2011 10:44 06/30/2011 10:44 08/30/2011 10:30 o 08/30/2011 10:30 o
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(b) TS2
Shaft 3 [6] Shaft 3 [6] Shaft 3 Shaft 3 /a_
41 4-1 1-2 12
L=21.15,21.12 feat 1=21.15,21.13 feat L=21.15,21.13 feat L=21.15,21.13 feat
Spacing=26.0 in Gl | Spacing=26.0in Gl | Spacing=30.0in & | Spacing=30.0in e
Gain=198 Gain=193 (x5} Gain=157 Gain=157 (x6)
08/30/2011 09:43 08/30/2011 09:43 08/30/2011 09:40 ® 08/30/2011 09:40 o
[ —— wavespeed [ftfzec) | Time (ms) [ —— Wavespeed [fi/sec) Time (ms)
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Figure B-3. CSL test results for Test shafts; (a) TS1, and (b) TS2
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APPENDIX C: STRUCTURAL DESIGN OF PRECAST PILE AND CONCRETE CAP

Structural design of precast pile
Forces and Moments on foundation top

(Based on the expected torsional resistance of the pile and lateral load application at an
eccentric distance of 35-fi)

T,, = 360kp-ft P_ = 10.7kip
M, = 320kp-ft Vy = 0.6kap
M, = 118kip-ft V, = 16kp

M, = Ml M, = 341063kpR V= (V4V} v, = 16.0114ip

r| Pile Design - Flexural Capacity

Check Flexural Capacity of pile

Input
Width of pile d_ = 28in
dE
Radius of pile E=—=14in
a2
2 2
Area of shaft A= {ds} A = T84in
Longitudinal Reinforcement
Mumber of Longitudinal Bars Mong = 16
Yield Strength of Longitudinal Reinforcement E), long_steel = G0k=i

Longitudinal Steel Area Along_steel = linl

Mumber of Bars Yielded (Assumption) Mong vield = 9
Concrete strength £. = 5000psi
Pexure = 04
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—— .:7 c

4

J

Figure C-1. ACI stress block diagram for precast pile

Calculations Using ACI Stress Block
Bylf.) = | 85 i £, < 4000psi Bylf.) =08
65 if f_ > 8000psi ACI 10273
(£, — 4000psi |
85— 05| ————— || if 4000psi < f_ < 8000psi

1000p =i
|ﬂlnng 1,-‘ie1d"j"lcng steel'fv lang_steel :' 2
""*Enmp = = E;fﬂ — == ""*Enmp = 127.05%-in
A
- P a = 4.538in
ds
L= L. c=3672in
|3'1|_f|:.:I
c
y = 002 v=3782-1n
) 003 )
(219367
01 | 2
dpar = 3711 | o Aong_steel = 10
el dpyap = 21.936-in
\ 42.03 ) 0
+
4 . -Lm.'%'lﬂﬂg_StEEl.z + lg.ﬁ'QSJM'_{luﬂg_steel'z + lj'Jg?m"{lnng_ste el ]
hars -~
nlnngj—'i&ld""‘lnng_steel diyape = 21.598-in
{ aH'I - -
My pile = PAemure Mong_vield Mong_steel Ty lonz_steel | dbars ~ ;J My pile = 782828 lpft
Flemure Check = |"Insufficient” if Mn_pile =M, Flexure Check = "Sufficient"”

"Sufficient”" otherwise
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r| Pilz Design - Shear Capacity

Check Shear Capacity of pile

Input
Gross cross-sectional area Ag = d52= ?34-:'112
Axial load N, =0
Effective depth of the section d = d,
Area in compression Ammp= 12?.059-:':12
Hoop Steel Area Ahoop_steel = 'Iiljl:':ﬂ2
Hoop Steel Diameter dhnap_steel = 0.623in
Spacing of Hoop Steel Shoop_steel = 2.3in
Yield Strength of Hoop Steel fy_haop_steel = G0ksi
Centerline of Hoop Steel width dy, = 24.373in
Pepear = 0-83
Shear Capacity of the Concrete
fl:.
Vo= EE'P“ES"ﬂ'd V, = 110874-kip
Shear Capacity of the Steel
v, = |.2"'ﬁ‘honp_steel'f}-‘_hnnp_steel'dhj:' V, = 3627-kip
*hoop_steel
Shear Capacity of the pile
Vi_shaft = Pshear (Ve * Vs) Vi shaft = 402.538-kip
Check_Shear Strength = |"Insufficient” if Tn_shafl: =V,

"Sufficient” otheraise
Check_Shear Strength = "Sufficient"”
< Pile Desigl:ni_- Shear Capacity
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r| Pile Design - Axial Capadity

Check Axial Capacity of the pile
Input

Longitudinal Reinforcement

Mumber of Longitudinal Bars Bong = 16
Yield Strength of Longitudinal Reinforcement Ey long_steel = 60-ke=i
Longitudinal Steel Area .

ﬁlong_steel =l
Mumber of Bars Yielded (Assumption)

Hoop 5teel

Hoop Steel Area Ahmp stesl = lliljl-in2

Hoop Steel Diameter dhmp stee] = 0.623-in

Spacing of Hoop Steel Shoop_steel = 25in
Yield Strength of Hoop Steel f_j, hoop_steel = 60-k=i

Center to center distance of Hoop Steel legs dy, = 24375-in

q:'-:omp =03

Axial Capacity of the Shaft
Area of the tied core A =
Pohaft = fo{Ac — nlong"'{long_steel_:' * f}-‘_ll:ung_steel'nlnng"ﬂilong_steel
e 3.
Popaft = 3-851 % 107 -kp

PD shaft = Pcomp Fshaft PD chaft = 3465.6328-kip
Check_Axial Strength = |"Insufficient” & Pp .0 < Pp

"Sufficient” otherwise

Check_Axial_Strength = "Sufficient”

«| Pile Design - Axial Capacity
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«| Pile Design - Torsional Capadity

Check Torsional Capacity of the pile

Input

Area of pile
FPerimeter of the shaft
Longitudinal Reinforcement

Mumber of Longitudinal Bars

Yield Strength of Longitudinal Reinforcement
+

Longitudinal Steel Area

Hoop 5teel
Hoop Steel Area
Hoop Steel Diameter

Spacing of Hoop Steel
Yield Strength of Hoop Steel

Center to center distance of Hoop Steel legs

Peorsion = 0-8
Threshold Torsion
o
Tﬂ]_f h ]_d — f_psi I‘*-:E-':'p _J'l
2500 I:'Si I:'EP
+

WNeglect Torsion = |"Yes" of d}tnrsinn' Tt‘t]:eshnld = Tu

"Mo"  otherwise

Cracking Torsion

fo2n
f AT
Ty =4 [—psi| —— |
sl I"\. IJEP _;'I
Nominal Torsional Strength
12
A= |_|dh_:I

Ap=Ap, op_steel

244

.2
Acp = As = T84-in
F’cp = 4-:15 = 112-in
nlong = 16

Ey_long_steel = 60-ksi
2

Alﬂng_st&&l = lin

.2
Ahﬂﬂp_st&&l = 03l-in
dhaop_steel = 0.623-in
*hoop_steel = 13

£y hoop stest = 90ksi
d, = 24375in

WNeglect Torsion = "No"

T, = 129333 -kap-ft



,
A= 0314n"

B = 45deg . 8 — 0785
T ""%'n"ét'f}-'_hnnp_steel

n torsion

ot #) e
*hoop_steel T, torsion = /36-734-kap-ft

Check Torsion Shaft = |"Insufficient” T, (on= Ty

"Sufficient” otherwise

Check Torsion Shaft = "Sufficient"”
«] Pile Diesign - Torsional Capadity
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Design of Concrete cap for jet-grouted pile

Fole

Ahchar

/_ Bolt

Concrete
Fole Base Flete o Cap 4

i

L Jdet-Grouted —

Ple

Connection
(with Fipe?

Connection

(without Fipe?

