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Executive Summary

Deep foundations may need to resist torsional loads that result from wind loading on
traffic sign and signal pole structures, or seismic loading on curved or skewed bridges. Although
methods for designing deep foundations at the ultimate limit states are readily available, and
their accuracy has been quantified for selected loading test data, no significant effort to quantify
the accuracy of existing load transfer-based torsion-rotation serviceability limit state methods to
predict the full-scale, in-service rotation performance has been reported in the literature. To
facilitate the serviceability design of geometrically variable deep foundations constructed in
multi-layered soils, a torsional load transfer method was developed by using a finite difference
model (FDM) framework. Simplified pressure- and state-dependent spring models, relating the
unit torsional resistance to the magnitude of relative displacement, were developed and validated
by using available interface shear tests and load transfer data from full-scale torsional loading
tests. The proposed FDM methodology was validated by comparing the torsional responses of
deep foundations designed with the FDM with results from previous analytical solutions and
from centrifuge and full-scale torsional loading tests. Parametric studies were conducted to
illustrate the roles of various design parameters and to demonstrate the significant effects of

nonlinear soil and structural response on the torsional behavior of deep foundations.
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Chapter 1 Introduction

1.1 Problem Statement

Drilled shafts offer an excellent alternative for transferring superstructure loads to the soil
and/or rock stratigraphy present below the ground surface, and they are commonly used to
support mast arm traffic sign and signal poles. The design of these drilled shafts must provide
sufficient capacity to resist the maximum anticipated loads, including lateral and torsional loads,
the latter of which generally result from wind gust loading or seismic loading on curved bridges.

Deep foundations must provide sufficient torsional resistance within specified
performance criteria, which can range from the specification of a limiting displacement or
rotation, 0, (i.e., a serviceability limit state, SLS) to life safety (e.g., ultimate limit states, ULS).
Design evaluations for deep foundations that are axially and laterally loaded at the SLS and ULS
are routine, and numerous methods to simulate load transfer exist (e.g., Coyle and Sulaiman
1967; Matlock 1970; Cox et al. 1974; Reese et al. 1975; Reese and Welch 1975; Vijayvergiya
1977; API 1993; Norris 1986; Ashour et al. 1996; Li and Yang 2017; Yang et al. 2017). While
design methods for torsionally loaded deep foundations at the ULS are readily available, and
their accuracy has been quantified for selected loading test data (e.g., Li et al. 2017), no
significant effort to quantify the accuracy of existing load transfer-based torsion-rotation SLS
methods to predict the full-scale, in-service rotation performance has been reported in the
literature. Accordingly, the selection of a factor of safety or resistance factor suitable for limiting
rotations to an acceptable, let alone known, magnitude remains a critical question for the design

of torsionally loaded deep foundations.



1.2 Objectives of and Tasks of This Study

The objective of this research project was to develop a simple torsional load transfer
method that could be validated against experimental interface shear data and full-scale loading
tests to facilitate the serviceability design of torsionally loaded deep foundations. This work
provided a modeling methodology that uses the finite difference model (FDM) framework that
can be used in design.

This project consisted of the following tasks:

Task 1: Conduct a review of the relevant literature.

Task 2: Develop load transfer models, relating the unit torsional resistance to the
magnitude of relative displacement.

Task 3: Develop a methodology to facilitate the serviceability and ultimate limit state
design of a deep foundation subjected to torsion using a finite difference model (FDM)
framework.

Task 4: Conduct parametric studies to illustrate the role of various design parameters and
demonstrate significant effects of nonlinear soil and structural response on the torsional behavior
of deep foundations.

1.3 Organization of This Report

Chapter 2 provides a literature review that describes previous studies on drilled shaft
response in torsion. The discussion focuses on the available torsional loading tests on drilled
shafts and analytical methods for estimating torsional capacity.

Chapter 3 describes this study’s assumptions and governing differential equations, as well

as the strategy to solve the governing differential equations.



Chapter 4 presents the simplified pressure- and state-dependent load transfer models
relating the unit torsional resistance to the magnitude of relative displacement; the validation of
the models by using available interface shear tests and load transfer data from full-scale torsional
loading tests were also included.

Chapter 5 presents the performance of the proposed modeling methodology, which was
compared with previous analytical solutions and recent full-scale loading test data to validate and
evaluate its performance.

Chapter 6 presents parametric studies to illustrate the roles of various design parameters
and the effects of the nonlinear structural response on the torsional behavior of deep foundations.

Finally, Chapter 7 summarizes the results and findings of the completed work and

proposes areas for future study.






Chapter 2 Literature Review

2.1 Overview

This chapter presents a literature review of previous studies on the torsional response of
drilled shafts. The availability of torsional loading test data was determined to be relatively
limited. As described below in Section 2.2, the available torsional loading tests are categorized
into three main types: (1) small-scale model piles and shafts at 1g, (2) small-scale, multi-g
centrifuge shafts, and (3) full-scale shafts. Section 2.3 presents the existing analytical and
numerical methods for predicting the torsional load response of deep foundations. The literature
review concludes with a summary of the review, including the identification of areas where
information is limited.

2.2 Torsional Loading Tests Reported in the Literature

In comparison to the axial and lateral loading tests on deep foundations, the availability
of torsional loading tests is relatively limited. The available torsional loading tests on full-scale
driven piles and drilled shafts, as well as scaled single- and multi-g piles and shafts, are
described in this literature review.

