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Chapter 1
Introduction

1. Purpose

This publication presents data, principles, and methods for
usein planning, design, and construction of deep foundations.
Deep foundations are literally braced (supported) column
elements transmitting structure loads down to the subgrade
supporting medium.

2. Applicability

Theseingructions are applicable to al HQUSACE elements
and USACE comands.

3. Scope

General information with respect to the selection and design
of deep foundationsis addressed herein. Single and groups of
driven piles and drilled shafts under axial and lateral static
loads are treated. Some example problems and the most
widely accepted computer methods are introduced. This
publication is not intended for hydraulic structures; however,
it does provide the following:

a. Guidance is provided to assist the efficient planning,
design, and quality verification of the deep foundation.

b. Guidanceis not specifically provided for design of sheet
piles used asretaining wallsto resist lateral forces or for the
design of stone columns. Other foundation structures may be
designed as discussed below:

(1) Shdlow foundationswill be designed using TM 5-818-
1, “ Soils and Geology; Procedures for Foundation Design of
Buildings and Other Structures (Except Hydraulic
Structures).”

(2) Refer to Foundations (Pile Buck Inc. 1992) and Pile
Foundationsin Engineering Practice (Prakash and Sharma
1989) for guidance on design of deep foundations subject to
dynamic load.

c. Guidance for construction of deep foundations is
provided only in minor detail. For construction of deep
foundations, the following references are offered:

ElI 02C097
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(1) Some guidance for selection of pile driving
equipment and construction of driven pilesis provided in
TM 5-849-1, “Pile Driving Equipment.”

(2) Guidance for construction of drilled shafts is
available in FHWA-HI-88-042, “Drilled Shafts:
Congtruction Procedures and Design Methods’ and
Association of Drilled Shaft Contractors (ADSC)
Publication, “Drilled Shaft Inspector's Manual.”

4. References

Appendix A contains a list of references used in this
publication.

5. General Design Methodology

A single drilled shaft or a group of driven pilesistypically
designed to support a column load. The number of driven
pilesin agroup is determined by dividing the column load
by the design load of a single pile. The piles should be
arranged in the group to provide a spacing of about three to
four timesthe pile diameter B up to 6B. The diameter of the
piles may be increased to reduce the size of the pile cap if
appropriate.  Table 1-1 describes a general design
methodology. Other design methodology aspects are the
following:

a. Load factor design. This publication appliesload
factors for design (LFD) of the structural capacity of deep
foundations. The sum of the factored loads shall not exceed
the structural resistance and the soil resistance. The LFD,
the structural resistance, and the soil resistance are all
related to the load factors as follows:

(1) Définition. The LFD may be defined as a concept
which recognizesthat the different typesi of loads Q, that are
applied to agtructure have varied probabilities of occurence.
Examples of types of loads applied to a structure include the
liveload Q,,, dead load Q,,, wind load Q,,, , and earthquake
load Q. The probability of occurrence of each load is
accounted for by multiplying each Q, by aload factor F >
1.0. Thevalue of F, depends on the uncertainty of the load.

(2) Structural resistance. The sum of the factored loads
shall be less than the design strength
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Table 1-1

General Design Methodology for Deep Foundations

Step

Evaluate

Description

1

Soil profile of selected

site

Group similar soils

Depth of base

Select type of deep
foundation

Check Q, with
structural capacity

Design

Verify the design

Addition to existing
structure

Effect on adjacent
structure

Develop depth profiles of water content, liquid and plastic limits, unit weight and overburden pressure,
and unconsolidated-undrained shear strength to a depth of a least twice the width of a pile group or five
times the tip diameter of drilled shafts. Estimate shear strength and elastic soil modulus from results of
in situ and laboratory triaxial tests. Determine water table depth and extent of perched water. Perform
consolidation/swell tests if soil is potentially expansive or collapsible and plot compression and swell
indices and swell pressure with depth. Evaluate lateral modulus of subgrade reaction profile. Compare
soil profile at different locations on the site. See Chapters 1-6 for further details.

Group similar soils and assign average parameters to each group or strata.

Select a potentially suitable stratum that should support the structural loads such as a firm,
nonswelling, and noncollapsing soil of low compressibility.

Select the type of deep foundation such as driven piles or drilled shafts depending on requirements that
include vertical and lateral load resistance, economy, availability of pertinent construction equipment,
and experience. Environmental considerations include allowable noise level, vibrations, overhead
clearance, and accessibility of equipment to the construction site. Soil conditions such as potential
ground rise (heave) or loss and expansion/collapse also influence type of foundation. See Chapter 1 for
further information on type and selection of deep foundations.

Allowable pile or shaft load Q, shall be within the structural capacity of the deep foundation as
described by methodology in Chapter 2.

The design procedure will be similar for most types of deep foundations and requires evaluation of the
ultimate pile capacity Q, = Q,, + Q,, where Q,, = ultimate skin friction resistance and Q,, = ultimate end
bearing capacity. Reasonable estimates of vertical and lateral displacements under the probable

design load Q, are also required. Q, should be within levels that can be tolerated by the structure over
its projected life and should optimize operations. Q, # Q, where Q, = allowable pile capacity. Q, =
Q./FS = factor of safety. A typical FS = 3 if load tests are not performed or if the deep foundation
consists of a group of driven piles. FS =2 if load tests are performed or 2.5 if wave equation analyses

of the driven piles calibrated with results of pile driving analyzer tests. Design for vertical loads is given

in Chapter 3, lateral loads in Chapter 4, and pile groups in Chapter 5.

The capability of the deep foundation to support the structure shall be verified by static load and
dynamic tests. These tests are usually nondestructive and allow the tested piles or drilled shafts to be
used as part of the foundation. See Chapter 6 for further details.

Calculate displacements of existing deep or shallow foundations to determine the ability to carry existing
and additional loads and to accommodate new construction.

Evaluate changes in bearing capacity and groundwater elevation and effect of any action which can
result in settlement or heave of adjacent structures.
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Nf Qup $3 F Q, (1-1)
where

N, = performance factor for structural capacity

Qp = nominal structural capacity, kips

F, = Load factor of typei

Q = appliedload of typei

Guidance for andydsof structural capacity is given in Chapter
2.

(3) Sail resistance. The sum of the factored loads shall be
less than the ability of the soil to resist the loads. This
evaluation may be determined by factors of safety (FS) or by
load factors. Factors of safety are often empirical values based
on pagt experience and may lead to a more conservative design
than the LFD concept. The FSand the LFD are presented as:

(8 Globa FS The alowable load may be evaluated with
globa FS

Q" S_g $EF Q (1-29)
where

Q. = dlowableload that can be applied to the soil, kips

Q, = ultimate pile capacity, kips

FS = global factor of safety

The approach taken throughout this publication is to select a
global FSfor analysis of soil resistance rather than partial FS
or load factors. Chapters 3 through 5 provide guidance for
design of deep foundations to maintain loads within the
allowable soil bearing capacity and displacement. Chapter 6
provides guidance for design verification.

(b) Load factor design. Analysis of soil resistance may aso
be determined by the LFD concept using performance factors

Ny Qu $EF, Q (1-2b)

where N, = performance factor appropriate to the ultimate pile
capacity. Performance factors N, depend on the method of
evaluating Q, and the type of soil resistance, whether end
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bearing, skin friction, uplift, or a group capacity. Vaues
for N, and examples of load factor analysis are available in
Nationa Cooperative Highway Research Program Report
No. 343, “Manuals for the Design of Bridge Foundations’
(Barker et al. 1991). Load factors and factors of safety
taken in combination can lead to an uneconomica
foundation design. The design should be verified by
guidance in Chapter 6.

b. Unusual situations. Consideration should be given
to obtaining the services and advice of specialists and
consultants in foundation design where conditions are
unusua or unfamiliar or structures are economically
sgnificant. Some unusual situations for deep foundations,
discussed below, include expansive clay, underconsolidated
soil, and coral sands.

(1) Expansiveclay. The swell of expansive clay can
cause an uplift force on the perimeter area of deep
foundations that can force the foundation to move up and
damage the structure connected to the deep foundation.

(2) Underconsolidated soil. The settlement of
underconsolidated soil can cause negative skin friction on
the perimeter area of the deep foundation that can increase
the end-bearing load, which results in an increase in
settlement of the foundation.

(3) Cora sands. Pilesin coral sands may indicate low
penetration resistance during driving and an apparent low
bearing capacity, but the penetration resistance often
increases over time as aresult of the dissipation of excess
pore pressure. Driving of pilesinto cemented, calcareous
sands can crush the soil and lower the lateral stress, which
resultsin alow vauefor skin friction and bearing capacity.

c. Computer program assistance. Design of a deep
foundation is normally accomplished with the assistance of
several computer programs.  Brief descriptions of
appropriate computer programs are provided in Chapters 3
through 6. Copies of user's manuals and programs are
available through the Engineering Computer Programs
Library, Information Technology Laboratory, U.S. Army
Engineer Waterways Experiment Station, CEWES-IM-DS.
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(Table 1-2). Large displacement and small displacement
piles are fabricated prior to installation and driven into the
ground, while nondisplacement piles are constructed in situ
and often are called drilled shafts. Augered cast concrete
shaftsare dso identified asdrilled shafts in this publication.