Figure C-2. Three dimensional view of concrete cap — pile connection

Forces and Moments during torsion test:

M, = 320kip-ft I\{y = 360kip-ft

Vy = 0.6kip "v’}, = S.6kip
Input:

#AnchorRods = 16 dpq = 13in

Diamete:rbas eplate = Jin

Diamﬁtﬂfbnltditle = 43in

. 2
#AnchorRods Diametery, ojicircte
Lod group = 3 Aerpssrod 3
Lo d.group

s =
rod.group Diametery, i civcte

2
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M, = 118kp-ft

V, = 16kip

2
Agrossrod = ;{dmd}

4

Lyod group = 633491in

3, = 303 .9-:'113

rod. group



Design of Anchor bolts:
A) Bolt load

1} Using the approach given in FDOT MastArm v4.3 program

a) Using AASHTO anchor bolt C5SR calculation

AASHTO 5.17
3 .2 _
|_l"-.-1x:l + |.Mz:' C,=1 _
M., = {3— M., = 341.1-kap-ft
a
. { l""'Icsr H" . , _
Throd =| 5 ."j"g;rnss_md T, yod = 23.8-kip
| “rod group
; . Ly 2 i _
Vesr =, |_ﬁ' x:' + I_" 1:' Vegy = 16.0-kip
'1.r | :'r.i‘r-\:l
Csr ;
v = + — — L' = 205k
urod #AnchotRods | Dim“erbaltc;i:clew'. urod P
| |-#AnchorRods
L 2 J
. \ 2
{ 09743 7
Apetrod = % drod — 1 | Apetrod = 12410 AASHTO Eqn 523
;k n j
T
urod
f =— f = 19192 k=i
trod ; trod
A‘net.md
v
urod
f.. = — f.. = 16563 k=i
v.rod _ v.rod
"\‘net.md
F}, rod = 33-k=i
Firod = D'j'F}-'.md Fi rod = 27-5-ksi AASHTO Egn 521
Forod = Djf}-‘.md F. rod = 16.5-ksi AASHTO Eqn 522
T a
lrf f H'ld- |"-' f . -
CSRpq = | Lrod |+ = fod | CSR,q=08435 AASHTO Egn 5-24
.‘h1.33-Ft_de, '~51'33'F‘-'.mdj
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b) Using the AISC L RED Code, 2nd Edition

(Design of bolts based on "Design Guide for Steel to Concrete Connections by Cook, Doerr &
Klingner) (Research Report 1126-4F by the Bureau of Engineering Research at the Univ. of Texas

at Austin)

Turodold = 13 Tured Tirod.otd = 3094p

Vurodold = 13 Viurod Vurod.old = 26-7kip
- 2
_ s God ) _ 2
Anet rod.old = 0737 | Anetrod.old = 1531
2 )
Forod = kst
T =1 -F .
srod = “netrod.old Furod T, 0q = $94-Kip
. Bl
0.5 (property of T Jr 2 (Yared |’ 0.75-T 67 0.k
= nrod = |‘zrod T | S lpred = B/HP
embedded rods) [
(if greater than actual rod tension, bolts are OK)
T
rod.old
PR 4= — PR, 4 = 0436
0.73-Th rod
II} Using ACI 318-08
Steel strength of anchor in tension (ACI 318-08, D.5.1):
The nominal strength of single anchor in tension:
Nsa = Anetrod Furod Nsa = 929874ip ACI 318-08. D.5, Eq. D-3
Y 32 e e load factor based on ACI
e I A 318-08. Appendix C.9.2
oM )
Tubolt = | 3 .""""g:mss.md Tubolt = 39-T-kip
| “rod.group )
D epsion = 0-8 ACI 318-08. Appendix D.4.5 Brension V5 = 74.39-kip
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Check_strength m tension = |"Sufficient Strength” o dy 00

"Insufficient Strength” otherwise

Nsa 2 Ty, pote

Check strength in tension = "Sufficient Strenzth"
Steel strength of anchor in shear (ACI 318-08, D.6.1):
The nonimal strength of anchor group:

Vsa = ='_‘m':hMRDd5'D'ﬁ"'l!'-ngt_fnd'l:‘u.rnd Vsa = 892.670-ip ACI 318-08. D.6, Eq. D-20

(1.7M )
WV =17V + - — - .
1.total VT L — ' = i load factor based on ACI

{ DHameter - Y "u.tutal 558368 -fap 03
! boltcircle | 318-08. Appendix C.9.2
I\.‘_ 2 _,ll

A ACI 318-08. Appendix D.4.5 bopaqr V52 = 669.51-kip

Check strength in shear == |"Sufficient Strength” if d}shea:'ﬁ'rsa = ‘i'ru.tntal

"Insufficient Strength"” otherwise
Check strength in shear = "Sufficient Strength"
B) Pullout strength of anchor in tension (ACI 318-08, D.5.3).

The bearing area will be provided by welding a bearing plate at the tip of anchor bolt in
accordance with American Welding Society code (AWS 01)

Met bearing area for bearing plate (ASTM A36) Reference: FDOT Design Standard Index

with a diameter = 3.1 in Mo: 17515
(2 2.2 ,
Aprg = 77317 - 157in Aggg = 5781
f, = 5000psi

Pullout strength of a single headed bolt in tension

Ny = SAp L

2
1
(%]
]
Eu
o
&,
b=

L op =1

Mominal pullout strength :\Pﬂ = 1L‘|:p'}“p pn

2
Il
(%]
i
Eu
]
B
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Pputiout = 0-53 Pputtout Npn = 196538 kip

Tensile force on single anchor T

wholt = 30.663- 1\'11‘.'!

Check_pullout_strength = | "Sufficient Strength" i dy 000 "‘Ipﬂ = T, halt

"Insufficient Strength” otherwise

Check _pullout strength = "Sufficient Strength"

C) Concrete breakout strength of anchor in shear {ACI 3718-08, D.6.2)

60 In
i 56126 n |
'ﬁ-.H\\ I J—J in
A
L s
45,73 In "] 56126 1In
8.68 in —!
H:f:-ﬁ _ 0:;/ ~—Bolt circle , dia =43 in
“Dla, 50in
Z8 |'|
Figure C-3. Concrete breakout failure of anchors in shear
a1 = 3.68in

-

o
_'-I|f|.ﬁ||r|:.':I = -I-jllal _'-I|f|.ﬁ||r|:.':I = 339[’-]-1111*

There is group effect of anchors as shown in the above figure

Therefore:

i Bl
Ay, = 4(43.T3in15¢) Ay, = 2382 % 10in”
L= 8d 4 A=l = 124n

'rf Le H" o dm H" .
V=17 Vi, = 23.408-kip ACI 318-08, D.5. Eq. D-22
\&oa) psi L in )
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1'-\:‘.’ =14

1'|JEI:.1|-r =10
'1|.1Ed1.r =10
'll."h'1.r =10
fri Ave H"
cbg = | —_ﬁww."‘bec‘-"1L‘ed‘-"1bc1"1bh‘-""b ACI 318-08. D.5. Eq. D-22

Vepg = 231.086-Kip

"rcbg_pa:allel = 2"‘rcbg

Vebg_parallel = 4621738p 40y 37808, D.6.2.1
Torsional strength:
_ . (Diameterpqcircle |
Tmsmnn_breakout_.'—"a.ﬂl = Ycbg_parallel’| 3 )
Tmsmnn_breakout_ﬁﬂl = §28.06-kup-ft
Poreakout = 0-83 ACI 318-08, D.4.5

Phreakout Tmsmnn_breal:out__'—‘i.ﬂl = 103.831-Jap-fr
D) Side-face blowout strength ACI 318-08. D.5.4

5.5
Nsp = 160y fAprg Lo Pl Ny, = 236.107-kip

H13in

spacing between anchors s =

h

For multiple headed anchors:

I

. ]
Nshg =1+ P [Nty N

\ al /

cbg = 261554 kip

0.83 ACI 318-08. Appendix D.4.5

B¢ blowout =

+
d}t.hlnwnut'}lshg = 122.321-kip
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#AnchorRods
I'u.ru::n d 5 I'u.tu:utzil

L

T

wtotal = = 190.361-kip

Check_strength in sideface blowout = |"Sufficient Strength"” i d*t.blnwnut'}lsbg = Tu.tntal

"Insufficient Strength”  otherwise
Check _strength in sideface blowout = "Sufficient Strength"

E) Concrete pryout strength in shear ACI 318-08. D.6.3

Actual  H_ = 25in
From the figure shown below Cayp,, = 22.17in Capyy, = 8.68in

Max. spacing between anchors Sinch = J6lin

A f".:’ff.a’x

] FLAL A
.l'" ol il 1“‘-- J, Fa

b

= B.E:B In

ke

22.‘1? in ,r/ ’-r Ipf o = ,/

K
b
&
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o
P
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P
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Figure C-4. Concrete pryout failure of anchors in shear

As all the edge distance are less than 1.5 h;

(s Ca.. )

Therefore g = max <o T p i ACI1808. D52
L 5 )

Py =10

‘1|JE|:N- =10
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C

’ll."Ed_'\I =07+ 03 ’ll."Ed_'\I = 0876

hef

1"1':133‘1 =10

Basic concrete breakout strength of a single anchor in tension

_ kc =M
I-" 7 "".I I..-'h f*-\.ll 15
}-Ib = kc-}\-: f—c |-Tbf-| = | ACI 318-08, D.5.2.2. Eq. D -7
Lo psi) Loin J
}-Ib = 06.420-kip

Projected concrete failure area of a single anchor with edge distance equal to or greater than
equal to 1.5h_¢

-

-
Arjeg = Fhp Aryog = 1966.036-in ACI 318-08. D.5.2.2. EQ. D-6

Projected failure area of group in the present case:

.
Ay, = 49.66in-60in Ay = 20796:in"
. ANe .
Nl:bg = r'wec}lqbEd_"l'1bec_‘1'1bcp}l'jqb Nu:bg = 128.047-lap
“Neo
Concrete pryout strength o
ch =2
Veng = Ean Nap . . .
pg- Teptchg "n:pz= 256.094-kip ACI 318-08. D.6.3.1, EQ. D-31
d;t_pr}__nut = 0.83 ACI 318-08. Appendix D.4.5

bt pryout Vepg = 21768-4ip

Ty total = 190361-kip

=T

Check strength in concrete pryout = |"Sufficient Strength” d’t_pn-'aut' 1.tatal

v cps
"Insufficient Strength” otherwise

Check strength in concrete pryout = "Sufficient Strength"
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Reinforcement for concrete cap

A) Check Flexural Capacity of cap

Central section of the cap is considered fo check flexural capacity

Longitudinal Reinforcement

Yield Strength of Longitudinal Reinforcement £ steel = O0ksi
-
Longitudinal Steel Area A ey = lin”
Mumber of tensile rebars (#9 bars) Npar tensile = 6
Concrete strength £, = 3000psi
PRemure = 07
Calculations Using ACI Stress Block
Bylf.) = |85 if £, < 4000psi Bylf.) =038
63 if £ > 8000psi ACF318 10.2.7.3
(£, — 4000psi)
85— 05| ———— || i 4000psi = £, = 3000psi
1000psi P £ P
\Mpar tensile steel'fv steel :' 2
Acomp = — 'Sj'_fc — Acomp = 34.706-in
A
s a=3320in
24in
dpars = 2623in
|"f aﬁ'l :
My cap = Pflesure Pbar tensile ™ steel Ty steel’| dbars — ;_,-' My cap = 861103 Jap ft
My cap = 17max(M. M) My cap = S44-kipft
Flemure Check = |"Insufficient” if }"{n_:ap = }"iu_cap Flemure Check = "Sufficient"”

"Bufficient" otherwise
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Minimum flexural reinforcement ACI 218-08, 10.5.1

+ -
I..f fc H‘|D:I
3 — | psi-Mindy

\ 2

A s min = P/ A_s min=22Tin
f}-‘_steel
.
A_s tensile provided =mnp 0 toncie A ctag A s tensile provided = 6-in” 0K
B) Nominal torsional strength of cap
Hoop Steel
.
Hoop Steel Area _-‘-Lhnnp stes] = 031lin"
Hoop Steel Diameter dhmp stee] = 0.623in
Spacing of Hoop Steel Shoop_steel = 4 46in
Yield Strength of Hoop Steel f}___hmp_steel = Hlksi
number of hoop steel per section num = 4
Center to center distance of outer Hoop Steel bars dy, = 34in
Prorsion = 0-73
2
Ay = (33.375in)
.2
At = Apgop_steel Ap=03Lin
A, =085A
8= 43deg A b= 0,785
) oMy _hoop  steel
Torsien, = = = -cot] B} . o 3 e
Shoop._steel Torsion, = 3.366 « 107 -kip-ft

Peopeion L orsion, = 2524.7-lap-ft

Torsinnu = 1.?'-'."»-1"_.

Check _Torsion cap = |"Insufficient” -Torsion, = Torsion;

i Piorsion
"Sufficient” otherwise
Check Torsion cap = "Sufficient”
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Shear check for cap section

:"‘- r
Shear force Shear = — Shear = 240-kip

28

Shear Capacity of the Concrete

f
V=2 /p—:i-psi- 14in-36in V, = 71276-kip

Shear resistance provided by shear reinforcement

A = 2-0306in" spacing = 3.03in d =237 £, = 60ks
Af,d
= — v, = 285.934-kip
spacing
Shear Capacity of the section
d)sr = 083
Vn_section = PsriVe + Vsl
Vi section = 303-620-Kip
Vn_section > Shear
C) Anchor bolt embedment

dyertical bar = Yhoop_steel = 0:62310
Developement length for vertical. reinforcement (#5 bars)
Te=10 ACI 318-08 12.2.4
T, =10

'IJS =1
A=10 rRr_ss

dlnng
1 (3| f}-‘_steel 3 Ty T Tyl 4,
d= |1 0 | “vertical by
40 £ (Cb+ K| | VEHEEoE ACI 318-08 12.2.3
Ch[—psi || g |
| psi J \ ].Dﬂg J
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730 [ fj,-'_steel 3 (Tl Ty)

ly=|1—1 s ly=13%1-in
4=\ 1) r 23 d\ertical bar d
| A |—-psi |
\ ps1 y,
Anchor embedment length.l_ ;..
E’tnp =3in (clearance between top of vertical reinforcing steel and top of foundation)
Sanchor = 9-3673in  (horizontal center-to-center spacing between anchor bolt and vertical rebars)
1 chor = ld +C + 38 ch . . s et
anchor top © “anchor (NCHRP report 434-Structural supports for Highway signs.
S Luminaires and Traffic signals, 2.4.5.5, Eq.6)
Linchor = 24-277-in
lanchnr_pmvided = 25in
Check_embeddment = |"Sufficient” if lanchnr_pmvided Z Lnchaor
"Inufficient”  otherwise
Check_embeddment = "Sufficient”
Clear cover

Clear cover to reinforcement provided for all the exposed sides of cap is 3 in as per FDOTs '
Structures Design Giudelines for Load and Resitance Factor design”, 2002, chapter 2,
cosidering the site condition as " moderatively aggressive”.