2.2.1 Torsional Loading Tests on Small-Size Model Piles and Drilled Shafts

Poulos (1975) performed a series of torsional loading tests on four solid aluminum piles
driven in Kaolin clay. The diameter and length of each pile were 25.4 mm and 502 mm, 25.4 mm
and 254 mm, 19 mm and 527 mm, and 19 mm and 298 mm (corresponding to 1.0 in and 19.75
in, 1.0inand 10 in, 0.75 in and 20.75 in, and 0.75 in and 11.75, respectively). All piles were
driven into the soil to full embedment. The rotation of the test piles and applied torque were
monitored. The relationship between the applied torque and rotation from test are shown as solid

curves in figure 2.1. Although all of the piles were rotated 2° (0.035 radians), Poulos (1975)



reported test results for smaller rotations. As shown in figure 2.1, no definitive peak was

observed for the torque-rotation curves.
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Figure 2.1 Relationship between torque and rotation (after Poulos 1975). Note: 0.005 radians

Dutt (1976) and Dutt and O’Neill (1983) performed torsional loading tests using two

circular aluminum piles of 48 mm (1.9 in) external diameter and 2.5 mm (0.1 in) wall thickness

and two square piles of 51 mm (2.0 in) outside dimensions and 3.2 mm (0.125 in) wall thickness.

The total length of each pile was 1.7 m (5.5 ft) with 0.15 m (6 in) above the ground surface, as

shown in figure 2.2. Owing to the focus on drilled shafts in this report, only the results of the test

on the circular pile are summarized. As shown in figure 2.3, one circular and one square pile



were installed by placing air-dried sand around the piles. Both loose and dense sand conditions
were considered. After the torsional loading tests on the model piles were concluded, the same
model piles were removed and then driven at the places shown in figure 2.2, and torque was

applied to assess the differences in the torque-rotation response due to the construction method.
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Figure 2.2 Layout of test piles Figure 2.3 Installation of the first two piles
(after Dutt 1976) (after Dutt 1976)

Figure 2.4 and table 2.1 summarize the physical characteristics of the sand used.
Resistance strain gages were installed at four different elevations of the circular pile to measure
the shear strains. However, valid data were only obtained from the pile that was embedded (as
opposed to driven) in the dense sand. The relationship between torque and pile head twist (fig.

2.5) from Dutt and O’Neill (1983) indicated two things: (1) An increase of approximately four-



fold in relative density from the loose to the dense state led to a less than a two-fold increase in
the apparent pile head torque for the circular pile at failure. (2) The torsional resistance for the
driven pile was slightly larger than that for the embedded condition, which was due to the
vibration-induced densification caused by driving. The torque distribution for the circular pile
embedded in dense sand is depicted in figure 2.6. It indicates that the torsional resistance
observed at a depth equal to 80 percent of its embedded length (~ 10 Ib-in) was about 6 percent

of the total available torsional resistance (~ 170 Ib-in) at the rotation of 0.008 radians. The

authors concluded that the torsional resistance offered by the base of the pile was insignificant, if

not zero. The relationship between the torsion transfer and twist at different depths, as shown in
figure 2.7, were computed for the circular pile embedded in dense sand. This figure shows that
the apparent ultimate torque transferred to the soil increased with depth, indicating that the

torque transferred to the soil was a function of the effective stresses.
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Table 2.1 Strength properties of test sands (after Dutt and O’Neill 1983)

DIRECT SHEAR TEST DIRECT SHEAR TEST
TRIAXIAL TEST :
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Figure 2.5 Pile-head torque-twist curves (after Dutt and O’Neill 1983)
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Figure 2.7 Shear stress-strain curves at different depths for the circular pile embedded in dense
sands (after Dutt and O’Neill 1983)
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Randolph (1983) described torsional loading tests on a steel pile of 10.6 mm (0.42 in)
diameter and a polypropylene pile of 11.2 mm (0.44 in) diameter jacked 300 mm (11.8 in) into
normally consolidated Kaolin clay to study the effect of the flexibility of a pile on its
performance under monotonic and cyclic loading. The shear modulus of the polypropylene pile
was between 0.30 and 0.44 GPa (44 to 64 ksi), whereas the shear modulus of the steel pile was
about 77 GPa (11x102 ksi). To achieve a consistent surface texture for the different piles, both
piles were coated with a thin layer of araldite (an adhesive) and fine sand. Monotonic loading
was applied on the piles followed by cyclic loading. Cyclic loading tests were performed
between 2 percent and 50 percent (point A in fig. 2.8a) and between 2 and 63 percent (point B in
fig. 2.8a) of the peak capacity for the steel pile. For the polypropylene pile, the cyclic loading
tests were conducted between 3 and 53 percent (point A in fig. 2.8b), 3 and 73 percent (point B
in fig. 2.8b), and 3 and 93 percent (point C in fig. 2.8b) of the peak capacity.

The torque-twist relationships for both test piles are shown in figure 2.8. The steel pile,
which had higher stiffness, reached its peak at the rotation of about 0.05 radians (3°). However,
the torsional response was softer for the polypropylene pile, which achieved its peak value at a
rotation of about 1.05 radians (60°). A reduction in torsional resistance was observed beyond the
peak capacity. During the cyclic loading, no obvious degradation of torsional resistance was
observed for the steel pile. For the polypropylene pile, the initial stiffness seemed constant
during the cyclic loading, and permanent rotation was developed during every loading cycle.

Tawfiq (2000) used a 1.2-m (4-ft) diameter and 1.5-m (5-ft) deep steel chamber, as
shown in figure 2.9, to perform torsion tests for a small-scale shaft model in sand. The shaft,
which was made of plain concrete, was 508 mm (20 in) long with a diameter of 102 mm (4 in).

The torque was applied by using a loading wheel and two 20-gallon buckets that were filled with
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water at a constant flow rate to achieve a constant rate of loading. Two sets of loading tests were
conducted: the first consisted of a set of tests that allowed the development of both toe and shaft
resistance, whereas the second set of tests was conducted to evaluate base and shaft resistance
separately. The toe resistance was eliminated by placing two greased metal plates at the shaft
bottom; and the side friction was eliminated by enlarging the borehole so that the shaft surface
was separated from the surrounding soil. As shown in figure 2.10, the tests by Tawfiq (2000)
indicated that the shaft resistance comprised about 91 percent of the total available torsional
resistance (~27 ft-lbs or 0.04 kN-m) at approximately two radians (approximately 115 degrees).
On the other hand, the toe resistance was not observed to be larger than 5 ft-Ibs (0.007 kN-m)
when evaluated alone, and about 2.5 to 3 ft-1bs (0.0034 to 0.004 kN-m) when evaluated with