6. Types of Deep Foundations

Deep foundations are classified with respect to displacements
as large displacement, small displacement, and
nondisplacement, depending on the degree to which installation
disturbs the soil supporting the foundation

Table 1-2
Types of Deep Foundations

LARGE SMALL NON-
DISPLACEMENT DISPLACEMENT DISPLACEMENT
| |
PREFORMED  FORMED INSITU
SOLID OR A CLOSED-END
HOLLOW WITH TUBULAR SECTION A VOID IS FORMED
CLOSED END DRIVEN TO FORM STEEL B-PILES, BY BORING OR
DRIVEN IN A VOID WEICH IS OPEN-END PIPE EXCAVATION AND
GROUND AND THEN FILLED WITH — PILES UNLESS A THE VOID IS
LEFT IN CONCRETE (TUBE PLUG FORMS FILLED WITE
POSITION WITHDRAWN USING DURING DRIVING CONCRETE
BREAKAWAY TIP)
| ]
| SUPPORTED UNSUPPORTED
SOLID HOLLOW EXCAVATION| |EXCAVATION
— TIMBER CLOSED-END — ANCHOR OR
PIPE PILES SCREW PILES
— PRECAST — FILLED OR
CONCRETE UNFILLED AFTER PERMANENT TEMPORARY
DRIVING
— COMPOSITE PREFORMED BY CASING  BY CASING
CLOSED-END PILES DRIVEN OR
'— TUBULAR - IN PREBORED DRILLING
CONCRETE OR JETTED FLUID
HOLES

a. Largedisplacement piles. Driven piles are classified by
the materials from which the pile is constructed, i.e., timber,
concrete, or filled or unfilled steel pipe.
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(1) Timber piles. These are generaly used for
comparatively light axial and lateral loads where foundation
conditionsindicate that pileswill not be damaged by driving or
exposed to marine borers. Overdriving isthe greatest cause of
damage to timber piles. Pile driving is often decided by a
judgment that depends on the pile, soil condition, and driving
equipment. Overdriving typicaly occurs when the dynamic
stresses on the pile head exceed the ultimate strength of the
pile. Timber piles can broom at the pile tip or head, split, or
break when overdriven. Such piles have an indefinite life
when congtantly submerged or where cut off below the
groundwater level. Some factors that might affect the
performance of timber piles are the following:

(@) Splicing of timber piles is expensive and time-
consuming and should be avoided. The full bending resistance
of timber pile splices may be obtained by a concrete cover
(Figure 1-1a) (Pile Buck Inc. 1992). Other transition splicers
are available to connect timber with cast concrete or pipe piles.

(b) Tips of timber piles can be protected by ametal boot
(Figure 1-1b).

(c) Timber piles are normally treated with creosote to
prevent decay and environmental attack.

(d) American Society for Testing and Materials
(ASTM) D 25 provides physical specifications of round timber
piles. Refer to Federal Specifications TT-W-00571J, “Wood
Preservation: Treating Practices,” for other details.

(2) Precast concrete piles. These piles include
conventionally reinforced concrete piles and prestressed
concrete piles. Reinforced concrete piles are constructed with
an interna reinforcement cage consisting of severa
longitudina bars and lateral ties, individual hoops, or a spiral.
Prestressed concrete piles are constructed using steel rods or
wire strands under tension as reinforcement. Since the
concrete is under continuous compression, transverse cracks
tend to remain closed; thus, prestressed piles are usually more
durable than conventionally reinforced piles. Influential
factors for precast concrete piles include splices and steel
points.

(8 Various splices are available to connect concrete
piles. The splice will provide the tensile strength required
during driving when the resistance to driving islow. Figure 1-
2aillugtrates the cement-dowel splice. Refer to “Foundations’
(Pile Buck Inc. 1992) for additiona splices.
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b. METAL BOOT

Figure 1-1. Timber pile splice and boot

(b) Specia steel points can be attached to precast precast
piles during casting of the piles and include steel H-pile tips or
cast steel shoes (Figure 1-2).

(3) Raymond step-tapered piles. These consist of a
corrugated steel shell driven into the ground using a mandrel.
The shell consists of sections with variable diameters that
increase from the tip to the pile head. A mandrel is a heavy,
rigid steel tube shaped to fit inside the shell. The mandrel is
withdrawn after the shell is driven and the shell filled with
concrete. Raymond step-tapered piles are predecessors of
drilled shafts and are till popular in the southern United
States.

(4) Sted piles. Theseare generally H-piles and pipe piles.
Pipe piles may be driven either “open-end” or “closed-end.”
Steel piles are vulnerable to corrosion, particularly in
saltwater; however, experienceindicates they are not
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Figure 1-2. Concrete pile splice and boot

dsgnificantly affected by corrosion in undisturbed soil.
Schematics of H-piles and pipe piles are presented in
Figure 1-3.

(a) Steel H-piles. Thistype can carry larger loads, both
axiadly and in bending, than timber piles and can withstand
rough handling. H-piles can be driven into dense soil, coarse
gravel, and soft rock with minimum damage, and cause
minimal displacement of the surrounding soil while being
driven. Hardened and reinforced pile tips should be used
where large boulders, dense gravel, or hard debris may damage
the pile. Splicesare commonly made with full penetration butt
welds or patented splicers (Figure 1-3a). H-piles can bend
during driving and drift from planned location. Thus, H-piles
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b. PIPE PILE BUTT AND FILLET WELDS

Figure 1-3. Steel pile splices

may not be suitable when tolerance is small with respect to
location and where absolute plumbnessisrequired. Table 1-3
lists commonly available H-piles together with properties and
dimensions.

(b) Steel pipe piles. Commonly used steel pipe piles are
listed in Appendix B together with properties and dimensions.
Sted pipe piles are generally filled with concrete after driving
to increase the structural capacity. If the soil inside the pipeis
removed during driving, open-end piles in cohesionless soil
will cause less soil displacement and compaction, and in
cohesive soils will cause less heaving of adjacent ground and
nearby piles. If the soil inside the pipe is not removed during
driving, the pipe becomes plugged and acts as a closed-end
displacement pile. Criteria are presently unavailable for
computing the depth at which adriven, open-end pile will plug.
In cases where the foundation contains boulders, soft rock, or



other obstructions, the open-end pile permits inspection after
removal of the plug material and ensures that the load will be
transferred directly to the load-bearing stratum. Splices are
commonly made by full penetration butt welds or fillet wells
(Figure 1-3b) or patented splicers.

(5) Compaction piles. These are sometimes driven with
the objective of increasing the density of loose, cohesionless
soils and reducing settlement. Piles with a heavy taper are
often most effective in deriving their support from friction.

b. Nondisplacement piles. This pile consists of adrilled
shaft with a concrete cylinder cast into aborehole. Normally,
the drilled shaft does not cause major displacement of the
adjacent ground surface. The hole is usually bored with a short
flight or bucket auger. Loss of ground could occur if the
diameter of the hole is decreased because of inward
displacement of soft soil or if there is caving of soil from the
hole perimeter. Such unstable boreholes require stabilization
by theuse of durry or durry and casing. Drilled shafts are not
subject to handling or driving stresses and therefore may be
designed only for stresses under the applied service loads.
Nondisplacement may be categorized as follows:

(1) Uncased shafts. Figure 1-4 illustrates a typical
uncased drilled shaft with an enlarged base. The baseis not
perfectly flat because the shaft is drilled firgt, then the belling
tool rotatesin the shaft. Uncased shafts may be constructed in
firm, stiff soils where loss of ground is not significant.
Examples of uncased sheft are given in the American Concrete
Institute (ACI) Manual of Concrete Practice (1986). Other
terms used to describe the drilled shaft are “ pier” or “ caisson.”
Large shefts grester then 36 inchesin diameter are often called
caissons, Theterm “pile” is commonly associated with driven
deep foundations of relatively small diameter or cross section.

(2) Cased shafts. A cased shaft is made by inserting a
shell or casing into almost any type of bored hole that requires
stabilization before placing concrete. Boreholes are caused
where soil is weak and loose, and loss of ground into the
excavation issignificant. The bottom of the casing should be
pushed several inches into an impervious stratum to seal the
hole and dlow remova of the drilling fluid prior to completion
of the excavation and concrete placement. If an impervious
stratum does not exist to push the casing into, the concrete can
be placed by tremie to displace the drilling fluid.

(3) Drilling fluid shafts. Shafts can be installed in wet
sands using drilling fluid, with or without casing. This
procedure of ingtalling drilled shafts can be used as an
aternative to the uncased and cased shafts discussed
previoudly.
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(4) Pressure-grouted shafts. A specid type of
nondisplacement deep foundation is the uncased auger-placed
grout shaft. This shaft is constructed by advancing a
continuous-flight, hollow-stem auger to the required depth and
filling the hole bored by the concrete grout under pressure as
the auger is withdrawn. Careful inspection isrequired during
ingtallation, and shaft continuity should be verified by a
combination of load tests and nondestructive testing as
described in Chapter 6.

7. Selection of Deep Foundations

Deep foundations provide an efficient foundation system for
soils that do not have a shalow, stable bearing stratum.
Selection of a deep foundation requires knowledge of its
characteristics and capacity.

a. Characteristics. Information adequate for reaching
preliminary conclusions about types of driven piles or drilled
shafts to be selected for a project is givenin Table 1-4. This
table lists major types of deep foundations with respect to
capacity, application, relative dimensions, and advantages and
disadvantages. Refer to Foundations (Pile Buck Inc. 1992) for
additional information. Information in the table provides
generd guiddinesin the sdlection of atype of deep foundation.
Rdevant codes and standards should be consulted with respect
to dlowable stresses. A cogt andlysis should also be performed
that includes ingtallation, locally available practices, time
delays, cost of load testing program, cost of a pile cap, and
other elements that depend on different types of deep
foundations.

b. Capacity. Deep foundations transmit structural loads to
deep strata that are capable of sustaining the applied loads.
Accurate predictions of load capacity and settlement are not
adwayspossble. Adequate safety factors are therefore used to
avoid excessive movement that would be detrimental to the
dructure that is supported and to avoid excessive stressin the
foundation. Driven piles or drilled shafts are often used to
resigt verticd inclined, lateral, or uplift forces and overturning
moments which cannot otherwise be resisted by shallow
footings. These foundations derive their support from skin
friction along the embedded length and by end bearing at the
tip (base). Both factors contribute to the total ultimate pile
cgpacity, but one or the other is usually dominant depending on
the size, load, and soil characteristics. The capacity of deep
foundation isinfluenced by severa factors:

(1) Dedgn limits. The limiting design criterion is
normally influenced by settlement in soft and moderately stiff
soil, and bearing capacity in hard soil or dense sand, and by
pile or shaft structural capacity in rock.
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Table 1-3
Standard H-piles; Dimensions and Properties (AISC 1969)

he
i
{ |
l 4 <
il t., I = MOMENT OF INERTIA. IN. . rmm
_____ 5 I 3
d X X S = SECTION MODULUS, IN. . mm
i te
i ¢ = RADIUS OF GYRATION, IN., mm
1
[ H ]
; x
| Y
I bf-‘ Bl
a. English Units
Flange Web Section Properties
Axea Depth Width Thickness Thickness Axis X-X Axis Y-¥
Designation A, in.? d, in. b,, in. te, din. t, in, I in.* 8, in.* r, in. I, in.* S, in.* r,  in.
HP14 x 117 34.4 14.21 14.885 0.805 0.805 1220 172.0 5.96 4643.0 59.5 3.59
x 102 30.0 14.01 14.785 0.705 0.705 1050 150.0 5.92 380.0 51.4 3.56
x 89 26.1 13.83 14.695 0.615 0.615 904 131.0 5.88 326.0 44.3 3.53
x 73 21.4 13.61 14.585 ©0.505 0.505 729 107.0 5.84 261.0 35.8 3.49
HP13 x 100 29.4 13.15 13.205 0.765 0.765 886 135.0 5.49 294.0 44.5 3.186
x 87 25.5 12.95 13.105 0.665 0.665 775 117.0 5.45 250.0 38.1 3.13
x 73 21.6 12.75 13.005 0.565 C.565 630 98.8 5.40 207.0 31.9 3.10
x 60 17.5 12.54 12.900 0.460 0.460 503 80.3 5.386 165.0 25.5 3.07
HP12 x 84 24.8 12.28 12.295 0.685 0.685 650 106.0 5.14 213.0 34.6 2.94
x 74 21.8 12.13 12.215 0.610 0.610 569 93.8 5.11 186.0 30.4 2.92
x 63 18.4 11.94 12.125 0.515 0.515 472 79.1 5.06 153.0 25.3 2.88
x 53 15.5 11.78 12.045 0.435 0.435 393 66.8 5.03 127.0 21.1 2.86
HF10 x 57 16.8 9.99 10.225 0.565 0.565 294 56.8 4.18 101.0 19.7 2.45
x 42 12.4 9.70 10,075 0.420 0.420 210 43.4 4.13 71.7 14.2 2.41
HP8 x 36 10.6 8.02 8.155 0.445 0.445 118 29.8 3.36 40.3 g.88 1.95
b. Metric Units
Flange Heb Section Properties
Area Depth Width  Thickness Thickness Axis X-X Axis Y-Y
Designation A, m’ d, mm b, mm t,, bm t., mm 1,10m* S,10%m’ r, mm I, 10%m' S,10%m' r mm
HP360 x 174 22200 361 378 20.4 20.4 504 2810 151 184 974 91.0
x 152 19400 356 376 17.9 17.9 439 2470 150 159 846 90.5
x 132 16900 as1 373 15.6 15.6 375 2140 149 135 724 89.4
x 108 13800 346 370 12.8 12.8 303 1750 148 108 584 88.5
HP330 x 149 19000 334 a3s 19.4 19.4 368 2200 139 122 728 80.1
x 129 16400 329 333 16.9 16.9 315 1910 139 104 625 79.6
x 109 13900 324 33o 14 .4 14.4 263 1620 138 86.3 523 78.8
x 89 11300 319 328 11.7 11.7 211 1320 137 68.9 420 78.1
HP310 x 125 15900 312 312 17.4 17.4 270 1730 130 88.2 565 74.5
x 110 14100 308 310 15.5 15.4 237 1540 130 77.1 497 73.9
x 93 11800 303 308 13.1 13.1 196 1290 128 63.9 415 73.3
x 79 10000 298 306 11.0 11.0 163 1080 128 52.6 344 72.5
HP250 x 85 10800 254 260 14 .4 144 123 969 107 62.3 325 62.6
x 62 7970 246 256 10.7 10.5 87.5 711 105 30.0 234 61.4
HF200 x 53 6820 204 207 11.3 11.3 49.8 488 85.5 16.7 161 49.5
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Figure 1-4. Drilled shaft details (1 in. =25.4 mm)

(2) Skinresgarte mohilization. Full skin resstance is typically mobilized
within 0.5 inch of displacement, while end bearing may not be fully mobilize
until displacementseceed 10 to 20 percent of the base diameter or underream for
drilled shafts, unless the tip is supported by stiff clay, dense sand, or rock. Figure
1-5 illugtrates an example of the vertical axid load displacement behavior o
sngle pileor drilled shaft The load-displacement behavior and displacements that
correspond to ultimatel oad are site pecific and depend on the results of andyses.
These anadlyses are given in Chapter 3.

(3) Laerd loads. Latera load capacity of apile or drilled shaft is directly
related to the diameter, thus increasing the diameter increeses the load-carryim
capacity. For adrilled shaft that sustains no axial load, the cost of congtructio
may be optimized by thesdection of rigid shaftswithout underreams and with

length/diameter ratios less than 10. The selected shaft dimensiom
should minimize the volume of concrete required and maximie
conguction efficiency. The lateral load capacity of driven piles may be
increased by increasing the number of pils
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Figure 1-5. Axial-load deflection relationship

1-10

and battering piles in a pile group. Batter piles are efficient m
resigtinglateral Iceds but significantly reduce ductility of the pile group
in the lateral direction, resulting in a brittle failure. Vertical piles
though less efficient inresisting lateral loads, are aso less stiff and do
not fail suddenly. These corfilicting characteristics need to be balanced
in design, and they are considered critical where seismic or dynant
lateral loads are involved.

c. Applications Driven pile groups are typicallyused by te
Corps of Engineers to support locks, dry docks, and other facilitie
constructed in river systems, lakes, lagoons, and other offshoe
applications. Drilled shafts typically support many permanent onshore
structures such as administratve buildings, warehouses, dormitories, and
clinics. Drilled shafts are divided into two groups: displacement and
nondisplacement.

(1) Displacement. Driven pile foundations are usually preferable
in loose, cohesionless, and soft soils, especialy where excavatios
cannot support fluid concrete and where the depth of the bearig
sraum is uncertain. Groundwater conditions can be a deciding factor
in the selection of driven piles rather than drilled shafts. Uncas
shafts are generally excludedfrom consideration where artesian pressures
are present. Often more than one type of driven pile may meet &
requirements for a particular structure. Driven piles according to thei
application are presented in Figure 1-6.

(a) Figures 1-6a and 1-6b illustratepiles classified according to their
behavior as end-bearing or friction piles. A pile embedded a significan
length into stiff clays, silts, and dense sands without significant end bearing
resstanceiswsually afriction pile. A pile driven through relatively weak or
compressible soil to an underlying stronger soil or rock is usualy a
end-bearing pile.

(b) Pilesdesigned primaily to resist upward forces are uplift or tension
piles (Figure 1-6¢), and the resistaice to the upward force is by a combination
of side (skin) friction and self weight of the pile.

(c) Laterd forcesareesisted either by vertical pilesin bending (Figure
1-6d) or by batter piles or groups of vertical and batter piles (Figure 1-6¢€).

(d) Pilesare used to transfer lads from above water structures to below
the scour depth (Figure1-6f). Piles are also used to support structures that
may be endangered ly future adjacent excavations (Figurel-6g). In order to
prevent undesirable movements of structures on shrink/swell soils, a pd
anchored as shown in Figure 1-6h can be used.

(2) Nondisplacement. Drilled shafts are especialy suitable fo
supporting large cdumn loads of multistory structures and bridge abutments
or piers. They are suitable for resisting large axial loads and lateral |oasl
applied to the shaft butt (top or head) resulting fromwind forces; these are
a0 used for resisting uplif thrust applied to the shaft perimeter through soil-
shaft interface friction and from heave of expansive soil. Figure T7
illustrates examge load ranges for drilled shafts in different soils. The loads
shown are for guidance only and can vary widely from site to site
Cylindrica shaftsare usually preferred to underreamed ones because of ease
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in construction and ease in inspection. Table 1-5 provides further details of (@ Dirilled shaftsmaysecure much or al of their vertical load capacity
the applications, advantages, and disadvantages of drilled shafts. Othe from frictiond sderesisance (Figurel-7a). An enlarged base using abell or
aspects of drilled shaftsinclude: underream may also increase the vertical load capacity, provide uplif

resistance to pullout loads, an resist uplift thrust from
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Table 1-4
Characteristics of Deep Foundations
Material Maximum Load Optimum Load
Maximum Optimum Diameter Maximum Allowable Maximum Allowable Specifications tons tons
Pile Type Length, ft Length, ft Width, in. Normal Stresses, psi Bending Stresses, psi Standards Advantages Disadvantages Remarks
Driven Piles 150 40-100 Easy to inspect, easy to Difficult to splice, Best suited for
Cast-in-place 150 30-80 Butt: 12-18 Steel shell: 9,000 Compression : 0.40 f; ACI Manual of cut, resistant to displacement pile, medium-length friction
concrete placed Concrete: 0.25 f; Tension: 0 Concrete Practice deterioration, high lateral vulnerable to damage from pile
without mandrel capacity, capable of being hard driving
re-driven, cave-in
prevented by shell
Cast-in-place concrete Tapered: 40 Tapered: 15-35 Tip: 8, Butt: # 23 Steel: 9,000, Compression: 0.40 f ACI Manual of 75 30-60 Easy to inspect, easy to Not possible to re-drive, Best suited for
driven with mandrel Step tapered: 120 Step tapered: 40-60 Step tapered: # 17 $ 1 in. thick Tension: 0 Concrete Practice cut, easy to handle, difficult to splice, medium-length friction
Concrete: 0.25 f; resistant to decay, high displacement pile, pile
skin friction in sand, vulnerable to collapse while
resistant to damage from adjacent piles are driven
hard driving
Rammed concrete 60 - 17-26 0251 - ACI Manual of 300 60-100 Low initial cost, large Hard to inspect, Best suited where
Concrete Practice bearing area, resistant to displacement pile, not layer of dense sand is
deterioration, resistant to possible to form base in near ground surface
damage from hard driving clay
Composite 180 60-120 Depends on materials Controlled by weakest - See Note 200 30-80 Resistant to deterioration, Hard to inspect, difficult in Usual combinations
materials resistant to damage from forming joint are: cast-in-place
driving, high axial concrete over timber or
capacity, long lengths at H-steel or pipe pile
low initial cost
Auger Cast 60 24 - 0251 - ACI Manual of 40 - No displacement, low Construction difficult when Best suited where
Concrete Shafts Concrete Practice noise level, low vibration, soils unfavorable, low small loads are to be
low initial cost capacities, difficult to supported
inspect
Drilled Shafts 200 Shaft: # 120 - 0.25 f; - ACI 318 Soil: 3,000 200-400 Fast construction, high Field inspection of Best suited for large
Underreams: # 240 Rock: 7,000 load capacity, no noise or construction critical, careful axial lateral loads and