Check for grout strength (Cementitious grout)

Tension on the cap due to factored Bending moment

ZAnchorRods S,
Tucap = Tubolt 5 Ty cap = 3173 ap
Grout-concrete bond resitance (Ny 4]
plastic grout to hardened concrete bond strength T, = 10ksi

Area of grout-concrete interface transferring tension to pile

2 - -
Apond = 30.373in-28in Ay ond = 8305-in” {Dﬁe_pn'e-cap interface _
considered for area calculation)

M =T -A M = 161585 _
bond bond bond p —
o o ben o Pbond = 083 Ay 318-08. Appendix C

Phond Vhond = 1373-3537-kap

257



Tu. cap < d}bnnd'xbnnd QK

Tensile strength of grout

Tensile splitting strength of grout £, = 0.5ksi

Tensile strength P=1f Ay 4 P=42325kp ;=09 ACI318-08. Appendix C
P oyoqr P = 318.938kip Tycap < Pshear? OK

Shear strength of grout

Unit shear strength of grout s = 03ksi  (Considered minimum of the values reported
by Moosavi et al. (2003) and Issa et al. (2003)
for a portland cement grout @ 0.5 w/c ratio)

Shear strength 5=52A4,14 8 =35103-kp Debear, = 0.8

P opegrS = 433.735-kip

Tucap < | Pshear 8) oK
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APPENDIX D: PREDICTION OF SKIN RESISTANCE OF DRILLED SHAFT

Prediction of Skin Resistance - 18 ft long x 4 ft diameter Drilled shaft (TS2)

»
1] EL: 0.0 ft
/NN 4 NN

CL, Ymoist = 114 pcf,
251t Cu = 620 psf. ge= 25 ksf
EL:-25 ft

SP-5M

Drilled shaft Ymeist = 115 pcf
Neo =7, ge= 53 ksf

EL: - 6.0 ft

3o ft

4 ft diameter

i

=SP-5M
"'i-"mai51 =110 FIC.f
6.5 ft Meo = 3, qe= 47 ksf

1 WT EL:-10.0 ft
?551 =110 FIC.f:

Meo = 3, qe= 47 ksf

¥ EL:-125 f

SP-5M
55 ft Y=zt =121 pef
Meo =9, go= 141 ksf

y EL: - 18 ft

Figure D-1. Soil properties for the skin resistance prediction of TS2
Shaft diameter D=4f

1) Depth dependent BETA () method or O'Neill and Hassan method
(Ref FHWA 2010; Drilled shafts: Construction Procedures and LRFD DEsign Methods)

For sandy soils:

f g = 0

fery = nominal unit side resistance

p = side resistance coefficient

B=15-01334/Z for wN_ =13 025<P<12

B=(15-0135+Z) N6 for N 215
P=ila—Ulad- F Nep = J
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For clay: fS}I= o Su Coefficient e« = 055

Calculations:
i) Skin resistance due to top 2.5 ft (EL 0.0 to -2.5)
5, =620 psf
fong =8y fgyp =340 psf

(7-D-2.5-fgpyq )

= = 10713
Qs1 1000 Qs1 P

if) Skin resistance from EL -2.5 to -6.0)

Ngp =7 Z=425 #£
&, = 25114 + 175115 o', = 48625 psf
:  Ngp
B=115- 0_135.\(2:..T 3= 057
b
fsng = o'y P foxp = 277222 psf
Qs = (r D35 0) oo Qg = 12193 K
= -3 0 o -1
= SN2/ 1000 52 P

i} Skin resistance from EL -6.0 to -10.0)

ﬁm:= 3 Z=1 ft

Too= 23114+ 35115+ 2110 o/, = 9075 psf
. . Ngy .

p=1{13- D.IBJ-\E}-F A=0373

fopyy = 0P fipgy = 338244 psf

Qg3 = l-w'D'J"fsm}'Fluu Qg3 = 17.002 kip

i) Skin resistance from EL -10.0 to -12.5)

Neo.=3  Z=1125 ft ~gy =110pef  ~g =624 pf

W= Year ~
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H;“: 23114 + 353115 + 4-110 + 1.25~41" o', = 1187 psf
p={15- 0.135-\3'2}-}@ A= 0349

) 13

- 'J = i 1 ri "
QS-I- = |ﬂD_'ij}I-|-:Im QS-I- = 13.017 kip

v) Skin resistance from EL -12.5 to -18.0)

MNen =9 F=1527 ft ~ = 121 pcf .
ookl - 'satd P 2= Ysat) T lw
H;‘-.i.-: 25114 + 35115 + 4110 + 23 ~1" + 27542 o', = 140763  psf
p={15- 0.135-\3'2}-}@ B =0.3584

) 13
fSNj = Cl'r‘.'|3| fSNj = 821624 pSf

. s 5 i 1 = a7 "
Qsi = |ﬂDjij}Ij:lm Qsi = 56.787 kip

Total Skin resistance:

Qg = Qgq + Qo + Qa3 + Qag + Qg5
QE = 100711 ap

2) BETA (p) method with separate evaluation of K and & (Rational Method)
(Ref FHWA 2010, Drilled shafts: Construction Procedures and LEFD Design Methods)

For cohesionless soils:
f's'_\l' = |3|'C|'r“.

£ oo 3 5in(9)
B=(1-sin(d))- |  -tan(d) < K, tan( )

'xhcrva,.'

p at depthlessthan 75 fi=pat 7.5 ft

= 047 Ngg | "-pa pa = 2116 psf
i« -f'".l
[ r 32

Kp=.tan:=l-i+E: |
oo 20

m=108 for sandy silt to silty sand
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Calculations:

i) Torsional resistance due totop 2.5 ft ( EL 0.0 to -2.5)

Sg= 620 psf
forgp, = o5y forgp = psf

|7-D-2.5f Q. =10713 K
s N1 To s1 P

i} Torsional resistance from EL -2.5 to -6.0)

Neg=1 Z=425 ft

Here z less than 7.5 ft and therefore use f corresponds to 7.5 ft

oo 5 = 25114 + 35115 + 15110 &7 5 = 8325 psf

i = 31 (Degree)

-'I -
-:I} x| A
=t =314 tan -— | = 1.877
L IGRE T ] B el 5
LI AT 4 10 P AT
Tp = 0.47-{Ngy) -pa Tp= 4717283 psf
I .
) dh— |
- -~ "-' ] H'I I.\ 1SI}J - -
! { x Crp { ™ { b3
Ew:— 1 - sin dpr-— - tan| - — :__I(p-t th-—
L L 180, T 54 ) . 180, \ IS[U
B = 0.703
H;“: 25114 + 1.73-115 o', = 486.25 psf
lfm":= Cl'rﬁ.'|3| fs}]'z = 34199 pSf
|".|1.' -D-3.5-fg Q.= 15041 K

it} Skin resistance from EL -6.0 to -10.0)

Nﬁﬂ'::j AZ:M:=S ft

5-114 + 353-115 + 2-110 o', = 9073 psf

%‘"

=31 (Degree)
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2
- |-— = 3124
o= m[ zj 190} %
D= 1}.4.’--{31&}}”“-13;1 = 3604039 psf
O™
¢|— |
I Foa (o) 180/ r
3= 11— sin dp-— | - ,1._
L - IE'I}_,U. | 151}th L 151}IE
B=03593
= [m-D4f ‘|.._1 Q=27044 ki
Rsa=1 N3 Ton0 c3=27.044 kip
iv) Skin resistance from EL -10.0 to -12.5)
.&‘ﬂvﬂh: 3 Z=11125 ft b= 110 pef = 624 pef
A= Msatl T T
H'M: 253114 + 35113 + 4110 + 125351 o' = 1187 psf
=31 {Degree)
- — = 3124
o m[ zj 150} %
7 ' oI
g 047 Ng) "pa p= 3604039 psf
.'"¢ =)
|"-' |'F Ly Yy 'II-.CI'r .‘"[ IS‘}J
3 = 11— sin dr— 1] d)—t d-—t
L L 180)) (o) 180 Kptan 180
B=0316
Fenga, = Oy P fany = 612851 psf
' _ n 1 N
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= Tsat) ~ T
psf

v) Skin resistance from EL -12.5 to -18.0)
Nep, =2 Z=1325 f laat,= 121 pef
H—:&a: 25114 4+ 35115 + 4110 + 25-~1" 4+ 2753~ o'y, = 1407.65
=34 (Degree)
.
« H'I =
Koo~ t (154 2]~ K, = 3537
\ 2) 180
] =T (1 ] STET TES
To= 0.47-{Ngg| -pa Tp = 5767765 psf
. #¢| m
= —
o P AT I )
| o wm N e i N A
&:= {1 —sin dpr— 1 — | tarn u:I)-—'.Kp-tan h-—1
b L ]_SDJIJI I‘-,\_CI-‘-_;‘I LY 1 i\ 13'}_,!' |3= I}ﬁj_l_
fon5 = 920966 psf
kip-ft