shaft resistance.
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Figure 2.8 Torque-twist relationships for (a) steel pile and (b) polypropylene pile
(after Randolph 1983)
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2.2.2 Torsional Loading Tests on Centrifuge Model Piles and Shafts
Bizaliele (1992) conducted static and cyclic torsion tests on aluminum model piles of 21
mm (0.83 in) diameter, 1 mm (0.04 in) wall thickness, and 340 mm (13.4 in) embedded length in
sands. The total length of the model pile was 380 mm (15 in). With the chosen acceleration level

of 50g, the model piles simulated prototype piles of 1.05 m (41 in) diameter and 17.0 m (56 ft)
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embedded length. Strain gages were mounted at 45° to the axis of the pile at five levels. The
applied load and resulting rotation were measured by using a load cell and a linear variable
displacement transducer, respectively. The sand used in this test was uniformly graded, with an
effective grain size D1o of 0.12 mm and an angle of internal friction of 38°. The maximum and
minimum dry density were 1.69 and 1.42 g/cm?, respectively. Figure 2.11 shows the centrifuge
model set-up. The static pile head torque-twist behavior is depicted in figure 2.12. A linear
response was observed for applied torque up to 8 N-m (6 Ib-ft); the response transitioned to
nonlinear for greater torsion. The maximum torque was approximately 28 N-m (24 Ib-ft) at
approximately 0.07 radians of pile head twist, followed by softening. The shaft resistance at each
level was calculated by using the measured shear strain. Figure 2.13 shows the magnitude of
torsional shaft resistance at different depths (n.b., L = depth and r = shaft radius) as a function of
the number of cycles. Results indicated that a small change in shaft resistance was observed for
the first 10 cycles. After that, little variation of the shaft resistance with additional cycling was

observed.
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Figure 2.11 Centrifuge model set-up (after Bizaliele 1992)
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Laue and Sonntag (1998) performed torsion tests on hollow aluminum model piles with a
diameter of 15 mm (0.6 in) and a length of 170 mm (6.7 in) in sand. The acceleration level was
100g, and the model piles represented prototype piles of 1.5 m (5 ft) diameter and 17.0 m (56 ft)
length. Two types of sand in a dense state were used: Normsand (angle of internal friction = 38°)

and fine Fontainebleau sand (angle of internal friction = 37°). The gradation of the test sands is

shown in figure 2.14.
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Figure 2.14 Gradation of the Normsand and fine Fontainebleau sand (after Laue and Sonntag

1998)

Figure 2.15 shows the torque-rotation response under different soil-shaft interface and
soil conditions, as summarized in table 2.2. The torque-rotation response of smooth-shaft TP 2.1
was consistent with a hyperbolic relationship, whereas the rough-shaft TP 3.2 exhibited a near-

linear perfectly plastic response; neither pile exhibited post-peak softening. The torque-rotation
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response of the smooth-shaft pile TP 6.1 was also consistent with a hyperbolic curve, requiring
significant rotation to achieve the peak resistance. However, the rough-shaft TP 6.2 achieved a
peak torsional load at approximately 1° of rotation, as a result of the rough interface being
modeled. The results showed that the relative value of roughness and gradation influenced the
torsional resistance of pile. Tests with combined axial and torsional loads were performed and
the results are depicted in figure 2.16. It shows that the applied torque increased without any
rotation of piles at the beginning of the test. Because of the limitations of the loading system, the
maximum torsional resistance was not obtained for the rough pile in Normsand under 500 N
axial loading. The existing axial loads increased the torsional capacity for the smooth pile in
Normsand from about 1.8 N-m (1.3 Ib-ft) to 2.8 N-m (2.1 Ib-ft). A cyclic loading test was also
performed. Figure 2.17 shows the results of the first four cycles; the initial stiffness and post-

yield slope for each loading cycle were quite similar.

"
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Figure 2.15 Comparison of the torque-rotation response (after Laue and Sonntag 1998)
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Table 2.2 Summary of test conditions evaluated by Laue and Sonntag (1998)

Test Designation

Shaft Interface Condition

Soil Evaluated

TP 21

TP 3.2

TP 6.1

TP 6.2

Smooth
Rough
Smooth

Rough

Normsand
Normsand
Fine Fontainebleau sand

Fine Fontainebleau sand
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Figure 2.17 Pile under cyclic torsional loading (after Laue and Sonntag 1998)

A number of centrifuge tests on high mast sign/signal structures (mast arm, pole, and
drilled shaft) were conducted in University of Florida to determine the optimum depth of drilled
shafts subjected to combined torsion and lateral loads (McVay et al. 1989, McVay and Hu 2003,
and Hu 2003). The prototype shaft diameter was 1.5 m (5 ft), and the prototype embedment
length ranged from 4.6 m (15 ft) to 10.7 m (35 ft). The shafts were constructed in dry and
saturated silica-quartz sand from Edgar, Florida, compacted to loose, medium dense, and dense
conditions. To investigate the effects of various construction methods, steel casings and wet
methods, using bentonite slurry and KB polymer slurry produced by KB Technologies Ltd.

(http://www.kbtech.com), were evaluated. Table 2.3 summarizes the centrifuge tests, whereas

figure 2.18 shows the centrifuge test set-up.
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Table 2.3 Summary of the centrifuge tests conducted at the University of Florida
McVay et al. (2003) McVay and Hu (2003) Hu (2003)

Wet methods using
bentonite and polymer
slurry

Steel casings and wet
Construction Method methods using bentonite
slurry
Loose (29%), medium
dense (51%) and dense

Wet methods using
polymer slurry

Soil state with relative Loose (34%) and dense Loose (34%) and dense

density (64%) (69%) (69%)
Prototype embedment 4.6, 7.6, and 10.7 7.6 and 10.7 7.6 and 10.7
length m (ft) (15, 25, and 35) (25 and 35) (25 and 35)

Figure 2.18 Centrifuge test set-up (after McVay et al. 2003)

Torque was applied with a lateral load applied on the middle and tip of the mast arm.
Some typical test results of the relationship between torque and shaft rotation from Hu (2003) are
shown in figure 2.19. No definitive peak was observed for the shafts constructed with both types
of slurries. Summaries of the torsional capacity of the shafts constructed with bentonite and KB

polymer slurry are listed in
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Table 2.4 and 2.5, respectively. For both cases, the loading point did not have significant
effects on the torsional capacity. For the shafts constructed with bentonite slurry, the results from
the shaft constructed in loose sand were not significantly different than those from the shaft
constructed in dense sand. The torsional capacities increased with an increasing embedment
length. The average torsional capacity of a drilled shaft constructed with bentonite slurry and a
7.6-m (25-ft) embedment length was 1216 kN-m (897 Kkip-ft) and with a 10.7-m (35-ft)

embedment length was 1979 kN-m (1460 kip-ft).

