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16.1

CHAPTER 16
DEEP FOUNDATIONS

INTRODUCTION

This chapter discusses the design practice of deep foundations, which comprises
pile and shaft foundations. A pile is defined as a slender deep foundation unit,
entirely or partially embedded in the ground and installed by driving, vibration, or
other method. A drilled shaft is defined as a foundation unit, entirely or partially
embedded in the ground, constructed by placing concrete in a drilled hole with or
without steel reinforcement. Within Caltrans terminology, “pile” is often used as a
general term referring to both driven piles and drilled shafts. However, the term
“piles” is referred as “Driven Piles” in the AASHTO LRFD Bridge Design
Specification (AASHTO, 2012). Both piles and drilled shafts develop their
geotechnical capacities from the surrounding soil. Pile/shaft groups in competent soil
are addressed in Sections 16.1.3 and 16.2, shaft groups in soft/liquefiable soil are
addressed in Section 16.3, and column shafts (Type | and Type Il) are addressed in
Section 16.4.

Pile/shaft foundations can be an economical/necessary alternative to spread
footings, particularly when:

Q) competent soil strata are far from original ground,;
(i) liquefaction and/or lateral-spreading potential exist;
(iii) ~ scour depth is large;

(iv) removal of existing soil is undesirable, e.g., soil contaminated by
hazardous material; or

(v) space limitations prohibit the use of spread footings.

The structural system of a pile/shaft group is an array of piles or shafts that are
connected to a relatively thick reinforced concrete or composite cap and that work
interactively together to support the bridge bents/piers. The forces and moments
acting at the base of the bent/pier are directly transferred to the pile cap, and resulting
displacements and rotations of the cap generate axial force, shear force, and bending
moment in the piles/shafts. Design provisions for driven piles and drilled shafts are
specified in AASHTO Atrticles 10.7 and 10.8, respectively, with corresponding CA
Amendments (Caltrans, 2014a). Furthermore, Caltrans Memo to Designers 3-1
(Caltrans, 2014b) provides general guidance for selection and design of the piles or
shafts and detailed communication procedures between the Structural Designer (SD)
and the Geotechnical Designer (GD).

Chapter 16 — Deep Foundations 16-1
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16.1.1

16.1.2

Types of Piles and Shafts

Application of different types of piles and shafts are discussed in Memo to
Designers 3-1 (Caltrans, 2014b). Standard Plan Piles (Class Piles) are structurally
predesigned piles or shafts mostly used in pile groups to support columns or at
abutments and piers. Upper limits of structural resistance of Standard Plan (Class)
Piles in compression and tension, as well as structural details, are given in the
Standard Plans. The most common types of driven piles are steel H-Pile (HP) or pipe
piles, precast pre-stressed concrete piles, and Cast-in-Steel Shell (CISS) piles. In
selection of driven piles, environmental constraints such as acceptable limits of noise
and vibration, construction constraints such as required overhead, and geotechnical
condition of the soil are of importance.

Drilled shafts also known as Cast-in-Drilled Hole (CIDH) concrete piles are
often recommended when:

(1) pile driving is not viable, e.g., when there is interference of pile driving
with overhead power or telephone lines or nearby underground utilities;

(i) large vertical or lateral resistance is required; and

(iii)  noise and vibration mitigation plans are either not feasible or too
expensive.

However, disposal of hazardous drill spoils may be costly. Drilled shafts may be
used in a group similar to driven piles or as large diameter isolated shafts, that is, pile
extensions and Types I/11 shafts. Memo to Designers 3-1 (Caltrans, 2014b) includes
provisions that improve constructability of the shaft, such as the use of
temporary/permanent casing and also construction joint in Type-Il shafts. For more
information on isolated large diameter shafts (Type | and Il shafts), refer to Section
16.4.

Constructability Issues

If ground water is anticipated during construction, drilled shafts must be at least
24 in. in diameter, and PVC inspection pipes should be installed to allow Gamma-
Gamma Logging (GGL) or Cross-Hole Sonic Logging (CSL) test of the shafts for
guality assurance mostly performed by the Foundation Testing Branch of
Geotechnical Services. Memo to Designers (MTD) 3-1 (Caltrans, 2014b) illustrates
requirements for proper placement of the inspection pipes. Inspection pipes are laid
out by the (SD) and must be shown in the structure plans where applicable. Drilled
shafts need to allow for additional concrete cover for placement of the rebar cage.
Minimum cover requirements for various drilled shaft sizes are shown in Table 16.1-
1. The minimum cover is not related to protection of the reinforcing steel (refer to
CA Amendment (Caltrans, 2014a) Table 5.12.3-1) but rather as an aid for
construction. The minimum cover allows for rebar cage deformations that occur
during placement as well as for some tolerance for the final shaft and column
location. For non-Standard Plan Piles, irrespective of the actual cover, only 3 in. of
cover is assumed effective and used in the structural capacity calculations.

Chapter 16 — Deep Foundations 16-2
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16.1.3

Table 16.1-1 Minimum Cover Requirement for Drilled Shafts
Diameter of Drilled Shaft, D Concrete Cover
16 in. and 24 in. Standard Piles See Standard Plan B2-3
24in.< D < 36in. 3in.
42in.< D < 54 in. 4in.
60in.< D < 96in. 5in.
96 in. and larger 6in.

For Type-Il shafts use of a construction joint below the column cage will
facilitate construction. The plans should show the location of the construction joint
and also any permanent casing used to allow workers to prepare the joint. If the joint
is more than 20 ft deep, the District should be contacted to obtain classification of the
site as gassy/non-gassy from Cal-OSHA Mining and Tunneling Unit as explained in
topic 110 of the Highway Design Manual and MTD 3-1 (Caltrans, 2014b).

The most common types of driven piles are steel pipe, steel HP shapes, Cast-in-
Steel Shell (CISS), and precast pre-stressed concrete piles. The Structural Designer
should check availability with the cost estimating branch if HP sections are to be
used. Timber piles are not commonly used in Caltrans’ projects unless for temporary
construction.

Vibration and noise generated by pile driving should be considered from early
stages of the project and when developing the Advanced Planning Study (APS).
District should be consulted regarding acceptable levels of noise and vibration based
on environmental, geotechnical, and structural constraints. The Project Engineer may
present mitigation methods to avoid elimination of driven piles which are usually
cheaper than other alternatives.

Redundancy of the steel piles, shells, and casings can affect quality assurance of
welding and, therefore, impact the cost and schedule of the project. Definition of
Redundant (R) and Non-redundant (N) piles is covered in the Caltrans Standard
Special Provisions [49-2.02B(1)(a), 2011] and may differ from the commonly used
definition of structural redundancy.

If ground water is anticipated during construction, steel casings may be used to
facilitate construction of drilled shafts and to avoid caving problems. Unlike driven
shells (used in CISS piles), casings can be installed by vibration or oscillations, and
usually, contribution of cased portion of the shaft to geotechnical capacity is
negligible. Contribution of casing to confinement or flexural strength and stiffness of
the shaft may be considered in design calculations.

General Design Considerations — Pile/Shaft Group

Columns and piers can be supported by a foundation system consisting of a
concrete cap attached to a group of piles or shafts. The structural redundancy of
pile/shaft group is advantageous. However, excavation and backfill required for
construction may impact its selection.

Chapter 16 — Deep Foundations 16-3
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16.1.3.1  Pile/Shaft Spacing
Table 16.1-2 summarizes the current recommendations of AASHTO (AASHTO,

2012) and CA Amendments (Caltrans, 2014a) for pile/shaft spacing in a pile/shaft
group, where D is the diameter of the pile/shaft.

Table 16.1-2 Pile/Shaft Group Spacing

Type of Piles or Shafts Minimum center-to-center | Minimum spacing between face of
spacing of piles/shafts the pile/shaft to face of the cap (for
edge/corner piles/shafts)
Driven Piles 36 in. or 2D 9in. or 0.5D
(whichever greater) (whichever greater)
Drilled Shafts 2.5D 12 in.

The limit of 25D for drilled shafts shall not be violated for better
constructability. Furthermore, use of larger spacing is recommended to avoid
interference of adjacent piles/shafts and to economize geotechnical design.

16.1.3.2 Scour Protection

To avoid loss of geotechnical capacity and structural problems caused by
washout of the surrounding soil, the pile cap should be deep enough to prevent
pile/shaft exposure during service life of the bridge. All components of scour that is
degradation, contraction, and local pier scour must be considered in design. The
minimum required depth of the cap to eliminate scour problem is shown in Figure
16.1-1.

Degradation + Contr -1c‘t1|:|11 +
Local Pier Scour Depth of
(100 Base Flood

Degradation + Contraction Pier Scour Depth
of Q100 Base Flood

Figure 16.1-1 Required Embedment Depth for Scour Protection
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16.1.3.3

16.1.3.4

When evaluating the geotechnical/structural capacity of the pile/shaft group, the
combination of different components of scour should follow Table 16.1-3 (see
Section 3.7.5 of CA Amendments (Caltrans, 2014a).

Table 16.1-3 Percentage of Scour Used in Design for Different Limit States

Limit State Maximum Maximum Local Scour to be
Aggradation/Degradation and considered for footing design,
Contraction Scour to be shown as a % of total

considered for footing design,
shown as a % of total

Service 100 100
Strength 100 50
Extreme Event 100 0

Standard (Class) Piles

Based on structural capacity, piles and shafts are classified as standard and non-
standard. Standard piles, including drilled shafts and driven piles, have a pre-
calculated structural capacity. Caltrans Standard Plans, Sheets B2-3, B2-5, and B2-8
provide pile details for class 90, 140, and 200 kip standard piles. Class of a pile or
shaft refers to Design Compression Strength of the pile/shaft, generally used for
Working Stress Design (WSD). Design Tensile Strength (WSD) for the above piles is
0.4 times design compressive strength as shown in the standard plans. The LRFD
Nominal Resistance in Compression of Pile Class 90, 140 and 200 is twice the class
of the pile, i.e., 180, 280, and 400 kips, respectively. The LRFD Nominal Resistance
in Tension is half of the compression. Due to lack of solid information on joint
performance, the pile-to-cap connection of standard piles is assumed as a pin
connection.

Corrosion mitigation provisions are covered by construction specifications.
Therefore, standard plans are valid for both corrosive and non-corrosive sites, except
for pipe piles “Alternative W” shown on B2-5 and B2-8. Designers may use this
alternative if applicable corrosion allowance is considered, and structural resistance
of the reduced cross section of the pile is recalculated and checked based on design
life of the structure (commonly 75 years). Standard piles must be checked and
redesigned if used for seismic critical applications.

General Design Assumptions

A pile/shaft group is an indeterminate structure and is generally subjected to axial
force and biaxial moment and shear. The following assumptions are commonly used
in analysis of pile/shaft groups:

o Rigid Pile Cap: The pile cap can be assumed as rigid when the length-to-
thickness ratio of the cantilever measured from face of the column/pier to the
edge of the cap is less than or equal to 2.2 according to Seismic Design
Criteria (SDC) 7.7.1.3 (Caltrans, 2013).

Chapter 16 — Deep Foundations 16-5
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16.1.3.5

16.1.3.6

e Pile/Shaft-to-Cap Pin Connection: When surrounded by competent soil, the
lateral movement of the piles/shafts under lateral loads such as earthquake is
very small. Therefore, moments in the pile/shaft can be ignored and a pin
connection can be assumed between piles/shafts and the pile cap.

These assumptions will result in a linear distribution of pile/shaft forces and
facilitate analysis under lateral forces as explained in this chapter.

Analysis for Service and Strength Limit State Loads

The maximum compression (Cnax) and tension (T.) axial forces applied to a
pile/shaft in a symmetrical group are calculated as:

o _P IMC| M (16.1.3.5-1)
max N ‘ Ix Iy

P MECy MGy (16.1.3.5-2)
TN I Iy

where P, M, and M, are axial force, bending moment about x axis, and bending
moment about y axis, respectively, acting at the top of pile (bottom of pile cap).
N is the total number of piles/shafts, and I and I, are equivalent moments of
inertia of pile/shaft groups in the x and y directions calculated as:

I, =%(NyxC]) (16.1.3.5-3)

1y =2(Nyxc3) (16.1.3.5-4)

In the above equations Ny and N, are number of piles/shafts in a row parallel to x
or y directions, and C, and C, are perpendicular distances of the row under
consideration from center of gravity of the pile/shaft group, respectively. In the above
equations compression is assumed positive.

Analysis for Extreme Event (Seismic) Loads

For Extreme Event-1 Limit State (seismic) the pile/shaft group is analyzed under
column overstrength moment (M,) and associate shear force (V,) acting at the base of
the column and applied at all different directions. The plastic moment (M,) at the
base of the column should be calculated using fiber method analysis (for example,
XSECTION analysis) and considering the seismic induced overturning effect on the
column axial force for multi-column bents. The overstrength moment (M,) is equal to
1.2M,. The overstrength moment and shear should be transferred to the bottom of the
pile cap for pile/shaft group analysis, and therefore, the moment to be used in
pile/shaft analysis will be M, + V, Dy, where Dx is the depth of the pile cap. Analysis
of pile/shaft group for seismic forces depends on the type of the soil. Caltrans SDC
6.2.2 (Caltrans, 2013) classifies soil as competent, marginal, and poor. This

Chapter 16 — Deep Foundations 16-6
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classification is based on physical and mechanical properties of the soil, as well as
possibility of seismic-associated effects such as liquefaction and lateral spreading.
Pile/shaft group analysis for seismic forces in competent soil will be similar to
analysis for Service or Strength limit state load combinations. The analysis of
pile/shaft group in marginal or poor (soft/liquefiable) soil under Extreme Event I
limit state is addressed in Section 16.3.

16.1.3.7  Design Process

MTD 3-1 (Caltrans, 2014b) lays out the design process for deep foundations. The
SD provides factored loads acting on the pile/shaft for different load combinations,
and the GD provides tip elevations for compression, tension, and settlement. The
settlement tip is calculated based on service-l limit state loads, while compression
and tension tips are calculated based on strength and extreme event limit state loads.

The factored weight of the footing (pile cap) and overburden soil should be
added to the factored axial force calculated at the base of the column to provide the
“gross” factored axial force. The factored weight of the soil from Original Ground
(OG) to bottom of the pile cap is subtracted from factored gross axial force to obtain
factored “net” axial force. Pile/shaft load calculations are based on net axial force for
Service limit state and gross axial force for Strength and Extreme Event limit states.

The lateral tip elevation is provided by SD. The seismic moment and shear are
applied at the cut-off point of the pile/shaft, and deflection at the cut-off point is
recorded. Then, the length of the pile/shaft is changed, the deflection is recalculated,
and the variation of the deflection vs. length of the pile/shaft is drawn. “Critical
Depth” of the pile/shaft is the shallowest depth at which any increase in the length of
the pile/shaft does not change the cut-off deflection. The critical length is used to
specify “lateral tip” on the plans. A determination of the lateral tip elevation is not
necessary for pile/shaft groups in competent soil. For pile/shaft groups in marginal or
soft/liquifiable soil it is not necessary to use a factor of safety for determination of the
lateral tip elevation. MTD 3-1 explains the design process and information to be
communicated between the SD and the GD, as well as information to be shown in the
Pile Data Table. Examples of different types of piles/shafts are provided in the
Attachments of MTD 3-1.

Chapter 16 — Deep Foundations 16-7
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16.2 ANALYSIS/DESIGN OF PILE/SHAFT GROUPS IN
COMPETENT SOIL (DESIGN EXAMPLE)

The design process for a column-to-pile cap pile foundation is illustrated through
the following example.

Note: A fixed column-pile cap connection was assumed for this design illustration.
However, a more efficient pile cap design may utilize a pinned column-pile cap
connection.

Given:

A circular column of 6 ft diameter with 26 #14 main bars and #8 hoops at 5 in. is
used for a two-span post-tensioned box girder bridge. OG elevation is 48 ft, Finished
Grade (FG) elevation is 48 ft, and bottom of the cap elevation is 38.75 ft.
Furthermore:

e Concrete material f; = 3,600 psi.
¢ Reinforcement f, = 60,000 psi.
e Un-factored live loads at the base of the column are listed in Table 16.2-1.

e Plastic moment and shear at the base of the column are calculated as
M, = 15,455 kip-ft and V, = 716 kips.

e Un-factored dead load and seismic forces at the base of the column are listed
in Table 16.2-2.

e Geotechnical information classifies soil as competent (SDC 7.7.1.1). Density
of soil is 120 Ib./ft®

e Pile Cap rests on 30 in. CIDH piles (drilled shafts). Estimate of the shaft
factored nominal geotechnical resistance is 600 kips compression and 300
kips tension. Shaft moments are assumed negligible (SDC 7.7.1.1). Shaft
layout is assumed as shown in Figure 16.2-1.

Chapter 16 — Deep Foundations 16-8
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Figure 16.2-1 Shaft Group Layout
Note: When the distance between the center of applied load (column) and the
supporting reactions (piles/shafts) is less than twice the depth (per AASHTO 5.6.3.1),
a strut and tie model may be used. Caltrans practice allows use of simplified analysis
and design of a pile cap in lieu of a strut and tie model.

e The typical section of the shaft is shown in Figure 16.2-2.

#5 Hoops @ 6"

2"ID Inspection tubes
total 3

30" CIDH

#9 bars total 9

Figure 16.2-2 Shaft Details
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Table 16.2-1 Un-factored Live Load Forces at Column Base

Design Truck Permit Truck
Case [ 1 Il | Il Il
M+ (Kip-ft) -203.8 -39.6 -79.8 -344.1 18.7 32.2
M, (Kip-ft) 248.3 1442.2 547.1 169.1 2537.6 3514
P (kip) 217.3 237.6 479.2 366.5 438.7 760.4
Vr (kip) 0 0 0 0 0 0
V. (kip) 0 0 0 0 0 0

Note:

Case I: Maximum Transverse Moment (M) and associated effects
Case Il: Maximum Longitudinal Moment (M, ) and associated effects
Case Il1l: Maximum Axial Force (P) and associated effects

Table 16.2-2 Un-factored Dead Load and Seismic Forces Applied at the Column

Base.
Un-factored, Mr M. P Vi A
without impact Loads (Kip-ft) (Kip-ft) (kip) (kip) (kip)
DC 61.0 826.1 1164.9
DW 11.4 167.8 227.4
EV 0.0 0.0 3123
PS 0.0 -141.7 -20.9
Seismic-1+ 18545.8 0.0 992.0 859.0 0.0
Seismic-1- 18545.8 0.0 -992.0 | 859.0 0.0
Seismic-11 0.0 18545.8 0.0 0.0 859.0
Seismic-111+ 13115.8 13115.8 496.0 607.0 | 607.0
Seismic-111- 13115.8 13115.8 -496.0 | 607.0 | 607.0

Note: Seismic forces and moments caused by overturning effects are calculated using an assumed overstrength
moment and shear force of :
Mo=1.2M,= 18,545.8 Kip-ft, V,=1.2V,=859 kips. However, in practice, the magnitude of overstrength moment
and shear depends on the applied axial force.

V1, VL shown in Tables 16.21-1 and 16.21-2 are forces applied at the top of the
footing.

Requirements:
1. Determine pile cap layout and depth.

2. Determine LRFD factored loads for service, strength, and extreme event
limit states.

Check pile/shaft capacity.
Design pile cap for flexure.

Design pile cap for shear.

o g k~ w

Design pile cap for joint shear.

Chapter 16 — Deep Foundations 16-10
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16.2.1 Determine Pile Cap Layout and Depth

A pile/shaft layout of 16 shafts (4 rows of 4 shafts) is assumed as shown in
Figure 16.2-1. Per CA Amendments 10.8.1.2, the minimum spacing for CIDH piles is
2.5D. The minimum edge distance for CIDH piles is 12 in. clear (AASHTO
10.8.1.2). The shaft spacing is 2.5 x 30 in. = 75 in = 6.25 ft, and minimum overall
pile cap width is 75 in. x 3 + (12 in. + 30 in./2) x 2 = 279 in. Pile/shaft layout and
pile cap size meet minimum size and spacing criteria.

Note: If Geotechnical Services indicate group effects control, it may be warranted to
increase pile/shaft spacing to raise pile/shaft tip elevations.

To ensure the full moment capacity of a column can be developed, the minimum
pile cap depth is equal to the minimum clearance from the bottom of pile cap to the
bottom mat of cap reinforcement, plus the bar diameters used for the bottom of pile
cap reinforcement, plus the required development length of the main column
reinforcement.

thg,min = Clr- + 2(dbd) + I/d

Ditgmin = Minimum pile cap depth.

clr. = minimum clearance from the bottom of pile cap to the bottom mat of
pile cap reinforcement = 6 in. (BDD 6.71)

Opg = diameters of the bars used for the bottom of pile cap reinforcement.

I = required development length of the main column reinforcement.

Assuming #11 bars for the pile cap bottom reinforcement: dpy = 1.63 in. (BDD 13-10)

Calculate the development length according to the specifications given by AASHTO
5.11.2.2 and AASHTO 5.11.2.4, which are shown below in section 16.2.1.1.

16.2.1.1  Development of Deformed Bars in Compression

AASHTO states:
lgp > 0.63 (1.693)(60) / (3.6)0'5 =33.71in. (AASHTO 5.11.2.2.1-1)
lgp > 0.3(1.693)(60) = 30.5 in. (AASHTO 5.11.2.2.1-2)

AASTHO 5.11.2.2.2 states that the basic development length may be multiplied
by applicable modification factors.

AASHTO 5.11.2.2.2: Reinforcement is enclosed within a spiral of not less than
0.25 in. in diameter and not more than a 4 in. pitch, modification factor = 0.75. (This
reduction does not apply because we have the main column hoops at 5 in.).

Hooks shall not be considered effective in developing bars in compression.
Therefore, development length required for compression is equal to 33.7 in.

Chapter 16 — Deep Foundations 16-11
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16.2.1.2  Development of Standard Hooks in Tension
I, = 38.0 (1.693) / (3.6)*° = 33.9 in. (AASHTO Eq. 5.11.2.4.1-1)
Basic development length shall be multiplied by applicable modification factors:
e Concrete Cover: For #11 bar and smaller, side cover (normal to plane of

hook) not less than 2.5 in., and for 90 degree hook, cover on bar
extension beyond hook not less than 2 in., modification factor = 0.70.

Note: For determining modification factors the specifications refer to the portion of
the bar from the critical section to the bend as the “hook,” and the portion of the bar
from the bend to the end of the bar as the “extension beyond the hook.”

e Ties or Stirrups: For #11 bar and smaller, hook enclosed vertically or
horizontally within ties or stirrup-ties spaced along the full development
Ish not greater than 3 dy,, where d, is diameter of hooked bar, modification
factor = 0.80.

None of the modification factors are applied, since #14 bars have been used for
columns. Therefore:

Development of standard hooks in tension = 33.9 in., say 34 in. (Also greater
than 8 x 1.88 in. and 6 in.)