vibration, no
displacement, possible to
drill through obstruction,
can eliminate caps

inspection necessary for
casing method

small, isolated loads
where soil conditions
are favorable

Note: Creosote and creosote treatment: “Standards for Creosoted-Wood Foundation Piles,” C1-C12, American Wood-Preservers Institute (1977-1979)
Concrete: ACI Manual of Concrete Practice
Timber:  ASTM Annual Book of Standards, Vol 04.09, D 2899, D 3200
Steel: ASTM Annual Book of Standards, Vol 01.01, Vol 01.04, A 252
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heave of expansive soil. Shafts subject to pullout loads or
uplift thrust must have sufficient reinforcement steel to
absorb the tension load in the shaft and sufficient skin
friction and underream resistance to prevent shaft uplift
movements.

(b) The shaft may pass through relatively soft,
compressible deposits and develop vertical load capacity
from end bearing on hard or dense granular soil (Fig. 1-7b)
or rock (Fig. 1-7c). End-bearing capacity should be
aufficient to support vertical loads supplied by the structure
aswedl asany downdrag forces on the shaft perimeter caused
by negative skin friction from consolidating soil (Fig. 1-7b).

(c) Single drilled shafts may be constructed with large
diameters, typically 10 feet or more, and can extend to
depths of 200 feet or more. Drilled shafts can be made to
support large loads and are seldom constructed in closely
spaced groups.

(d) Drilled shafts tend to be preferred compared with
driven piles as the soil becomes harder. Pile driving
becomes difficult in these cases, and the driving vibration
can adversely affect nearby structures. Also, many onshore
aress have noise control ordinances which prohibit 24-hour
pile driving (a cost impact).

() Good information on rock is required when drilled
shafts are supported by rock. Drilled shafts placed in
weathered rock or that show lesser capacity than expected
may require shaft bases to be placed deeper than anticipated.
This may cause significant cost overruns.

d. Location and topography. Location and topo-graphy
strongly influence selection of the foundation. Local practice
is usualy an excellent guide. Driven piles are often
undesirable in congested urban locations because of noise,
inadequate clearance for pile driving, and the potential for
damage caused by vibration, soil densification, and ground
heave. Prefabricated pilesmay aso be undesirable if storage
space is not available. Other variables may restrict the
utilization of deep foundeation:

(1) Accessroads with limited bridge capacity and head
room may restrict certain piles and certain construction
equipment.

(2) The cogt of transporting construction equip-ment to
the site may be significant for small, isolated structures and
may justify piles that can be installed using light, locally
available equipment.

e. Economy.

(1) Driven piles. Cogtswill depend on driving rig rental,
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local labor rates, fuel, tools, supplies, cost and freight of pile
materials, driving resistance, handling, cutoffs, caps, splicing,
and jetting. Jetting is the injection of water under pressure,
usually from jets located on opposite sides of the pile, to
preexcavate ahole and to assgt pile penetration. Costs are also
influenced by downtime for maintenance and repairs,
insurance, overhead, and profit margin. An economic study
should be made to determine the cost/capacity ratio of the
various types of piles. Consideration should be given to
including alternative designs in contract documents where
practical.

(2) Drilled shafts. Drilled shafts are usually cost effective
in soil above the water table and installation in cohesive soil,
dense sand, rock, or other bearing soil overlaid by cohesive soil
that will not cave when the hole is bored. Drilled shafts,
particularly auger-placed, pressure-grouted shafts, are often
most economical if the hole can be bored without slurry or
casing.

f. Length.The length of the deep foundation is generally
dependent on topography and soil conditions of the site.

(1) Driven piles. Pile length is controlled by soil
conditions and location of a suitable bearing stratum,
availability and suitability of driving eguipment, total pile
weight, and cost. Piles exceeding 300 feet have been installed
offshore. Pilesup to 150 feet are technically and economically
acceptable for onshore installation.

(2) Drilled shafts. Shaft length depends on the depth to a
suitable bearing stratum. This length is limited by the
capability of the drilling equipment and the ability to keep the
hole open for placement of the reinforcement steel cage and
concrete.

8. Site and Soil Investigations

Thefoundation selected depends on functional requirements of
the structure and results of the site investigation. Site
investigation is required to complete foundation selection and
design and to select the most efficient construction method.
The first phase of the investigation is examination of site
conditions that can influence foundation performance and
construction methodology. The seond phase is to evaluate
characteristics of the soil profile to determine the design and
the congtruction method. These phases are accomplished bythe
following:

a. Feadihility study. A reconnaissance study should be
performed to determine the requiriements of a deep
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Table 1-5
Drilled Shaft Applications, Advantages, and Disadvantages

Applications

Support of high column loads with shaft tips socketed in hard bedrock.

Support of moderate column loads with underreams seated on dense sand and gravel.

Support of light structures on friction shafts in firm, nonexpansive, cohesive soil.

Support of slopes with stability problems.

Resists uplift thrust from heave of expansive soil, downdrag forces from settling soil, and pullout forces.
Provides anchorage to lateral overturning forces.

Rigid limitations on allowable structural deformations.

Significant lateral variations in soils.

Advantages

Personnel, equipment, and materials for construction usually readily available; rapid construction due to mobile equipment; noise level of
equipment less than some other construction methods; low headroom needed; shafts not affected by handling or driving stresses.

Excavation possible for a wide variety of soil conditions; boring tools can break obstructions that prevent penetration of driven piles;
excavated soil examined to check against design assumption; careful inspection of excavated hole usually possible.

In situ bearing tests may be made in large-diameter boreholes; small-diameter penetration tests may be made in small boreholes.
Supports high overturning moment and lateral loads when socketed into rock.

Avoids high driving difficulties associated with pile driving.

Provides lateral support for slopes with stability problems.

Heave and settlement are negligible for properly designed drilled shafts.

Soil disturbance, consolidation, and heave due to remolding are minimal compared with pile driving.

Single shafts can carry large loads; underreams may be made in favorable soil to increase end-bearing capacity and resistance to uplift
thrust or pullout forces.

Changes in geometry (diameter, penetration, underream) can be made during construction if required by soil conditions.

Pile caps unnecessary.

Disadvantages

Inadequate knowledge of design methods and construction problems may lead to improper design; reasonable estimates of performance
require adequate construction control.

Careful design and construction required to avoid defective shafts; careful inspection necessary during inspection of concrete after
placement difficult.
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Table 1-5 (Concluded)

Disadvantages (Concluded)

Construction techniques sometimes sensitive to subsurface conditions; susceptible to “necking” in squeezing ground; caving or loss of

ground in fissured or cohesionless soil.

Construction may be more difficult below groundwater level; concrete placement below slurry requires careful placement using tremie or
pumping artesian water pressure can require weighting additives to drilling fluids to maintain stability; extraction of casing is sensitive to
concrete workability, rebar cage placement must be done in a careful, controlled manner to avoid problems; underreams generally should
be avoided below groundwater unless “watertight” formation is utilized for construction of underreams.

End-bearing capacity on cohesionless soil often low from disturbance using conventional drilling techniques.

Enlarged bases cannot be formed in cohesionless soil.

Heave beneath base of shaft may aggravate soil movement beneath slab-on-grade.

Failures difficult and expensive to correct.

foundation designs, and the scope of in Situ soil and foundation
load tests. Required cost estimates and schedulesto conduct the
s0il investigation, load tests, and congtruction should be prepared
and updated as the project progresses.

b. Ste conditions. Examination of the Steincludes history,
geology, visud ingpection of the Ste and adjacent area, and local
design and congtruction experience. Maps may provide data.on
wooded aress, ponds, streams, depressions, and evidence of
earlier condruction that can influence soil moisture and
groundweter level. Existence of former solid waste disposd Sites
within the congtruction area should be checked. Some forms of
lid waste, i.e., old car bodies and boulders, make ingtallation of
deep foundations difficult or result in unacceptable laterd
deviation of driven piles. Guidance on determining potential
problemsof degp foundationsin expansveclay isgivenin TM 5
818-7, “Foundationsin Expangve Sails.”  Specid attention should
be payed to the following aspects of Steinvestigation:

(1) Visud study. A visud reconnaissance should check for
desiccation cracks and nature of the surface soil.  Structura
damage in nearby structures which may have resulted from
excessive sttlement of compressible soil or heave of expansive
s0il should be recorded. The visua study should dso determine
ways to provide proper drainage of the site and dlow the
performance of earthwork that may be required for construction.

(2) Accesshility. Accessibility to the Ste and equipment
mohility d o influence sdection of congtruction methods. Some of
these regtrictions are on access, location of utility lines and paved
roads, location of obstructing dtructures and trees, and
topographic and trafficability festures of the site.
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(3) Locd experience The use of loca desgn and
condruction experience can avoid potential problemswith certain
types of foundations and can provide data on successfully
congructed foundations. Prior experience with and applications
of deep foundations in the same generd area should be
determined. Loca building codes should be consulted, and
successful  experience with recent innovations should be
invedtigated.