25 ft Embedment, Loose Sand, Dr=34% | Load: Mid Mast Arm
Torque vs Shaft Rotation
1000 -
900 -
g 800+ i
= 700 + —
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Rotation (deg)
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Torque vs Shaft Rotation
i~ ]
- ]
x ]
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Rotation (deg)

(b)
Figure 2.19 Torque-shaft head rotation response for shafts constructed with (a) bentonite and (b)
polymer slurry with a 25-ft embedment length in loose sand (after Hu (2003))
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For the drilled shafts constructed with KB polymer slurry, a significant increase in
torsional capacity was observed for the shafts in dense sand in comparison to the shafts in loose
sand. For drilled shafts of 7.6 m (25 ft), the average torsional capacities in dense and loose sand
were 1510 and 2222 kN-m (1114 and 1639 kip-ft), respectively; for drilled shafts of 10.7 m (35
ft) the average torsional capacities in dense and loose sand were 2080 and 3043 kN-m (1534 and
2244 Kip-ft), respectively. This may have been due to the efficiency of the polymer strands in a
dense pore network, with smaller void spaces to span, as opposed to a loose pore network. Other
test results from University of Florida can be found in McVay et al. (2003), McVay and Hu

(2003), Hu (2003).
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Table 2.4 Summary of the torsional capacity of the shafts constructed using bentonite slurry

(based on the data provided by Hu (2003))
Shaft Embedment Length,  Applied Torque

Point of load

application  OSE gy KN-m (kip-ft)
Dense 1207
(890)
Dense 1464
Mid mast arm 7.6 (1080)
Loose (25) 1003
(740)
Loose 1112
(820)
Dense 1288
(950)
Dense 1003
Arm tip 7.6 (740)
Loose (25) 1308
(965)
1342
Loose (990)
Dense 1952
(1440)
Dense 2291
Mid mast arm 107 (1690)
Loose (35) 1993
(1470)
Loose 2156
(1590)
Dense 1817
(1340)
Dense 10.7 (11831470)
Arm tip . (35) 1898
oose (1400)
Loose 1912
(1410)
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Table 2.5 Summary of the torsional capacity of the shafts constructed using KB polymer slurry
(based on the data provided by Hu (2003))

Point of load Soil State Shaft Embedment Length,  Applied Torque
application m (ft) KN-m (Kip-ft)
Dense 2420
Mid mast 7.6 (1785)
arm Loose (25) 1467
(1082)
Dense 2024
Arm tip 7.6 (1493)
Loose (25) 1552
(1145)
Dense 3217
(2417)
Mid mast Dense 10.7 3097
arm (35) (2284)
Loose 2122
(1565)
Dense 2755
(2032)
. 10.7 2050
Arm tip Loose (35) (1512)
Loose 2069
(1526)

Zhang and Kong (2006) studied torsional load transfer by using aluminum tubes that
were 300 mm (1 ft) in length, 15.7 mm (0.6 in) in outside diameter, and 0.9 mm (0.035 in) in
wall thickness under 40g acceleration. For this level of acceleration, the prototype length was
equal to 12 m (39 ft), the outside diameter was 628 mm (24 in), and wall thickness was 36 mm
(1.4 in). A quartz-based uniform sand with Dso = 0.14 mm and grain size distribution, shown in
figure 2.20, was used. The relative densities evaluated were 32 percent for the loose condition
and 75 percent for the dense condition. Figure 2.21a shows the layout of the typical centrifuge
test. The test piles were instrumented with strain gages along the length of model piles, as shown
in figure 2.21b. The test piles were pushed into the sand bed after the centrifuge was spun to 40 g
and the ground settlement ceased to develop. The embedded length of the prototype pile was
10.8 m (35 ft). Six tests were performed with various loading rates (i.e., 1, 3, and 8 degree/s) for

each of the two relative densities, for a total of 12 tests. The torque-twist curves, shown in figure
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2.22, indicate an approximately hyperbolic relationship. With a rotation of 1°, the applied torque
was about 75 percent of the torsional capacity in the loose sand and 57 percent in dense sand.
The torsional resistance was almost fully mobilized at approximately 4° for all of the cases. As
expected, the relative density of the sand had a significant influence on the torsional resistance.

Figure 2.23 displays the torque distribution along the pile shaft at the loading rate of 1.0
degree/second. For this case, the toe resistance contributed 23 percent of the total torsional
resistance in the loose sand and 40 percent in dense sands. However, this finding was not
consistent with the results from Tawtiq (2000) and Dutt and O’Neill (1983), in which the
contribution of toe resistance was less than 10 percent. The manifestation of the toe resistance in
the centrifuge test could be a result of the downward acceleration of the sand deposit, which
possibly imparted a drag load due to downward movement relative to the shaft.

To study the effect of loading rate, a semi-log plot, as shown in figure 2.24, was used to

fit a trend line to the test data, given by:

T.0)=T, (9ref){1+alog[9iﬂ (2.1)

ref

where T,(0)and T,(d,,) = torsional capacities at loading rates & and 0

ref 1

respectively, and & =

a coefficient, which is 0.04 for the loose sand and close to zero for the dense sand.
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Figure 2.24 Effect of loading rate on torsional pile capacity (after Zhang and Kong 2006)

2.2.3 Torsion Tests on Full-scale Driven Piles and Drilled Shafts

In what may be the first reported test of torsional capacity, Stoll (1972) applied torque to
two driven steel pipe piles filled with concrete, designated Pile A-3 and Pile V-4. The steel piles
were 0.27 m (10.75 in) external diameter and had a 6.3-mm (0.25-in) wall thickness.