Development length for tension (34 in.) controls over the development length for
compression (33.7 in.). The required pile cap thickness is calculated as:

Ditgmin = CIr. + 2(dpg) + | ft.g = 6 in. + 2(1.63 in.) + 34 in. = 43.3 in.

Note: If the development length of the pile/shaft reinforcement is a concern, the pile
cap depth should be similarly checked for this reinforcement.

Recommendation for balanced footing/pile cap depth is:
0.7xD.=0.7x6.0ft=4.2 ft;

Use Drg = 50 in. = 4.17 ft (SDC 7.6.1-2)
Check minimum pile cap depth for rigid footing assumption. (SDC 7.7.1.3)
Lig/Drg < 2.2

where:

L# = cantilever length of pile cap from face of column = (23.25-6.0)/2 = 8.63 ft
Drg = 50 in. = 4.17 ft

L/ Drg = 2.06; rigid footing assumption OK
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16.2.2 Determine Factored Loads for Service, Strength, and Extreme Event
Limit States

The following three cases of live load forces should be considered in design:

Case I: Maximum Transverse Moment (M) and associated effects
Case Il: Maximum Longitudinal Moment (M) and associated effects
Case I1I: Maximum Axial Force (P) and associated effects

Analysis results for other applicable loads acting on the pile cap are given in
Table 16.2-2. Forces and moments resulting from seismic analysis in transverse,
longitudinal, and 45 degree combination thereof are shown as Seismic I(+/-), Seismic
I, and Seismic Ill(+/-). For Seismic | and Seismic Ill, the + represents the
compression column while the — represents the tension column due to overturning
forces. A combination of seismic forces should be taken at 15 degree intervals,
however, for this example, one location at 45 degrees was used.

Ey was calculated in Table 16.2-2 as:

(23.25 ft X 23.25 ft — (1 X (6 ft)%/4)) X (48.0 ft — 38.75 ft — 4.17 ft) X
(0.12 k/ft®) = 312.3 kips

The LRFD load combinations used in foundation design and corresponding load
factors (AASHTO Table 3.4.1-1) are summarized in the following table. The upper
and lower limits of permanent load factors (y,) are shown as U and L respectively.

Table 16.2-3 LRFD Load Factors

DC DW PS EV HL-93 P-15 Seismic

Strength 1-U 1.25 1.5 1 1.35 1.75 0 0
Strength I-L 0.9 0.65 1 0.9 1.75 0 0
Strength 11-U 1.25 15 1 1.35 0 1.35 0
Strength 11-L 0.9 0.65 1 0.9 0 1.35 0
Strength 111-U 1.25 15 1 1.35 0 0 0
Strength 111-L 0.9 0.65 1 0.9 0 0 0
Strength V-U 1.25 15 1 1.35 1.35 0 0
Strength V-L 0.9 0.65 1 0.9 1.35 0 0
Service | 1 1 1 1 1 0 0
Extreme Event | 1 1 1 1 0 0 1

The PS load factor of 1.0, as shown in Table 16.2-3, is recommended when the
column’s cracked moment of inertia is used in analysis. However, for load cases
other than Extreme Event-l a load factor of 0.5 may be used; see AASHTO Table
3.4.1-3 (AASHTO, 2012).

In order to determine loads at the bottom of the pile cap, the cap size and depth
will be needed. For this example a pile cap depth of 50 in. with a length and width of
23 ft - 3in. is used.
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The overall un-factored pile cap weight (DL) = 23.25 ft x 23.25 ft x 4.17 ft x
0.15 kip/ft* = 338 kips

The LRFD load factors are applied to axial force and moments in longitudinal
and transverse directions to calculate factored loads for Strength, Service, and
Extreme Event limit states, as summarized in Table 16.2-4 below. Loading shown in
the table below is for live load case 111 only.

Table 16.2-4 Case 111 Maximum Axial Force

My M, P
Factored Loads (kip-ft) (Kip-ft) (kip)
Strength 1-U -46 2100 3459
Strength I-L =77 1668 2599
Strength 11-U 137 1617 3647
Strength 11-L 106 1185 2787
Strength 111-U 93 1143 2621
Strength I11-L 62 711 1761
Strength V-U -14 1881 3267
Strength V-L -45 1450 2407
Service | -7 1399 2501
Extreme Event I, Seismic I+ 22128 0 3014
Extreme Event |, Seismic |- 22128 0 1030
Extreme Event |, Seismic Il 0 22128 2022
Extreme Event I, Seismic I11+ 15645 15645 2518
Extreme Event I, Seismic I11- 15645 15645 1526

Shown below are sample calculations for the factored loads shown in Table 16.2-4:

= Example 1: Calculation of axial force at the bottom of pile cap for
Strength-I1 limit state:
P =1.25(1164.9) + 1.25(338) + 1.5(227.4) + 1(-20.9) + 1.35(760.4) +
1.35(312.3) = 3647 kips

=  Example 2: Calculation of transverse moment at the bottom of pile cap
for Seismic I+:
My = 1(18545.8 + 4.17 x 859.0) = 22,128 kip-ft

= Example 3: Calculation of gross axial force at the bottom of pile cap for
Service | limit state:

P = 1(1164.9) + 1(338) + 1(227.4) + 1(-20.9) + 1(479.2) + 1 (312.3) =
2501 Kips
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However, the net Service | loads should be reported to Geotechnical Services as
shown in the footnotes of Table 16.2-9. The net axial force is calculated by
subtracting the weight of the overburden soil from gross axial force.

Soil Weight = 23.25 ft x 23.25ft x (48 ft - 38.75 ft) x 0.12k/ft >= 600 kips
Pnet = 2501 — 600 = 1,901 kips
Note: [__] represents loads used in Table 16.2-9, Foundation Design Data Sheet.

Similarly, the net permanent loads are to be calculated and reported to
Geotechnical Services.

P = 1(1164.9) + 1(338) + 1(227.4) + 1 (-20.9) + 1(312.3) = 2,022 kips

Pret = 2,022 — 600 = [1,422] kips

16.2.3 Check Pile/Shaft Capacity
The general equation for moment in a rigid pile cap under seismic demand (SDC
7.7.1-2) is written as:
Mo™ + Vo ©' x Dy + EM™ - Rg x (Dig — Drs) — Z(Cy™™ x Cgy) — Z(T™* x Cy) =0

Since the pile cap is surrounded by competent soil, the simplified foundation
model may be used; Eq.16.1.3.5-1 and Eq.16.1.3.5-2 shall apply. The moment of
inertia of the pile/shaft group in both directions is calculated as:

Table 16.2-5 — Transverse Pile/Shaft Layout

C, (ft) # piles/shafts N x C2
Row 1 -9.38 4 352 ft?
Row 2 -3.13 4 39 ft?
Row 3 3.13 4 39 ft?
Row 4 9.38 4 352 ft?
L,=% (NxC2) = 782 ft?

Similarly, 1, = I, = 782 ft*

Strength and Service loads shown below in Table 16.2-6 are for Case Il, which is
the controlling load case for shaft loading for this example. The last two columns list
maximum force (Pna) and minimum force (Pnin) in the piles under the various
loading conditions. Negative forces show tension in the shafts.
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Table 16.2-6 — Case Il Maximum Longitudinal Moment

Londe: iﬁg ft (k:\;/)l-Tﬁ) (ki’\p/)l-Lft) (klijp) (F|)<|/;’)\; MG/l Myxcdl, (iTSX) (iim;')n)
T (kip) (kip)
Strength I-U 2 3666 3036 190 03 44.0 2340 1455
Strength I-L 7 3235 2176 136 0.1 38.8 1749 97.1
Strength 11-U 118 4568 3213 201 14 54.8 2570 1445
Strength 11-L 87 4136 2353 147 10 496 197.7 96.4
Strength I11-U 93 1143 2620 164 11 137 1786 1489
Strength I11-L 62 711 1761 110 0.7 85 1193 1008
Strength V-U 40 3089 2941 184 05 371 2214 1463
Strength V-L 9 2658 2081 130 0.1 319 1621 98.1
Service | 33 2204 2259 141 0.4 275 1601 1133
Extreme Event |

Seismic-I(+) | 22128 0 3014 188 2655 0.0 453.9 772
Seismic-1() | 22128 0 1030 64 2655 0.0 3209 2012
Seismic 11 0 22128 2022 126 0.0 2655 3919 1392
Seismic 11+ | 15645 15645 2518 157 187.7 187.7 5328 2181
Seismic-lll- | 15645 15645 1526 95 187.7 187.7 470.8 -280.1

16.2.3.1  Check Geotechnical Requirements

The CA Amendments 10.5.5.2.4 and 10.5.5.3.3 specify strength reduction factors
(¢) for strength and extreme event limit states as 0.7 and 1, respectively.

Compare factored loads on piles/shafts to factored resistance for strength limit

state:
For compression 257 kips < (0.7) x 600 = 420 Kips OK
For tension 0 kips < (0.7) x 300 = 210 Kips OK
Compare factored loads on piles/shafts to factored resistance for extreme event
limit state:
For compression 533 kips < (1.0) x 600 = 600 Kips OK
For tension 280 kips < (1.0) x 300 = 300 Kips OK

Therefore, shafts meet LRFD geotechnical requirements.
16.2.3.2  Check Pile/Shaft Structural Requirements

Strength Limit State:

o Pile/Shaft Tension Capacity
= ¢ Po=¢ (A xf,) (AASHTO 5.7.6.1)
=0.9 (9 bars x 1in.%/bar) 60 ksi = 486 kips > 0 kips OK

Note: No tension in shafts for Strength limit state.
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e Pile/Shaft Compression Capacity
¢ P, =0.75{0.85[0.85 x f{ (Ag-A) + f,A4]} (AASHTO 5.7.4.4)
= 0.75{0.85[0.85 x 3.6(706.9-9) + 60(9)]} = 1706 Kips > 257 kips

1706 kips > 257 Kips OK

Extreme Event Limit State (Seismic):
¢ = 0.9 ; for shear (SDC 3.2.1)

o Pile/Shaft Tension Capacity
®P, = 1 (9 bars x 1in.%/bar) 60 ksi = 540 kips > 280 kips OK

e Pile/Shaft Compression Capacity
¢P, = 1{0.85[0.85 x 3.6(706.9-9) + 60(9)]} = 2274 kips > 533k OK

16.2.3.3  Piles/Shafts Shear Capacity

Caltrans® practice is not to check the shear capacity for pile/shaft groups in
competent soil. However, formal guidance material for this policy is currently not
available for LRFD design. The following is an example calculation showing how the
pile shear check calculation may be performed.

Ignoring the pile cap passive pressure on the front face as well as the friction on
the two side faces of the pile cap, the pile/shaft shear may be conservatively
approximated as the total shear divided by the number of piles/shafts. Assuming the
maximum shear will occur at the top of the pile/shaft, the maximum factored shear
force is as follows:

Seismic Ill-: V, = 1 (607% + 607%) °°/16 = 53.7 kips

The structural shear capacity of a reinforced concrete pile/shaft can be calculated
as follows:

Vh=Ve+Ve+V, <025f¢b,d, +V, (AASHTO 5.8.3.3)
Ve = 0.0316B(f)"*(b,)(d\)

Vs = [A, (fy)(dy) (cot & + cot o) sina] /s

V, = 0 (no pre-stressing in pile/shaft)

b, =D =30in.

d,=09d,=0.9(21.8in.) =19.6 in.

D, =D -2 (clr + hoop dyg + long dye/2) =30 — 2(3 + 0.69 + 1.25/2) = 21.4 in.
de=D/2+D/n=30/2+21.4/n=21.81n. (AASHTO C5.8.2.9-2)
o =90°

A,=0.31in.2x 2 =0.62in.% s = 6 in. (#5 hoops at 6 in. spacing)
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Check for minimum transverse reinforcement:
A, > 0.0316 ( f7)*°(b,)s/f, = 0.0316(3.6)**(30)(6)/60 = 0.18 in.? OK
N, = 280.1 kips (shear will be controlled by maximum tensile member)
M, = 0 (minimal moment demand assumed at top of pile/shaft)
Aps = 0 (no pre-stressing steel in pile/shaft)
& = [(IMul/d.) + 0.5 Ny + [V = Vgl = Aps fro [(Es As+ Ep Agd)]
(AASHTO 5.8.3.4.2-4)
& =10.5(280.1) +|53.7]]/[(29,000)(4.5)] = 0.00148

4.8
1+ 750, (AASHTO 5.8.3.4.2-1)
B= 48 =227
1+750(0.00148)
6= 29 +3500¢; (AASHTO 5.8.3.4.2-3)

6= 29 +3500(0.00148) = 34.2°

As=9(1in?/2=45in?

V. = 0.0316(2.27)(3.6)*°(30)(19.6) = 80.02 kips

Vs = 0.62(60)(19.6)[cot(34.2°)+cot(90°)]/6 = 178.8 kips

V, =80.02 + 178.8 =258.8 kips < 0.25(3.6)(30)(19.6) = 529.2 kips OK
V= ¢V,=0.9 (258.8) = 232.9 kips > 53.7 kips OK
It is worth noting that a more refined analysis that accounts for the passive

pressure on the front face as well as the friction on the two side faces may be
warranted if the pile shear demand exceeds its structural shear capacity.
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16.2.3.3  Pile/Shaft Moment Capacity

For the pile group in competent soil, due to small pile deflections, the bending
moment demand has been assumed not to control, and therefore, does not require
further analysis.

16.2.4 Design Pile Cap for Flexure

The critical section of the pile cap for flexure is at the face of the column as
shown in Figure 16.2-3. Since the column has a circular cross-section, it is
transformed into an effective square section for pile cap analysis with equivalent
column width of: (28.26)*° = 5.32 ft

P1 P2 P3 P4
Figure 16.2-3 Pile Cap Loading

Mcap (transverse) — (Pltransv X Xltransv)'l'(PZtransv X thransv) _Y\th X Xfttransv - YWS X XStransv

Due to symmetry: X1yansy = XLiong, X2trans = X2Iongx Xftiransy = XStransy = XftIong = XSiong
where:

X1 = distance from face of column to row 1 of shafts
=(6.25/2 + 6.25) — 5.32/2 = 6.715 ft
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Lltrans
X2 = distance from face of column to row 2 of shafts
=6.25/2 —5.32/2 = 0.465 ft
Pi = (No. shafts per row x) x [P/N + | My x ¢,/1|]

Xftyansy = 0.5 distance from face of column to edge of pile cap
= 1/2((23.25-5.32)/2) = 4.48 ft

Wi = weight of pile cap portion (from face of column to edge of cap)
= ((23.25-5.32)/2)(23.25)(50/12)(0.15) = 130.3 Kips
Ws = weight of soil portion (from face of column to edge of cap)
= ((23.25-5.32)/2)(23.25)(48-38.75-4.17)(0.12) = 127.1 Kips
Y = load factor, as specified in CA Amendments Tables 3.4.1-1 and 3.4.1-2

The maximum compression forces and the corresponding moment, Mc,, as
shown in Table 16.2-6, are for Case Il loading. Loading Case | and 11l should also be
checked but are not shown here.

Table 16.2-6 Pile/Shaft Compression Forces and Corresponding M,
(Strength and Service)

Transverse Longitudinal

P1 P2 Mcap P1 P2 Mcap

Factored Loads: (kip) (kip) (Kip-ft) (kip) (kip) (Kip-ft)
Strength 1-U 760 759 3958 935 818 5159
Strength I-L 544 544 2870 699 596 3935
Strength 11-U 809 805 4306 1022 876 5774
Strength 11-L 592 590 3214 787 654 4549
Strength 111-U 660 657 3235 710 673 3581
Strength 111-L 443 441 2142 474 452 2356
Strength V-U 737 736 3793 884 785 4799
Strength V-L 521 520 2700 648 563 3574
Service | 566 565 2912 675 602 3658

Example Calculation: For Strength Il, max P1 force and M, in longitudinal

direction:
Pliong = (#shafts per row 1) x [P/N + | Mxc,/I, | 1= (4) x [3213/16 +
(4568x9.38)/782]
= 1022 kips

v (dead load components) = 1.25

v (earth vertical pressure) = 1.35

Meap = (1022 x 6.715) + (876 x 0.465) — 1.25(130.3)(4.48) — 1.35(127.1)(4.48)
= 5,774 kip-ft
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In this example, tension forces were developed only under seismic loads.
Maximum Compression and Tension Forces for Extreme Event | loading are shown
in Table 16.2-7. The sign indicates tension forces. The corresponding M,, Values are
also shown.

Table 16.2-7 Shaft Compression Forces and Corresponding M, (Seismic)

Transverse Longitudinal
P1 P2 Mcap P1 P2 Mcap
Factored Loads: (kip) (kip) (kip-ft) (kip) (kip) (kip-ft)
Maximum Compression

Seismic-1(+) 1815 1107 11551 753 753 4256

Seismic-1(-) 1319 611 7990 257 257 694
Seismic Il 505 505 2475 1567 859 9771
Seismic I11(+) 1380 880 8524 1380 880 8524
Seismic-111(-) 1132 632 6744 1132 632 6744

Maximum Tension

Seismic-1(+) -309 399 -3040 753 753 4256

Seismic-1(-) -805 -97 -6602 257 257 694
Seismic Il 505 505 2475 -557 151 -4821
Seismic I11(+) -122 379 -1794 -122 379 -1794
Seismic-111(-) -370 131 -3575 -370 131 -3575

Example Calculation: For Seismic-I(+), M, in transverse direction:

v (seismic) = 1.0
Meap = (1815 x 6.715) + (1107 x 0.465) — 1(130.3)(4.48) — (127.1)(4.48)

=~ 11,551 Kip-ft

Maximum moments acting on the pile cap at the face of the column for Seismic-
I(+), Seismic-I(-), and Service | and are shown in Tables 16.2-6 and 16.2-7. Dividing
by the 23.25 ft pile cap width, the maximum design moments and associated values
per unit width are calculated as:

Strength Limit State: Strength 11 My = 185 kip-ft/ft; M= 248 kip-ft/ft
Extreme Event Limit State: Seismic-1 (+) My =497 kip-ft/ft; M_= 183 kip-ft/ft
Extreme Event Limit State: Seismic-1 (-) My =-284 kip-ft/ft; M, = 29 kip-ft/ft
Service Limit State: M= 125 kip-ft/ft; M= 157 Kip-ft/ft

Assuming that #9 (dyg = 1.25 in.) bars with 3 in. cover and #11 (dyq = 1.63 in.)
bars with 6 in. cover are used for top and bottom mat reinforcement, the minimum
effective depths (de) of the pile cap for the top and bottom mats are calculated as
45.13 in. and 41.55 in., respectively.

Critical sections for moment and shear calculations are:
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¢ Bending moment at the face of the column (AASHTO 5.13.3.4).

e One-way shear at distance d, from the face of the column (AASHTO
5.8.3.2).

e Two-way (punching) shear on the perimeter of a surface located at
distance dy .,y from the face of the column (AASHTO 5.13.3.6).

where d, is effective shear depth of the section, and d, .. is the average of effective
shear depths for both directions.

16.2.4.1  Pile Cap Bending Moment Check: Bottom Bars Due to Maximum Pile/Shaft
Compression

Assuming 3 in. side concrete cover and using 46-#11 bars for bottom mat, the
spacing of the rebar is calculated as:

s = (23.25(12)-2(3)-1.63)/(46-1) = 6 in.

The calculated spacing is less than maximum spacing of 12 in. specified in
AASHTO 5.10.8, and it is acceptable.

The area of steel contributing to unit width of the pile cap is: (1.56)(12)/6=3.12
in.2, therefore the depth of the concrete stress block is calculated as:

a:c=wz5.l in.
(0.85)(3.6)(12)

The bending moment capacity for non-seismic loading is computed as follows:

M, = ¢M, = (0.9)(3.12)(60)(41.55 — 0.5 x 5.1)(1/12) = 547.6 kip-ft/ft > 248
(AASHTO5.7.3.2) OK

where ¢ = 0.9 is based upon tensile controlled reinforcement (AASHTO 5.5.4.2)
&= 0.003(d, - c)/c = 0.003(d, - c)/c = 0.003(41.55-5.1)/5.1 = 0.0214 > 0.005
(AASHTO Fig.C5.7.2.1-1)

Therefore, the section is tensile controlled, ¢ = 0.9 OK

For flexural capacity under seismic loading, the moment capacity for capacity
protected members is determined from expected material properties. (SDC 3.4)

where expected f¢ = 5 ksi, f, = 68 ksi

__ (3.12)(68) _ 416 in
(0.85)(5.0)12) '

Mpe = (1)(3.12)(68)(41.55 — 0.5 x 4.16)(1/12) = 697.8 Kip-ft/ft > 497
oK
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16.2.4.2  Pile Cap Bending Moment Check: Top Bars Due to Maximum Pile/Shaft
Tension:

Assuming 3 in. side concrete cover and using 46 #9 bars for top mat, the spacing
of the rebar is calculated as:

s = (23.25(12) — 2(3) — 1.25)/(46 — 1) = 6 in,

The calculated spacing is less than maximum spacing of 12 in. specified in
AASHTO 5.10.8, and it is acceptable.

The area of steel contributing to unit width of the pile cap is: (1)(12)/6 = 2 in.?,
and therefore, the depth of the concrete stress block and resisting moment are
calculated as:

__ 2060 3,7,
(0.85)(3.6)(12) '

Flexural capacity check is needed for seismic loading only as top reinforcement
is not in tension due to strength and service loading. The moment capacity is
determined from expected material properties. (SDC 3.4)

_ (2.0)(68)
© (0.85)(5.0012)

Mne = (1)(2)(68)(45.13 - 0.5 x 2.7)(1/12) = 496.2 kip-ft/ft > 284 OK

Therefore, selected number of bars is adequate for strength, however AASHTO
Eqg. 5.7.3.3.2 requires minimum amount of reinforcement to be provided for crack
control.

Crack control is for service load case and is neglected for top bars, as top bars are
not in tension for service loading condition.

To check the crack control requirement for the bottom reinforcement (Strength
1), the cracking moment (Mracking) IS Calculated as smaller of M, and 1.33 M, as

follows:
Modulus of rupture = f, = (0.24)(3.6)*° = 0.455 ksi
Gross section modulus = (12)(50)%/6 = 5000 in.*/ft
M, = 7175, S, =1.6(0.7)(0.455)(5,000) = 2,548 k'pf; N _ 212 k"?_t' ft

1.33M, = 1.33(248) = 329.8 kip-ft/ft

Therefore, M., = 212 kip-ft/ft governs, and M, = ¢M, = 547.6 kip-ft/ft > 212
OK

AASHTO 5.7.3.4 requires maximum limits of rebar spacing for crack control.
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S <M_2dc

- ﬁs fSS
Assuming y. = 1 (class-I exposure) and d. = 6+(1.63+1.63/2) = 8.45 in.:
8.45
=1+ ————=1.29
% (0.7)50-8.45)

Cracked section is used to calculate tensile stress in steel reinforcement under
service loads:

¢ (MM)(d-x)
ss (Chen and Duan 2000)

Icr
E. = 1820(3.6)"° = 3453 ksi (AASHTO C5.4.2.4-1)
n =29000/3453 = 8.40
M (maximum service moment) = M, = 157 kip-ft
d=d.=41.55in.
x can be solved by a quadratic equation, where for a rectangular section:
B=[nxA+(n-1) xA]/b
C=2[nxdxA+(n-1)xd" xA)/b
x=vB?+C-B=109
le = (U3) x b xx*+nx Agx (d—x)*+ (n—1) x A/ x (x —d’)* = 30,400 in.*
Using the above information fy is calculated as:

. (8.40)157x12)41.55-109) _ 16.0Ksi

* 30,400
The maximum spacing is checked per AASHTO Eg. 5.7.3.4-1:

%—(2)(8.45)=17.0 ksi > 6.0in. oK

Therefore, 46#11 bars are acceptable for the bottom mat.