(4) Potentid problems with driven piles The dte
investigation should consider sensitivity of existing structuresand
utilities to ground movement caused by ground vibration and
surfaceheave of driven piles. The condition of existing Sructures
prior to congruction should be documented with sketches and

photographs.

¢. Soil investigation. A detailed study of the subsurface soil
should be made as outlined in TM 5-818-1. The scope of this
investigation depends on the nature and complexity of the soil, and
Sze, functiond intent, and cost of the structure. Results of the soil
investigation are used to select the gppropriate soil parametersfor
design as applied in Chapters 2 through 5. These parametersare
frequently the consolidated-drained friction angle N for
cohesionless soil, undrained shear strength C, for cohesive sail,
s0il dagtic modulus E for undrained loading, soil dry unit weight,
and the groundwater table elevation. Refer to TM 5-818-1 for
guidance on evduating these parameters.Consolidation and
potential heave characteristics may adso be required for clay soils
and the needed parametersmay be evaluated following procedures
presented in TM 5-818-7. Other tests associated with soil
invedtigation are:



(1) In Stu tests. The standard penetration test (SPT)
according to ASTM D 1586 and the cone penetration test (CPT)
according to ASTM D 3441 may be performed to esimate
srength parametersfrom guidancein TM 5-818-1.

(2) Soil sampling. Most soil dataare obtained from results
of laboratory tests on specimens from disturbed and relatively
undisturbed samples. Visua classification of soil is necessary
to roughly locate the different soil strata as a function of depth
and lateral variation.

(3) Location and sampling depth. Borings should be
gpaced to define the lateral geology and soil nonconformities.
It may be sufficient to limit exploration to a depth that includes
weathered and fissured material, to bedrock, or to depths
influenced by construction. For individual drilled shafts,
depths of at least five tip diameters beneath the tip of the
deepest element of end-bearing foundations should be
investigated.  For driven pile groups, a much deeper
investigation is appropriate and should extend a minimum of
20 feet or two pile group widths beneath the tip of the longest
anticipated pile, or to bedrock, whichever is less. These
depths are the minimum required to provide sufficient datafor
settlement analysis. The potential for settlement should be
checked to ensure compliance with design specifications.

(4) Selection of soil parameters. Results of |aboratory
and in situ tests should be plotted as a function of depth to
determine the characteristics of the subsurface soils. Typical
plots include the friction angle N for sands, undrained shear
strength C, for clays, and the elastic modulus E;. These data
should be grouped depending on the geological interpretation
of the subsoil of similar types. Each soil type may be given
representative values of strength, stiffness, and consolidation
or swell indexes for estimating soil settlement or heave. Soail
strength parameter could be estimated from established
correlations from laboratory testing.

() Classification. Soil classification characteristics
should be applied to estimate soil strength and other
parameters from guidance in TM 5-818-1. Data such as
gradation from Seve analysis, Atterberg limits, water content,
and specific gravity should be determined from tests on
disturbed specimens. Refer to ASTM D 2487 for soil
classification procedures.

(b) Strength. Soil strength parameters are required to
evaluate vertical and lateral load capacity. The strength of
cohesive soil may be determined from triaxial test results
performed on undisturbed soil specimens at confining
pressures equa to thein Stutota vertical overburden pressure
F,. The unconsolidated undrained Q test will determine the
undrained shear strength (cohesion) C, of cohesive soils. The
effective friction angle Nr and cohesion of overconsolidated
soils may be determined from results of R tests with pore
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pressure measurements using a confining pressure similar to
the effective overburden pressure Nr,. However, analyses are
usually performed assuming either cohesive or cohesionless
s0il. Mean gtrength values within the zone of potentia failure
may be sdlected for pile capacity andysis. Refer to TM 5-818-
1 and NAVFAC DM-7.1, “Soil Mechanics,” for further
details.

(c) Elastic modulus. Young's Elastic modulus E; is
required for evaluation of vertical displacements of the deep
foundation. The E; may be estimated as theinitial ope from
the stress-strain curves of strength test results performed on
undisturbed soil specimens.. The E; for clay may be estimated
from the undrained shear strength C,, the overconsolidation
ratio, and the plagticity index (Pl) shown in Figure 1-8. The
E, typically variesfrom 100 to 400 kips per square foot (ksf)
for soft clay, 1,000 to 2,000 ksf for tiff clay, 200 to 500 ksf
for loose sand, and 500 to 1,000 ksf for dense sand.

The E; may aso be estimated from results of

ES I KCU CU (1-3a)
where
E, = undrained elastic modulus

K, = factorrelating E,with C,

C, undrained shear strength

The E, may aso be estimated from results of static cone
penetration tests (Canadian Geotechnical Society 1985) as:

E.' C,q, (1-3b)
where
C, = congant depending on the relative compactness
of cohesionless soil; i.e., C, = 1.5 for silts and
sands, 2.0 for compact sand, 3.0 for dense sands,
and 4.0 for sand and gravel

g. = Static cone penetration resistance expressed in
similar units of E;

The E, for cohesve soil may be estimated from the
preconsolidation pressure (Canadian Geotechnical Society
1985) as:

E'C,P, (1-3c)
where

C, = congant depending on the relative consistency of
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cohesive sails; i.e., 40 for soft, 60 for firm, and 80
for iff clays

P, = preconsolidation pressure, measured in similar
units of E

(d) Lateral modulus of subgrade reaction. The modulus of
horizontal subgrade reaction E is required for evaluation of
lateral displacements

E.' R (1-4)
y
where
p = lateral soil reaction at a point on the pile per unit
length, kips/ft

The value of k is recommended to be about 40, 150, and
390 ksf/ft for loose, medium, and dense dry or moist sands,
respectively, and 35, 100, and 210 ksf/ft for submerged sands
after FHWA-RD-85-106, “Behavior of Pilesand Pile Groups
Under Laterd Load.” The value of k, is aso recommended to
be about 500, 1,700, and 5,000 ksf/ft for stiff clays with
average undrained shear strength of 1to 2, 2to4, and 4to
8 kdf, respectively. Refer to Chapter 4 for further information
onEg,.

(e) Consolidation. Consolidation testsusing ASTM D 2435

1-20

y = laterd displacement, ft

The E, is approximately 67G for cohesive soil (Davisson
1970), and for granular or normally consolidated claysis

E.' KZ (1-5)

Is S

where

S
I

constant relating E, with depth z, ksf/ft

N
1

depth, ft

or swell tests using ASTM D 4546 may be performed to
determine preconsolidation pressure, compression and swell
indexes, and swell pressures for estimating settlement and
downdrag of consolidating soil and uplift forces and heave of
expansive soil. Average parameters may be selected for
analysisof degp foundations in consolidating or expansive soil
by using the computer program Axia Load Transfer
(AXILTR) (Appendix C). Refer to TM 5-818-7 for further
detailson theanayss of the potential heave of expansive oil.
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Figure 1-8. Variation K., for clay with respect to undrained shear strength and
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Chapter 2
Design Stresses

1. Constraints

Thedesign of deep foundations is usually determined by limits
specified for lateral or vertical displacement of the pile and
placement tolerances. Limiting values of alowable stresses
for different deep foundations are included in Table 1-4.
Structural capacity rarely controls design, except when piles
arefounded on rock. Driven piles experience maximum stress
during driving, while maximum vertical stresses in drilled
shafts usually occur under static conditions.

a. Limiting deformations. Vertical and lateral live load
displacements should be limited to 0.5 inch. However,
operational requirements may necessitate additiona
restrictions. Long-term displacements may be larger than
computed values due to creep. Cyclic loads and close
spacings may increase digplacements and should be considered
in the design. Methods are presented later for the computation
of digolacements of deep foundations under vertical and lateral
loadings.

b. Geometric constraints

(1) Driven piles. Piles are normally spaced three to four
timesthe diameter from center to center. Typical tolerance of
lateral deviation from the specified location at the butt is not
morethan 3 to 6 inches horizontally. The dope from vertical
alignment is typically not more than 0.25 inch per foot of
length for large pile groups. A deviation of + 1 inch from the
gpecified cutoff evetion isreasonable. Sloping land surfaces
may require adjustment of the pilelocation if the surface varies
from the reference plane used in the plans to depict pile
locations. Other geometric constraints could be related to the
following:

(a) Pilespacing. Bearing and lateral resistance of each pile
will be reduced if piles are spaced too closely; close spacing
might cause foundation heave or damage to other aready
driven piles. End bearing piles should usually be spaced not
less than three pile diameters from center to center, while
friction piles should be spaced a minimum of three to five pile
diametersfrom center to center. Large groups of nine or more
piles may be checked for pile interference using program
CPGP (Walff 1990). Methods presented later in Chapter 5 for
computing the capacity of closely spaced piles may be used in
a specific design to find the optimum spacing for piles of a
given type.

(b) Pilebatter. Batter piles are used to support structures
subject to large lateral loads or for smaller lateral loads if the
upper foundation stratum will not adequately resist lateral
movement of vertical piles. Piles may be battered in opposite
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directions or used in combination with vertical piles. The
axial load on a batter pile should not exceed the allowable
design load for avertical pile, and batter should not be greater
than 1 horizonta to 2 vertical; the driving efficiency of the
hammer decreases as the batter increases.

(c) Sweep. Specifications should include initial sweep
(camber) limitations, because piles curved as a result of
excessive sweep will be driven out of tolerance. Sweep for
sted H-piles, for example, may be limited to 2 inches and for
H-piles, up to 42 feet in length. Refer to the American
Indtitute of Sted Construction “Manual of Steel Construction”
(A1SC 1989) for further information. The required number
and locations of permissible pick-up points on the pile should
also be clearly indicated in the specifications. Loading and
unloading of long steel piles should be done by support at a
minimum of two points about one-fourth of the pile length
from each end of the pile. Precast concrete piles should be
supported at several points.