Figure 2.25 shows the set-up of the loading test. The soil profiles and driving logs for
each test pile are shown in figure 2.26 and indicate the piles were driven in heterogeneous soil
conditions. The test piles were driven to a final penetration resistance of 50 to 60 blows/foot. The
resulting embedded length of Pile A-3 was 17.4 m (57 ft) and of Pile V-4 was 20.7 m (68 ft). On
the basis of figure 2.26, the lengths of the pile above-ground surface for Pile A-3 was 1.0 m (3 ft)
and of Pile V-4 was 0.7 m (2 ft). The rotation at the top of each test pile and applied torque were
monitored and are shown in figure 2.27. The torsional resistance of both piles increased with the

increase of pile rotation until failure at approximately 0.055 radians (3.2°). No definitive peak

was observed for either of the test piles.
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Figure 2.27 Results from torsional load tests: (a) Pile A-3 (b) Pile V-4 (after Randolph 1981,
originally from Stoll 1972). Note: 0.1 radians = 5.7 degrees.
In addition to the model tests, Tawfig (2000) performed full-scale field tests on three 1.2-
m (4-ft) diameter by 6.1-m (20-ft) deep drilled shafts constructed in Tallahassee Florida. As
shown in figure 2.28, load was applied with a 3.1-m (10-ft) steel cantilever beam. One shaft was
constructed with the dry method (no slurry). The other two shafts were constructed with the wet
method, with one supporting the drill cavity with a bentonite slurry and the other with a polymer

slurry. Soil borings, as shown in figure 2.29, were drilled at the proposed locations of the drilled
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shaft to investigate soil conditions. The soil profiles are shown in figure 2.30. Generally, a layer
of silty sand was encountered from the ground surface to a depth of 0.3 m (1 ft), underlain by a
layer of clayey sand or sandy clay to a depth ranging from 2.7 to 5.0 m (9 to 16 ft). Below this
layer is a stratum of clayey, silty, fine sand underlain by a layer of sand with silt for the dry shaft
(TH1) or sandy clay for the shaft using polymer slurry (TH2). The groundwater table was below

the depth of the base of the foundation (over 20 ft).

L=20".

7.\ Instrumented Shatt

No Slurry

CantileverBeam . Hyd:?ulic Jack
L /Y %\ nstumented Shatt
Instrumented | 2| - o

Shaft

Polymer Slurry . Mineral Sl&rry
Figure 2.28 Full-scale test set-up (after Tawfig 2000)
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Figure 2.30 Soil profile at the test site (after Tawfiq 2000)

The test results for the shafts constructed with the (a) dry

are shown in figure 2.31. The load-rotation response for the shaft

method and (b) bentonite slurry

constructed with polymer

slurry was not provided by the author. Note that the applied torque could be calculated by
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multiplying the applied load by the length of loading arm, which was 3.1 m (10 ft). The induced
rotation of the dry shaft was limited to 0.45°, with a corresponding maximum torque of 664 kN-
m (490 kip-ft), as the shaft experienced structural failure.

The maximum applied torque for the shaft constructed with bentonite slurry was 380 kN-
m (280 kip-ft), which was 43 percent less than the maximum applied torque of the dry shaft, as
shown in figure 2.31b. For the torsional loading test on the shaft constructed with polymer slurry,
Tawfiq (2000) reported that the performance of the shaft was similar to that of the dry shaft at a
torque of 380 kN-m (280 kip-ft). Because of the experience with the dry shaft, the upper 1.5 m (5
ft) of soil around the polymer slurry-constructed shaft was removed during loading to avoid
structural failure. The maximum applied torque for the shaft constructed with polymer slurry was
569 kN-m (420 kip-ft). Given that the final embedded length for the shaft constructed with
polymer slurry was 4.6 m (15 ft), the torsional capacity for this shaft with same embedded length
may have been larger than that of the dry shaft. Note that there was a concern regarding the set-
up of the test: the center-to-center distance from the reaction shaft to each test shaft was only
about 2.1 m (7 ft), and the clear span between shafts was only 0.9 m (3 ft). Therefore, the effect
of shaft-to-shaft interaction should have been investigated. Since the torsional load transfer was

not studied in this test, the effect of interaction between the shafts could not be explored.
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Figure 2.31 Test results of shafts constructed with (a) the dry method and (b) bentonite slurry
(after Tawfiq 2000)
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McVay et al. (2014) performed a series of full-scale torsional loading tests on three
drilled shafts in Keystone Heights, Florida. The drilled shafts included one with a 1.2-m (4 -ft)
diameter and 3.7-m (12-ft) embedded length (designated TS1), and the other two shafts were
constructed with a 1.2-m (4-ft) diameter and 5.5-m (18-ft) embedded length (designated TS2 and
TS3). All of the shaft heads were 0.46 m (1.5 ft) above ground surface. The soil profile for each
test shaft is shown in figure 2.32. No temporary casing was used during excavation of the test
shafts. The shaft cavities were drilled by using the dry method to a depth of about 1.8 m (6 ft),
and then bentonite slurry was used to support the cavity for the remainder of the shaft
excavation. After installation of the test shafts, mast arm-pole assemblies were attached to the
test shafts. The lengths of the pole and arm were 6.7 m and 12.2 m (22 and 40 ft), respectively.
Lateral loading was applied with increments of 0.5 kips on the mast arm at an offset distance of
10.7 m (35 ft), as shown in figure 2.33, to supply the torque to the test shaft. A load cell was
installed between the mast arm and a crane-mounted winch cable to measure the load associated
with the applied load. Upon the observation of failure for shafts TS2 and TS3, the shafts were
unloaded. Three types of instrumentation were used to measure the rotation of the test shafts,
including two total stations and survey monitoring, two sets of string potentiometers (four
potentiometers in each set), and a set of four dial gauges. The water table was about 3 m (10 ft)

below ground surface.