Note: For square pile caps the reinforcement will be distributed uniformly across the
entire width of the cap. (AASHTO 5.13.3.5)

16.2.5 Design Pile Cap for Shear

According to AASHTO 5.13.3.6.1, both one-way and two-way shear shall be
considered in pile cap design:
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e The critical section for one-way action extends in a plane across the
entire width and is located at a distance as specified in 5.8.3.2 (that is
mostly at distance d, from the face of the column).

e The critical section for two-way action is perpendicular to the plane of
the pile cap and is located so that its perimeter b, is a minimum but not
closer than 0.5d, to the perimeter of the concentrated load or reaction
area.

where d,=d—-0.5a=41.55-0.5(5.1) =39 in. = 3.25 ft
d, should be greater than both 0.9d = 37.1 in. and 0.72h =36 in.

(AASTHO 5.8.2.9)
used,=39in.=3.25ft

The d, value calculated above is based upon the strength loading case and is
conservatively used for both the strength and seismic shear capacity calculations in
this example.

16.25.1  Direct (One-Way) Shear

The applied one-way shear acting at distance d, away from the face of the
column will engage one shaft row. The maximum shear force V, is 687 Kips for
strength and 1558 Kips for the extreme event.

Strength: V,=1022 — 1.35(127.1) — 1.25(130.3) = 687.4 kips
Seismic I+: V,=1815-1.0(127.1) — 1.0(130.3) = 1558 kips

Note: For circular columns the distance d, can be taken from the face of an equivalent
square column.

Chapter 16 — Deep Foundations 16-25




t BRIDGE DESIGN PRACTICE ® FEBRUARY 2015

Lltrans
av
P1 P2 P3 P4

Figure 16.2-4 One-Way Shear
Therefore, use V= 1558 / 23.25 = 67 Kip/ft
The maximum shear resistance of the section (considering shear reinforcement

contribution) is limited to 0.25 f¢b,d, + V, (AASHTO0 5.8.3.3-2)

Vi max = 0.25(3.6)(12)(39) + 0 = 421.2 kip/ft > 67 kip/ft OK
Shear resistance of concrete (V) is 0.0316p(f 1)*b,d, (AASHTO 5.8.3.3-2)
Shear resistance of steel (V) is A, x f, x d, x cot6/s (AASHTO C5.8.3.3-1)
where p = 2,0 =45.0° (AASTHO 5.8.3.4.1)
V, =(0.0316)2)v/3.6(12)(39) = 56.1 kip/ft < 67 kip/ft, shear reinforcement is
required.

Assuming #5 bars at 12 in. both ways:

V, = (0.31in.%/ft)(60ksi)(39 in.)(cot(45°)) / (12 in.) = 60.5 kip/ft

Factored nominal resistance of the steel and concrete:

OVn= ¢ (Ve + Vs)

®V,=10.9(56.1 + 60.5) = 104.94 kip/ft > 67 kip/ft OK
Check Minimum Transverse Reinforcement: (AASHTO 5.8.2.5)

A, >0.0316 \[T{ b,xs/f,
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0.31 in.%/ft > 0.0316+/3.6 (12 in.)(12 in.)/60 = 0.144 in.2fft oK

Check Maximum Spacing of Transverse Reinforcement:

If v, <0.125 f%, then Sy = 0.8 d, or 24 in. (AASHTO 5.8.2.7-1)
ve = V[ (by) (d)]

vy = 67 Kip/ft /[0.9 (12 in.) (39 in.)] = 0.16 ksi < (0.125 x 3.6 ksi)

Smax = 0.8d, = 0.8 (39 in.) =31.2 in., USe Spax = 24 in. > 12 in. OK

16.25.1  Punching (Two-Way) Shear

The critical section is located at the distance of 0.5 x d, 4 from face of the
column as shown in Figure 16.2-5.

30" CIDH Piles
Critical section for two way sheor—\\

23.25
&

¥ & ® &

L 23.25’

iy

Figure 16.2-5 Pile Cap Critical Section

The actual punching shear force acting on the critical surface is calculated by
subtracting the force resulting from the piles/shafts acting on critical surface from the
axial force (P,) of the column.

Determine the controlling punching shear force (P,).

Strength 11: P,=[1.25(1164.9) + 1.5(227.4) + 1(-20.9) + 1.35(760.4)] = 2803

Seismic I+: P,=[1(1164.9) + 1 (227.4) + 1(-20.9) + 1(992)] = 2363
Therefore, use P, = 2803 kips, ¢ =0.9

As the 4 shafts shown above are not fully within the effective zone, only a
portion of these shafts should be removed from the punching shear force. The
number of shafts within the critical surface will be approximated as 2 of 16 shafts.
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16.2.6

P

2—way

_ 2803(1— 2) = 2453
16

Using conservative assumption of d, .4 = 39 in. = 3.25 ft, results in by = = (6 +
3.25) = 29.1 ft = 348.7 in. For 2-way action with transverse reinforcement, the
nominal shear resistance shall be taken as:

V, <0.192,/ f/(348.7)39)

Vi =V, +V; <0192,/ (b,)(d, )

V, < 4,954 Kips

OV max = 0.9(4,954) = 4,459 kips

V, =(0.0316)(2)v/3.6(348.7)39) =1,631 kips (AASHTO 5.13.3.6.3-2)
A x f, xd,
Vs=T ; for @ = 45° (AASHTO 5.13.3.6.3-4)

A,=0.31 x (348.7/12) =9 in.?

V= 9(60)(39)/(12) = 1755 kips

Nominal resistance of the steel and concrete:

OV =V + oV, =0.9(1631+1755) = 3,047 kips < 4,459 Kips

oV, < oV, max

3,047 kips < 4,459 kips

V> Prvay

3,047 Kips > 2,453 Kips OK

Note: For large capacity piles, localized pile punching shear failure and the
development of flexural reinforcement beyond the exterior piles should be
investigated. (SDC 7.7.1.6)

Design Pile Cap for Joint Shear

Footing joint shear is evaluated in accordance with SDC 7.7.1.4.
Principal Compression, p. <0.25x f¢=0.25 x (3.6) = 0.9 ksi
Principal Tension, p, <12/ =12./3600=720 psi =0.72ksi

f f, )\ ’
2
Pt —_?V_{(?Vj +Vjvj
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. N 2
2
p0:7"+ (7"} +Vijy
f = F)col
v ft
T

Vjv:%

Bt Xthg

Ajfr:g =(D; + thg)>< (B + thg)

Beffffg = ﬁ x Dy
TJV =TC _ZT(I)pﬂe

ST = summation of the hold down force in the tension piles/shafts

Note: The column tensile force (T;) can be determined from the XSECTION output
file or CSiBridge. After determining T. associated with M, multiply by 1.2 to
determine T, associated with M.

Check Maximum Compressive Column:
P.=P,=[1(1164.9) + 1(227.4) + 1(-20.9) + 1(992)] = 2363 kips
For Maximum Compressive Column, T, (at M = M,) = 2578 kips (from
CSiBridge)
T.(atM=M,) =1.2 x 2578 kips = 3094 kips
Use ZT(i)p”e = 0; conservatively ignore tensile piles.

Note: If tensile piles are used, only the tensile piles within the joint shear area should
be considered.
P 2,363 2,363

f = - = =0.159
! Ajflgg (72+50)72+50) 14884

Ty =3,094 -0 =3,094

vj, = 3,094/(101.8 x 50) = 0.608

2 1/2
e = 0'1259 + [(O'ZSQJ + O.GOSZJ —0.69 ksi <0.9ksi
0.159 [(0.159)? N
==~ H - j + 0.6082] =|-0.53] ksi<0.72ksi
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Check Maximum Tensile Column:
P.=P,=[1.0(1164.9) + 1.0(227.4) + 1.0(-20.9)-1.0(992)] = 379 kips
For Maximum Tensile Column, T (at M = M) = 3000 kips (from CSiBridge)
T.(at M =M,) = 1.2 x 3000 kips = 3600 kips
T = 0 kips
P. 379

fo = (47) = 14884 0%

Ty = 3600 — 0 = 3600
vj, =3600/ (101.8 x 50) = 0.707

5 1/2
o, = 0-225{(0'225} +o.7o72J ~0.720 ksi < 0.9 ksi

2 1/2
b, = 0-225_((0225j +o.7072] ~|-0.694 ksi < 0.72ksi

If p> 3.5\/f—c' then T heads are required in stirrups: (SDC 7.7.1.7)
3.5,/ f; =(3.51/3600 =210 psi = 0.21ksi
Use p; = 0.694 ksi > 0.21 ksi NG

Therefore, T headed stirrups are required in pile cap to account for joint shear

effects. The pile cap region within D./2 from the face of the column should have T
heads at the bottom of stirrups.

See the pile cap reinforcement detail, Figure 16.2-6, for T headed stirrup

locations.
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Figure 16.2-6 Reinforcement Layout

Note: Fully lapped stirrups with 180 degree hooks at opposite ends may be used in
lieu of T-headed stirrups (SDC 7.7.1.7). For other seismic design and detailing
requirements, refer to Caltrans’ Seismic Design Criteria (Caltrans, 2013).
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16.2.7 Communication to Geotechnical Services

The following attachments provide examples of communication processes
between the Structural Designer and Geotechnical Services Refer to MTD 3-1
(2014b) and MTD 1-35 (2008).

Attachment-1:
Example of Preliminary Information to be sent from Structural Designer to
Geotechnical Services:

Table 16.2-8 Preliminary Foundation Design Data Sheet

Support No. Foundation Type(s) Estimate of Maximum Factored
Considered Compression Loads (kips)
Abut 1 Spread Footing
Bent 2 30 in. CIDH Piles 3500
Abut 3 Spread Footing

Attachment-11:

General Foundation and Load Information to be sent from Structural Designer to
GD for LRFD Strength and Extreme Event Limit States Load Data:

Table 16.2-9 Foundation Design Data Sheet

Foundation Design Data Sheet
Finished | Cut-off |Pile Cap Size| Permissible
. . Number of
Support | Design Pile Tvpe Grade |Elevation (ft) Settlement Piles
No. | Method YP! Elevation under Service er Support
(f) (f) B | L | Load(in)x Per=uPP
Abutl | WSD 1.00r2.0
Bent2 | LRFD | 010 | 48 39 [23.2523.25 1.0 16
CIDH ' ' '
Abut 3 | WSD 1.00r 2.0

*Note: Based on Caltrans’ current practice, the total permissible settlement is 1 in. for multi-span structures with
continuous spans or multi-column bents, 1 in. for single span structures with diaphragm abutments, and 2 in. for
single span structures with seat abutments. Different permissible settlement under service loads may be allowed if a
structural analysis verifies that required level of serviceability is met.

Chapter 16 — Deep Foundations 16-32




<‘IE%iIE’V

trans

BRIDGE DESIGN PRACTICE ® FEBRUARY 2015

Table 16.2-10 Foundation Design Loads

Foundation Design Loads

Service-1 Limit State Strength Limit State Extreme Event Limit State

(Kips) (Controlling Group, kips) (Controlling Group, Kips)

Support| Total Load Pelr_rgzgsent Compression | Tension | Compression | Tension

No.

Per Max. Per Per Max. Per Max. Per Max. Per Max.
Support Per Support |Support Per Support Per Support Per Support Per
PPOTH] pije | ©UPP PPOTH pjje |PUPPOTY pjje |SUPPOTH pijg |PUPPOTY pije
Abut 1 N/A |N/A| N/A |NJA| N/A |[N/A| N/A [N/A
Bent2| 1901 | N/A | 1422 3647 | 257 0 0 | 3014 | 533 0 280
Abut 3 N/A IN/A| N/A |NJA| N/A |N/JA| N/A |N/A

Note: For Geotechnical Services:

Support loads shown are per column.
Service | loads are reported as net loads.
Strength and Extreme loads are reported as gross loads.

Loads from Table 16.2-10 are shown in bold and highlighted in Sections 16.2.2
and 16.2.3.

Load tables may be modified to submit multiple lines of critical load
combinations for each limit state, if necessary.
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16.3 ANALYSIS/DESIGN OF SHAFT GROUPS IN
SOFT/LIQUEFIABLE SOIL UNDER EXTREME EVENT I
LIMIT STATE

16.3.1 Introduction

The behavior of a pile/shaft group depends on the characteristics of its
surrounding soil. This problem pertains to a class of Soil-Structure Interaction (SSI)
problems. The lateral behavior of a pile/shaft group is governed by the soil near the
ground surface, whereas its axial behavior is governed by the soil at a deeper depth.
These two behaviors are practically independent of each other (Parkers and Reese,
1971). The axial behavior of a pile/shaft group embedded in a soft/liquefiable soil is
similar to that embedded in a competent soil; whereas its lateral behavior depends on
the type of soil in which it is embedded. For a pile/shaft group embedded in a
competent soil, the soil near the ground surface provides substantial soil resistance to
the lateral displacement of the pile cap, which results in small displacement and
moment demands in the piles/shafts. For a pile/shaft group embedded in a
soft/liquefiable soil, the majority of this soil resistance is lost, which results in large
displacement and moment demands in the piles/shafts. The main objective of this
section is to illustrate the analysis and design of shaft groups in soft/liquefiable soil
under Extreme Event | Limit State (seismic loading).

16.3.2 Caltrans Design Practice

Foundation components of Ordinary Standard Bridges shall be designed to
remain essentially elastic when resisting the column’s overstrength moment, the
associated overstrength shear, and the axial force at the base of the column (Caltrans,
2013). Bridge features that lead to complex response during seismic events, e.g.,
irregular geometry, unusual framing, and/or unusual geologic conditions, are
considered non-standard. The current Caltrans design practice for Ordinary Non-
Standard Bridges is that the formation of plastic hinges in piles/shafts is not
desirable, and piles/shafts should remain elastic during the design seismic hazard. For
a soft or liquefiable soil (unusual geologic conditions), this might be uneconomical
due to the excessive curvature demand imposed on the piles/shafts. Project-specific
design criteria may permit plastic hinging at the top of the piles/shafts with a
maximum displacement ductility demand of 2.5 (estimated at the bottom of the pile
cap); the formation of a second set of plastic hinges at some distance below the
bottom of the pile cap shall not be permitted (Caltrans, 2013). Shaft groups with
permitted plastic hinging at the top of the shafts should be designed to meet the
performance and strength criteria described in the following subsections.
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16.3.2.1

16.3.2.1.1

MY= n Mo(‘mr
V}= n I/ﬂ{‘()[
-

Shaft-Group Foundation Performance Criteria
Demand Ductility Criteria (SDC 4.1.2)

The displacement ductility demand of a shaft group, pp, is defined as pup=Ap /Ay,
where Ap is the global displacement demand of the shaft group and Ay is the yield
displacement of the shaft group from its initial position to the formation of the first
plastic hinge in the shafts (SDC 2.2.3). Shaft groups with permitted plastic hinging at
the top of the shafts shall have a maximum displacement ductility demand of 2.5.

For ordinary standard bridges, the global displacement demand, Ap, is typically
estimated using a linear elastic analysis (equivalent static or dynamic) of the bridge
assuming effective section properties for ductile members (SDC 2.2, 5.2, and 5.6).
For a shaft-group foundation, however, the forces transferred to the foundation are
limited by the overstrength moment capacity of the column, M,". The global
displacement demand of a shaft group, Ap, shall therefore be defined as the
lateral displacement (measured at the bottom of the pile cap) resulting from the
application of the column’s overstrength moment and associated overstrength shear
at the base of the column: see Figure 16.3-1.

Pp

=Py Iy My respectively. are
the axial force. the shear force,

and the bending moment at the
top of the leading shatt at the
formation of the first plastic
hinge in the shatt group.

| |
a7 33 Jaf %y
M,y M;y My My
sy Psy Psy
A=,y A

|
15
Py
. A 1

=P T M. respectively. are the
axial force. the shear force. and
the bending moment at the top
of the leading shaft due to the
application of AL, 17, and
Pp at the base of the column.

“Original” G of shaft

Figure 16.3-1 Schematic Views of a Shaft-Group Foundation with Permitted Plastic

Hinging for Two Loading Cases

In the above figure: (a) corresponds to the formation of the first plastic hinge at
the top of a shaft, which occurs at a lateral force Vy = V™ and bending moment
My = 1 Mo, where 1 is a constant (for shafts with permitted plastic hinging n < 1
and for elastic shafts n > 1); and (b) corresponds to the application of the columns’
overstrength moment and associated overstrength shear at the base of the column.
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16.3.2.1.2 Capacity Ductility Criteria (SDC 4.1.3)

The local displacement ductility capacity of an isolated shaft within a shaft group
u is defined as p. = A /A", where A, ™" is the idealized yield displacement of the
shaft at the formation of the first plastic hinge (SDC 3.1.4.1), and A is the local
displacement capacity of the shaft at its collapse limit state. The value of A. is
calculated for an equivalent member that approximates a guided-guided column
(SDC 3.1.3,3.1.4, and 3.1.4.1). See Figure 16.3-2.

Act =A™+ A ; Az = A2+ Ao (SDC 3.1.3-1)
Ay =y X L12/3 ; A= Gya X Ly2/3 (SDC 3.1.3-7)
A1 =0p1 X (L1-Lp1/2); Ap2=0p X (La=Lp2 /2); (SDC 3.1.3-8)
Op1 = dp1 X Ly ; Op2 = dp2 X Lz ; (SDC 3.1.3-9)
et = A /A" ez = Ao/ A" ; (SDC 3.1.4-2)

where L, L, are the distances from the two points of maximum moments to the point
of contra-flexure (assumed equal, i.e., Ly = L, = L/2); L is the distance between the
two points of maximum moments; ¢y, ¢y, are the idealized yield curvatures of the
top and lower plastic hinges, respectively (assumed equal, i.e., ¢v1i = ¢v2); Gp1, dpo are
the idealized plastic curvatures of the top and lower plastic hinges, respectively
(assumed equal, i.e., dp1 = dp2); Apr, Apz are the idealized local plastic displacement
capacities due to the rotations of the top and lower plastic hinges, respectively; 6,
0,, are the plastic rotation capacities of the top and lower plastic hinges, respectively;
Lo, Ly are the equivalent analytical lengths of the top and lower plastic hinges,
respectively. The top plastic hinge of a shaft within a shaft group is analogous to that
of a column, whereas the lower plastic hinge of a shaft is analogous to that of a non-
cased type | pile shaft; therefore, Ly, Ly, are given by:

Lp1=0.08 Ly +0.15 fye dyy > 0.3 fye dy (SDC 7.6.2.1-1)
L,=D+0.08L,, (Analogous to SDC 7.6.2.3-1 for non-cased type | shaft)

where dy and fy. are the nominal diameter and the expected yield stress of the
longitudinal reinforcement of the shaft, respectively, and D is the shaft diameter.

Individual shafts within a shaft group shall have a minimum local displacement
ductility capacity of 3 (i.e., te1 > 3; pe2 > 3) to ensure dependable rotational capacity
in the plastic hinge regions regardless of the displacement demand imparted to them
(SDC 3.1.4.1).
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Figure 16.3-2 Plastic Hinges of a Shaft-Group Foundation

In the above figure: (a) corresponds to a schematic view of a shaft-group
foundation subjected to lateral loading near collapse; (b) corresponds to a segment of
a shaft between the two points of maximum moment idealized as a guided-guided
column; and (c) corresponds to an idealized curvature diagram of the shaft segment
shown in (b).

16.3.2.1.3 Global Displacement Criteria (SDC 4.1.1)

The global displacement demand of a shaft group, Ap, shall be less than its global
displacement capacity, Ac: see Figure 16.3-3. The global displacement capacity of a
shaft group, A, is defined as the lateral displacement (measured at the bottom of the
pile cap) corresponding to the first plastic hinge reaching its plastic rotation capacity
(SDC 3.1.3).
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Figure 16.3-3 An ldealized Force-Deflection Curve of a Shaft Group in
Soft/Liquefiable Soil

Note: The models shown in the inset diagrams approximately depict the behavior of
the shaft group, assuming that the liquefied-soil stiffness is negligibly small.

Figure 16.3-3 shows a schematic plot of the idealized force-deflection curve
(solid lines) of a shaft group in soft/liquefiable soil. The broken lines correspond to a
hypothetical case, where the column is retrofitted such that its plastic moment
capacity is sufficiently large to force the formation of the lower set of plastic hinges.
The lateral behavior of a shaft group can be divided into three distinct regions.
Region I, from point 0 to point 1, where the lateral behavior is approximated by a
guided-guided shaft, with L" = L; Region 11, from point 1 to point 2, where the lateral
behavior is approximated by a guided-free shaft (assuming that the top set of plastic
hinges form simultaneously). The additional lateral displacement (measured at the
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16.3.2.2

16.3.2.2.1

16.3.2.2.2

bottom of the pile cap) beyond point 1 is (6 L'/2), where L™ = L-Lp,/2, and 6 (rad) is
the rotation of the top of the shafts beyond point 1 (6 = 0 at point 1); Region 111, from
point 2 to point 3, where the lateral behavior is approximated by a pinned-free shaft
(assuming that the lower set of plastic hinges form simultaneously). The additional
lateral displacement (measured at the bottom of the pile cap) beyond point 2 is (y
L"), where L™ = L — Lp,/2 — Lp,/2, and y (rad) is the additional rotation of the top of
the shafts beyond point 2. The points 0, 1, 2, and 3 shown in Figure 16.3-3 identify
the boundaries of these three regions.

The global displacement capacity of a shaft group is given by Ac = Ay + Apy,
where Ay, is the global yield displacement of the shaft group from its initial position
to the formation of the first plastic hinge, and A, is the global plastic displacement of
the shaft group corresponding to the first plastic hinge reaching its plastic rotation
capacity. The value of Ay, is obtained from the inelastic static analysis of the shaft
group (discussed in Section 16.3.10 in this Chapter). The value of Ap; can be
estimated based on the model describing the behavior of the shaft group in region II,
i.e., Ap1 = Gpl (L - Lp1/2)/2

It is worth noting that point 3 shown in Figure 16.3-3 can fall either before or
after point 2 (corresponding to the formation of the lower set of plastic hinges). The
expression Ap; = 6,1 (L — Lya/2)/2 is derived for the case where point 3 falls before
point 2. If point 3 falls after point 2, both region Il and region Il contribute to the
expression for Ap;. The expression Apy = 6, (L — Lp/2)/2, however, can still be
conservatively used to verify that (Ac /Ap) > 1. The reason here is that point 2 has to
fall after point C since the formation of any of the lower plastic hinges is not
permitted before the column reaches its overstrength capacity; and subsequently,
point 3 has to fall after point C, i.e., (Ac/Ap) > 1. The use of the expression Ap; = 6,1
(L — Lpi/2)/2 simplifies the analysis since it eliminates the need for tracking the
formation of the lower set of plastic hinges.