Qg5 = 63.633

f'smj =o, P
< = [mwD-35f _:._1
Total Skin resistance:
,g.s,.; Qg1 + Qgp + Qg3 + Qgy + Qs

QE = 135705 kip
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CPT Based prediction:

Shaft diameter D=4ft

1) Aoki and Velloso (1975)

fsi = q (2_18)

174
Fa

Table D-1. Aoki and Velloso’s a values for different soil types

Soil Tvpe a (%) Soil Tvpe o (%) Soil Tvpe o (%)
Sand 14 Silt 3.0 Clay 6.0
Silty sand 2.0 | Sandvsilt 2.2 | Sandv clay 24
Clavey silty sand 2.4 | Clavey sandy silt 2.8 | Silty sandv clay 28
Clavev sand 3.0 | Clayey silt 3.4 | Siltv clayey 4.0
Silty Clavev sand 2.8 | Sandv clavey silt 3.0 | Sandy silty clay 3.0

F,=6.0-7.0
Calculations:

i)} Skin resistance due totop 2.5 ft (EL 0.0 to -2.5)

q. = 23 ksf F}, =6 o= 006
|'Jc~¢ ™ _
7 2)
Qgq = (D255 Q =784 kip

it} Skin resistance from EL -2 5 to -6.0

.= 33 ksf Al':.,&.: 6 o= 002
|’fc¢ ™
fony = — |2 fanp =017 kst
1 Fj
W
Qg = (7 D-3.5£g) Q=777 Hp
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i) Skin resistance from EL -6.0 to -10.0)

A..= 47 ksf .-E&-:: o= 002
o o
Nl

iv) Skin resistance from EL -10.0 to -12.5)

A..= 47 ksf .-E&-:: ] o= 0.02
{ o 3 o
L2
L
Qg = (m-D-23fgyy) Qgy=4922 kip

v) Skin resistance from EL -12 5 to -18.0)

A..= 141  ksf .-E&-:: 6 o= 002
o -
Ll
W
Qg5 = (mD-5.5fgys) Q5= 32484 kip

Total Skin resistance:
Qg =Qg + Qg + Qg3 + Qgy + Qg5

Q. = 60.903 kip

2) LCPC Method

fuo=—2 (2-19)
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Table D-2. LCPC Friction coefficient

Nature of Soil a/Pq Picre Maximurn /P

1A IB 1A 1B
Soft clay and mud <10 30 30 0.15 0.15
Moderately compact clay 10to 50 40 80 0.35(0.8) | 0.35(0.8)
Silt and loose sand <50 60 150 0.35 0.35
Compact to stiff clay and compact chalk >50 60 120 0.35(0.8) | 0.35(0.8)
Soft chalk <50 100 120 0.35 0.35
Moderately compact sand and gravel 50to 120 | 100 200 0.8(1.2) 0.35(0.8)
Weathered to fragmented chalk >50 60 80 1.2 (1.5) 0.8 (1.2)
Compact to very compact sand and gravel >120 150 300 1.2 (1.5) 0.8 (1.2)

Type IA — Plain bored piles, mud bored piles, hollow auger bored piles, cast screwed piles, piers,
barrettes, and micropiles installed with low injection pressure
Type IB — Bored piles with steel casing and driven cast piles
P, - reference stress = 100 kPa. (Bracketed value is used only in the case of careful execution
and minimum soil disturbance due to construction)
pa =212  ksf

Calculations:

1) Skin resistance due to top 2.5 ft (EL 0.0 to -2.5)

9. 25 ksf
ratio = — ratio = 11.782
pa
o1 cpC = 40
e .
fsa'] = fs'_\;l = (625 ksf
“1CPC
Fonr
N1
norm_skin = norm_skin = 0293
pa
(g&k: I_W-D-E.i-fsxl::- Qg1 = 19635 Wp

+
i} Skin resistance from EL -2.5 to -6.0)

9. 33 ksf
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. Qe . N
ratio = — ratio = 23
I:IE.
f9.6pG.= 90
d.
forng, = fonp = 0883 ksf
o7 CPC
fann

norm skin = norm skin = 0417
AR -

pa

Greater than 0.35, therefore,

ferp, = 0353-pa

Qp.= [m D354 Qg = 32635 lp

it} Skin resistance from EL -6 .0 to -10.0)

95.= 47 ksf
m: ; ratio = 22.17
o CRGS 60
f = c‘chC fopgy = 0.783 ksf
CPC
fans

norm skin =
AR

norm skin = 0369
pa B

Greater than 0.35, therefore,
Fergs, = 035-pa

i) Skin resistance from EL -10.0 to -12_5)

.= 47 k=sf
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q.
ratip = — ratio = 22.17
WY pa
LaRG.= 80
Q.
f = fongg = 0.783 ksf
1 CPC
fany

norm skin = norm skin = 0369
AAAAAAIRAA A -

pa

Greater than 0.35, therefore,

fonqa, = 033-pa

gi = |".l1.'D2.ijN_|_:' Q54=33-311 kp

v) Skin resistance from EL -12.5 to -18.0)

.= 141  ksf
q.
ratip = — ratio = 66309
WY pa
LaRG,= 100
Q.
f, g = fS}Ii =141 ksf
1 CPC
fans

norm skin = norm skin = 0.663
AAAAAAIRAA A -

pa
Less than 0.80, therefore, no change

Qus.= |.ﬂ.D.j_j.fSNj.:| Q.5 = 97452 Hp

Total Slan resistance:
3&3= Qg1 + Qg + Qg3 + Qgy + Qg5

Q. = 21033 kip
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3) UIUC method (Al

samman 1995)

Table D-3. UIUC equations for unit skin friction

Soil tyvpe

Ultimate unit skin f; (tsf)

Gravelly sand / Gravel

f:=0.02g. for g, =50 tsf
L=00019g+09=14 for g, =50 tsf

Sand / silty Sand

f£=0.015¢g, forg. =50 tsf
fi=00012g+07=<10 forg. =50 tsf

Clay

£=0.023 (g.- 6,) =0.9

Calculations:

1) Skin resistance due to top 2.5 ft (EL 0.0 to -2.5)

9g,= 123 tsf
114
ov = 125—— av = 0071 tsf
2000
fangp, = 0.023-{q, - ov) fopgp = 0286 tsf
Qg = (D256 )2 Qg = 17961 kip

i) Skin resistance from EL -2.5 to -6.0)

.= 2635 tsf

fﬁ?ﬂ = I}.I}li-q_c

fs'_\;z = 0397 tsf

-2 Q. = 34966 kip

it} Skin resistance from EL -6.0 to -10.0)

.= 233 tsf
fanga, = 0.015-q, fonpy = 0353 tsf
Qez, = (D43 )2 Q.3 = 35437 kp
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iv) Skin resistance from EL -100to -12.5)

a5= 235 ksf
fsm = I}.I}li-q_c fS}H- = 0333 tsf
m:= |7T-D-2.i-fs}u~:l-l QS:I- =22148 kp

v) Skin resistance from EL -12.5 to -18.0)

a5= 705 tsf
fongs, = 0.0012-q, + 0.7 fopgs = 0.785 tsf
Qes.= |.7T.D.j_j.fs}lj.:..'_,‘l’ Q.5 = 108.455 lap

Total Skin resistance:
Re= Qs+ Qaa + Qo3 + Qg + Qg5

Q. = 218.968 kip
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APPENDIX E: PREDICTION OF TORSIONAL RESSITANCE OF DRILLED SHAFTS AND
JET-GROUTED PILES