Figure 2.34 displays the relationships between applied torque and rotation for each test

shaft. The torsional resistances were fully mobilized at 95 kN-m (70 Kkip-ft) for TS1,, 285 kN-m

(210 kip-ft) for TS2, and 232 kN-m (171 kip-ft) for TS3,. The difference in torsional capacity
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between TS2 and TS3 can be attributed to the difference in soil profile. TS2 was constructed

with a greater length in the sand layer, which provided more torsional resistance.
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Figure 2.32 Soil profile at the location test drilled shafts (after McVay et al. 2014)

Figure 2.33 Combined torsion and lateral loading (after McVay et al. 2014)
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(after McVay et al. 2014)

Li et al. (2017) conducted full-scale torsional loading tests on two drilled shafts with

diameter of 0.9 m (36 in) and am embedded length of approximately 4.0 m (13 ft) at the

geotechnical field research site on the Oregon State University (OSU) campus in Corvallis,
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Oregon, as shown in figure 2.35. One test shaft was designated as the test drilled shaft with
production base (TDS; constructed by using normal methods), and the other one was designated
as the test drilled shaft with a frictionless base (TDSFB). Both of the test shafts were
instrumented to observe torsional shear and flexural strains, displacements and rotations, and
loads (to compute the applied torque). As shown in figure 2.36, the subsurface consisted of over-
consolidated silty clay to clayey silt to an approximately 5.2-m (17-ft) depth, underlain by a layer
of sand to silty sand. The near-surface soils were desiccated to a depth of 0.9 m (3 ft) and formed
a very stiff to hard crust (when dry), as indicated by the high g: and SPT N conducted during a
period of extended low groundwater levels, as is typical for the test site in general. From a depth
of 0.9 m to approximately 5.2 m, the silty clay to clayey silt was of medium stiff to very stiff
consistency, and is associated with overconsolidation ratios ranging from 5 to 10. A 1.1-m (3.6-
ft) thick layer of dense silty sand with gravel (SM) was encountered in CPT-2, in B-2014-1, and
in the excavated spoils of the test shaft installed at this location. The groundwater table varied
between 0.6 to 2.5 m deep over a typical year and was located at 1.9 m deep during the loading
tests, as shown in figure 2.36.

Quasi-static loading was conducted. At the end of the loading, the TDSFB rotated
approximately 13°, whereas the TDS only rotated 0.14° because of the layer of dense silty sand.
The relationship between torque and applied rotation for the test shafts under quasi-static loading
is shown figure 2.37. Since the measured torque-rotation response of shaft TDSFB was
consistent with a hyperbolic relationship, the same was used to estimate the torque-rotation
response of shaft TDS at larger rotations. On the basis of the measured torque-rotation response,
the torsional resistance of shaft TDSFB was fully mobilized at 185 kN-m (136 kip-ft) and a

rotation of the shaft head of about 1.0°. The extrapolated torsional capacity of shaft TDS was 250
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kN-m (184 Kkip-ft). The torsional load transfer along the test shafts was evaluated in
consideration of the angle of twist and the relationship between unit torsional shaft resistance and
rotation to develop the relationship between unit torsional shaft resistance and rotation, known as

a 7—@curve, for each tributary area, as shown in figure 2.38. The hyperbolic model was used to

extrapolate 7—@ curves for the TDS.

H-pile
Loading Arm

X )
& V
1.0 2.0 40m
Torsion Drilled Shaft with Frictionless Base (TDSFB)
YG’ D = 0.9 m Embedded Length =4 m

& Torsion Drilled Shaft (TDS)
D = 0.9 m Embedded Length =4 m
Existing Drilled Shaft (EDS)

D =1.1 m Embedded Length =12.8 m

Figure 2.35 Test site layout, including the torsion drilled shaft with frictionless base (TDSFB),
torsion drilled shaft (TDS), an existing drilled shaft (EDS), and exploration plan.
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Figure 2.37 Relationship between torque and applied rotation for the test shafts under quasi-
static loading with inset showing the small rotation response of TDS (after Li et al. (2017)).
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Figure 2.38 7—@ curves for the instrumented test shafts: (a) comparison of selected 7—&data in
hyperbolic space for shaft TDS; (b) comparison of fitted hyperbolic models and back-calculated
7—0 data corresponding to (a), (c) back-calculated and extrapolated z—& curves for shaft TDS,
and (d) back-calculated 7—& curves for shaft TDSFB (after Li et al. (2017)).

2.3 Design Methods for Torsionally Loaded Deep Foundations

In general, the torsional capacity or ultimate torsional resistance of drilled shafts, defined
as the maximum torsional resistance possible independent of the magnitude of rotation, consists

of the sum of the ultimate shaft and toe resistance, given by:

T=T+T, (2.2)
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where Ts = shaft resistance, and Tt = toe resistance.

Design methods available to estimate the torsional capacity of drilled shaft foundations
include the Florida Structural Design Office method, the District 5 method, and District 7
method developed by Florida Department of Transportation (e.g., Tawfiq 2000 and Hu 2003)
and the Colorado Department of Transportation (CDOT) design method (Nusairat et al. 2004).

For estimating the torsional shaft resistance, the Florida Structural Design Office method
considers the deep foundation to be a rigid body and that the soil behaves as a rigid plastic
material. The District 5 method employs the # method (O’Neill and Reese 1999) for a drilled
shaft in granular soils. The District 7 method combines the g method for granular soils and the «
method (Brown et al. 2010) for plastic, fine-grained soils in a single equation so that it can be
used in both cohesive and cohesionless soils. For the CDOT method, the unit shaft resistance for
drilled shafts in plastic, fine-grained soils is assumed equal to the undrained shear strength,
which may cause over-predicted torsional shaft resistance. The CDOT method proposed a
function for lateral earth pressure coefficient for granular soil without physical basis provided.