Shaft-Group Foundation Strength Criteria
Minimum Lateral Strength (SDC 3.5)

Shaft groups with permitted plastic hinging shall have a minimum lateral flexural
capacity (based on the expected material properties) to resist a lateral force Vy of not
less than 10% of the dead load on the shaft group Pp, i.e., Vy/ Pp > 0.1, where Vy
corresponds to the formation of the first plastic hinge in the shaft group: see Figure
16.3-1(a).

P-A Effects (SDC 4.2)

The Caltrans Seismic Design Criteria has established a conservative limit for
lateral displacements induced by axial loads for columns meeting the ductility
demand limits. This limit for columns shall be adopted for shafts within a shaft group
since the lateral soil springs of a liquefied layer are most likely yielded before the
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formation of plastic hinges at the top of the shafts. For a ductile shaft approximated
as a guided-guided column, this limit is defined by:

Pa X A/2<0.20 X M,

where Py is the axial force in an individual shaft attributed to dead load (with no
overturning effects); M,™™" is the idealized plastic moment capacity of the shaft
associated with Pg; A, is the relative lateral offset (of the displacement demand)
between the top and the lower points of maximum moment along the shaft: see
Figure 16.3-1(b).

16.3.2.2.3 Force Demands (SDC 6.2.3.1)

Foundation elements shall be designed to resist the column’s overstrength
moment, My, the associated overstrength shear, V,*, and the axial load, Ps. The
moment and the shear demands for the pile cap and the shafts shall be determined
from a static analysis of the shaft-group foundation under the actions of M,", V,*,
and Pp at the base of the column.

The capacity of concrete components to resist all seismic force demands, except
for shear, shall be based on the expected material properties (SDC 3.2.1) with a
strength reduction factor of ¢ = 1. The seismic shear capacity of all concrete
components (ductile and capacity-protected) shall be conservatively based on the
nominal concrete and steel strengths (SDC 3.2.1) with a strength reduction factor of
¢ =0.9.

For shaft-group foundations with permitted plastic hinging, verifying the moment
demand of the ductile shafts is not required, since the moment demand shall not
exceed the plastic moment capacity of the shafts. The moment demand of the
capacity-protected pile cap shall not exceed its expected nominal moment capacity,
M, (SDC 3.4).

16.3.3 Practice Bridge Geometry

Figure 16.3-4 shows schematically the elevation and the typical section of a four-
span cast-in-place pre-stressed concrete box-girder bridge having a total length of
525 ft (Yashinsky et al., 2007). The bridge crosses a dry-bed canyon at zero skew.
The bridge is supported on two seat-type abutments on pile foundations, and three
single-column piers on shaft-group foundations. Each shaft-group foundation consists
of a25 X 25 X 4.5 ft pile cap ona 5 X 5 array of 24-in. diameter, 60-ft long drilled
shafts spaced at 5.25 ft in both directions. The length of the drilled shafts is limited to
30 times the shaft diameter to ensure constructability and quality control (Caltrans,
2014b).

16.3.4 Site Conditions and Foundation Recommendations
Figure 16.3-5 shows the idealized soil profile at Pier 3, which consists of a 24-ft

thick layer of medium dense sand underlain by a 60-ft thick layer of dense sand.
Groundwater was encountered at a depth of 9 ft. The estimated future long-term
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scour (degradation and contraction) elevation is 91.5 ft. The potential local pier scour
depth corresponding to the 100-year base flood shall not be considered in the
Extreme Event | Limit State (seismic): see CA Amendments (Caltrans, 2014a) Table
3.7.5-1. The 15 ft thick layer of saturated medium dense sand below the pile cap is
determined to be liquefiable under the design seismic hazard. Figure 16.3-6 shows
the Acceleration Response Spectrum curve for this project site.

It should be noted that the project site is underlain by cohesionless soil layers and
shallow groundwater; therefore, the use of 16-in. diameter CIDH piles is not
recommended due to potential construction difficulties (e.g., caving of sand into the
drilled hole, and the difficulties associated with the cleaning and inspection of the
bottom of the drilled hole). Thus, only 24-in. (or larger) diameter CIDH piles should
be used (Caltrans, 2014b).

A series of analyses is performed on the 24-in. diameter shafts selected for this
practice bridge in order to provide the necessary geotechnical information for
foundation design (Malek and Islam, 2010)
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Figure 16.3-4 Geometry of the Practice Bridge
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Figure 16.3-5 Idealized Soil Profile for the Project Site
The following notation is used in the idealized soil profile: N is the standard blow

count, y; (Ib./ft) is the unit weight of sand, ¢ (degrees) is the friction angle, and k
(Ib./in.?) is a soil modulus parameter for sand.
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Figure 16.3-6 Acceleration Response Spectrum Curve for the Project Site

The computer program LPILE (Reese et al., 2007) is used to develop the soil
lateral reaction versus the lateral deflection (p-y) curves (also known as lateral soil
springs). The p-y curves are generally non-linear and vary along the length of shafts.
The soil lateral reaction, p, is the lateral load per unit length of a given diameter shaft
and is obtained by integrating the unit lateral stress around the shaft. The force p acts
in the opposite direction of the lateral deflection y: see Figure 16.3-7. Several
methods are used by Geotechnical Services to develop the p-y curves for the liquefied
soil layer. A preliminary analysis has indicated that the p-reduction factor method is
the appropriate method for this project. In this method, the p-y curve for a liquefied
soil layer is obtained by reducing the p-values of the corresponding non-liquefied soil
layer using a reduction factor, which depends on the density of the liquefied soil
layer. For the idealized soil profile shown in Figure 16.3-5, a p-reduction factor of
0.1 is selected since the liquefied soil layer has a density that falls within the lower
range of the medium density. The recommended p-y curves for an individual 24-in.
diameter shaft installed in the soil profile shown in Figure 16.3-5 are presented in
Figure 16.3-8.

It is worth mentioning that the lateral displacement of a pile cap mobilizes the
soil in front of it. This results in a build-up of passive pressure, which depends on the
amount of lateral displacement of the pile cap. This passive pressure is typically
provided by Geotechnical Services in the form of a passive resistance-displacement
relationship. The designer, however, should evaluate the amount of displacement
required to produce the ultimate passive resistance of the soil. For this practice
bridge, the 6.5-ft thick soil layer overlain on the liquefiable layer is relatively thin
and likely to crack during liquefaction; therefore, the pile cap passive pressure is
negligible.

The t-z method (a well-known method of soil-structures interaction) is used by
Geotechnical Services to develop the load transfer curves for the axial side resistance

Chapter 16 — Deep Foundations 16-44




t BRIDGE DESIGN PRACTICE ® FEBRUARY 2015

(t-z curves) and the end bearing resistance (Q-z curve). The t-z curves are a set of
non-linear curves, which vary along the length of a shaft and represent the axial load
transfer per unit length of a given diameter shaft as a function of the vertical shaft
displacement at the corresponding depth. All soil within and above the liquefiable
zone shall be considered not to contribute to axial compressive resistance (AASHTO
10.7.4). The Q-z curve is a non-linear curve representing the axial soil reaction in end
bearing as a function of the axial displacement at the shaft tip: see Figure 16.3-9. The
recommended t-z and Q-z curves for an individual 24-in. diameter shaft installed in
the soil profile shown in Figure 16.3-5 are presented in Figures 16.3-10 and 16.3-11,
respectively.

It should be noted that both the tip resistance (end bearing) and the side
resistance (skin friction in cohesionless soil or adhesion in cohesive soil) develop in
response to the vertical displacement of the shaft. However, the peak value for the
side resistance typically occurs at a smaller vertical displacement than the peak value
for the tip resistance. Geotechnical Services usually discards the tip resistance for
service and strength limit states, particularly in wet conditions, where soft
compressible drill spoils and questionable concrete quality are both possible at the tip
of the shaft. For extreme event | limit state, however, Geotechnical Services may
include some fraction of the tip resistance.

Elevation Plan

Figure 16.3-7 A Schematic Diagram Showing the Distribution of Soil Stress
Reaction p(z) at a Depth z due to a Lateral
Deflection y of an Individual Shaft

Chapter 16 — Deep Foundations 16-45




cta

BRIDGE DESIGN PRACTICE ® FEBRUARY 2015

Lltrans
6.0
5.0
4.0
e | === Depth 0 to 5 ft
S 30 F === Depth 5 to 10 ft
=8 20 === Depth 10 to 15 ft
1.0
0.0 &
0.0 0.5 1.0 15 2.0
y ()
450
o
375
300 === Depth 15 to 25 ft
g . =0= Depth 25 to 35 ft
i =re= Depth 35 to 45 ft
150 =O==Depth 45 to 60 ft
75
0
0.0 0.5 1.0 15 2.0
y ()

Figure 16.3-8 Idealized Soil p-y Curves for an Individual 24-in. Diameter Shaft
at Various Depths Measured from the Bottom of the Pile Cap
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Figure 16.3-9 Soil Stress Reaction

The above figure is a schematic diagram showing the distribution of soil stress
reaction t along a unit length of the shaft at a depth d due to a vertical displacement
z(d). Also shown is the soil reaction Q at the shaft tip due to a vertical displacement

z(L).
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Figure 16.3-10 Idealized Soil t-z Curves

The above figure illustrates the idealized soil t-z curves for an individual 24-in.
diameter shaft at various depths measured from the bottom of the pile cap.
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Figure 16.3-11 ldealized Soil Q-z Curve for an Individual 24-in. Diameter Shaft

The lateral capacity of a closely spaced shaft group is less than the sum of the
capacities of the individual shafts within the group. This behavior can be attributed to
overlapping of shear zones within the group. The p-y curves are typically developed
for an individual shaft. In order to apply these p-y curves to a shaft group, a scale
factor is applied to the load component, p, of the p-y curve. This scale factor is
referred to as the P-multipliers for the lateral capacity of closely spaced shafts. For
this practice bridge, the P-multipliers are based on the CA Amendments 10.7.2.4
(Caltrans, 2014a). Interpolating the results for a center-to-center spacing of 2.625
shaft diameters, and accounting for the side-by-side effects, the P-multipliers
corresponding to row 1 (leading), row 2, and rows 3 and higher, are 0.572, 0.392, and
0.284, respectively: see Figure 16.3-12(a).

The vertical capacity of a shaft group in sand is less than the sum of the
capacities of the individual shafts due to overlapping zones of shear deformation in
the soil surrounding the shafts and loosening of soil during construction (AASHTO
10.8.3.6.3). Figure 16.3-12(b) shows a schematic diagram of the overlapping zones of
influence for individual shafts under vertical loads. Figure 16.3-12(c) shows a
schematic diagram of the stress conditions below the tips of individual shafts and
below the shaft group modeled as a block foundation. The t-z and Q-z curves are
typically developed for an individual shaft. In order to apply these t-z and Q-z curves
to shaft groups, a scale factor is applied to the load component t of the t-z curves, and
to the load component Q of the Q-z curve. This scale factor is referred to as the
Group Efficiency Factor (GEF). Based on AASHTO 10.8.3.6.3, the GEF for a shaft
group in compression corresponding to a center-to-center spacing of 2.625 shaft
diameters in cohesionless soil is 0.679.
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Figure 16.3-12 Overlapping Zones of Closely Spaced Shaft G Foundation

The above figure is of schematic diagrams showing: (a) overlapping zones of
influence for a closely spaced shaft group under a lateral load; (b) overlapping zones
of influence for closely spaced frictional shafts under an axial compression load; and
(c) vertical stress condition below tips of individual shafts (broken lines) and below
the entire shaft group modeled as a block foundation (solid line) under axial

compression load.

Material Properties

Reinforcing Steel ASTM A706 (Grade 60) Properties (SDC 3.2.3)

Modulus of elasticity

Specified minimum yield strength

Expected yield strength

Specified minimum tensile strength

Expected tensile strength

Nominal yield strain
Expected yield strain

Ultimate tensile strain:

Reduced ultimate tensile strain:
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for #10 and smaller bars
for #11 and larger bars

for #10 and smaller bars

Es =29,000 ksi

£, =60ksi

fre =68 ksi

fu =80Kksi

fue =95 Kksi

g, =0.0021

ge =0.0023

esu =0.12

e =0.09

ek, = 0.09
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for #11 and larger bars Ry, = 0.06
Onset of strain hardening: for #8 bars esn =0.015
for #10 and 11 bars esn =0.0115

16.3.5.2  Normal-Weight Portland Cement Concrete Properties (SDC 3.2.6)

Specified 28-day compressive strength of concrete fc =3.6Kksi
Expected concrete compressive strength (= 1.3f.>5ksi  fc =5 ksi

Unit weight of reinforced concrete w = 0.150 kip/ft3
Unit weight of plain concrete we =0.14396 kip/ft3
Modulus of elasticity ( = 33,000 X (W)™ X Vf% ) E. =4030.5 ksi
Ultimate unconfined compression (spalling) strain ep =0.005
Unconfined concrete strain at maximum compressive €0 =0.002

strength

For confined concrete, the confined compressive strain, g, and the ultimate
compression strain, g, are defined by Mander’s constitutive stress-strain model: see
Figure 16.3-13.
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Figure 16.3-13 Constitutive Models

The above figure shows constitutive models for: (a) park’s stress-strain model for
rebar; and (b) mander’s confined and unconfined stress-strain models for concrete.
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16.3.6

16.3.6.1

16.3.6.2

Minimum Pile-Cap Depth
The depth of a pile cap shall be sufficient to:

() ensure the development of the longitudinal column reinforcement
(AASHTO 5.11.2.2 and 5.11.2.4);

(i) satisfy the column—pile cap joint shear requirements (SDC 7.7.1.4);
(iii) resist the one-way action shear (AASHTO 5.13.3.6.2);
(iv) resist the two-way action shear (AASHTO 5.13.3.6.3); and

(V) satisfy the rigidity requirement if the infinitely rigid pile-cap
assumption is made when calculating the axial force demand in the
piles/shafts (SDC 7.7.1.3).

Pile Cap-Column Proportions

The SDC recommends that the depth of the pile cap, Dy, be greater than or equal
to 0.7 times the column diameter, D. (SDC 7.6.1). Maintaining this ratio should
produce a reasonably well-proportioned structure and satisfy the joint-shear
requirements. For this practice bridge:

Dig > 0.7D, > 0.7 X 5> 351t (SDC 7.6.1-1)

Development Length Requirements

The minimum pile cap depth, Dy, is defined as:
Dtigmin = CoOncrete Cover +2 X dpg + 14

where concrete cover on reinforcement is 6 in. for a pile cap on concrete shafts
(Caltrans, 1990), dy is the deformed diameter of the bottom-mat reinforcement (dyq =
1.44 in. for #10 bars (Caltrans, 1984)), and 1% is the development length of the
longitudinal column reinforcement, which is calculated in the following subsections.

16.3.6.2.1 Development of Deformed Bars in Compression (AASHTO 5.11.2.2)

The development length, 1y, for deformed bars in compression is equal to the
product of the basic development length specified in AASHTO 5.11.2.2.1 and the
applicable modification factors specified in AASHTO 5.11.2.2.2; but not less than 8
in.

The basic development length, lg, for the #11 column’s longitudinal rebar
(having a nominal diameter d, = 1.41 in. (Caltrans, 1984) in compression is the larger
of:
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lgp > 0.63 dy f,/\ f. > 0.63 X 1.41 X 60/3.6 > 28.1in. [Governs]
(AASHTO 5.11.2.2.1-1)
lp > 0.30dpf,  >0.30 X 1.41 X 60 >254in. (AASHTO 5.11.2.2.1-2)

Confinement requirement: Column reinforcement is enclosed within #8 hoops, which
are not less than 0.25 in. in diameter and spaced at a 4.0 in. pitch; therefore, a
modification factor of 0.75 shall apply (AASHTO 5.11.2.2.2) as follows:

l3=0.75 X 28.1 = 21.1 in. (which is greater than the minimum value of 8 in.)

16.3.6.2.2 Development of Standard Hooks in Tension (AASHTO 5.11.2.4)

The development length, lg, in inches, for deformed rebar in tension terminating
in a 90° standard hook shall not be less than:

Q) the product of the basic development length, I, and the applicable
modification factors;
(i) 8 bar diameters, but not less than 6 in.

The basic development length, I, for the #11 column’s longitudinal hooked
rebar of yield strength, f,, not exceeding 60 ksi, is given by:

o = 38 dy/ \f, = 38 X 1.41/73.6 = 28.2 in. (AASHTO 5.11.2.4.1-1)
The basic development length shall be multiplied by the following modification
factors:

e Cover requirement: For #11 rebar and smaller, side cover (normal to
plane of hook) not less than 2.5 in., and for 90° hook, cover on bar
extension beyond hook not less than 2 in., a modification factor of 0.7
shall apply (AASHTO 5.11.2.4.2).

e Confinement requirement: For #11 rebar and smaller, hooks enclosed
vertically or horizontally within ties or stirrup-ties spaced along the full
development lg, at a spacing not exceeding 3d,, where dy is the nominal
diameter of the hooked rebar, a modification factor of 0.8 shall apply
(AASHTO 5.11.2.4.2).

The development length, Iy, for #11 bars in tension terminating in a standard
hook is:

lgh = 0.7 X 0.8 X 28.2 = 15.8 in. (which is more than 6 in. and 8d, =8 X 1.41 =
11.28in.)

The development length for compression, Iy = 21.1 in., governs over the
development length for tension, lg, = 15.8 in. Therefore, the minimum pile cap
thickness is given by:

Ditgmin = CIr + 2(dpg) + 15=61n.+2 X 1.441in. + 21.1in. = 30 in.
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16.3.6.3

16.3.7

16.3.8

16.3.8.1

Rigid Pile-Cap Requirement

If the rigid pile cap assumption is made to estimate the axial forces in the shafts,
the SDC requires that Lyg/Drg < 2.2 (SDC 7.7.1.3), where Ly is the cantilever length
of the pile cap measured from the column face to the edge of the pile cap. For this
practice bridge:

Ly, =(25-5)2=10ft
thg’min = Lftg / 2.2 = 10/ 2.2 = 4.5 ﬂ (SDC 7.7.1.3'1)

Shaft-Group Layout

According to the CA Amendments 10.8.1.2, the minimum center-to-center
spacing for shafts is 2.5 times the shaft diameter; and the minimum “clear” edge-
distance for shafts is 12 in. For this practice bridge, the shafts are spaced at 5.25 ft,
which is greater than the minimum shaft spacing of 2.5 X 2 ft = 5 ft. The selected 12-
in. “clear” edge distance for shafts in this practice bridge meets the minimum “clear”
edge-distance requirement.

Seismic Forces on Shaft-Group Foundations

In order to determine the force demand on the pile cap (a capacity protected
member), a 20% overstrength magnifier is applied to the plastic moment capacity at
the base of the column, i.e., M,™ = 1.2XM,™, to account for the material strength
variations between the column and the pile cap and the possibility that the actual
moment capacity of the column may exceed its estimated value (SDC 4.3.1). Note
that for Extreme Event | Limit State, the load factor for permanent loads, y,, is 1.0
(CA Amendments 3.4.1).

Axial Force Effects

The axial force effects due to the self-weight of superstructure and the future
wearing surfaces are both obtained from a static analysis of the bridge and are given

by:

Self-weight of box-girder, integral pier cap, and concrete barrier = 1153.587 kip
Self-weight of future wearing surfaces (35 Ib./ft?) = 131.250 kip
Self-weight of column =015 b /X n (5 ft)%4 X 22ft = 64.795 kip
Axial load at column base =1153.60 kip + 131.25 kip + 64.795 kip = 1349.632 kip
Self-weight of pile cap = 0.15 Ib./ft® X 25 ft x 25 ft X 4.5 ft = 421.875kip

Overburden soil weight = 0.115 Ib./ft> (25 ft X 25 ft -t (5 ft)%/4)(2 ft) = 139.234 kip
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Axial load on pile cap, Pp = 1349.632 kip + 421.875 kip + 139.234 kip = 1910.741 kip
Average axial load/shaft =1910.741 kip / 25 shafts = 76.430 kip

16.3.8.2  Plastic Moment Capacities for Ductile Concrete Members

The plastic moment capacity for the column’s and the shaft’s cross-sections are
estimated by moment-curvature analyses using the computer program x-SECTION
based on the expected material properties (SDC 3.3.1). The results of the analyses are
summarized in Table 16.3-1. Figure 16.3-14 shows the cross-section details of the
column and the shaft, as well as the pile cap (a capacity-protected member).

Table 16.3—1 Summary of the Output Results of the x-SECTION Program

Column Shaft

Axial load (kip) 1349.63 76.43
Cross-Sectional Area, A (ft%) 19.63 3.142
Idealized Cracked Moment of Inertia, I, (ft°) 14,51 0.209
Idealized Plastic Moment Capacity, M, (kip-ft) 9812.0 313.2

:F ¢ Bridge

2" clr.

#8 Tot 8

: | (b)
3" clr, 1y i
e | \

. ; | —37#6 both ways
i i
;"‘F ¥ ' ™ 37#10 both ways

w] | | | | |

FO i | i | i

(©)
Figure 16.3-14 Cross-Section Details of the Column, Shaft and Pile Cap

The figure above shows the cross-section details of: (a) the column; (b) the shaft;
and (c) the pile cap for estimating the plastic moment capacity.
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16.3.8.3 Shear Force Effects

Figure 16.3-15 shows the response of Pier 3 under lateral loading in both the
transverse and the longitudinal directions. Neglecting the effect of the weight of the
column on the plastic moment capacity for the column’s cross-section, the
overstrength moment at the top and the bottom of the column is given by:

M@ = M@ = 1.2 X M,™ = 1.2 X 9812 = 11774.4 kip-ft

The column’s overstrength shear in the transverse and the longitudinal directions
can be estimated as follows:

V©(Trans) = M@ /H = 11774.4/(22 ft + 3ft 8 in.) = 458.74 kips

Vo (Long) = (M@ + M OCYH, = (11774.4 + 11774.4)/(22 ft) =
1070.4 kip

Since V,(Long) > V,*(Trans), .. longitudinal direction controls.

! Mowl@‘mp
iVﬁco.!’
H.