(2) Dirilled shafts. Drilled shafts are normally placed
vertically and spaced at relatively large distances exceeding
eight times the shaft diameter. Guidelines for placement
tolerances are given in Table 2-1. Greater tolerances can be
considered for drilled shafts in difficult subsoils. The
additional axial and bending moments stresses caused by
accidental eccentricity or batter can be calculated by methods
in Chapter 4.

2. Factored Loads

The driven pile or drilled shaft in a group carrying the
maximum factored load will be checked for structural failure.

a. Criterion. Cadculation of the factored load from the
dead and live loads on a pile or drilled shaft is given by
equation 2-1:

Fe Ny Qcap $ Fp Qp %R, Q (2-1)
where

F. = eccentricity factor, Table 2-2

performance factor, Table 2-2

O £
8 =)
1 1

nomina structural capacity, kips
Fo. = dead load factor equals 1.35 for drilled shafts

F.. = liveload factors equals 2.25 for drilled shafts

O]
=]
I

dead load, kips

o)
1

live load, kips



ElI 02C097
01 Jul 97

Table 2-1
Tolerances in Drilled Shaft Construction

Location of axis Within 3 inches of the plan

location

Within 1.5 inches for first

10 feet and 0.5 inch for each
additional 10 feet of the total
length; maximum 2 percent of
shaft length for battered shafts

Vertical plumb or batter
alignment

Not more than 1 inch above or
3 inches below the plan
elevation

Top elevation

Cross sections of shafts and
underreams

Not less than design
dimensions; not more than 10
percent greater than design
cross section in shrink/swell
soil; underream diameter not
to exceed three times the shaft
diameter

Not more than 6 inches above
or 3 inches below the plan
elevation; at least 3 inches of
concrete cover around the
cage perimeter

Reinforcement cage

b. Calculation of maximum load. The maximum load on a
single pile in agroup or on adrilled shaft can be determined
from computer or hand solutions.

(1) Computer solutions. The pile or drilled shaft carrying
the maximum axial load in a group can be determined from
computer program CPGA (U.S. Army Engineer Waterways
Experiment Station Technica Report 1TL-89-3), which
computes the distribution of axial loads in a pile group for a
rigid pile cap. The maximum inclined and eccentric load in a
group can be determined from computer program BENT1
(U.S. Army Engineer Waterways Experiment Station
Miscellaneous Paper K-75-2). The total vertical and lateral
loads are input into program BENT 1.

(2) Hand solutions. If al pilesin a group have similar
geometry, the axial load on any pile Q,, of an eccentrically
loaded pile group may be calculated by hand (Scott 1969)

1 %ex X %eyY
n Ex?> Ey?

Qxy ' Qg (2-2)

2-2

where
Q, = load on a pile at a distance x and y from the
centroid, kips
Q, = tota vertical load on a group of n piles at a
distance g and g, from the centroidal axes, Figure
2-1.
n = number of pilesin the group

Ex? = sum of the square of the distance x of each pile
from the centroid in the x direction, ft?

By’

sum of the square of the distance y of each pile
from the centroid in the y direction, ft?

Thex and y summations of the pile group in Figure 2-1 are: EX?
=8x15°=18fPandEy?’ =4 x 1.5° + 4 x 45°= 90 ft>. The
pile with the maximum load isNo. 4 in Figure 2-1, and it is
calculated from equation 2-2

1,08xL5  3.0x45
' — % %
Q QQ{ 8 18 9% }

© Q, [ 0.125 %0.067 %0.150 ] * 0.342Q,

Pile No.5 carries the minimum load, which is atension load

Q' Q, [ 1,,08x(8L5) , 30x(&45) }

8 18 90

' Q, [ 0.125 & 0.067 &0.150 ] * €0.092Q,

¢. Buckling resistance. Driven piles or drilled shafts that
extend above the ground surface through air or water, or when
the soil is too weak to provide lateral support, may buckle
under axial loads. Buckling failure may control axial load
capacity of the pile.

(1) Buckling capacity. The critical buckling load Q,, of
partially embedded piles or drilled shafts may be estimated by
(Davisson and Robinson 1965) as follows:
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Table 2-2

Performance and Eccentricity Factors (Barker et al. 1991) (Copyright permission, National Cooperative Highway Research Program)

Type of Pile

Performance Factor, ¢,

Eccentricity Factor, F,

Prestressed concrete

Precast concrete

Steel H-piles
Steel pipe
Timber

Drilled shafts

Spiral columns: 0.75
Tied columns: 0.70

Spiral columns: 0.75
Tied columns: 0.70

0.85
0.85
1.20*

Spiral columns: 0.75
Tied columns: 0.70

Spiral columns: 0.85
Tied columns: 0.80

Spiral columns: 0.85
Tied columns: 0.80

0.78
0.87
0.82

Spiral columns: 0.85
Tied columns: 0.80

Note: ¢, is greater than unity for timber piles because the average load factor for vertical loads is greater than the

FS.

O

O

X
A
l<=—3.0
<Q——>LO%O
3.0 By= 30 fe=10.
_y\ ﬁ\j -
CENTRO I D

Figure 2-1. Eccentric load on a pile group
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BRACED AT TOP
4B°E |
RigidCap: Q" 2" P (2-39)
eq
, 2BE |
FlexibleCap: Q' # (2-3b)
L
UNBRACED AT TOP
BE |
RigidCap: Q" s P (2-3c)
eq
BFE |
FlexibleCap: Q" pz P (2-3d)
AL,
where

Q,, = critical buckling load, kips

E, = pile(shaft) elastic modulus, ksf
I, = pile(shaft) moment of inertia, ft*
L, = equivalent pilelength, ft

The safe design load Q, will be calculated using normal design
procedures for columns and beam-columns when end
moments and eccentricity are considered or by equation 2-1.
Thisload will belessthan Q. .

(2) Equivaent length. The equivalent length L, for long
piles (where buckling may occur) can be calculated using the
modulus of horizontal subgrade reaction, E,, .

Congtant E, : Leq' L, %14K
where
14
K [ Eplp) (2-49)
.
Els
E,s Increasing

Linearly withdepth: L * L, %1.8K,
where

(2-4b)

L. = unsupported length extending above ground, ft

~
1

; relative stiffness factor, ft

iy
I

modulus of horizontal subgrade reaction, ksf
k, = constant relating E,, with depth, ksf/ft
Refer to paragraph 1-7c¢ (4)(d) for methods of estimating E,, .

(3) Group effects. Adjacent piles at spacings greater than
eight timesthe pile width or diameter have no influence on the
s0il modulus or buckling capacity. The E,, decreases to one-
fourth of that applicable for single piles when the spacing
decreases to three times the pile diameter. The E, can be
estimated by interpolation for intermediate spacings between
pilesin agroup.

3. Structural Design of Driven Piles

Allowable stresses in piles should be limited to values
described below for steel, concrete, and timber piles and will
not exceed the factored structural capacity given by
equation 2-1. Allowable stresses may be increased by
33 percent for unusua loads such as from maintenance and
congtruction. Allowable stresses may be increased up to
75 percent for extreme loads such as accidental or natura
dissgtersthat have avery remote probability of occurrence and
that require emergency maintenance following such disasters.
Specia provisions (such as field instrumentation, frequent or
continuous field monitoring of performance, engineering
studies and analyses, congtraints on operationa or
rehabilitation activities) are required to ensure that the
structure will not catastrophically fail during or after extreme
loads. Figure 2-2 provides limiting axial driving stresses.
Driving stresses may be calculated by wave equation analyses
described in Chapter 6. Structural design in this publication
islimited to steel, concrete, and timber piles.

a. Sed piles. Pile shoes should be used when driving in
dense sand, gravel, cobble-boulder zones and when driving
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Extended Driving and Seating Using Program GRLWEAP
Pile Material Allowable ving Stresses
Steel 0.85f,
Reinforced Concrete
Compression 0.85f',
Tension 500 psi
Timber 3000 psi
v
|- :
\4
A y
P P
a=pc 7~ Toc
+ +
He He
—;ffpc ZSO 8ST. - Tpc
0 0.85fc
H = Compressive force induced by hammer, 1b
H, = Tensile force in pile during driving, 1b
fpe = Effective prestress after losses, psi
P = Prestressing force, 1b
£, = 28 day concrete compressive strength, psi
£, = Minimum steel yield stremgth, psi

Figure 2-2. Limits to pile driving stresses
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piles to refusal on a hard layer such as bedrock. Bending is
usually minimal in the lower part of the pile.

(1) The upper portion of a pile may be subject to bending
and buckling aswell as axial load. A higher allowable stress
may be used when the pile experiences damage because the
pile enters the inelastic range. This will cause some strain
hardening of the steel and increase the pile load capacity.
Since damage in the upper region is usualy apparent during
driving, a higher allowable stress is permitted.

(2) The upper portion of a pile is designed as a
beam-column with consideration of lateral support. Allowable
stresses for fully supported piles of A-36 steel of minimum
yield strength f, = 36 kips per square inch (ksi) are givenin
Table 2-3.

(@ Limitsto combined bending and axial compression in the
upper pile are given by

Table 2-3
Allowable Stresses for Fully Supported Piles. (English
Units)

Concentric axial tension or Allowable stress, q,, ksi (

compression in lower pile f, =36 ksi)

10 ksi, (1/3 x f, x 5/6 ) 10

Driving shoes, ( 1/3) @f, 12

Driving shoes, at least one axial 14.5

load test and use of a pile driving

analyzer to verify pile capacity

and integrity, (1/2.5) @f,
f f f f
2+ Xy Wps10 and 2 #0415 (2-5)
Fa Fb Fb Fa

where
f, = computed axia unit stress, ks
F, = dlowableaxial stressin absence of bending stress,
f, 12, ks

f, = minimum yield strength, ks

f,, = computed bending stressin x-direction, ksi

f,, = computed bending stressin y-direction, ksi

F, = alowable bending stress in absence of axia
stress, ksi
F, = 0.6xf, =18ks for A-36 noncompact sections

F, =0.66xf,=20ks for A-36 compact sections

A noncompact section can develop yied stress in
compression beforeloca buckling occurs, but it will not resist
inelastic local buckling at strain levels required for a fully
plastic stress distribution. A compact section can develop a
fully plastic stress distribution and possess rotation capacity of
about 3 before local buckling occurs. Moment rotation
capacity is(2,/ 2, ) - 1 where 2, isthe rotation at the factored
load state and 2, is the idealized rotation corresponding to
elastic theory when the moment eguals the plastic moment.
Refer to the ASIC Manual of Steel Construction (1989) for
further information on noncompact and compact sections.