For torsional toe resistance, the Florida District 7 method assumes that the mobilized unit
torsional toe resistance distributes linearly with distance away from the center of the toe, whereas
the Florida Structural Design Office and CDOT methods assume it is uniformly distributed. In
granular soils, the Florida District 7 method assumes that the normal force giving rise to the
frictional toe resistance is the sum of shaft weight and axial dead load applied to the drilled shaft,
whereas the CDOT design method assumes the normal force is equal to shaft weight. However,
the normal force at the toe should actually equal the sum of the shaft weight, and axial dead load

applied to the drilled shaft, minus the mobilized axial shaft resistance.
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Analytical and numerical methods to model the torsional response of deep foundations
have been proposed assuming variously that the shear modulus of the soil is constant or varies
with depth. Linear elastic or linear elastic-perfectly plastic solutions for torsionally loaded deep
foundations have been developed by O’Neill (1964), Poulos (1975), Randolph (1981) Chow
(1985), Hache and Valsangkar (1988), Guo and Randolph (1996), Guo et al. (2007), and Zhang
(2010). O’Neill (1964) developed closed-form differential equations for piles in a homogenous
soil. Poulos (1975) and Randolph (1981) developed boundary element solution and closed form
solution, respectively, for piles in a homogeneous or linearly varying soil. Chow (1985) proposed
discrete element approach for piles with varying sections in nonhomogeneous soil. Hache and
Valsangkar (1988) provided non-dimensional charts for piles in layered soils. Guo and Randolph
(1996) proposed analytical and numerical solutions for piles in a layer of nonhomogeneous soils
with a stiffness profile following a simple power law with depth. Zhang (2010) developed an
analytical method for piles in a two-layer soil profile assuming that the shear modulus of soil of
each layer varies linearly. Guo et al. (2007) established closed-form solutions for a pile in a two-
layer nonhomogeneous soil deposits, assuming that the stiffness profile for each layer increases
as a simple power law of depth. These methods can only produce reasonable results for small
rotations and cannot account for the reality of nonlinear soil response.

Load transfer models have been proposed for the study of torsionally loaded deep
foundations that use nonlinear springs to model the soil-structure interaction (SSI). Georgiadis
(1987) and Georgiadis and Saflekou (1990) used elasto-plastic and exponential torsional springs,
respectively, along the shaft with the relationship of pile rotation, 4, and torsional shaft
resistance, T, to study the influence of torque on axial pile response. However, the torsional toe

resistance was not considered in these models. In addition, the model from Georgiadis and
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Saflekou (1990) was only validated on the axial response, in terms of axial load and pile head
settlement relationship, with model tests; and no validation was performed on predicting the
torsional behavior of deep foundations. Guo et al. (2007) presented a logarithmic relationship
between pile rotation, &, and unit torsional shaft resistance, zs for the torsional springs. Again, no
torsional toe resistance was explicitly considered; nonetheless the results of the analyses
compared well with those from continuum-based numerical approaches and finite element
models for elastic soil response. However, none of the load transfer methodologies described
above were validated with empirically derived load transfer data.

2.4 Summary

This chapter reviewed the literature on torsionally loaded deep foundations, torsional load
transfer investigated with some scale model and centrifuge loading tests by measuring the shear
strains along the test shafts. However, only three full-scale torsional loading tests were found in
literature. Only one was a full-scale test on drilled shafts instrumented to measure load transfer in
torsion.

To evaluate ultimate torsional resistance, design methods have been proposed by FDOT
and CDOT. Analytical and numerical methods have been developed that assume that the shear
modulus of soil follows a certain type of variation with depth. The load transfer method has been
used for deep foundations loaded in torsion with load transfer models that are both limited (i.e.,
purely elastic, or elastic-perfectly plastic) and unproven at full-scale. None of these approaches
has been validated in the literature. Therefore, a methodology for and implementation of load
transfer models that have been validated with measured torsional load transfer would be helpful

to improve our understanding of the torsional response of deep foundations.
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3.1

Chapter 3 Finite Difference Model

Overview

This chapter presents the finite difference model (FDM) framework. Section 3.2

describes the assumptions associated with this FDM approach and governing differential

equations. The approach used to solve the governing differential equations is presented in

Section 3.3

3.2 Assumptions and Governing Differential Equations

The well-known FDM approach was used herein within a one-dimensional framework to

solve the governing differential equations for a circular, torsionally loaded deep foundation. The

following was assumed:

The deep foundation (fig 3.1a) could be treated as a beam (fig 3.1b) with m elements and
2m+1 nodes, including a node at the toe.

The base of the deep foundation (fig 3.1c) could be divided into n cylindrical elements
with equal radial increments.

The foundation properties, in terms of the diameter and the torsional rigidity, would
remain constant within each element; however, these properties might vary between
elements along the foundation, and that the nonlinear torsional rigidity might decrease
with increasing internal twist.

The nonlinear relationship between the soil and structure would be constant for a given
element.

The complicated SSI was simplified as a beam interacting with discrete nonlinear

torsional springs along the shaft and base elements.
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e For each spring, the unit interface shear stress, z, was a function of the relative

circumferential displacement, 4.
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o ®J_E Node 2
Soil Layer 2 -+ @ Node 3

Element 2
(GJ), C.DJ_E Node 4

Soil Layer k-1 @5/ E

[ ) Node 2m-1

Element m

Soil Layer k (G)), (._)/— Node 2m

@— Node 2m+1

(b)
> ——
\\.\.\i\.\\‘\
o :W 0 Element n
o [4
Element 1

(c)