V"col : : Vom!
A TTUTTU TUUTY o
Pp=1,910.741 kip Pp=1,910.741 kip

M, °1=11,774.4 kip-ft M,2'=11,774.4 kip-ft
ol_, . ol .
V,c0'=458.743 Kij > V,c=1,070.4 ki >
DU guy U U
(@) (b)

Figure 16.3-15 Schematic Views of the Deformed Shape of Pier 3
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The above figure shows schematic views of the deformed shape of Pier 3 in (a)
the transverse direction and (b) the longitudinal direction, due to a lateral pushover
force V™.

16.3.9 Structural Modeling of Shaft-Group Foundations

A shaft-group foundation is a three-dimensional problem, which can be
approximately modeled as a two-dimensional problem by assuming the pile cap is
infinitely rigid in the direction perpendicular to the longitudinal analysis plane, i.e.,
the transverse direction. For this practice bridge, the shaft-group foundation is
divided into five strips of equal width parallel to the longitudinal axis. Each shaft-
group foundation strip consists of 25 X 5 X 4.5 ft pile-cap strip on a5 X 1 array of
24-in. diameter shafts spaced at 5.25 ft: see Figure 16.3-16. Note that the depth of the
pile-cap strip equals the depth of the pile cap ( = 4.5 ft), but its width is only one-fifth
the width of the pile cap, i.e., (1/5) X 25 =5 ft. The column is modeled as a 5-ft wide
frame member endowed with one-fifth the actual cross-sectional properties of the
column, i.e., A°Y/5, 1,°/5, M,*/5.
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Figure 16.3-16 Shaft Group Foundation Schematic Plan Views
The above figure shows: (a) a schematic plan view of a shaft-group foundation;

(b) schematic views of the plan and the elevation of a two-dimensional shaft-group
foundation strip model of the shaft-group foundation.
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16.3.10 Inelastic Static Analysis of Shaft-Group Foundations

For this practice bridge, the inelastic static analysis of the shaft-group foundation
strip in the longitudinal direction is performed using three design tools, namely:
w-FRAME (Seyed, 1995), CSiBridge (CSI, 2015), and LPILE (Reese et al., 2007).
The use of each design tool is based on a number of assumptions, which differ from
one design tool to another. A detailed study, however, has shown that results
obtained by the three design tools are comparable for design purposes. The selection
of the appropriate design tool for a specific project is based upon the discretion of the
Structural Designer. The aim of the inelastic static analysis of the shaft-group
foundation strip is to determine the parameters required to verify the performance
and strength criteria of the shaft group, namely, Ay, Vy, Piy, ¢y1, §p1, Ao, Ar, P1, Vi, Vs,
and L. Table 16.3-2 summarizes the value of the parameters obtained from w-
FRAME, CSiBridge, and LPILE.

Table 16.3-2 Parameters Obtained from w-FRAME, CSiBridge, and LPILE

w-FRAME CSiBridge LPILE
Ay (f0) 0.15333 0.15763 0.14333

Vy/5 (Kip) 178.807 179.827 180.53

Py (Kip) 221.4 229.18 ~ P, = 262.496

dviapry (radfin.) 0.000218 0.000225 0.000219
o1y (rad/in.) 0.001562 0.00149 0.001476
Ao () 0.25443 0.27931 0.30083
A, (ft) 0.23833 0.26233 0.28074
P, (kip) 245.9 255 262.496

V; (kip) 53.26 54.79 55.123

V., (kip) 36.18 36.37 39.429

L (in.) 192 192 201.6

The following subsections verify the shaft-group performance and strength
criteria based on the parameters obtained from the w-FRAME program: see Table
16.3-2.

16.3.10.1 Shaft-Group Foundation Performance Criteria
16.3.10.1.1 Demand Ductility Criteria (SDC 4.1.2)

The global displacement ductility demand, pp, of the shaft group is given by:
up=Ap/ Ay=0.25443/0.15333 =1.66 < 2.5 OK

16.3.10.1.2 Capacity Ductility Criteria (SDC 4.1.3)

In order to calculate the local displacement ductility capacity of an isolated shaft
within a shaft group, the location of the potential lower plastic hinge in this shaft
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needs to be determined. The location of the potential lower plastic hinge in a shaft
can be assumed at the same location as the peak value of bending moment below the
bottom of the pile cap, i.e., at a depth of L = 192 in. The point of contra-flexure
shown in Figure 16.3-2 can be assumed to be the midpoint between the two points of
maximum moment along the shaft. The lengths L, and L, defining the distances from
the points of maximum moment to the point of contra-flexure (cf. Figure 16.3-2) are
given by:

Ly = L,=L/2=192in./2=96In.

The equivalent analytical length of the top and the lower plastic hinges, L, and
Lo, respectively (Figure 16.3-2), are given by:

Lp1=0.08 Ly + 0.15 fye dyy > 0.3 e dyy (SDC 7.6.2.1-1 for columns)
L,=D+0.08L, (Analogous to SDC Eq. 7.6.2.3-1 for non-cased type | shaft)

where f. (= 68 ksi) and dy (= 1 in. for #8) are the expected yield stress and the
nominal diameter of the shaft’s longitudinal reinforcement, and D (= 24 in.) is the
shaft diameter,

L,y =008 X 96 + 0.15 X 68 X 1 =17.88 in. > 0.3 X 68 X 1 = 20.40 in.=
Loy =20.4in.

Lo =24 +0.08 X 96 = L, = 31.68 in.

Neglecting the difference between the axial force at the top and the potential
lower plastic hinges, both the yield and the plastic curvatures at the top and the
potential lower plastic hinges can be assumed equal, i.e., ¢v; = dy> (= 0.000218
rad/in.) and ¢p = ¢y, (= 0.001562 rad/in.): see Table 16.3-2.

The plastic rotation capacities of the top and the potential lower plastic hinges,
0p1 and Oy,, respectively, are given by:

Op1 = dp1 X Lpy = 0.001562 X 20.40 = 0.0319 rad (SDC 3.1.3-4)
Op2 = Bp2 X Lpp = 0.001562 X 31.68 = 0.0495 rad (SDC 3.1.3-4)

The idealized plastic displacement capacities Ay and Ap, due to the rotation of
the of the top and the potential lower plastic hinges, respectively, are given by:

Ap1 = 0p1 X (Ly— L1 /2) = 0.0319 X (96— 20.4/2)=2.74in.  (SDC 3.1.3-3)
Az = 050 X (Lo — Ly2/2) = 0.0495 X (96 — 31.68/2) =3.97in.  (SDC 3.1.3-3)

The idealized yield displacements A" and A,"™" associated with the formation
of the top and the potential lower plastic hinges, respectively, are given by:

Ay = ¢yy X L,%/3 = 0.000218 X 96%3 = 0.67 in. (SDC 3.1.3-2)
AR = ¢y, X L,2/3 = 0.000218 X 96%3 = 0.67 in. (SDC 3.1.3-2)
The local displacement capacities of the leading shaft A.; and A, are given by:

At = Ay™™ + Ay, = 0.67 +2.74 = 3.41 in. (SDC 3.1.3-6)
Ay =A™ + Ay = 0.67 + 3.97 = 4.64 in. (SDC 3.1.3-6)
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The local displacement ductility capacities of the leading shaft u; and . are
given by:
Her = Aa/Ay, ™" = 3.41/0.67 = 5.09 > 3 OK  (SDC3.1.4-2)
Heo = Al A" = 4.64/0.67 = 6.93 > 3 OK  (SDC3.1.4-2)

The local displacement ductility capacities of the other shafts can be calculated
similarly. However, these shafts are subjected to smaller axial compressive forces (or

to tension), therefore, they have larger values of u¢; and pe, compared to those of the
leading shaft.

16.3.10.1.3 Global Displacement Criteria (SDC 4.1.1)

The yield displacement associated with the formation of the first plastic hinge in
the shaft-group strip (at the top of the leading shaft) is Ay; = 0.15333 ft (= 1.84 in.).
The global displacement demand of the shaft-group strip resulting from the
application of the column’s overstrength moment and its associated overstrength
shear is Ap = 0.25443 ft (= 3.05 in.). The global plastic displacement of the shaft
group due to the plastic rotation capacity of the first plastic hinge, Apy, is given by:

Apy = (1/2) X 0,1 X (L— Lpy/2) = (1/2) X 0.0319 X (192 — 20.4/2) = 2.9 in.

The global displacement capacity of the shaft group (measured at the bottom of
the pile cap), Ac, is given by:

AC = AY1+ Apl =1.84in.+2.9in.=4.74 in.

- (Ac/Ap) = 4.74/3.05=155>1 OK
A
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Figure 16.3-17 Force-Displacement Curve for the Shaft-Group Foundation Strip
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16.3.10.2

16.3.10.2.1

16.3.10.2.2

16.3.10.2.3

Shaft-Group Foundation Strength Criteria
Minimum Lateral Strength (SDC 3.5)

The lateral pushover force associated with the formation of the first plastic hinge
in the shaft-group strip is given by:

(V\/5) /| (P/5) = 178.807 / 382.148 = 0.468 > 0.1 OK

P-A Effects (SDC 4.2)

For a shaft approximated as a guided-guided column, the P-A effects can
typically be ignored if the following limit is satisfied (SDC 4.2).

(Pa X A 12)/(0.20 X M, < 1.0

For this practice bridge, Py (= 76.430 Kip) is the axial force in the shaft attributed
to tributary dead load with no overturning effect; M,™" (= 313.2 kip-ft) is the
idealized plastic moment capacity of the shaft corresponding to Py = 76.430 Kip; and
A, is the relative lateral offset (of the displacement demand) between the top and the
potential lower points of maximum moment: see Figure 16.3-1(b), given by:

(Pg X AJ2)I(0.2 X M, = (76.430 X 0.2383/2)/(0.2xX313.2) =0.145< 1.0 OK

Therefore, the P-A effects can be ignored.
Structural Shear Capacity of Ductile Shafts (SDC 3.6)

For the shaft-group foundation strip of this practice bridge, only two shafts need
to be checked for shear; namely, the (leading) row 1 shaft, which has the highest
compression force, and the row 4 shaft, which has the lowest tension force.

The shear capacity of a shaft, ¢V,, is based on the nominal material strengths
(fz=3.6 ksi, f,= 60 ksi) and a strength reduction factor ¢ = 0.9, as follows:

OV = OVc+ Vi, (SDC 3.6.1-2)

where V. and V; are the nominal shear strengths provided by the concrete and the
shear-reinforcement, respectively. The concrete shear capacity of a member designed
for ductility is defined by:

Ve=Ve X A, (SDC 3.6.2-1)

where v, is the permissible shear stress carried by concrete, and A, is the effective
shear area of the member’s cross-section, which can be expressed in terms of the
gross cross-sectional area, A, (= rt (24)*/4= 452.39 in.%), of the shaft as follows:

A.=0.8 X A;=0.8 X 452,39 in.”=361.91in.? (SDC 3.6.2-2)
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For shafts whose net axial load is in tension, v.= 0 (SDC 3.6.2). For shafts whose
axial load is in compression, the value of v. at a section depends on the section
location:

¢ Inside the plastic hinge zone:

v, =Factorlx Factor2x.[f, <4.[f{ (psi) (SDC 3.6.2-3)
e Qutside the plastic hinge zone:

v, =3x Factor2x/ f/ s4\/f_c’ (psi) (SDC 3.6.2-4)

Factor 1 =0.3 < p, f, (ksi) /0.15+ 3.67 —pg <3 (SDC 3.6.2-5)

Factor 2 =1 + P, (10.)/{2000 X A, (in.%)} <15 (SDC 3.6.2-6)

where f, (= 60 ksi) is the nominal yield stress of the shaft’s spiral reinforcement; P,
is the axial force in the row 1 shaft (=245900 Ib.); and p is the ratio of the volume of
spiral reinforcement to the core volume confined by the spiral, which can be
expressed in terms of the area of the spiral reinforcement, Ay(#4) = 0.2 in.?, the cross-
sectional dimension of the confined concrete core measured between the centerline of
the peripheral spiral, D’ =24 — 2 X (3 + 0.25) = 17.5 in., and the pitch of the spiral
reinforcement, s=6in.

o= {4 X AY{D' X s}={4 x 0.2}/{17.5 X 6} = 0.0076 (SDC 3.8.1-1)
Factor 1 = 0.3 < {0.0076 X 60/0.15 + 3.67-1.66} = 5.05 >3 = Factor 1 =3
Factor 2 = 1 + 245,900/{2000 X 452.30} = 1.272 < 1. = Factor 2 = 1.272

¢ Inside the plastic hinge zone:
Ve =3 X 1.272 X V3600 < {4V3600 = 240 psi} = v, = 228.96 psi

e Qutside the plastic hinge zone:
Ve =3 X 1.272 X V3600 < {4V3600 = 240 psi} = v, = 228.96 psi

In calculating “Factor 1,” the global displacement ductility demand, up, is used in
lieu of the local displacement ductility demand, g, Since a significant portion of the
global displacement of the shaft is attributed to its local deformation (SDC 3.6.2).

The nominal shear strength provided by the concrete, V., is defined by:

Vo=V, X A, =228.96 X 361.91 = 82,863 Ib. = 82.863 kip

& X V,=0.90 X 82.863 = 74.577 kip

The shear reinforcement capacity of a confined circular section is defined by:
Vs= (A, fjn D’/ 9), (SDC 3.6.3-1)

where A, = n X /2 X Ay is the area of shear reinforcement, and n (= 1) is the
number of individual interlocking spiral core-sections, and given by:
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Ay=1X m/2 X 0.2=0.314in.”> {Aymin)= 0.025D "s/f,, = 0.044 in.’}
(SDC 3.6.3-2 & 3.6.5.2-1)
V;=0.314 X 60 X 17.5/6 = 54.95 kip < {Vsmay=8 X \f% X A.= 173.717 kip}
(SDC 3.6.5.1-1)

dVs = 0.90 X 54.950 = 49.455 kip
For the row 1 shaft (highest compression shaft), the shear demand is V, = 53.62 kip
OV = OV, + OV, = 74.577 kip + 49.455 kip = 124.032 kip
®Vn/V,=124.032/53.62=2.31>1 OK
For the row 4 shaft (lowest tension shaft), the shear demand is V,=36.18 kip
OV = GV + OV, = 0 Kip + 49.455 kip = 49.455 kip
®Vn/V4=49.455/36.18 = 1.37> 1 OK

Verifications of the performance and strength criteria of the shaft group based
upon the parameters obtained from CSiBridge and LPILE are performed similar to
the verifications performed using the parameters obtained from the w-FRAME
program. A summary of the verifications performed using the three design tools is
presented in Table 16.3-3.

Table 16.3-3 Summary of the Performance and Strength Criteria Verifications
Performed Using the w-FRAME, the CSiBridge, and the LPILE Programs

w-FRAME | csiBridge | LpiLe | Allowable
Limits
. (up=Ap/Ay) 1.66 1.77 2.10 <25
(b}
o
g .8 (Her = Aa/A ™) 5.09 478 4.69
Egl >3.0
qu—) S (e = Al A" 6.93 6.48 6.42
o
. (Ac/Ap) 1.55 1.39 1.27 >1.0
© . (Vy/5)/(Pp/5) 0.468 0.471 0.472 >0.1
[<5)
S 1 (Paa2)/0.2 M 0.145 0.160 0.171 <1.0
=
=2 (OVa/Vy) 2.31 2.27 2.27
S| >1.0
@ CYAA) 1.37 1.36 1.25
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16.4

16.4.1

16.4.2

ANALYSIS AND DESIGN OF LARGE DIAMETER
COLUMN-SHAFTS

Introduction

The design process of large diameter column-shafts (shafts) includes several
steps. Some of the steps highly depend on the characteristics of the surrounding
soil. The lateral response of the shaft is governed by the soil close to the ground
surface, and soil-foundation-structure interaction (SFSI) analysis is required.
However, the axial resistance of the shaft is controlled by the quality and the depth of
the deeper soil layers. Shaft embedded in competent soil is capable of resisting
ground shaking forces while experiencing small deformations, but for shaft
embedded in soft or liquefiable soil, the majority of the soil resistance is lost, which
results in large deformations and moment demands in the shaft.

The analysis and design of the large diameter shafts (Types | and Il) based on the
6" Edition of AASHTO LRFD Bridge Design Specifications (BDS) together with
California Amendments, and Caltrans’ Seismic Design Criteria (SDC) Version 1.7
will be illustrated through an example.

Design Practice

Column-shafts with two different types of geometry (Types | and II) are commonly
used in Caltrans projects. Bridge foundations are designed to remain essentially elastic
when resisting the column’s overstrength moment, the associated overstrength shear,
and the axial force at the base of the column (Caltrans, 2010). However, prismatic
Type | column-shafts are designed to form the plastic hinge below the ground in the
shaft and, therefore, are designed as ductile components.

The concrete cover and area of transverse and longitudinal reinforcement in Type
I column-shafts may change from column to the shaft. However, the cross section of
the confined core is the same for both the column and the shaft.

Type Il column-shafts are designed with enlarged shaft so that the plastic hinge
will form at or above the shaft/column interface, thereby containing the majority of
inelastic action to the ductile column element. The diameter of the shaft is at least 24
in. larger than the diameter of the column, and therefore, two separate cages are used
for the column and the shaft. The column cage is embedded in the shaft to allow the
transfer of forces from column to the shaft. Refer to SDC for embedment length
requirements. Use of a construction joint at the base of the column allows concrete of
the lapped portion to be cast under dry conditions, therefore eliminating need of
inspection in that area. However, a construction joint is not used for shafts smaller
than 5 ft.

Type 1l shafts are designed to remain elastic, up < 1 and the global displacement
ductility demand, up for the shaft must be less than or equal to the pp for the column
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supported by the shaft. See SDC Section 7.7.3.2 for design requirements for Type Il
column-shafts.

Type | column-shafts are appropriate for short columns, while a Type Il column-
shaft is commonly used in conjunction with taller columns. The use of Type Il shafts
will increase the foundation costs, compared to Type | shafts. However, there is an
advantage of improved post earthquake inspection and repair. For short columns,
designers have used isolation casing in Type-1I column-shafts to increase ductility
capacity and to reduce shear demand in the shaft.

CISS piles are pipe piles driven to the desired tip, followed by removal of the soil
within the steel shell. The interior surface is cleaned to remove any soil or mud.
Then, the rebar cage is placed, and concrete is cast inside of the steel shell. CISS
piles provide excellent structural resistance against lateral loads and are a good
option if any of the following conditions exist: poor soil, soft bay mud or loose sands,
liquefaction, scour, and lateral spreading. To improve composite action, a shear
transfer mechanism such as studs or shear rings can be welded to the steel shell
interior face of large diameter piles. For a more in-depth discussion about the shear
rings or welded studs, please refer to Caltrans’ Research Project Report (Gebman and
Restrepo, 2006).

Following is a summary of current Caltrans’ policy on the use of shear rings in
CISS piles and drilled shafts with permanent casing:

e Shear rings are not required for pile group foundations.
e Shear rings are not required on corrugated metal pipe casings.
e Shear rings are not required for piles < 3 ft in diameter.

e For Type I and Il shafts less than 5 ft but greater than 3 ft in diameter
use one ring as shown in Figure 16.4-1a.

e For Type | and Il shafts 5 ft or larger in diameter, use two rings as
shown in Figure 16.4-1b.

The spacing and size of the shear rings is shown in Table 16.4-1.
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Table 16.4-1 Shear Ring Table

. Shear Ring Options .
Pile Diameter Reinforcing Bar Size Bar Stock Size Fillet Weld™
<6 ft #4 1/2inx1/2in 3/8in.
6 ft to 10 ft #6 5/8 in. x 5/8 in. 1/2 in.
> 10 ft #8 lin.x 1lin. 5/8 in.

Lateral Stability Check of Type I and Il Shafts

The column-shaft is considered stable when substantial decrease in pile shaft
length does not result in appreciable increase in deflection. Lateral stability analysis
may be performed by gradually lowering the tip elevation and calculating
corresponding deflection as shown in Figurel6.4-2. The length (of the pile) at which
lowering the tip elevation does not change deflection appreciably (say less than 5%)
is called critical length of the shaft. The following guidance on lateral tip elevation
calculations is applicable to both CIDH and CISS piles:

For column-shafts (types I and Il) in multi-column bents, lateral stability
analysis must be performed to determine the critical length of the shaft.
A factor of safety of 1.0 must be applied to determine the lateral tip
elevation. If applicable, the combined effects of liquefaction and scour
are to be considered in analysis.

For column-shafts (types | and Il) without rock sockets in single-column
bents, lateral stability analysis is performed to determine the critical
length of the shaft. A factor of safety of 1.2 must be applied to determine
the lateral tip elevation. If applicable, the combined effects of
liquefaction and scour are to be considered in analysis.

For column-shafts (types | and IlI) with rock sockets in single-column
bents, lateral stability analysis is performed to determine the critical
length of the shaft. A factor of safety of 1.2 must be applied to the rock
socket portion of the shaft in determining the lateral tip elevation. If
applicable, the combined effects of liquefaction and scour are to be
considered in analysis.
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Figure 16.4-2 Lateral Stability Analysis of Column-Shafts
Reinforcement Spacing Requirements of Column-Shafts
Minimum Reinforcement Spacing in Column-Shafts

Construction of column-shafts does not require compaction or vibration of
concrete except for the top 15 ft of a dry pour because the concrete slump is at least 7
in. Dry pour is defined when the drilled hole is dry or dewatered without the use of
temporary casing to control water. Therefore, flow of concrete significantly affects
integrity of the shaft and its resistance to applied loads. A clear window of 5 in. x 5
in. has been required for shaft reinforcement to minimize possibility of any
anomalies. When the drilled hole cannot be dewatered and the concrete is poured in
the wet using the slurry-displacement method of construction, inspection of the shaft
is required. Clear spacing at inspection pipe locations may be reduced from 5 in. to 3
in. between the inspection pipe and adjacent longitudinal rebar or 8.5 in. between
longitudinal rebars adjacent to inspection pipes as shown in Memo to Designers 3-1.
For more details, see Table 16.4-10. Furthermore, if the spacing between the shaft
and column reinforcing cages does not meet the minimum spacing requirement, the
engineer must either increase the size of the shaft or require a mandatory construction
joint (for wet pour).

Maximum Reinforcement Spacing in Column-Shafts

The main concern in detailing a shaft is how to accommodate the minimum 8.5
in. longitudinal reinforcing steel clear spacing at inspection pipe locations as required
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by MTD 3-1. The 8 in. maximum center-to-center spacing of longitudinal reinforcing
steel has been revised by California Amendments (10.8.1.3) to 12 in. for shafts with
diameters equal to and larger than 5 ft, and 10 in. for shafts with diameters smaller
than 5 ft.

The rationale for the required spacings is based on a recent study at University of
California-San Diego. Preliminary findings show that use of the proposed spacing
given above will not affect the confinement effectiveness of the transverse steel.
Furthermore:

o Number 14 bars are generally the largest bars used for longitudinal steel
in column-shafts of 5 ft diameter or larger. The 12 in. spacing was
derived by assuming #14s bundled with 8.5 in. clear space at the
inspection pipe locations as shown in Figure 16.4-3.