Prediction of torsional Resistance of TS1 (12 ft long x 4 ft diameter Drilled shaft)

1ft]

AN 4

251t

9.5 ft

y

T54
4 ft diameter

EL: 0.0 ft

VNN
CL: "'i-"mai51 =115 FIC.f:

Cu =620 psf, gz = 18 tsf
EL:-25ft

SP-5M
¥ =113 pcf
Meo =4, gz =26 tsf

EL: -10.0 ft

EL: -12 ft

Figure E-1. Soil properties for the torsional resistance prediction of TS1
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Shaft diameter D=4ft

1) Depth dependent BETA (i) method or Reese and O'Neil method
(Fef FHWA 2010; Drilled shafts: Construction Procedures and LRFD DEsign Methods)

For sandy soils:

fan=0oyP

fcpy = nominal unit side resistance

p = side resistance coefficient

B= 15— 0.135+/Z for N =13 025<B<12
={15-0135F)— I 215
B=(15-0135+Z} - for Nz 15
For clay:
fon= 8,
Coefficient oy =033
Calculations:

i} Torsional resistance due to top 2.5 & ( EL 0.0 to -2.5)

5,=0620 psf
fs'_\;l = N S'L'I. fs'_\;l-= 341 I:ISf
D-2.5-Fens I D)
D235 -1 — 1|
{7 N 1_:' 2

T, = T,y = 21426 kip-ft

1000

it} Torsional resistance from EL -2.5 to -10

Ngg =4 Z=625 ft
o', = 25115 + 375113 o', =T1125  psf
. Neo
A =llj—[r13j-\.li'}-T A =031
2
fs'_\;z = Cl'r‘.' |3| fs'_\;z = 220488 I:ISf
T (-D-75Fensy ) (D) _t T, = 41361 kip - ft
= - -0 - o — o — -_— . —_—
s2 | SN2, L2/ 1000 s2 P
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iii} Torsional resistance from EL -10 to -12

Ngo,= 4 Z=11 f
= 25115 + 75113 + 1:(113 - 62.4) o, = 11856  psf
3= (1.5 - 0.135-Z) Y60 A= 0281
B=IL : T 2
f‘SNB = Cl'r“.'|3l f‘SNB = 332.681 pSf
T.: = (wD2fangz ) (D).t T..= 16722 Lip- fi
= (=-D-2- {12} — 16712 kip —
53 . S}IB I'-\_-—Jr_,'l ].DI}D 53 p

Total Torsional resistance:

TS = TS]. + T52+ ng

T, ="T79.7109 kap — ft

2y BETA (p) method with separate evaluation of K and & (Rational Method)
(Reff FHWA 2010, Drilled shafts: Construction Procedures and LRFD Design Methods)

For cohesionless soils:

fs'_\,‘l' =3 Cl'r“.

£or sl
p=(1-sin(g)| 2| tan() < K tan()
|“-U'1|-J|

f at depthlessthan 75 ft=pat 7.5 ft

= 0.47-(Ngg ) "-pa pa = 2116 psf
i -"H'I
[ 7 32
Kp=.ta.n:=l-i+$: |
oo 270
m=08 for sandy silt to silty sand
Calculations:

i) Torsional resistance due totop 2.5 f ( EL0.0to -2.5)

Sg= 620 psf

fengp, = o8y fory =341 psf

DY 1

T, =214 i
2/ 1000 5l P
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i} Torsional resistance from EL -2.5 to -10.0
Nen =4 LZ=625 f

o 75 = 25115 + 5113 T

fp =20  (Degree)

2
Kp w.n|: 45 + EJ ﬁ:| Kp = 2882

o’y = 0.47-{Ngo)"-pa o’p = 3014821 psf
o
sin] ¢ |
L 180
i |'r' ."' Ly '\I“'I 'r cr'p .\l N J |'I-' o \'I
B= i1 i dfp— | |- -tan:ld}—}Kptan}
L \_ I.S‘}_,ll_,ll Ur 'I :'_,u'l LY I.Eﬂ_,ll
A= 0527
.E:Wu = 25115 + 3.75-113 o, =T1125  psf
1 D-7.51 |I (D) } ! T 70.631 kip — ft
= [ 2 - . _
Sa2 SN2/ 1000 =2 P

iti} Torsional resistance from EL -10 to -12

E-‘Jéﬂf 4 Z=11 ft
H'M—EJ 15+ 73113+ 1113 - 624 o, = 11856
=29 (Degree)
2
.!sp«- - K‘p = 2882
2; 180
= AT o = )
Gl 047{Ngo) ™pa p= 0B pst
. _'" m
Sjﬂ_l m 1
. Ir N p“'l ~ 7y x ) s 3
3= in dp-— | |- — -ta.n:d)—}KPtan:d—}
'\. o 1800 C"r v) \ 180 \ J
B = 0449
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m:: Cr"'_-|3 fS}H = 332307 psf

*D‘\ 1

|’.I1.' D-2-f
= sn3 ) .2/ 1000
Total torsional resistance:

.-\.-{:ﬁ.'-:= TS]. + T52+ T53

T, =118.813 kip - ft

3) FDOT Re-revised OMEGA method
(Eef FDOT Structures Mamual, Vol 9, revised in January 2013)
{ [}“l .*[}“-.: DN

I'— D-L-F_- + — 1 L 4—1
n 5'3‘_,.J ﬂ,jj fcnnc,‘hgjll"'

Fs = 0'1'_- i'afdl:lt fgr 5a_nd

T clay
p = tanj I:I)s-:uil\:'

1. ( \Ih\l
- '_'I
Wrdot = lj ,.-'
Calculations:

i) Torsional resistance due to top 2.5t ( EL0.0to -2.5)

ﬁw: 620 psf
fongy, = o8 fogpgg = 341 psf
D25} 2]
-
: " 5\11:‘,3), T, = 21426 kip - ft
B 1000 s1 = <48 5P

it} Torsional resistance from EL -2.5 to -10.0)

§-J

}Iﬁu =4 ZLZ=0613 ft

H;M-: 25115 + 3.73-113 o', = 1123
Moo

fm=ﬂ'1‘ ljl?-},l fs}]l=23-|-:l ]_‘_'Ill',f

(DY
= (m=D7 :fﬁﬂ <1000 T.,=53627 kip-ft
2)° 2

§u
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iti} Torsional resistance from EL -10 to -12

Neo,= 4 zZ=11 £
H;M:: 25315+ 75113+ 1(113 - 624 o, = 11856  psf
(Neo|
T.. = (wD2f }-’rEH‘--—l T..=23838 kip-fi
.'\Nﬁﬂ\" L = SN}. ;'-,_-—':'r_;‘l- ].I}DD 53 - p
Total Torsional resistance:
T.=Tg+ T+ Tgg T - 08801  kip-#
Torsional resistance due to tip:
L=18 ft  ~gpe =130 pof  dhooy = 28 (degree) p = tan[_dysnﬂ-w - ISI:I'::I po= 0534
a
(DY" (D . ,
T = ™ ?J 'L'ﬂfmnn:'i ?,JI-L = 1000 T, =25076 kip-ft

Total torsional resistance: Ty =T +T, _ kip-ft
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Prediction of torsional Resistance of TS2 (18 ft long x 4 ft diameter Drilled shaft)

-~
1] EL: 0.0 ft
AN X N
CL, Ymoist = 114 pcf,
251t Cu =620 psf, qe= 25 ksf
EL: -2.5 ft
-~
SP-3M
35t TS2 Ymaist = 115 pcf
_ Meo =7, ge= 53 ksf
: 4 ft diameter WT . EL -6.0 ft
SP-5M
6.5 ft ?mc-iﬂ =110 FICf
Meo =3, qe=47 ksf
" EL: -12.5 ft
-
SP-3M
5 5 ft VYsat =121 pef
Meo =19, ge= 141 ksf
r EL: - 18 ft