Figure 3.1 Schematic illustration of (a) torsionally loaded deep foundation, (b) finite difference
model with discrete springs along the shaft and base, and (c) discretization of the base of the
deep foundation with n cylindrical elements; n = number of soil layers, and m = number of the
shaft elements.
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The differential equation for a shaft element with a length of dz along the deep

foundation and subjected to torsional loading, as shown in figure 3.2a, is given by:

dT(z) _
dz

0.577,(z)-D(z)* (3.2)

where T(z) = torque in the shaft at depth z, D(z) = shaft diameter at depth z, and zs(z) = unit
torsional shaft resistance provided by the soil at depth z. The internal change in rotation with
depth, d&(z)/dz, as shown in figure 3.1b, can be expressed by (Gere and Timoshenko 1997):
d4o(2) _ T(2) (3.2)
dz GJ(2)
where GJ(z) = torsional rigidity of the shaft at depth z, G = shear modulus of the shaft, and J =
polar moment of inertia. The nonlinear torsional springs along the shaft are represented by zs-4s

curves, where s is the unit torsional shaft or interface shear resistance and 4s is the relative

circumferential displacement. The rotation of the shaft, 6(z) at depth z, can be determined by:

0(2) =M

D(z) (3.3)
The torsional springs at the base of the deep foundation are represented by z»-4y curve,
where v and 4y are the unit torsional base or base interface shear resistance and the relative
displacement, respectively. The torsional toe resistance, Ty, at a given rotation can be calculated
by evaluating an arbitrary cylindrical element of very small width dx, as shown in figure 3.1c.
The distance from the center of foundation to the mid-point of the annulus is x. The differential

area of the element is:
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dA= 7z(x+d—2X)2 —7r(x—d—2X)2 =27X-dx (3.4)

T(2)+dT(2) T(2)
6(2)+do(z)

=
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— = e
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=
-
-

-
_exd

T(2)+dT(2)
_(b)

(c)
Figure 3.2 Schematic illustration of (a) an element of the torsionally loaded shaft, (b) the
internal twist of a shaft element under torsion, and (c) an element at the foundation base.

With a certain rotation at base, 6y, the whole element undergoes the same relative displacement,

Ab(X) = Gb-X, so that the corresponding torsional toe resistance, 7(X), is the same within the
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differential annulus. This implies that the outermost differential area will achieve a maximum or
peak resistance prior to any other interior ring at a given rotation, and that the interface shear
mechanism is necessarily progressive in nature. The torsional toe resistance for any given

differential cylindrical element is:
dT, (X) = x- 7, (X)dA = 2727, (X) - X?dx (3.5)
which may be integrated over the radius to determine the total mobilized toe resistance, Tb:
T, = ZﬂIODlzrb(x) - x%dx (3.6)

3.3 Solution of Governing Differential Equations

The central difference scheme was adopted to approximate the continuous derivatives in
the GDEs (e.g., Desai and Zaman 2014). For an arbitrary element j, where j =1, 2,....m, with a
length of 2h, as shown in figure 3.3, the change of rotation with depth at node 2j can be
estimated by using:

1_T@j

(Elj ;(‘921'—1_92,41)%— (GJ)J. (3-7)

where T(2j) = the average torque in the element j, which assumes to be (T2j.1+ T2j+1)/2. For the

shaft element j, equation 1.1 can be expressed as:

T

2i4 ™ ja :”Djz'h'fj (3.8)
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Figure 3.3 An arbitrary element j along the deep foundation and central difference
approximation.

The torsional toe resistance can be determined directly with the summation of the

torsional resistance from each base element. With n base elements, the radial increment is:
o, =— (3.9)

For an arbitrary base element i, where i =1, 2,...,n, the area, A(i), and the distance from the center

of base to the mid-point of the element, ry(i), are:

Ai) = 7r{(i 8 —[(i-1)3, ]2} = (2i-1)7(5,)’ (3.10)
£ (i) =(i—0.5)5, (3.11)

Then, the torsional resistance from the element i is:

T, () =7, ())- AD) -1, (i) 3.12)
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7 IS @ function of 4y and can be determined from the proposed -4 models as described

subsequently. Therefore, the total torsional toe resistance, Tp, can be determined by:
Tb :ZTb(i) (313)
i=1

The determination of the load transfer for the torsionally loaded deep foundation using
the FDM followed a similar procedure that was proposed by Coyle and Reese (1966) for axially
loaded piles. First, an arbitrarily small base rotation is applied. Then, the equilibrium of torque
and compatibility of rotation for each element is achieved by using an iterative solution scheme
with equations 3.7 and 3.8. Therefore, this method is not applicable for a deep foundation with a

fully fixed base.

55



56



Chapter 4 Proposed Torsional Load Transfer Curves

4.1 Relevant Soil-Interface Mechanics

Torsional resistance is derived from interface shear between the surface of the deep
foundation and the interacting soil. Accordingly, interface shear tests provide the best laboratory-
based analog to actual in-situ interaction. A review of soil-structure interface tests on granular
soils reported in the literature (e.g., Clough and Duncan 1971; Gomez et al. 2000a, 2000b; and
Iscimen 2004) suggested that two simplified unit torsional resistance-relative displacement
relationships, known as -4 curves, are sufficient to describe the interface shear behavior. These
include hyperbolic-type displacement-hardening and -softening models, which are proposed and
implemented in the FDM for torsional load transfer. In general, granular soil-structure interfaces
can be categorized as nondilatant (i.e., contractive) or dilatant (Lings and Dietz 2005; Dove and
Jarrett 2002). The tendency for dilation depends on the interface properties, including surface
topography and the hardness of the interface and the granular soil properties (e.g., relative
density, angularity, and gradation), as observed in previous studies on soil-structure interfaces
(e.g., Kulhawy and Peterson 1979; Uesugi and Kishida 1986; Paikowsky et al. 1995; DeJong and
Frost 2002; Dove and Jarrett 2002; Frost et al. 2002; Iscimen 2004; and Lings and Dietz 2005).
Since the effects of hardness are not significant for the structure of engineering materials such as
steel and concrete (Dove and Frost 1999 and DeJong and Frost 2002), hardness was not
considered herein. The structure surface topography is commonly quantified by using the
average roughness, Ra, and maximum roughness, Rmax. The one-dimensional average roughness

of structure, Ra, is defined by:

R, = I_is.|.oL|z(x)| dx (4.1)
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where Ls = sample length, and |z(x)| = the absolute height of the profile from the mean (Ward
1982; and DeJ