~ Max 12 12"

\\A/i 8.5" Y

\ \ R requ,redﬁ /
QP L @

-2" ID Inspection Pipe
#14’s Bundled

Partial Plan View
Figure 16.4-3 Typical Rebar Spacing in Shafts (Equal and Larger than 5 ft ¢)

e Number 11 bars are generally the largest bars used for longitudinal steel
in column-shafts less than 5 ft diameter. The 10 in. spacing was derived
by assuming single #11s with 8.5 in. clear space at the inspection pipe as
shown in Figure 16.4-4.

Max 10"

o]
e

—2" ID Inspection Pipe
- $#11

Partial Plan View

Figure 16.4-4 Typical Rebar Spacing in Shafts (Smaller than 5 ft ¢)
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Cage Offset Requirements for Type-I1 Shaft

Construction Specifications require a permanent steel casing to be placed in the
area where the column and shaft cages of a Type-Il column-shaft overlap and when a
construction joint is required. This means the pour in that segment is in the dry
condition and can be vibrated. The spacing of the column reinforcement in this area
can follow the standard requirements for column steel reinforcement. In a Type-II
column-shaft, the allowable offset between centerlines of the column and shaft
reinforcement cages is limited by the required horizontal clearance between the two
cages. In this case, the clear distance between the two cages must be at least 3.5 in. if
a construction joint is used and 5 in. without a construction joint. Furthermore, the
offset between centerlines of the shaft cage and the drilled hole (horizontal tolerance
at cut-off point) must be limited to provide minimum concrete cover of 3 in. to the
shaft outermost reinforcement at all locations. Figure 16.4-5 shows cage offset
requirements for Type Il Shafts:

Shaft Hoop

Dry Pour > 3.5"

Column Hoop

Shaft Hoop

Wet Pour > 5"

Column Hoop

~

2" ID Inspection Pipe <i§§i§>

Figure 16.4-5 Cage Offset Requirements for Type Il Shaft
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16.4.4.4

16.4.4.5

16.4.5

Rock Socket Design Criteria

When CIDH piles tipped in rock are analyzed for lateral loads, the p-y method
reports shear demand forces that exceed the seismic overstrength shear, V, calculated
demand in the column. The abrupt change to high-stiffness p-y springs may amplify
shear force to more than 5V, within the rock socket.

In current Caltrans practice, the designer must enlarge or reinforce the pile to
resist the amplified shear force. However, there is ongoing debate over whether the
design force is "real" and whether the discretization of distributed soil reaction to
nodal springs is appropriate at the rock interface. Designing for the amplified shear
force would increase rebar congestion for an uncertain benefit.

The Caltrans policy imposes an upper limit on the design shear force,
recognizing the general problems of the discretization of distributed soil reaction to
nodal springs application in rock. The design shear force demand in CIDH shafts and
rock sockets need not be taken more than two and half times the seismic overstrength
shear force of the column: V, < 2.5V,

The in-ground amplification of shear forces in rock sockets deserves special
consideration. Shear demand values from analysis can be misleading, as the discrete
spring is not capable of handling a sudden transition to hard rock.

Minimum Lateral Reinforcement in Column-Shafts

o IfV, < ¢V, the minimum lateral reinforcement of the shaft must be # 5
hoops at 12 in. center-to-center spacing.

o IfV, > ¢V, the minimum lateral reinforcement of the shaft must be the
larger of A, > 0.0316 (f')*°(b,)s/f, (AASHTO 5.8.2.5), and # 5 hoops at
12 in. center-to-center spacing.

Radial bundling of longitudinal reinforcement is not allowed due to fabrication
challenges.

Design Process

The design process of large diameter column-shafts is presented by the flow chart
on the following page.
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Gltrans:
Type II Column-Shaft Design Process

LOAD
RESISTANCE FACTOR
DESIGN

Obtain column loads from CTBridge." V bent or CSiBridge (static analysis) outputs for Service limit State

¥

Run “WinYield” in design mode using these loads to determine
percentage of steel req d for Service & Strength Limit States

¥

End of Load Resistance Factor Design.
Use this result as a starting point for seismic design.

Obtain soil info and P-Y curves from geology, or approximate from “L-Pile”™ output.
Note: use idealized P-Y Curves in “wFrame” (2 points only)

!

Run “xSection or Section
—— Designer ™ to obtain column My, @y, Use EXPECTED material
@y (idealized), and I & shaft M, and L properties. SDC 3.2.3 through 3.2.6

(Moment-Curvature Diagram)

Stand alone Member Check
based on column lengths &
properties (ignore enlarged shaft
section & soil) SDC 3.1.3 & 3.1.4

Local Displacement Check:
1) p>=3

OK.
Rerun xSection or “wFr - CSiBridae” : -
f . Run “wFrame or CSiBridge When decreasing Loie result
Section D c g Lyie results in
ection Designer to check SDC' L <+ | less than a 5% change in Ay, Lpie
Get new shaft and/ global displacement criteria’s i |is adequate
or column M, & Ler (Force-Deflection Curve) adequate.
¥ Contact Geotech | gingée colulr‘ng‘:qentsf- u‘sledFAS.Of 1.2
i { based on reliability of soil data.
i Determine Critical Pile Length: | Multi-column bents - no ES. req’d
Use Push Analysis (L-Pile) to plot Lpie vs. Aup.
If Critical Pile length > Pile length NG.
OK.
Bent & Frame Check - wFrame
A — Global - based on column & enlarged
1) Ac>An shaft_s_cctioq, in_cluding soil
S OO : 2) Mue Shaft > 1.25Mb Shaft (7.7.3.2) conditions (initially assume a
very deep shaft)

3) po <= target (2.2.4)

Increase column strength, SDC 4.1

i.e. add steel and/or Note:

increase size. ¥, Global Checks shall be done for
bents in the transverse direction

Notations: . NG. P-A & frames in the longitudinal

L. effective column length direction.

“heck:
1) Pa x Ar<=0.2Mp!

M, expected nominal
moment capacity SDC 4.2
My maximum moment in OK.
the shaft resulting from
“Push Analysis™ : ; Additional Checks: e
M column overstrength Balanced column stittness’ (SDC 7.1.1)
v mo:;wnt Y = %alanc}gd‘ fra[[liw pfriods (S(%%gé%‘]i
: ar splicing/development .
A, displacement at top of Shear (SDC 3.6), (LRFD 5.8)

column relative to the
base of the plastic hinge
Awp  displacement at top of
column after all plastic
hinges have formed

Figure 16.4-6 Typical Design Process for Type Il Column-Shaft
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16.4.6

Design Example

Design process for a Type Il shaft foundation is illustrated through the following
example. A fixed column-to-shaft connection has been assumed in this example.
However, a pin column-to-shaft connection will reduce forces/moments transferred
to the foundations.

Given:

The following example is a two span post-tensioned concrete box girder bridge with
a 2-column bent. The superstructure is a post-tensioned concrete box girder and is
supported by 2 Type-Il shafts as shown in Figure16.4-7. The soil profile of the bent
consists of loose to very loose sand with gravel for the top 34 ft, underlain by very
dense sand (friable sandstone) to about 55 ft below ground. Bedrock consisting of
very hard sandstone/siltstone was encountered below that depth and changed to fresh
and hard, with Rock Quality Designation (RQD) of 60% up to 100% at lower depths.
Ground water has been encountered near the surface of the streambed. There is a
moderate to high potential for liquefaction. Scour potential is high with local scour at
the supports estimated from top of streambed or pile cutoff with 15 ft of degradation
and contraction.

Concrete

Barrier

Type 732

(Typ)——
CIP/PS
Concrete
Box Girder-

Approx QG
R //,///\\\/ \///\// SIS, \\//\ BRI

N o
TYPICAL SECTION

Figure 16.4-7 Transverse Elevation of Example Bridge
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Figure 16.4-8 Recommended Seismic Design Criteria Curve Equivalent to
Vs30= 270 m/s with PBA 0.6g

As shown in Figure 16.4-10, section A-A, the columns are 5.5 ft in diameter.
The shafts are 97 inches in diameter with 60 #14 bundled reinforcing bars and #8
confining hoops at 7.5 in. and double #8 hoops at 7.0 in. spacing along the shaft and
the rock socket, respectively. The concrete cover to shaft reinforcement outside and
inside the rock socket region is 9 in. and 5 in., respectively (Figure 16.4-10, sections
B-B, C-C, and D-D).
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Figure 16.4-9 Column-Shaft Reinforcement Details (not to scale)
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— #11 fot 36

) o
. & 7

~—{ Column

SECTION A-A

8.-_1” OD % |ffa’2||
Permanent
Steel Casing —-_

5-2"
Column Reinf
6'-6"
Shaft Reinf

SECTION B-B
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8“—1” 03 x |‘r/’2II
Permanent
Steel Casing—_

—#14 tot 60
16 bundles of 3
4 bundles of 2
4 singles

Inspection i/
Tubes tot 8—f

9

gls] \ .

A _ 7 —— #8 Hoops

—#14 tot 60

16 bundles of 3
4 bundles of 2
4 singles

:\f ¢ Pier

.

T~ 2 - #8 Hoops
bundled

SECTION D-D

Figure 16.4-10 Typical Shaft and Column Section Details

Note: CIDH Concrete Piling (Rock Socket Section D-D) shown in this example is
between the standard diameters of 7ft and 7.5 ft as stated in MTD 3-1 (Caltrans
2013). Contractor can use a special auger to handle a case like this. It is highly
recommended to have the rock socket as a standard diameter per MTD 3-1.
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Material properties are as follows:

Concrete: ¢=4ksi; f,=5ksi
Reinforcement: f, = 60 ksi; f,.= 68 ksi
Unfactored live loads at the base of the Column are listed in Table 16.4-2

Plastic moment and shear at the base of the column are calculated as
M,=12,309 k-ft, and V, = 821 kips

Un-factored dead load and seismic forces at the base of the column are
listed in Table 16.4-3

The nominal geotechnical resistance of the shaft in compression is 5,310
kips

The nominal geotechnical resistance of the shaft in tension is 2,655 kips

Note: Concrete Strength of ;= 4 ksi was chosen in this example for a stronger
concrete shear capacity and it is not far off from the default value of f; = 3.6 ksi.

Table 16.4-2 Un-factored Live Load Forces at Column Base

Design Truck Permit Truck
Case [ 1 1l | I 11
My (Kip-ft) -189.2 -70.77 -109.7 -296.02 -28.21 -36.89
M, (Kip-ft) 59.25 752.94 123.57 98.91 1,239.31 199.08
P (kip) 295.13 397.07 615.51 458.23 705.35 922.37
V7 (Kip) -13.76 4,74 -5.2 -21.53 -2.57 2.4
V. (kip) 1.39 17.18 2.9 2.31 128.26 4.65
Note:
Case I: Maximum Transverse Moment (M) and associated effects
Case II: Maximum Longitudinal Moment (M,) and associated effects
Case I1l: Maximum Axial Force (P) and associated effects
Table 16.4-3 Un-factored Dead Load and Seismic Forces Applied
at the Column Base
Un-factored, without M: M, P Vr V.
impact Loads (k-ft) (k-ft) (kips) (kips) | (kips)
DC 86.88 305.65 | 1,793.75 6.31 -19.8
DW 10.32 35.5 163.65 0.75 -2.30
PS -193.6 -195.6 37.1 4.45 12.30
Seismic-I Transverse 14,771 1,926 985
Seismic-II
Longitudinal 14,771 1,926 985
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Note: The maximum axial force of the column (DC + DW) without considering the
overturning effect of seismic forces is 1,926 kips (SAP 2000 transverse analysis), and
the plastic moment of the column under such load is 12,309 Kip-ft. The
corresponding overstrength moment and associated shear force are calculated as M,*
= 1.2M,™ = 14,771 k-ft, and V,** = 985 kips assuming that L. = 30 ft. However, in
practice, the magnitudes of overstrength moment and associated shear depend on the
applied axial force.

Requirements:
e Calculate LRFD factored loads for service, strength, and extreme event-I
(seismic) limit states applicable to the shaft design.

e Check geotechnical capacity, assuming nominal geotechnical resistance
of 5,310 kips in compression and 2,655 kips in tension.

e Check development length for column reinforcement extended into
(Type-Il) shaft (SDC 8.2.4).

e Check shaft structural resistance for non-seismic loads.
o Design shaft flexural reinforcement (non-seismic effects).
o Design shaft for shear reinforcement (non-seismic effects).

e Check shaft for seismic effects.

16.4.6.1  LRFD Factored Loads for Service, Strength, and Extreme Event Limit States

Considering effects of live load movements in the longitudinal and transverse
directions, the following three live load cases are commonly considered in design:

Case I: Maximum Transverse Moment (M) and associated effects
Case II: Maximum Longitudinal Moment (M) and associated effects
Case I1I: Maximum Axial Force (P) and associated effects

Analysis results for other applicable un-factored loads acting on the shaft are
given in Table 16.4-3, together with forces and moments resulting from seismic
analysis in transverse and longitudinal directions.

The LRFD load combinations used in foundation design and corresponding load
factors (AASHTO Table 3.4.1-1) are summarized in Table 16.4-4. The upper and
lower limits of permanent load factors (y,) are shown as U and L, respectively.
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Table 16.4-4 LRFD Load Factors

DC DW PS EV HL-93 P-15 Seismic

Strength 1-U 1.25 1.5 1 1.35 1.75 0 0
Strength I-L 0.9 0.65 1 0.9 1.75 0 0
Strength 11-U 1.25 15 1 1.35 0 1.35 0
Strength 11-L 0.9 0.65 1 0.9 0 1.35 0
Strength 111-U 1.25 1.5 1 1.35 0 0 0
Strength 111-L 0.9 0.65 1 0.9 0 0 0
Strength V-U 1.25 1.5 1 1.35 1.35 0 0
Strength V-L 0.9 0.65 1 0.9 1.35 0 0
Service | 1 1 1 1 1 0 0
Extreme Event | 1 1 1 1 0 0 1

The PS load factor of 1, as shown in Table 16.4-4, is recommended when a
column’s cracked moment of inertia is used in analysis. However, for load cases
other than extreme event-1, a load factor of 0.5 may be used. See AASHTO LRFD
Table 3.4.1-3.

In order to determine loads at the bottom of the shaft, the column diameter and
length are needed. For this example, the column diameter is 5.5 ft with a length of 30
ft. The overall un-factored DC for column weight = 30 ft x  x (5.5)%/4 x 0.15 kip/ft®
= 106.92 Kips.

The LRFD load factors are applied to axial force and moments in longitudinal
and transverse directions to calculate factored loads for strength, service, and extreme
event limit states, as summarized in Tables 16.4-5, 16.4-6, and 16.4-7. Loading
shown in those tables are for live load cases I, I, and I11.

Table 16.4-5 Case I11: Maximum Axial Force P and Associated Effects

My M, P
Factored Loads (k-Ft) (k-ft) (Kip)
Strength 1-U -261 456 3,602
Strength I-L -301 319 2,835
Strength 11-U -119 508 3,770
Strength 11-L -159 371 3,003
Strength 111-U -70 240 2,525
Strength 111-L -109 103 1,758
Strength V-U -218 407 3,356
Strength V-L -257 269 2,589
Service | -206 269 2,610
Extreme Event |, Seismic | 14,771 3,921
Extreme Event I, Seismic Il 14,771 3,921
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The following are a few example calculations for the factored loads shown in
Table 16.4-5:

Axial force for Strength I1-U limit state: P = 1.25(1793.75) + 1.5(163.65) +
1(37.1) + 1.35(922.37) = 3,770 kips

Longitudinal moment for Strength 11-L limit state: M, = 0.9(305.65) + 0.65(35.5)
+1(-195.6) + 1.35(199.08) = 371 k-ft

Transverse moment for Strength 11-L limit state: My = 0.9(86.88) + 0.65(10.32) +
1(-193.6) + 1.35(-36.89) = -159 k-ft

Gross axial force for Service I limit state: P = 1(1793.75) + 1(163.65) + 1(37.10)
+1(615.51) = 2,610 kips

However, the net Service | loads need to be reported to Geotechnical Services for
settlement calculations. For a large diameter shaft without any pile cap, the difference
between Ppe and Pyross is Small. Therefore: Ppet = Pgross = 2,610 Kips

Similarly, the net permanent loads are to be calculated and reported to
Geotechnical Services.

P = 1(1793.75) + 1(163.65) + 1(37.10) = 1,995 Kips

Table 16.4-6 Case I: Maximum Transverse Moment and Associated Effects

My M, P
Factored loads (k-ft) (k-ft) (kip)
Strength 1-U -401 343 3,041
Strength I-L -440 206 2,274
Strength 11-U -469 373 3,143
Strength 11-L -508 236 2,270
Strength 111-U -70 240 2,525
Strength 111-L -109 103 1,651
Strength V-U -325 320 2,923
Strength V-L -364 183 2,156
Service | -286 205 2,290
Extreme Event I, Seismic | 14,771 3,921
Extreme Event I, Seismic Il 14,771 3,921
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Table 16.4-7 Case 11: Maximum Longitudinal Moment and Associated Effects

Mz M. P
Factored Loads (k-ft) (k-ft) (Kips)
Strength 1-U -193 1,557 3,220
Strength I-L -233 1,420 2,453
Strength 11-U -108 1,913 3,477
Strength 11-L -147 1,776 2,710
Strength 111-U -70 240 2,525
Strength 111-L -109 103 1,758
Strength V-U -165 1,256 3,061
Strength V-L -204 1,119 2,294
Service | -167 898 2,392
Extreme Event I, Seismic (Case 1) 14,771 3,921
Extreme Event I, Seismic (Case II) 14,771 3,921

16.4.6.2  Shaft Geotechnical Capacity Check

Strength and Service loads for Case Il shown in Table 16.4.7 are the controlling
load cases for shaft design in this example.

The CA Amendment articles 10.5.5.2.4 and 10.5.5.3.3 specify resistance
reduction factors (¢) for strength and extreme event limit states as 0.7 and 1.0,
respectively. Compare factored loads on piles/shafts to factored resistance for

Strength 11-U limit state:

Compression: 3,477 kips compression < (0.7) x 5,310 (Nominal) = 3,717 kips

OK

The tension demand in this example is zero, and the tension factored resistance is
(0.7) x 2,655 (Nominal) = 1,859 Kips

Therefore, it is acceptable.

Compare factored loads on piles/shafts to factored resistance for Extreme Event

limit State:

Compression: 3,921 kips (compression) < (1) x 5,310 (Nominal) = 5,310 kips

OK

The tension demand in this example is zero, and the tension factored resistance is
(1) x 2,655 (Nominal) = 2,655 kips

Therefore, it is acceptable.
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16.4.6.3  Check Development Length for Column Reinforcement into Type-11 Shaft

AASHTO Eg. 5.11.2.2: Development of Deformed Shaft Bars in Compression:
Eq. 5.11.2.2.1-1: lg, > 0.63(1.88)(60)/(4)** = 35.53 x 1.2 = 42.64 in.

(AASHTO 5.11.2.3)
Eq. 5.11.2.2.1-2: lg, > 0.3(1.88)(60) = 33.84 x 1.2 = 40.61 in.

(AASHTO 5.11.2.3)

AASHTO 5.11.2.2.2 states that the basic development length may be multiplied
by applicable modification factors.

AASHTO 5.11.2.2.2: Reinforcement is enclosed within a spiral of not less than
0.25 in. in diameter and not more than a 4 in. pitch, modification factor = 0.75. (This
reduction does not apply because we have the pile shaft hoops at 7.5 in.).

Development length of the bars in compression is 42.64 in.

Column longitudinal reinforcement shall be extended into Type Il (enlarged)
shafts in a staggered manner with the minimum recommended embedment lengths of
(Demax + Lg) and (Demax + 2 % Lg), where D¢ max IS the larger cross-section dimension of
the column, and L, is the development length in tension of the column longitudinal
bars. This practice ensures adequate anchorage in case the plastic hinge damage
penetrates into the shaft (SDC 8.2.4).

AASHTO 5.11.2.1: Ig, = 1.25(1.56)(68)/(5)° = 59.3 in.

not less than Iy, = 0.4(1.63)(68) = 44.33in.

Development length = lg,= 0.6 x 59.3 = 35.58 in,

Development length = (D¢ max + Lg) = 66 + 35.58 = 101.58 in.

Development length = (Demax+ 2 X Lg) =66 + 2 x 35.58 = 137.16 in.
Development provided is 20 ft = 240 in. > 137.16 in. OK

16.4.6.4  Check Shaft Structural Resistance:
Check axial force for strength limit state loads:

Shaft Tension Capacity = P, = ¢(Aq x f)); (AASHTO 5.7.6.1)
=0.9 (60 x 2.25) (60) = 7,290 kips OK

Note: Tension in shaft for Strength limit state is negligible. Therefore, shaft is
acceptable in tension.

Shaft Compression Capacity = ¢P, = 0.75{0.85[0.85 x f'; (Ag— As) + fyAs 1};
(AASHTO 5.7.4.4)
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P, = 0.75{0.85[0.85 x 4(7238.3 - 135) + 60(135)]} = 20,560 kips > 3,770 kips
oK

Check axial force for Seismic Extreme Event Loading:
¢ = 1 for seismic resistance factors (CA Amendment article 5.5.5).

¢ = 0.9 shear resistance factor (SDC 1.7 and 3.6.7) for shear during seismic and
other extreme events.

Shaft Tension Capacity:
oP, =1 (60 x 2.25) (60) = 8,100 kips > 0 kips OK
Shaft Compression Capacity:
oP, = 1{0.85[0.85 x 4(7,238.3 — 135) + 60(135)]} = 27,414 kips > 3,921 kips
OK

Note: In this example, the factored axial resistance is significantly higher than
factored loads. Therefore, the interaction of axial force and bending moment is not
checked. However, in general such interaction needs to be considered in design.
Shafts are also to be checked for maximum shear for service and strength limit states.

Assuming, the maximum shear will occur at the top of the shaft, the maximum
factored strength Il limit state shear force is as follows:

Strength II: V, = 1.35(128.26° + 2.57%)>° =173.2 kips

The shear capacity of a reinforced concrete pile/shaft can be calculated as
follows:

Vo= Ve +V+V,<0.25f, b, d, +V, (AASHTO 5.8.3.3)
Ve = 0.0316p(f")*(b,)(d.)

Vs = [A, (fy)(dy) (cot B + cot a) sin o/ s

V,, = 0 (no pre-stressing in pile/shaft)

b, =D =96 in. (AASHTO 5.8.3.1)
dy=0.9d,=0.9(70.91) =63.82 in. (AASHTO 5.8.2.9)
D, =D -2 (clr + hoop dg, + long dgy/2) = 96 — 2(9 + 1.13 + 1.88) = 71.98 in.
de=D/2 + D,/n =96/2 + 71.98/m = 70.91 in. (AASHTO C5.8.2.9-2)
a=90

A, =0.79 in.% S =75 in. down to the bottom of casing then A, = 1.58 in.2 S =7
in., at rock socket section

Check for minimum transverse reinforcement:

A, >0.0316 (f%)*>(b,)s/f, = 0.0316(4)*°(96)(7.5)/60 = 0.76 in.” OK
(AASHTO 5.8.2.5)
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Determine shear capacity for Strength I1:

B=2,0=45° a = 90° (For Strength Il piles in compression, the simplified
method, AASHTO 5.8.3.4.1, may be used.)