Figure E-2. Soil properties for the torsional resistance prediction of TS2

Shaft diameter D=41f

1) Depth dependent BETA (i) method or O'Neill and Hassan method
(Fef FHWA 2010; Drilled shafts: Construction Procedures and LRFD DEsign Methods)

For sandy soils:

fSh-: J‘_':El

fcpy = nominal unit side resistance

p = side resistance coefficient +
B=15-0133+/Z for N z15 025<P<12
A= 5 - 33 . —_— I >15

= (15 - 0.135+/Z) - for Nz 15
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For clay:

fon= s,

Coefficient o= 033

Calculations:

1) Torsional resistance due to top 2.5 & ( EL 0.0 to -2.5)
5, =620 psf

fSNl = u-Su fSNl = 341 pSf
) L DY
- T,y = 21426 kip - ft

T ¢ =
s1 1000

i} Torsional resistance from EL -2.5 to -6.0

Ngg =7 Z=425 ft y=114  pef

o', = 2.3-114 + 1.75-113 o', = 48623  psf

p={15- 0.133-\;?,}-? A=057
3

fonn =o'y P fanp = 277222 psf

DY 1
T, = (wD35fann )| = -——  T.n=24386 kip - ft
s2=1 s/ 2 om0 &2 p

iii} Torsional resistance from EL -6 0 to -12.5

Neg, =3 LZ=925 f
Y =024 psf Veat] = 110 pef M=ol — Ve
T = 23114+ 35115 + 32541" o, = 8422 psf

3-—[15—0135-@?‘%-}1& [ = 0363
B=11 ) ) 3 .

fs'_\,l'a = Cl'r.".' |3 fs'_\,l'a = 303.833 pSf

279



DY 1
T .= (7D65Fcns )| — -——  T.x=40962 kip - ft
3= | sN3) 2 o0 &3 p

v) Torsional resistance from EL -12.5 to -18.0

Neo, =9 Z=1525 ft g = DRlpd 42 =0 - Ty
o= 25114+ 35115 + 6571 + 27542 o', = 115805  psf
3= (1.5 - 0.135-Z) Y60 B=0584
B=11 . ) 2 )
fSN-I- = Cl'r‘.'|3l fSN-I- = §73.036 pSf
T, = 7D 55 fany) (D) _1 T., = 93435 kip- fi

4= |m-D-35 Al —— 4 = D3 -

s4 =1 N4 3 ) To00 s4 p

Total Torsional resistance:

TS = TS]. + T52+ T53 + TS-I-
T, = 182208 kap — ft

Change in torsional resistance due to water table rise by 4ft
At=T_- 220 (110 kips x D/2; See appendix D)
At= 30792 lup - ft

2) BETA (p) method with separate evaluation of K and & (Rational Method)
(Ref: FHWA 2010, Drilled shafts: Construction Procedures and LEFD Design Methods)

For cohesionless soils:

fSN = |3l'C|'r1‘.

o  sinl )
p=(1-sin(@)| L | tan(4) € K tan(d)
Vv

pat depthlessthan 75 fi=pfat 7.5 ft

= 047(Ngy)™-pa pa = 2116 psf

s -||".l
| { ATl
KP=-1:EIIZ4-5+E: |

Lol 2]
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=08 for sandy silt to silty sand

A
Calculations:

i} Torsional resistance due to top 2.5 ft (EL 0.0 to -2.5)

Sg,= 620 psf
f =5
ehi u fangy = 341 psf

v D“-. RS
|71'D7]f T o, =21426 kip-—ft

i) Torsional resistance from EL -2.5 to -6.0
Mey =17 Z=425 f
Here z less than 7.5 ft and therefore use B corresponds to 7.5 ft
o

75 = 25114 + 35115 + 15110 o 75 = 8323 psf

ip == 31 (Degree)

-'I -
d} " A
=t =3124 tan! h-— | = 1.877
L IGhe T F I el 5
. — A7 (i ] — AT17
Tp = 047-{Ngp) -pa Tp = 47172835 psf
N
sl —— |
- wf e, ) :
A&:: 1_ sml d} l | | :.. p ta_-ﬂl d}l Kp [ l
Il. Il. ISDJII_,II 1 U",':‘_jﬁ_}.‘ Il. ISDJII Il. ISD_,II
@ = 0703
H;m:=lj-114-+ 1.73-115 o', = 48625  psf
m:= Cl"‘.' |3 fs'_\]'z = 34199 pSf
(w-D-3.5f ‘:.'DH‘ 1 T., = 30083 kip - ft
MﬁE«: SN2, \ 2/ 1000 s2 - P

it} Torsional resistance from EL -6.0 to -12.5)

I
=
(=]
wh
=

Nﬁl}::j n%-..:
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= 624 psf aathe= 110 pef ;{L: Vaatl —
T = 23114+ 35115 + 32541" o', = 8422 psf
=31 {Degree)
™
= |-— = 3124
o m[ zj 150} *p
D= 0.4.’--{.\160}”1-1:.;1 o' = 3604039 psf
Ty
¢| LR
1580
r TSN ”::r’p“'l J Fox
3= 1- p— |- — -tan dr— |, Kp
'k 'k 180 )} cr' v) . 180,
B =0616
*’D\ 1

iv) Torsional resistance from EL -12 5 to -18.0

I =0 L=1323 # aatl= 121 pef ﬂ%;:
T = 23114 + 35115 + 6341 + 27542
=34 {Degree)
2= = 3.537
o m[ zj 150} *p
D= 0.4.’--{.\160}”1-1:.;1 o'y = 5767765 psf
_'"¢ LR

( (x o) L 180)
3= 1—sin pr— || — '11—
o L ' 150}} . ufw[ \ 180 t Kptan)
B =073
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(o)

180

Teat? T w

.= 113803

d-—t

180

psf



fi::l = U"T- |3 fSN-I- = 84504 p5f

VDY 1
T g ={mD33forngqli — -— T4, = 11681 kip — ft

Total Torsional resistance:

A{ﬁ.ﬂ-:= TS]. + TS-_J, + ng + TS-I-

T, = 233.087 kip — ft

3) FDOT's Re-revised OMEGA (@) method (corrected for SPT)
(Ref FDOT Structures Manual, Vol. 9)

DY D\ DY

3) Fone( 3
Fo= 0y %rdot  for sand

Fse= oSy for clay

p= 'ca.ﬂl_|:|3~5,m-1_~:I
13 (N)

L = 137 — 1

“fdot L15)

Calculations:

i) Torsional resistance due to top 2.5 ft ( EL0.0to -2.5)

B,= 620 psf
f. =8, f.. =341 pst

. 1 [D) .
T1= I_ﬂ-D-E.j-fSE_}-; ?J = 1000 T, =21426 kip-ft

i) Torsional resistance from EL -2.5 to -6.0

}IED =7 LZ=417 1
H;m: 25114 + 1.73-113 o, = 486.23 pst
o Nep | .
FS]. =g, 1.};__ F_}J FS]. = 340373 pll'.f
<o DY .
Top = (D3SFg){ 5 =100 Tpp=20941 kiph
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it} Torsional resistance from EL -6 .0 to -12.5
Nﬁl]' =3 Z=5925ft b 110 pef = 624 pef

b= Tsatl ~ T

E:m.:: 253114 + 335115 + 32541 o, =811 psf
L (Neo) )
Fsz = Cl".' 1.3';&?)— Fsz =4211 I:Il'_',f

-
I

DY . _
T3 = (vD-6.5F ;)| 3)* 1000  T5=68792 kipft

i) Torsional resistance from EL -12.5 to -18.0)

Nao,= 9 Z=15235 & oo =121 pef 22 = Yt —

,.-5'.:.-::.;-.‘.: 253114 + 353115 + 6.3~1" 4+ 27372 cr','. = 115805 psf

(Nen
. | el |} 3
F53 = Cl".' 1.3';&?)— F53 = ].D-I-_J, - ].D I:Il'_',f
DY o

Ty = (wD-35Fg) 7 =100 T, = 14407 Lipft

Total Torsional resistance due to skin friction:

A= Tl T+ T3 + Ty

T = 264238 kip-ft

5

Torsional resistance due to tip:

L=18 ft eone = 170 pef Pegil =34 (degree)
b= tan{d o qom = 180) = 0.673
-
DY* DY _ )
T,=m . EJJ 'L'“l'cnnc'it E_,JI-L = 1000 T, = 30514 kap-ft

Total torsional resistance:

Trgot = Ts + T Tpgor = 204742 kipft
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Prediction of torsional Resistance of TS3 (18 ft long x 4 ft diameter Drilled shaft)

1 ftI EL: 0.0 ft
V7N A VNN
CL, Ymaist = 113 pcf,
Cu =620 psf
8.5 ft T
4 ft diamet
e A WT , EL-6.0 ft
EL: -85 ft
-~
SP-SM
95 ft Veat = 116 pef
Mao=T
) EL: - 18 fi

Figure E-3. Soil properties for the torsional resistance prediction of TS3

1) Depth dependent BETA(P) method or O’Neill and Hassan method

For sandy soils:

f SN =0 iy A
fepy = nominal unit side resistance

p = side resistance coefficient

B=13- 33 V.. = 13 L A<L12
= 1.5 - 0.135+fZ for N 215 025 @<12
p= (13- 0135+Z) Yo for N 215
P=Alo—013)- ? Nep = ]
For clay:
fS}'C:m'Su

Coefficient o= .35
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Calculations:
+

1) Torsional resistance due to top 8 5 ft ( EL 0.0 to 8.5)

5, =620 psf
fSN]. = S'IJ. fSN].__= i1 pSf
D85ty 1 2|
T, : R Sm':lijj- T. = 72847 kip — ft
st 1000 S

i1} Torsional resistance from EL -8.5 to -18)

Ngg =7 Z=1325 &
Ty = 6113 + 2.5(113 - 62.4) + 4.75(116 - 62.4) o= 10501  psf
T _ " Nﬁ'D
p=(15- 0_133.\5}.? = 0471
3
fonp =o' B fann = 498.494  psf
T, = (7-D-9.5f x:..!fEh\'_. 1 o 119.021 Ko -
27 ™R53 o0 s2 021 ap

Total Torsional resistance:

TS = TS]. + TSE
T_ = 191.868 kip — ft

2) BETA (f) method with separate evaluation of K and & (Rational Method)
(Fef FHWA 2010, Drilled shafts: Construction Procedures and LEFD Design Methods)

For cohesionless soils:

fs'_\l' = |3|'C|'r,‘.

R C0)
B=(1- sin(d))- —& | tan(¢) < K, tan(¢)
I‘,_U‘-_.-"

p at depthlessthan 7 5 fi=Pat 7.5 ft

, 5 \m _
Tp = 047-{Ngp) -pa pa = 2116 psf
r ~
[ r v 2}
= | tan 43 + P | |
oL 20
m=038 for sandy silt to silty sand
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Calculations:

i) Torsional resistance due to top 85 ft ( EL 0.0 to -8.5)

S,=0620  psf

forgp, = o5y forgp = 341 psf

WDy 1
I’.n.'DS]f T . =72847 W
ii} Torsional resistance from EL -8 5 to -18.0
Nﬁl} =17 Z=1325 &
H;m: 6-113 + 2.3-(113 — 62.4) + 475-(116 — 62.4) o', = 10581

== 32 (Degree)

K, = tan | L) “T K, = 3255

7_,-' 180
u::r'I:l = D.al-?'-l}lﬁu,‘:lm-pa u::r'I:l = 4717283  psf
TR
211 djﬁ |
\ (1 - e ) (ap) & [, (,
= — s pr— 1 -] — -tan| di-— {ipe— f
oo | 1B cr j Lol KP \
B = 0648
.fmﬂ:= Cl'r“.' 6] fS}D = 686373 pSf
|7-D-851f :erHII 1 T 163927 lbp - ft
- — = 163927 -
= SN21Y 2 1000 s2 P

Total torsional resistance:

A{‘ﬁ.ﬁ:= TS]. + TS;J,
Ts = 236.774 kap — ft

3) FDOT Re-revised OMEGA method
(Ref FDOT Structures Mamual, Vol 9, revised in January 2013)
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Fi=0u%dot  for sand

F_.=nows
5C u for clay

p= tanl_u:]}snﬂ}

N

L =15 — |
“Fdot \15)

Calculations:

i) Torsional resistance due to top 85 ft ( EL 0.0 to -8.5)

S,=0620  psf
fongp = o8 fs}”,= 341 psf
D85 fengs 1 2|
-D-8.5- =1
T, - . s L2 T, = 72847 %ip — fi

it} Torsional resistance from EL -8 5 to -18)

Nﬁl} =17 EM:= 1325 ft
H;M:: 6-113 + 2.53-(113 — 62.4) + 4.73-(116 — 62.4) ::I",‘. = 10591
(Ngp )
= ) 'rfD I3 :
T o= (D958 ) 3)TI00 To=17701 wp-f
Total Torsional resistance:
.'\Li.ﬂ:= TS]. + TS;J,
Ts = 2403858 hip - ft
Torsional resistance due to tip:
L=18 fi leope = 150 pef (o = 32
b o= tan(dhoy-m = 180)  p = 0.625
|
DYy D% .
I = ™ ?_,J 'L'ﬂfcnnc'i E_,JI-L = 1000 T; = 28.268 kip-ft

Total torsional resistance:

psf

Tegor = T * T Teaoe = 278126 ®
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Torsional resistance prediction for Jet-grouted Piles

Table E-1. Torsional resistance using K, method

Initial % Grouted fs y Radi Ts
Grout Zone | Depth to vertical f vertical 5 (ps, S f‘v fa 1ust Torsional Total
Pile :)?11:: length | middle of | eff. stress m'z dle eff. stress 4 (Eq. 2-2) 1;rr;ce ° f;gu resistance (kip-ft)
z } i zones ]
H(ft) zone (ft) at middle ) 0ve=Ks 010 (0-¢ 5 (kip-ft) (0-¢
, Fig.2-6 (t) (1)
O vo (pSﬂ (5 B ¢)
Top 7 6.5 717.3 2.33% 1671.3 23.8°-34° | 1035-1758 83.84 1.916 167-282
JP1 450-768
Bottom 7 14 1305.6 2° 2611.2 25.2°-36° | 1752-3012 84.29 1.916 283-486
Top 7 6.5 730.0 2.33% 1700.9 23.8°-34° | 1053-1789 83.39 1.916 167-287
JP2 456-783
Bottom 7 14 13314 2° 2662.8 25.2°-36° | 1787-3072 85.77 1.916 289-496
? From Figure 2-6 for ¢ = 34°
® Extrapolated from Figure 2-6 for ¢ = 36"
Table E-2. Torsional resistance using pressuremeter data
. A : Ts
s Radius of
. Grout Zone Horizontal §tress f; = oy, tan(0) Surface Torsional Total
Pile length 0 after grouting, grout zones . .
zone H(fY) on (psi) Fig. 6-16 (psf) areza ) resm‘@nce (kip-ft)
(ft°) (kip)
Top 7 23.8° 22 1397 83.84 1.916 224
JP1 772
Bottom 7 25.2° 50 3388 84.29 1.916 548
Top 7 23.8° 16 1016 83.39 1.916 163
JP2 598
Bottom 7 25.2° 39 2643 85.77 1.916 435
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Table E-3. Torsional resistance using sustained tip grout pressures

Tip grout Effective Skin Radius of | Torsional
Pile pressure tip area resistance | grout zones | resistance
(psi) (in’) (kip) () (kip-ft)
JP1 290 1231 357 1.916 684
JP2 280-300 1231 345-369 1.916 661-707
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