(b) Allowable stresses for laterally unsupported piles
should be 5/6 of those for beam columns given by the AISC
Manual of Steel Construction.

(©) A computer program for the analysis of beam columns
under lateral loading, as provided in Chapter 4, may be used
to compute combined stresses, taking into account all the
relevant parameters.

(d) Cross sections of pipe piles may be determined from
Appendix B.

(3) Allowable driving stresses are limited to 0.85f, ,
Figure 2-2.

b. Concrete piles.

(1) Prestressed concrete piles. Allowable concrete
stresses should follow the basic criteria of ACI 318-89, except
the strength performance factor N will be 0.7 for all failure
modes and the load factors for both dead and live loads F, =
F.. will be 1.9. The specified load and performance factors
provide an FS = 2.7 for al combinations of dead and live
loads.

(@) The computed axial strength of the pile shall be
limited to 80 percent of pure axia strength or the pile shall be
designed for aminimum eccentricity of 10 percent of the pile
width.

(b) Driving stresses should be limited as follows:

Compressive stresses. 0.85fr,, - effective prestress

Tensile stresses: effective prestress



(c) Cracking control in prestressed piles is achieved by
limiting concrete compressive and tensile stresses under
service conditions to valuesindicated in Table 2-4.

(d) Permissible stresses in the prestressing steel tendons
should be in accordance with ACI 318-89.

Table 2-4
Allowable Concrete Stresses, Prestressed Concrete Piles

Uniform Axial Tension 0

Bending (extreme fiber)
Compression 045 xf !
Tension 0

Combined axial load

and bending, the concrete
stresses should be
proportioned so that:

fo+f,+f #04xf!
fo-f,+1,$0

where tension is negative for

f, = computed axial stress, ksi

f, = computed bending stress, ksi

f,. = effective prestress, ksi

f /= concrete compressive strength, ksi

(e) Minimum effective prestress of 700 ps compression is
required for piles greater than 50 feet in length. Excessively
long or short piles may necessitate deviation from the
minimum effective stress requirement.

(f) Strength interaction diagrams for prestressed concrete
piles may be developed using computer program CPGC (WES
Instruction Report 1 TL-90-2).

(2) Reinforced concrete piles. These pileswill be designed
for strength in accordance with ACI 318-89, except that the
axia compression strength of the pile shall be limited to 80
percent of the ultimate axia strength or the pile shall be
designed for aminimum eccentricity equal to 10 percent of the
pile width. Strength interaction diagrams for reinforced
concrete piles may be developed using the Corps computer
program CASTR (U.S. Army Engineer Waterways
Experiment Station Instruction Report ITL-87-2).

(3) Cast-in-place and Mandrel-driven piles. For acast-in-
place pile, the casing is top driven without the aid of a
mandrel, typically using casing with wall thickness ranging
from 9 gauge to /4 inch.
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(8 Casing must be of sufficient thickness to withstand
stresses due to the driving operation and to maintain the pile
cross section. Casing thickness for mandrel-driven piles is
normally 14 gauge.

(b) Cast-in-place and mandrel-driven piles should be
designed for service conditions and stresses limited to those
valueslisted in Table 2-5.

(c) Allowable compressive stresses are reduced from
those recommended by ACI 543R-74 as explained for
prestressed concrete piles.

(d) Cast-in-place and mandrel-driven piles will be used
only when full embedment and full lateral support are assured
and for loads that produce zero or small end moments so that
compression aways controls. Steel casing will be 14 gauge
(U.S. Standard) or thicker, be seamless or have spirally
welded seams, have aminimum yield strength of 30 ks, be 16
inches or less in diameter, not be exposed to a detrimental
corrosive environment, and not be designed to carry any
working load. Items not specificaly addressed will be in
accordance with ACl 543R-74.

c. Timber piles. Representative allowable stresses for
pressure-treated round timber piles for normal load duration
in hydraulic structures are given in Table 2-6.

(1) Working stressesfor compression parallel to the grain
in Douglas Fir and Southern Pine may be increased by 0.2
percent for each foot of length from the tip of the pile to the
critical section. Anincrease of 2.5 ps per foot of length is
recommended for compression perpendicular to the grain.

(2) Vauesfor Southern Pine are weighted for longleaf,
ash, loblolly, and shortleaf.

(3) Working stressesin Table 2-6 have been adjusted to
compensate for strength reductions due to conditioning and
treatment. For piles, air-dried or kiln-dried before pressure
treatment, working stresses should be increased by dividing
the tabulated values as follows:

Pacific Coast Douglas Fir:  0.90
Southern Pine; 0.85
(4) TheFSfor dlowable sressesfor compression parallel

to the grain and for bending are 1.25 and 1.3, respectively
(International Conference of Building Officials 1991).
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Table 2-5

Cast-in-Place and Mandrel-driven Piles, Allowable

Concrete Stresses

Uniform axial compression

Confined
Unconfined

Uniform axial tension

Bending (extreme fiber)

Compression
Tension

0.33xf!
027 xf!

0

040 xf !
0

Combined axial loading and bending

f f
3 0L h# 1.0
Fa Fb

where

f, = computed axial stress, ksi
F, = allowable axial stress, ksi

f, = computed bending stress, ksi
F, = allowable bending stress, ksi

d. Design example. A 30-foot length L of A-36 unbraced
H-pile, HP14 x 73, has across section area A, = 21.4in?,
Table 1-3. This pileis made of A-36 steel with f, = 36 ks,
E, = 29,000 ksi, and |, = 729 in.* for the X-X axis and
261in.*forthe Y-Y axis. Dead load Qp, = 40 kips and live
load Q,, =60 kips. Load factorsk, =1.3andF, =2.17.
Free-standing length above the ground surface is 10 feet.
The s0il is a clay with a constant modulus of horizontal
subgrade reaction E, .= 1 ks. Spacing between pilesisthree
times the pile width.

(1) Designload. The applied design load per pile Q
from equation 2-1is

Qd l FDLQDL %FLLQLL

" 1.3x40 %2.17x60 ' 182.2 kips

(2) Structural capacity. The unfactored structural
capacity Q,, is§ A = 36 x 21.4 = 770.4 kips. From
Table2-1, N, = 0.85and F,= 0.78. The factored structural
capagity is FNys Qp = 0.78 x 0.85 x 770.4 = 508.4 kips >
Q4 = 182.2 kips. Table 2-3 indicates that the allowable
stress g, = 10ksi. g A =10 x 21.4 = 214 kips >,Q =

Note: Participation of steel casing or shell is disallowed.

Table 2-6

Allowable Stresses for Pressure-treated Round Timber
Piles for Normal Loads in Hydraulic Structures

Allowable Stresses, psi

Pacific Coast

Southern Pine

Douglas Fir

Compression
parallel to grain, F,

875 825
Bending, F, 1,700 1,650
Horizontal shear

95 90

Compression
perpendicular to
grain 190 205
Modulus of
elasticity 1,500,000 1,500,000

2-8

182.2 kips.

(3) Buckling capacity. A flexible cap unbraced at the top
isto be constructed for the pile group. The E,;=(1/4) x 1
ks = 0.25 ks because the spacing is three times the pile
width. The equivalent length L, for the constant £ =
0.25 ksi from equation 2-4afor the minimum I ; of the X-X
axisis

14 m
k| Sele | . [29000x261 )\ g
" \"EL 0.25

Leg ' Lo %14K " 10x12 9%14x1315" 304.1in.

Theminimum critical buckling load Q., from equation 2-3d
is

BE |,
2
4.2
. 9.87 x 29,000 x 261
4% (304.1)2

cb

' 201 kips

The Q=201 kips > Q, = 182.2 kips. Buckling capacity is
adequate.
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Table 2-7

Minimum Requirements for Drilled Shaft Design

a. Nomenclature

tn

ol

]
"

I Ll dd e

“E R

a3 N B I

B < < 10! folN o] ‘g = [
SPFFPosEEePLe PP REFSY
(2]
-

Description

Cross-sectional area of concrete within spiral or cage, inches!
Gross area of the shaft section, inches?
Area of reinforcement steel, inches?
Cross—sectional area of spirals or cage, inches?
Shaft outside diameter, inches
Concrete cover over longitudinal steel, in.
Bar diameter, in,
Tie diameter, in.
Spiral diameter, in.
Mean diameter of the equivalent steel ring, B, — 2(Cover + r,), in.
Eccentricity, M_,/Q., in.
Dead load factor to protect against material failure
Live load factor to protect against material failure
Factor of safety to limit vertical displacement in the foundation soil
Ultimate concrete compressive strength, psi
Yield strength of reinforcement steel, psi
Length of spiral in one path, in,
Maximum bending moment., lb-ine.
Number of bars
Distance from any point of a spiral cage to the adjacent point on the cage
measured parallel with the longitudinal axis of the cage
Maximum uplift thrust or pullout force, 1lb
Dependable axial load capacity of the shaft determined by
$ul0.85-£' (A —~ A) + Af)], 1b
Dead load, lb
Live load, 1lb
Maximum downdrag force, lb
Maximum factored axial load, lb
Diameter ratio of reinforcement steel, D, /B,
Ratio of reinforcement steel area to gross area, AJA,
Radius of reinforcement steel, in.
Tie spacing, in.
Maximum applied lateral load, 1b
Maximum applied shear stress, V_,/A
Maximum applied shear force, T_F;
Volumetric ratio of spiral reinforcement required
Capacity performance factor,
0.70 for a tied colummn of reinforcement steel
0.75 for a spiral columm after ACI SP-17(1%8S)

(Sheet 1 of 3)
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Table 2-7 (Continued)

b. Procedure

Description

Determine that Q, is well within Q,,

Qe > QU
Q. = ¢.00.85:£7 (A, — A) + Af)]
Q. = FpQnt FuQu

For a shaft in compressible soil, evaluate downdrag force Q. (Chapter 3) and add
to Q,. For a shaft in expansive soil, evaluate uplift thrust P_, (negative, tensile
force) and calculate the required reinforcement area from

A' = - Plllx
bpc Ly
Percent steel for £, = 60,000 psi is approximately —0.003F_,/B?