V. = 0.0316(2)(4)** (96)(63.82) = 774.42 kips

V, = 0.79(60)(63.82)[(cot(45°)+cot(90°)) sin(90°)]/7.5 = 403.34 kips

V, = 774.42 + 403.34 = 1,177.76 kips < 0.25(4)(96)(63.82) = 6,126.72 kips OK
V=6V, =0.9(1,177.76) = 1,060 kips > 550 Kips (See Figure 16.4-11) OK

Note: AASHTO Eq. 5.8.3.4.2-4 or B5.2 may have been used instead of the simplified
method to calculate a higher shear resistance, as follows:

&= [(IMy[/d,) + 0.5N, + 0.5|Vy— V|cot(0) — Ags Trol [[2(Es As + Ep Aps)]

(AASHTO B5.2-1)
N, = 0 kips (no tensile load)
M, = 1916 kip-ft (moment demand assumed at top of pile/shaft)
V. =173 kips (shear demand assumed at top of pile/shaft)
Ays = 0 (no pre-stressing steel in pile/shaft)
&x= [(IMy[/d,) + 0.5N, + 0.5|V— Vlcot(6) — Agsfpol/[2(Es As + Ep Ags)]

(AASHTO B5.2-1)
& = [(1916 x 12/63.82) + 0.5|173|cot (45)]/[2(29,000)(60 x 2.25)] = 0.000057
vy = [Vy— ¢V, [/(db.d,) = |173|/[(0.9)(96)(63.82)] = 0.0313  (AASHTO 5.8.2.9)
v, /f'.=0.0313/4 = 0.0078
B=3.24,0=243, (AASHTO Table B5.2-1)
Using 0 = 24.3, resolving for g = 0.000057; B = 3.24
V. = 0.0316 (3.24)(4)*%(96)(63.82) = 1,254.55 kips
Vs = 0.79(60)(63.82)[(cot(24.3°) + cot(90°))sin(90°)]/7.5 = 893.30 Kips
V, =1,254.55 + 893.30 = 2,147.85 kips < 0.25(4)(96)(63.82) = 6,126.72 kips OK
Vi = ¢V, =0.9 (2,147.85 kips) = 1,933.07 kips > 550 kips OK
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Figure 16.4-11 Shear Diagram at Strength State for Single Shaft
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Determine the shear capacity with 0.5 in. casing using the following (AASHTO
5.8.3.4.1) simplified method:

Determine shear capacity for Strength II:

£ =2,6=45° a=90° (for Strength Il piles in compression, the simplified
method, AASHTO 5.8.3.4.1, may be used.)

V. = 0.0316(2)(4)*>(96)(63.82) = 774.42 kips

V, = 0.79(60)(63.82)[(cot(45°) + cot(90°)) sin(90°)]/7.5 = 403.34 kips

Vi = 0.5F Ay with Fe, = 0.78E4/(D/t)** < 0.58 F, (AASHTO 6.12.1.2.3c)
Fer = 0.78E4/(D/)¥? = 0.78 x 29000/(97/0.5)¥? = 8.37 ksi < 0.58 x 45 = 26.1 ksi
Vnp = 0.5F A, Nominal shear resistance (pipe or casing)

Vpp = 0.5 x 8.37 x 1 x 97 x 0.5 = 637.65 Kips

V., =774.42 + 637.65 + 403.34 = 1,815.41 kips < 6,126.72 Kips OK
V= ¢V, =0.9 (1,815.41 kips) = 1,633.87 kips > 550 kips
(See figure 16.4-11) OK

If the pile shear demand exceeds the capacity, a more refined analysis may be
performed accounting for the passive resistance of the soil against the pile. Maximum
moments acting on the shaft at the bottom of the column for extreme event I, strength
and service are shown in Tables 16.4-5, 16.4-6 and 16.4-7 as:

2 2
| LRFD Limit State | | VMM
(kip-ft) | (kip-f) Kin-ft
(Kip-ft)
Strength Limit: Strength 11 Case Il -108 1,913 1,916
Strength Limit: Strength Il Case | -508 236 560
Extreme Event | Limit State: Seismic /11 14,771 14,771 20,889
Service Limit State Case Il -167 898 913
Service Limit State Case | -286 205 352

The maximum shaft bending moment demand for non-seismic loading (6,500
kip-ft) is extracted from Figure 16.4-12. The maximum shaft bending moment
capacity for non-seismic loading is determined using the Xsection program (Caltrans,

2006):
M, = OMoe@o.oos = (0.9)26,928 = 24,235.2 k-ft > 6,500 k-ft OK
(AASHTO 5.5.4.2)
16-86
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Figure 16.4-12 Moment Diagram at Strength State for Single Shaft
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Communications of Structural Designer with Geotechnical Services (Refer to
MTD 3-1 and MTD 1-35)

The following table will be sent from Structure Design to Geotechnical Services:

Table 16.4-8 Foundation Design Loads

Foundation Design Loads

Strength Limit State Extreme Event Limit State
Service-1 Limit State (kips) (Controlling Group, Kips) (Controlling Group, Kips)
Permanent
Total Load Loads Compression Tension Compression Tension
Max. Max. Max.
Support| Per Max. Per Per Per Max. Per Per Per Per

No. | Support |Per Pile|Per Support| Support | Pile | Support [Per Pile|Support| Pile [Support| Pile

Bent2 | 2,610 | 2,610 1,995 3,770 |3,770 0 0 3,921 | 3,921 0 0

Notes:

. Support loads shown are per column

. Service | loads are reported as net loads

e  Strength and Extreme Event loads are reported as gross loads

e  Load tables may be modified to submit multiple lines of critical load combinations for each limit state, if
necessary

16.4.6.5  Shaft Seismic Analysis and Design Procedures

16.4.6.5.1 Design Approach

The design of CIDH with permanent steel casing would be analyzed and
designed similarly to a CISS.

16.4.6.5.2 Preliminary Substructure/Foundation Design

Based on the geotechnical and hydraulics engineer requirements, the typical bent
was designed as follows. The clear column height is 30 ft supported by an 8 ft
diameter CIDH with 0.5 in. thick permanent casing for the top 34 ft with a 66 ft rock
socket at diameter of 7 ft - 4 in. The selected pile system serves well in a 2-column
bent arrangement to overcome the potential channel bed scour and soil liquefaction.

16.4.6.5.3 Preliminary Demand Assessment
It is a common practice to design bridges for service and strength limits states
and then refines the bridge system for seismic design requirements. Furthermore, the

seismic design is a non-linear process and the bridge design may have to be iterated
several times to reach a desirable solution. Finally, the designer may have to take the
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seismic changes to the bridge back to the service load design and go through the
entire design procedure until service, strength, and seismic requirements are all met.

The engineer’s experience and judgment is a key factor in the amount of time
required to perform these tasks.

One possible method in the seismic design is the creation of a linear elastic
model of the structure and performing of a modal dynamic analysis to obtain an
estimate of the displacement demands. An alternative method, as used in this chapter,
is to use the initial slope of the force-deflection curve from the push analyses of bents
and frames and estimate the displacement demands from such analyses (SDC 5.2.1).
Details of the displacement demand computation will be shown later.

16.4.6.5.4 Material Properties

The material properties used in the seismic analysis are as follows:

e Concrete strength, f; = 5000 psi

o Concrete specific weight for calculation of modulus of elasticity = 145
Ib./ft’

o Other concrete properties are based on SDC sections 3.2.5 and 3.2.6.

o Reinforcement (A706 steel) properties are based on SDC sections 3.2.2
and 3.2.3.

16.4.6.5.5 Soil Springs for CIDH Piles with Permanent Steel Casing

The shaft is embedded in two soil layers. The topsoil layer with depth of 34 ft is
sand with gravel and the bottom soil layer is sandstone rock material. The p-y and t-z
curves reflect these characteristics.

The p-y curves are used in the lateral modeling of soil as they interact with the
large diameter shafts. The geotechnical engineer generally produces these curves and
the values are converted to proper soil springs within the push analysis. The spacing
of the nodes selected on the pile members would naturally change the values of
spring stiffness. However, a minimum of 10 elements per pile is advised
(recommended optimum is 20 elements or 2 ft to 5 ft pile segments).

The t-z curves are used in the modeling of skin friction along the length of piles.
Vertical springs are attached to the nodes to support the dead load of the bridge
system and to resist overturning effects caused by lateral bridge movement. The
bearing resistance at the tip of the pile is usually modeled as a g-z spring. This spring
may be idealized as a bilinear spring placed in the boundary condition section of the
push analysis input file.
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Figures 16-4.13 and 16-4.14 show ldealized Soil Springs for the right (RC) and left
(LC) columns, respectively:

Idealized Soil P-Y Curve RC
200
/ -
__150 =0 Depth 0 to 6 ft.
= / , . —¥=Depth 6 to 10 ft.
S 100 ~ Depth 10 to 15 ft.
S3 == Depth 15 to 22 ft.
8 50 » —#—Depth 22 to 28 ft.
0 . ]
0 0.2 0.4 0.6
y (ft.)
Idealized Soil P-Y Curve RC
800 - ~—i— Depth 28 to 34 ft.
€ 600 / —e— Depth 34 to 40 ft.
._% o o Depth 40 to 46 ft.
o 400 === Depth 46 to 53 ft.
200 Depth 53 to 60 ft.
0
0 0.05 0.1 0.15
y (ft.)
Idealized Soil P-Y Curve RC
2500
2000 < -v =@=Depth 60 to 67 ft.
E- 1500 == Depth 67 to 74 ft.
-:%/ 1000 ° Depth 74 to 81 ft.
o == Depth 81 to 88 ft.
500 == Depth 88 to 95 ft.
0
0 0.05 0.1 0.15
y (ft.)

Figure 16.4-13 ldealized Soil Springs for Right Column
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- Idealized Soil P-Y Curve LC
E 150 -
S 100 / ¢—Depth 0 to 4 ft.
< =i—Depth 4 to 10 ft.
o 50 —E—u Depth 10 tp 16 ft.
Y — —g  —Depthl6to23ft
0 0.1 0.2 0.3
y (ft.)
Idealized Soil P-Y Curve LC
300
. —o—Depth 33 to 38 t.
<100 ~i— Depth 38 to 44 ft.
o Depth 44 to 50 ft.
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Idealized Soil P-Y Curve LC
__ 1000
£ A *
S 500 == Depth 56 to 65 ft.
i/ él u Depth 50 to 56 ft.
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. 2000
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Figure 16.4-14 Idealized Soil Springs for Left Column
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16.4.6.6  Ductility and Transverse Push-Over Analysis and Design
16.4.6.6.1 Displacement capacity versus demand (Ac>Ap)

CIDH Piles with permanent steel casing, column-shaft design: The concept of
placing a reinforced concrete flexural element within a pipe/casing element is used in
this example. The pipe/casing is installed to the desired tip elevation and cleaned out,
leaving a soil plug or a rock socket in place at the tip of the pile. The column-shaft
rebar cage is then placed within the pipe, followed by the concrete pour.

The pipe/casing and the reinforced concrete element are considered two parallel
elements where strength or stiffness of elements can be added. Since composite
action is not guaranteed, it is conservative to use the non-composite properties of the
system.

The pipe/casing piles are ASTM A252, Grade 3 as required by Caltrans’
Standard Specifications section 49-2.02B(3) 2010 with a minimum vyield strength of
45 ksi. The yield moment of the pipe/casing is estimated based on the yield stress of
45 ksi and then is increased by 25% to represent the plastic moment of the
pipe/casing. The compression portion of the pipe/casing is continuously supported
against buckling.

The elongation required for ASTM A252, for Grade 3 pipe/casing material is
estimated at 12% and a factor of safety of 2 is used, based on engineering judgment,
to represent the minimum strain at peak stress of the pipe/casing steel at 6%.

Properties for 97 in. diameter by 0.5 in. thick pipe:

o

I = =85 ft
64 64
L _85 2.1 ft3
R 4.04

where R = outer radius of the pipe
D,= outer diameter of the pipe
D;= inner diameter of the pipe
M, = So, = 2.1 x 12° x 45 = 163,296 kip-in. = 13,608 Kip-ft
where o,= (45 ksi) yield stress of the pipe
M, = 1.25M, = 17,010 kip-ft
(Eslo)pipe = (29,000 x 144)8.5 = 3.55 x 10 kip-ft?

Design Steel Strain = UltimateSteel Strain =&y = —0'12 =0.06 rad

Factorof Safety 2
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0.06 0.06

- — = — =0.00123 rad/in.
PipeRadius 485 in.

Design Curvature=g¢, =

The concrete core and the rebar cage combine to produce a well-confined
concrete element that is modeled within the xSECTION program (Caltrans, 2006) to
generate section properties. The design requirements are met since the plastic hinges
form in the column. Several cross sections along the column/shaft are analyzed. The
cross section properties for various locations are tabulated in Table 16.4-9.

Since the steel casing of the shaft is fully extended from the top of rock to the
cut-off, the confinement of shaft cross sections could be modeled with the steel
casing as the lateral confining element. The hoop reinforcement, #8 at 7.5 in., is
included in the confinement computation. The axial forces of 1,926 and 2,004 kips
are used for the column and shaft cross-sections respectively.

60-#14 bars, A706 steel, #8-hoops at 7.5 in. spacing
Axial load = 2,004 Kips

M, = 27, 220 kip-ft

¢, = 0.000465 rad/in.

ler = 82.42 ft*

E. =4,032 ksi = 580,000 ksf

(Ecler)eage = 580,000 x 82.42 = 4.78 x 10" kip-ft?

For the cross section at the mid-height of the shaft casing, the following data is
obtained by using XSECTION software. (See Typical xSECTION Figures 16.4-15
and 16.4-16).

The combined effects of the 2 elements, steel pipe/casing, and concrete core are
as follows:

M, = 17,010 + 27,220 = 44,230 Kip-ft

leombined = (ESIS)pipe +(Eclcr)cage _ 3.55(10)7 + 4.78(10)7 14364 ft*
Econcrete 580,000

E.= 4,032 ksi = 580,000 ksf

¢, = 0.000465 rad/in. based on minimum of the two elements

The lcombinea IS cOMputed for converting the combined properties of steel
pipe/casing and concrete core into an equivalent concrete property. These parameters
are to be used in the pushover analysis later. The smaller of the curvature of steel
pipe and concrete core is selected as the ductility capacity limit.
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Moment-Curvature

Max Values:
M(ft-kips]=28228.
phifrad{in)=5.1799999¢-004

o

o
e

—

=

a0
NSz

S v
—

xSECTION
YER._4.00,_APR-01-06
[C)2006_Mahan_Engineering
Licensed_to:Caltrans
FREMONT

3401278

File:bdpshaft.xse

Mon Apr 30 11:43:45 20121
Ag [ft"2)= 50.27000046

Ig [fr°4)= 200.9400024

P [kips])= 2004.

Per. Steel= 1.87

Mp [ft-kips]= 27220.6601563
Phi-p [radfin]= 4.6499999e-004
ler [ft"4]= 62.42099762

Ec [ksf]= 519336

Idealized

Phi-y [radfin)= 5.3e-005

Section Dimensions
H-min(in]=-47.959999
H-max[in)=47.959999
¥-min[in)=-48.
V-max(in]=47.84

Stress-Strain for Concrete
Max Values:
Stress(ksi)=5.
Strain(infin)=1.6e-002

Stress-Strain for Reinforcement
Max Values:

Stress(ksi)=90
Strain(infin)=0.12

Figure 16.4-15 Shaft Cross Section with Moment Curvature

with 1.87% Longitudinal Steel

Moment-Curvature

Max Values:
M[ft-kips]=28450.
phi[radfin]=5.7600002e-004

*xSECTION
VER._4.00._APR-01-06
[C)2006_Mahan_Engineering
Licensed_to:Caltrans
FREMONT

34-0127S

File:bdprock.xse

Mon Apr 30 11:45:08 20121

Ag [ft"2]= 42.24000168

Ig [ft*4)= 141.8500061

P [kips]= 2004.

Per. Steel= 2.22

Mp [ft-kips)= 26617.7597656
Phi-p [radfin]= 5.16999979¢-004
ler [ft*4)= 71.970001221

Ec [ksf)= 519338

Idealized

Phi-y [radfin]= 5.9000002e-005

Section Dimensions
H-min(in]=-43.959999
H-max{in)=43.959999
V-minfin]=-44.
V-max(in]=43.860001

Stress-Strain for Concrete
Max Values:
Stress[ksi]=b.
Strain(infin]=1.6e-002

Stress-Strain for Reinforcement
Max Values:

Stress(ksi]=90
Strain(infin)=0.12

Figure 16.4-16 Shaft Cross Section with Moment Curvature
in Rock Region with 2.22% Longitudinal Steel
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Table 16.4-9 Cross-Section Properties for the Column and Shaft
Concrete Core Pipe/Casing Combination
Location Section M, o ler M, o ler M, o Ier E,
Composition | kip-ft rad/in. ft kip-ft radfin. | ft* | kip-ft rad/in. ft* ksf
Column Core 12,309 0.000898 19.78 12,309 0.000898 19.78 580,000
Shaft Core 27,220 | 0.000465 82.42 17,010 | 0.00123 | 85 | 44,230 | 0.000465 | 143.62 | 580,000
Shaft+Col Shaft+Col 34,157 0.000317 95.07 17,010 0.00123 | 85 | 51,167 0.000317 143.62 | 580,000
Shaft @rock Core only 28,508 | 0.000864 71.97 28,508 | 0.000864 | 71.97 | 580,000
Cap beam + Unconfined 27,111 0.000587 86.93 27,111 0.000587 86.93 580,000
conc
Cap beam - Unconfined 25,602 0.000422 83.1 25,602 0.000422 83.1 580,000
conc

A typical bent is then modeled within the wWFRAME program (Caltrans, 1995)
using the above properties and foundation springs to perform a non-linear pushover

analysis.

The force-deflection curve shown in section 16.4.6.6.4 indicates that 2 plastic
hinges form at the top of columns followed by 2 more plastic hinges developing at
the bottom of columns as designed for a Type Il shaft The period of this bent is
around 1.17 seconds and the initial stiffness and the displacement demand (Ap) are

263 kips/in. and 9.42 in., respectively. Detailed computations are shown below:
ki = Initial Slope of Force — Deflection Curve = Lateral Force/Yield Displacement

ki = (0.39 x W)/ A, = (0.39 x 3,536 kips)/5.25 in =263kip/in.

where W = total of dead load plus added dead load (kips)

T =period=0.32 w =0.32 /@ =1.17 seconds
K; 263

Displacement demand:
Ap = (ARS x W)/K; = (0.7 x 3536)/263 = 9.42 in.

The plastic hinge length at top of column is calculated from SDC Section 7.6.2.
The standard plastic hinge length (SDC 7.6.2.1) is used with the moment diagram.
The rotational capacity (&) of the plastic hinge is similar to the equations shown in
SDC section 3.1.3. The plastic component of the displacement capacity, however, is
based on an effective length of column defined from the center of the lower plastic
hinge to the center of the upper plastic hinge as follows (Figure 16.4-17):

For the plastic hinge at top of column:
L, = length of plastic hinge = 0.08L, + 0.15f0y > 0.3 fcdy

le 16 ft
dp = diameter of main bar = 1.63 in. for #11 bar
L,=0.08x16x12+0.15%x 68 x1.63=321in.>0.3 x68 x 1.63 = 33.25 in.

Chapter 16 — Deep Foundations
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L, = portion of column from plastic hinge to contraflexure (zero moment)
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0, = Lpdp (SDC 3.1.3-4)
Where ¢, = plastic curvature capacity at top of column from cross section
analysis
0, = 33.25 x 0.000898 = 0.0298 rad
Ap =0, x L =0.0298 x 30 ft x (12 in./ft) = 10.73 in.
y L = portion of column from center of top plastic hinge to center of bottom plastic
inge

Ac= A, + A, for each and every plastic hinge
A.=10.73+5.25=15.98 in. > Ap =9.42 in. OK

The overturning effects increased the axial load from 1,926 kips to 2,695 Kips in
the compression column. However, the increase in plastic moment was less than

20%. There is additional reserve capacity in the cap beam to easily meet the higher
column moment demand.

Comparison of displacement capacity (Ac) and demand (Ap) shows adequate
ductility in the transverse direction for this particular bent (Ac >Ap).

ZL. Zelunn

Figure 16.4-17 Plastic Hinges and Deformation

16.4.6.6.2 P-A Moment Check:

The P-A moment check is required per SDC section 4.2.
(P - A) Check: M p_, =P (Ap/2) = 1,926 Kkips (9.42 in./12)/2 = 756 Kip-ft
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Mp . 756

= =0.061<0.2.-.OK
Mp 12,309

16.4.6.6.3  Minimum Ductility Requirements

(SDC 4.2-1)

The minimum ductility requirement (SDC section 3.1.4.1) is based on the
following values: The distances of L, and L, are 16 ft and 14 ft, respectively, from the
moment diagram of the push over analysis per definition in SDC Figure 3.1.3-2. The
yield curvature at the top and bottom of column is 0.000088 rad/in. The plastic
curvature at the top and bottom is 0.000898 rad/in. (from column xSection analysis).

From SDC Eg. 7.6.2.1-1:

Lp1 = 0.08L; + 0.15fycdy > 0.3 fyetly = 0.08 x 16 x 12 + 0.15 x 68 x 1.63 = 32 in.

< 0.3 %68 x1.63=233.25 for the top plastic hinge

(SDC 7.6.2.1-1)

Ly, = 0.08L; + 0.15f,cdp > 0.3 fedp = 0.08 x 14 x 12 + 0.15 x 68 x 1.63 = 30 in.

<0.3x68x1.63=233.25 for the bottom plastic hinge
Op1 = Lpadpr = 33.25 x 0.000898 = 0.0298 rad.
Op2 = Lp2pe = 33.25 x 0.000898 = 0.0298 rad.

L
Am:eplx( 1—7} 0.0298x(16x12-33.25/2)=5.22 in.

L
Ap2:6p2><( —7} 0.0298x(14x12-33.25/2)=4.51 in,

(16x12)? (

A = L 5= 0.000089 =1.08in.

14x12)?

ACO'—L—%¢ —u(ooooosa—ossin
y2— 3 yz— 3 . = V. .

Ag =A% + Ay =1.08+5.22=6.30in.

Ay = A% +App =0.83+4.51=5.34in.

Ay 630

/,lcl_ATi)l m=583 >3
A, 534

Her = Afol =083 0483
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(SDC 3.1.3-7)

(SDC 3.1.3-7)

(SDC 3.1.3-6)

(SDC 3.1.3-6)

(SDC 3.1.4-2)

(SDC 3.1.4-2)
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16.4.6.6.4 Minimum Lateral Strength

The lateral strength of the bent is 0.39g, as calculated from the force-deflection
curve of the push over analysis as shown in Figure 16.4-18. This meets the
requirement of SDC section 3.5, which requires minimum lateral strength of 0.1 g.

wFRAME
VER._1.12,_ JAN-14-95
(C) 1994 Mark Seyed.
This Release for
Deno OHLY (beta —
testing incomplete) vy
"
Al-84-28A3, BA:24 —
File: bdppym.uwfi
Transverse push 2 co L
Dead Load(k)= 3536.7 =
Frame Lat. Strength: =
Loc-5tage-Force-Defl =
. L

# *gj in
PA1XATY 13 B.18 2.87 o
PA1XAB 14 B.23 2.82 =
PA1XE9 15 B.31 4.82 o
CA2-B2 16 B.39 5.25 as
CAl-A2 17 B8.42 5.84 ——
PAZXA9 18 B.43 6.38 =
PEZ2XA1 19 BH.43 6.34 1
PA1X1A 28 B.44 6.66 dﬁﬁfﬁm
PA1XAL 21 B.46 7.21
PAZXAZ 22 B.47 T7.72 &
PEZXBE 23 B.49 §.36 4
PA1XAZ 24 B.58 §.82 é?P
PAZXAT 25 B.51 9.12
CA1-A9 26 B.51 9.14
PEZXA3 27 B.51 9.39 . .
Ca2-g9 28 8.52 9.80 Deflections [(in.)

Figure 16.4-18 Lateral Load — Deflection Curve of Bent

16.4.6.7  Shear and Flexural Capacity

To meet the over-strength requirements of SDC section 4.3.1, the plastic moment
of the column is increased by 20% in the push analysis to determine the larger
flexural demand in the cap beam. The push analysis including over-strength of the
column in addition to overturning indicated a maximum negative moment demand of
18,146 kip-ft in the cap beam, while the capacity of the cap beam in negative moment
was 25,602 Kip-ft
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16.4.6.7.1 Shaft Shear Capacity with 0.5 in. Casing Excluding Scour and Liquefaction

The plastic shear demand in the column is limited to:

Vp _ (M p)TOP + (M p)BOT _ (2)(12’309) =820.6 kips

(L)Plastic Himge to Plastic Hinge 30

The following cases affecting a shear increase should be considered: Increase the
shear demand by an additional 20% due to overturning, Vo = 985 kips. The nominal
shear capacity of the casing/pipe alone is calculated per AASHTO 6.12.1.2.3c and is
less than the maximum shear demand as shown in Figure 16.4-19.

Vop = 0.5F; Ay with F, = 0.78E4/(D/t)** < 0.58 F,
( AASHTO0 6.12.1.2.3¢)

Fer = 0.78E4/(D/t)¥? = 0.78 x 29000/(97/0.5)3/2 = 8.37 ksi < 0.58 x 45 = 26.1 ksi
Vnp = 0.5F A,  Nominal shear resistance (pipe or casing)
Vpp = 0.5 x 8.37 x 1 x 97 x 0.5 = 637.65 Kips

The shear capacity of the shaft reinforced concrete outside the plastic hinge zone
must be added. For this case the traditional reinforced concrete column shear capacity
equations of SDC 3.6.2 are used. In this particular case SDC Eqgs. 3.6.3-1 and 3.6.3-2
yield the following for the pipe and an axial load at the top of shaft of 2,031 kips:

v, = ZASRD" _ 7(0.79)60)77 in)

=764 ki
ST s (2)7.5in) 1Ps (SDC 3.6.3-1)
03<Factorl= 2 367, <3 (SDC 3.6.2-5)
<o 0.15(ksi) o M= >
Factor 1 = 3 outside the plastic hinge zone (SDC 3.6.2-5)
_ P.(Ib.)
Factor2=1+ 20004, 2 <15 (SDC 3.6.2-6)
Factor2 =1+ (2031}L000) _ 1.14 (SDC 3.6.2-6)
2,000(51.32)(144)
v, (psi)=3(Factor2),/ f{ (psi) < 4,/ f. (psi) (SDC 3.6.2-4)
Ve (psi)=3(1.14),/4,000 = 216.3 psi < 4,/4,000 = 252.98psi
(SDC 3.6.2-4)

Ve =V, x A where A; = 0.8A,
V, =2163(0.8A, )=216.3(0.8)51.32x144)/1.000=1,279 kips

(SDC 3.6.2-1)and  (SDC 3.6.2-2)
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N, =V, +V, +V,, )=0.9(1,279+ 764+ 637.65) = 2,413 kips > 2,265 kips

(SDC 3.6.1-1 and 3.6.1-2)

The shear capacity of the shaft casing and the reinforced concrete section are all
added. The total shear capacity of 2,413 Kips is larger than the shear demand without
scour and liquefaction. It is slightly less than the maximum shear demand of 2.5V,
(2,463 kips) required for the case with scour and liquefaction. To increase capacity,
the designer may reduce the confinement spacing or increase the steel shell thickness
of the shaft. The capacity calculated is acceptable for this example.
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Figure 16.4-19 Shear Diagram at Potential Collapse State for Single Shaft
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16.4.6.7.2 Shaft Shear Capacity at Rock Socket:

The shear capacity of the shaft without casing at the rock interface outside the
plastic hinge zone must also be checked. For this case, the traditional reinforced
concrete column shear capacity equations of SDC 3.6.2 are used. In this particular
case SDC Eqgn. 3.6.3-1 vyields the following for the pipe with an increase in
confinement spacing from a single #8 confinement at 7.5 in. to a doubled #8
confinement at 7 in. and an axial load at the top of rock socket section of 2,260 kips.
For the case without scour or liquefaction, see L-Pile or CSiBridge Demand see
Figure 16.4-19.

A fD" 2(2)0.79)60)77)

V, = = =1,638 kips < 2,265kips (SDC 3.6.3-1
s 2 217 ps < ps ( )

0.3< Factorl— Pstyn +3.67—puy <3 (SDC 3.6.2-5)

0.15(ksi)
Factor 1 = 3 outside the plastic hinge zone (SDC 3.6.2-5)
~ P.(Ib.)
Factor2=1+ 2000(A, 2 <15 (SDC 3.6.2-6)
Factor2 =1+ 2 260)(1 000) (SDC 3.6.2-6)
2,000(42.24)144)
Ve (psi)=3(Factor2),/ f{ (psi) < 4,/ f. (psi) (SDC 3.6.2-4)

v, (psi)=3(1.19)/4,000 = 226 psi < 4,/4,000 = 252.98psi (SDC 3.6.2-4)

Ve=ve x Ac where A; = 0.8A,
V, =226(0.8A, )= 226(0.8)(42.24x144)/1.000=1,100 kips

(SDC 3.6.2-1)and (SDC 3.6.2-2)
N, =V, +V,)=0.9(1,100+1,638) = 2,464 kips > 2,265 kips

(SDC 3.6.1-1 and 3.6.1-2)

The shear demand for the case with scour and liquefaction effect as shown in
Figure 16.4-19 is about 50% more than the shear capacity of the rock socket section
as calculated above. Therefore, we limit the demand to be no more than 2.5V, (2,463
kips), which happened to be almost equal to the calculated capacity of 2,464 kips in
this example.

pSI 1 19M4 000 =226 psi < 4,/4,000=252.98psi (SDC 3.6.2-4)
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Ve=ve x Ag where A; = 0.8A,
V, =2260.8A, )= 226(0.8)(42.24x144)/1.000=1,100 Kips

(SDC 3.6.2-1)and (SDC 3.6.2-2)
N, =V, +V,)=0.9(1,100+1,638) = 2,464 kips > 2,463 kips OK

(2.5V, where V, = 985 kips)
(See L-Pile or CSiBridge Demand, see Figure 16.4-19)

16.4.6.7.3 Shaft Seismic Flexural Capacity:

The type Il shaft flexural capacity under seismic loading outside the plastic hinge
zone and away from the column inserted inside the type Il shaft is determined from
expected material properties. (Capacity protected component, per SDC 3.4)

where expected f'.. = 5.0 ksi, f,. = 68 ksi Using (Xsection)

The type 1l shaft flexural demands under seismic loading outside plastic hinge
zone and away from the column inserted inside type Il shaft are determined from (L-
Pile) output as shown below in Figure 16.4-20 for both cases.

M = ¢My@oo0s = (1)(26,928(shaft) + 13,608(casing)) = 40,536 kip-ft > 1.25
(29,167) kip-ft (L-Pile, CSiBridge, or Wframe Demand) without liquefaction and
scour demand (SDC7.7.3.2) OK

M: = 0Mn@ooos = (1) (26,928(shaft) + 13,608(casing) = 40,536 Kip-ft < 1.25
(36,667) kip-ft (L-Pile, CSiBridge, or Wframe Demand) with liquefaction and
scour demand (SDC7.7.3.2) NG

The moment capacity is less than the moment demand of (1.25Md) per SDC by
approximately 13% is acceptable for this example. Designers can add more
reinforcement to increase the moment capacity by 13%. Designers need to be aware
that the moment demand used in the example was extracted from L-Pile software and
is based on a single pile, disregarding the framing action of a two-column system that
can reduce the moment demand by at least by 15%.
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Figure 16.4-20 Moment Diagram at Potential Collapse State for Single Shaft
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Table 16.4-10 Reinforcement Spacing Requirements
in CIDH Piles with Inspection Tubes

Clear Spacing Clear Spacing
Component Location Requirements for Requirements for
Longitudinal Bars Transverse Bars
Max? (in.) Min (in.) | Max*(in.) | Min® (in.)
Type-1 Column-Shaft | Column and
with Diameter < 5ft Shaft 10-nd, Note 4 SmaxMdy S
Type-I Column-Shaft | Column and
with Diameter > 5ft | Shaft 12-nd, Note4 | Smacmd, >
Type-I1 Column-
Shaft
with Shaft Diameter Shaft 10-nd, Note 4 12 5
< 5ft
Type-Il Column-
Shaft
with Shaft Diameter Shaft 12-ndy Note 4 12 5
> 5ft
Note:

Chapter 16 — Deep Foundations

1. For Type II Shaft > 5ft ¢ construction joint and permanent steel casing are
mandatory, unless the drilled hole is determined by Geotechnical Services and
Structure Representative to be dry.

2. n=1is for single bars and n =2 for circumferential bundled bars. Refer to
California Amendments to AASHTO LRFD Sixth Edition 10.8.1.3 and 5.13.4.5.

3. m is number of hoops in a bundle, otherwise m =1. S, is maximum center-to-
center (C-C) spacing of single hoops per SDC 8.2.5 Version 1.7.

4. Per MTD3-1, minimum longitudinal clear spacing of rebars is 5 in. except at
locations of inspection pipes where it is 8.5 in. to accommodate the pipes

_ Max 12" Max 10"

= ol 7; o s -~

‘\‘ L. 85" 7 \ 8.5" /

\ \‘{Mn requfrea‘,'/ / \ =Min "eQU\'Fédﬁ“ /

\ \ |/ \\ |/
\

X ~——2" 1D Inspection Pipe \ ~—2" 1D Inspection Pipe

#14’s Bundled

N #11

5. Minimum Clear Distance between parallel longitudinal and transverse bars is 5
in. per California Amendments to AASHTO LRFD Sixth Edition 5.13.4.5.2.
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area of cross-section of a member (in.?) (16.3.8)

area of individual reinforcing steel bar (in.?) (16.3.10)

effective shear area of a cross-section (in.?) (16.3.10)

gross cross-sectional area (in.%) (16.2.3)

effective horizontal area for a moment-resisting pile cap joint (in.%) (16.2.6)
area of prestressing steel (in.?) (16.2.3)

5% damped elastic Acceleration Response Spectrum, expressed in terms of g
(SDC 2.1) (16.4.6.6.1)

total area of non prestressed tension reinforcement (in.%) (16.2.3)
total area of compression reinforcement (in.%) (16.2.4)
total area of longitudinal steel (in.?) (16.2.3)

area of shear reinforcement normal to flexural tension reinforcement (in.?)
(16.2.3)

depth of equivalent rectangular stress block (in.) (16.2.4)
coefficient used to solve a quadratic equation (16.2.4)

effective width of the pile cap for calculating average normal stress in the
horizontal direction within a pile cap moment-resisting joint (in.) (16.2.6)

effective width of a member for shear stress calculations (in.) (16.2.3)
coefficient used to solve a quadratic equation (16.2.4)

axial compression demand on a pile/shaft (kip) (16.2.3)

minimum clearance for bottom-mat reinforcement (16.3.6.2)

shaft diameter (in.) (16.1.2)

column diameter (in.) (16.2.1)

depth of pile cap (in.) (16.2.1)

minimum depth of pile cap (in.) (16.2.1)

depth of resultant soil-resistance measured from the top of pile cap (ft) (16.2.3)

diameter of the circle passing through the longitudinal reinforcement (in.)
(16.2.3)

cross-sectional dimension of a confined concrete core measured between the
centerline of the peripheral hoop or spiral (in.) (16.3.10.2.3)

distance from the compression flange to the centroid of the compression steel
(in.); depth below original ground (in.) (16.2.4)
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dy = nominal bar diameter (in.) (16.2.1)

dpg = deformed bar diameter (in.) (16.2.1)

dyi = nominal bar diameter of the longitudinal reinforcement of a shaft (in.) (16.3.2)

d. = thickness of concrete cover measured from extreme tension fiber to center of
closest bar (in.) (16.2.1)

de = effective depth from extreme compression fiber to the centroid of the tensile
force in the tensile reinforcement (in.) (16.2.4)

y = effective shear depth (in.) (16.2.3)
¢ = modulus of elasticity of concrete (ksi) (16.2.4)

E = modulus of elasticity of reinforcing steel (ksi) (16.3.5)

' = specified 28-day compressive strength of unconfined concrete (ksi) (16.3.5)

fee = expected compressive strength of unconfined concrete (ksi) (16.3.5)

foo = average stress in prestressing steel (ksi)

f; = modulus of rupture of concrete (ksi) (16.2.4)

fss = tensile stress in mild steel at the service limit state (ksi) (16.2.4)

fle = expected minimum tensile strength for A706 reinforcing steel (ksi) (16.3.5)

fy = nominal yield stress for A706 reinforcing steel (ksi) (16.2)

fe = expected yield stress for A706 reinforcing steel (ksi) (16.3.2)

fyn = nominal yield stress of transverse (spiral) shaft reinforcement (ksi) (16.3.10)

f, = specified minimum tensile strength for A706 reinforcing steel (ksi) (16.3.5)

H = height of column measured from the top of the pile cap to the center of gravity
of the superstructure (in.) (16.3.8)

H. = clear height of a column measured from the top of the pile cap to the soffit of
the superstructure (in.) (16.3.8)

ler = moment of inertia of the cracked cross-section of a member about its centroidal
axis (in.") (16.2.4)

Iy = moment of inertia of a pile/shaft group about the y-axis (in.*) (16.1.3)

k = asoil modulus parameter for sand (Ib./in.?) (16.3.4)

L = distance between the top and the lower points of maximum moment along a
shaft: see Figure 16.3-2 (in.) (16.3.4)

L; L, = distances between the top and the lower points of maximum moment,

respectively, and the point of contraflexure defined in Figure 16.3-2 (in.)
(16.3.2)
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L" = effective length of the shaft segment between the top and the lower points of
maximum moment along a shaft defined in Figure 16.3-3 (in.) (16.3.1)

Ltg = cantilever length of the pile cap measured from the face of the column to the
edge of the pile cap along the principal axis of the pile cap (in.) (16.2.1)

Ly = equivalent analytical plastic hinge length (in.) (16.3.2)

I'y = development length of longitudinal column reinforcement (in.) (16.3.6)

ly = development length of deformed bars in compression (in.) (16.3.6)

lap = Dasic development length of deformed bars in compression (in.) (16.2.1)

lan = development length of deformed bars in tension (in.) (16.2.1)

Iho = basic development length of hooked bars in tension (in.) (16.2.1)

Mep = moment demand in the pile cap (kip-ft) (16.2.4)

M, = cracking moment of a member’s cross-section (kip-ft) (16.2.4)

M; = moment demand at the top of a row i shaft (kip-ft): see Figure 16.3-1 (16.3.2)

Miy = moment at the top of a row i shaft at the formation of the first plastic hinge
(Kip-ft): see Figure 16.3-1 (16.3.2)

M, = maximum longitudinal moment (kip-ft) (16.2)

M, = nominal flexural resistance of a member’s cross-section (kip-ft) (16.2.4)

Mpe = nominal moment capacity of a member’s cross-section based on the expected
material properties and concrete strain & = 0.003 (kip-ft) (16.2.4)

M, = overstrength moment capacity of column’s cross-section (kip-ft) (16.2.3)

Mp = idealized plastic moment capacity of a member’s cross-section (Kip-ft) (16.1.3)

MpCOI = idealized plastic moment capacity of a column’s cross-section (kip-ft) (16.3.8)

M, = idealized plastic moment capacity of a shaft’s cross-section (kip-ft) (16.3.2)

M, = factored flexural resistance of a section in bending (kip-ft) (16.2.4)

M+ = maximum transverse moment (kip-ft) (16.2)

My = factored moment at a section (kip-ft) (16.2.3)

My = moment at the column’s base (=7M,™) associated with the formation of the
first plastic hinge in the shaft group (kip-ft): see Figure 16.3-1 (16.1.3)

N = total number of piles/shafts in a pile/shaft group; standard blow count per foot
for the California Standard Penetration Test (16.1.3)

Ny = applied factored axial force taken as positive if tensile (kip) (16.2.3)

n = modular ratio, EJ/E; or E,/E.; number of individual interlocking spiral core-
sections (16.3.10)

P = maximum axial force (kip) (16.1.3)
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the column axial load including the effects of overturning (kip) (16.2.6)
axial load attributed to dead load (kip) (16.3.2)
axial force demand on a row i shaft (kip): see Figure 16.3-1

axial force at the top of a row i shaft at the formation of the first plastic hinge
(kip): see Figure 16.3-1

nominal axial resistance of the pile/shaft (kip) (16.2.2)

net effective load acting on the bottom of the pile cap (kip) (16.2.2)

total axial load on a shaft-group foundation (kip) (16.3.2)

principal compression stress (ksi) (16.2.3)

principal tension stress (ksi) (16.2.6)

total resultant soil-resistance along the end and sides of pile cap (kip) (16.2.3)

axial soil compressive resistance at the tip of a given diameter shaft (kip)
(16.3.4)

pitch of spiral reinforcement measured along the length of the shaft (in.);
spacing of reinforcing bars (in.) (16.2.4)

total tension force in the longitudinal reinforcement of a column associated
with M, (kip) (16.2.3)

net tension force in @ moment-resisting pile cap joint (kip) (16.2.6)

axial load transfer per unit length of a given diameter shaft (kip/ft) (16.3.4)
nominal shear strength provided by concrete (kip) (16.2.3)

shear demand at the top of a row i shaft (kip): see Figure 16.3-1

shear force at the top of a row i shaft at the formation of the first plastic hinge
(kip): see Figure 16.3-1

maximum longitudinal shear (kip) (16.2)
nominal shear resistance of a section (kip) (16.2.3)
nominal shear resistance of a pipe or casing (kip) (16.4.6)

component of the pre-stressing force in the direction of applied shear (kip)
(16.2)

overstrength shear capacity of the column (kip) (16.3.2)

nominal shear resistance of cross-section (kip) (16.2.3)

nominal shear strength provided by shear reinforcement (kip) (16.2.3)
maximum transverse shear (kip) (16.2)

factored shear force at a section (kip) (16.2.3)
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Vy = shear force at the column’s base (=7V,™) associated with the formation of the
first plastic hinge in the shaft group (kip-ft): see Figure 16.3-1 (16.3.2)

X = distance from the compression flange to the neutral axis (in.) (16.1.3)

y = lateral deflection of a shaft at a specific depth (in.) (16.1.3)

z = vertical deflection of a shaft at a specific depth (in.) (16.2.3)

a = angle of inclination of transverse reinforcement to longitudinal axis (16.2.3)

B = factor relating effect of longitudinal strain on the shear capacity of concrete;
ratio of long side to short side of footing (16.2.3)

Bs = ratio of flexural strain at the extreme tension face to the strain at the centroid of
the reinforcement layer nearest the tension face (16.2.4.2)

Ve = permissible shear stress carried by concrete (psi) (16.3.10)

Vjy = nominal shear stress in a moment-resisting joint (ksi)

Vy = average factored shear stress on concrete (ksi) (16.2.2)

€cc = confined concrete compressive strain at maximum compressive stress (16.3.5)

€co = unconfined concrete compressive strain at maximum compressive stress
(16.3.5)

£y = confined concrete ultimate compressive strain (16.3.5)

€sh = tensile strain at the onset of strain hardening for A706 reinforcement (16.3.5)

Esp = unconfined concrete ultimate compressive strain (spalling strain) (16.3.5)

€su = ultimate tensile strain of A706 reinforcement (16.3.5)

R = reduced ultimate tensile strain of A706 reinforcement (16.3.5)

€ye = expected yield tensile strain of A706 reinforcement (16.3.5)

Ac = local member displacement capacity (in.) (16.3.2)

Ac = global displacement capacity of a shaft group (in.) (16.3.2)

Ap = global displacement demand of a shaft group (in.) (16.3.2)

Api = idealized local plastic displacement capacity of a shaft due to the rotation of the
ith plastic hinge (in.): see Figure 16.3-2 (16.3.2.1.3)

Api = global plastic displacement capacity of a shaft group due to the plastic rotation
capacity of the ith plastic hinge (in.): see Figure 16.3-3

A = relative lateral offset between the top of the shaft and the lower point of
maximum moment in a shaft (in.) (16.3.2)

Avi = vyield displacement of a shaft group at the formation of the i" plastic hinge in

the shafts (in.): see Figure 16.3-2 (16.3.2.1.3)
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idealized local yield displacement of the i"" shaft (in.) (16.3.10)
(16.3.10.1.2)

angle of internal friction (16.2.3)

strength reduction factor

idealized plastic curvature of a cross-section (rad/in.) (16.2.3)
idealized yield curvature of a cross-section (rad/in.) (16.3.2)
crack control exposure condition factor (16.2.4)

load factor for permanent loads (16.2.2)

unit weight of soil (Ib./ft%) (16.3.4)

non-dimensional constant defined in Figure 16.3-1(16.3.2)
local displacement ductility capacity (16.3.2)

local displacement ductility demand (16.3.10)

global displacement ductility demand (16.3.2)

angle of inclination of diagonal compressive stresses (rad) (16.2.3)
angle defined in Figure 16.3-3 (rad)

plastic rotation capacity (rad) (16.3.2)

ratio of volume of spiral reinforcement to the core volume confined by the
spiral reinforcement (measured out-to-out) for circular cross-sections (16.3.10)

angle defined in Figure 16.3-3 (rad) (16.3.2)
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