Determine v, < 10-(£’)¥?,

Compute eccentricity e from given M_, and Q, of the specifications, or 2 in. or
0.1B,, whichever is greater for tied columns or 1 in. or 0.05B, for spiral columns
of reinforcement steel. M_, may also be evaluated from lateral load analysis
described in Chapter 4. Calculate eccentricity ratio e/B,.

Calculate D,. Estimate R, from the trial ring of reinforcement steel.

Determine by interpolation steel ratio R, from design charts in ACI SP-17, Vol I.
If R, < 1 percent, increase R, to 1 percent. If R, > 8 percent, increase the
shaft diameter and repeat the above steps.

Select the actual steel reinforcement; i.e., size and number of bars. 6 bars
minimam, 6 inches spacing maximum. Check for sufficient spacing for flow of
concrete, spacing = (nD, —Nd,)/N

Calculate R, for the dasigned shaft cross section and check it against R, assumed in
step 4. Repeat steps 4 and 6 if the assumed R, is significantly different from the
calculated R,.

Select appropriate ties or spirals to construct the reinforcement cage according to
ACI 318-89 requirements or AASHTO specifications.

Ties (ACI): Vertical spacing shall not exceed the lesser of

(1) S, = 164,

(2) S5, = 484,

(3) S, = B,
No. 3 ties may be used for longitudinal bars < No. 11; No. 4 or larger ties
will be used for No. 11 bars or larger

Spirals (ACI):

A £
Ze _3)Ze
Pse 0.45( A, 1) z
st = 7 (d, +d,) “+pitch*
Pge Pitch- A,
e
st

t~
!

2-10
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Table 2-7 (Concluded)
c. Example calculation of steel reinforcement for a tied
reinforcement cage
Step Calculation
1 Input parameters: Cover = 3 in. £', = 3,000 psi
T = 10,000 1b B, = 30 in. £, = 60,000 psi
Q. ™ 500,000 1b Fp, = 1.35 M., = 8:10* 1b-in.
Q, = 500,000 1b F, =2.25 ¢ =0.70
Assume initital R, = 2 percent. Calculate A, = nB}/4 = 706.86 in.?. Initial
estimate of A, = 0.02°A, = 14.14 inches. Fifteen No. 8 bars will be required for
the initial estimate of steel reinforcement with r, = 0.5 inch as shown in the
sketch.
Q. = 1,35-500,000 + 2.25-500,000 = 1,800,000 1b
Qe = 0.7[0.85-3,000(706.86 — 14.14) +
14,14°60,000) = 1,830,385 1b
1,830,385 > Q, = 1,800,000 1b; Q. is adequate
2 Ve = T Fu /A, = 10,000-2.25/706.86 = 31.83 psi
< 10-(£’ )
10-(£7,)¥ = 10:(3,000) = 547.7 psi
Therefore, v, < 10-(f’ )
3 e/B, = M_,/(QB,) = 8-10%/(787,500-30) = 0.339
4 D, = B, - 2(Cover + r,) = 30 - 2(3 + 0.5) = 23 in.
Ry, = 23/30 = 0.767
5 Determine R, by interpolation from design charts, ACI SP-17 (85): Ry R,
Therefore, R, = 0.023 for R, = 0.767 0.7 0.026
0.8 0.021
6,7 A = 0.023-706.86 = 16.26 in.?
Spacing between bars:
21 No. 8 bars (A, = 21:-0.79 = 16.59 in?, d, = 1.000 inch):
spacing = (n-23-21-1.000)/21 = 2.44 in.
17 No. 9 bars (A, = 17:1.00 = 17,00 in?, d = 1.128 inch):
spacing = (n-23-17-1.128)/17 = 3.12 in.
13 No. 10 bars (A = 13-1.27 = 16.51 in’ d = 1.270 inch):
spacing = (w-23-13-1.127)/13 = 4.43 in.
17 No. 9 bars will be adequate assuming 1 inch maximum aggregate and spacing of at
least 3 times the maximum aggregate size
8 Ties: (1) S, = 16-1.000 = 16 in.
(2) S, = 48:0.375 = 18 inches for No. 3 tie
(3) S, = 30 in.
Select No. 3 bars at 16 inches center to center spacing
Spirals: (standard spiral sizes are 3/8, 1/2 and 5/8 inch; select 1/2 inch spiral
size and 3-inch pitch)
4, = 706.9 inches? A, = n-12? = 452 4 inches?
p, = 0.45-{(706.9/452.4) — 1]1-3,000/60,000 = 0.0152
L. = {[m-(24 + 0.5))% + 32}2 = 77 in.
A, = p, pitch-A /L, = 0.0152-3-452.4/77 = 0.268 inches’
Select No. 5 spiral at 3—inch pitch
(Sheet 3 of 3)
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4. Structural Design of Drilled Shafts

Mogt drilled shaft foundations will be subject to lateral loads,
bending moments, and shear stresses in addition to
compressive stresses from vertical loads. Eccentrically
vertica applied loads can generate additional bending
moments.

a. Eccentricity. If bending moments and shears are not
specified, the minimum eccentricity should be the larger of
2 inches or 0.1B,, where B, is the shaft diameter, when tied
cages of reinforcement steel are used and 1 inch or 0.05B,
when spira cages are used. The minimum eccentricity
should be the maximum permitted deviation of the shaft out
of its plan alignment that does not require specia
computations to cal culate the needed reinforcement if larger
eccentricities are allowed.

b. Design example. Table 2-7 describes evaluation of
the shaft cross section and percent reinforcement steel
required for adequate shaft strength under design loads.

(1) Themaximum bending moment, M,..,,, iSrequired to
determine the amount of reinforcement steel to resist
bending. The maximum factored vertical working load, Q,,
and the estimate of the maximum applied laterd load, T,
are used to calculate M,,,,, . The full amount of reinforcing
steel is not required near the bottom of the pile because

2-12

bending moments are usudly negligible near the pile bottom.
Chapter 4 discusses procedures for calculating the
distribution of bending moments to determine where steel
will be placed in the pile.

(2) Load factors are applied to the design live and dead
loads to ensure adequate safety againgt structural failure of
the shaft. An exampleisworked out in Table 2-7c for F, =
1.35and F,, = 2.25 for a shaft supporting a bridge column.

(3) The minimum reinforcement steel, normally
recommended, is 1 percent of the total cross-sectional area of
drilled shaft expected to be exposed along their length by
scour or excavation. Reinforcement steel should be full
length for shafts constructed in expansive soil and for shafts
requiring casing while the holeis excavated. Shaft diameter
should be increased if the reinforcement steel required to
resist bending such that adequate voids through the
reinforcement cage will be provided to accommodate the
maximum aggregate size of the concrete.

(4) The maximum applied axial load should aso include
maximum downdrag forces for a shaft in compressible soil
and the maximum uplift thrust for a shaft in expansive oil.
Uplift thrust may develop before the full structural load is
applied to the shaft. Under such conditions, smaller amounts
of reinforcement may be used if justified on the basis of
relevant and appropriate computations.



Chapter 3
Vertical Loads

1. Design Philosophy

Analyses are performed to determine the diameter or cross
section, length and number of driven piles or drilled shafts
required to support the structure, and for procuring the
correct materials and equipment to construct the foundation.

a. Type of loads. Loads applied to deep foundations
conggt of vertical forces and horizontal forces. These forces
are resisted by the soil through bearing and friction.
Therefore, the pile capacity analysis should be performed to
determine that foundation failure by bearing or friction will
be avoided, and load-displacement anaysis performed to
determine that foundation movements will be within
acceptable limits.

(1) Load distribution. Loads on adeep foundation are
simulated by a vertica force Q and a lateral force T,
Figure 3-1. These vertical and horizontal forces are
considered separately and their individua effects are
superimposed. Unusual cross sections should be converted
to acircular cross section for analysis when using computer
programs such as CAXPILE (WES Instruction Report
K-84-4) or AXILTR (Appendix C). Analysis for lateral
loads istreated separately and given in Chapter 4.

(2) Congtruction influence. Construction methods,
whether for driven piles or drilled shafts, influence pile
capecity for vertical loads through soil disturbance and pore
pressure changes.

(8 Driving resistance. A wave equation analysis shall
be performed for driven piles to estimate the total driving
resistance that will be encountered by the pile to assist in
determining the required capability of the driving equipment.
Refer to Chapter 6 for further details.

(b) Structural capacity. Tota stresses that will be
generated in the deep foundation during driving or by vertical
and lateral loads will be compared with the structural
capacity of the foundation. Structural capacity may be
calculated by proceduresin Chapter 2.

b. Analysisof vertical loads. The design philosophy for
resisting vertical load is accomplished by calculating the
ultimate pile capacity Q, to determine the load to cause a
bearing failure, then using FSto estimate the allowable pile
cgpacity Q, that can limit the settlement to permissible levels.
Settlement of the individual piles or drilled shafts
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shall be caculated as presented later in this chapter,
however settlement of agroup of piles or drilled shafts shall
be evduated asgiven in Chapter 5. Table 3-1 illustrates this
procedure.

(1) Ultimate pile capacity. Applied vertical loads Q
(Figure 3-1) are supported by a base resisting force Q, and
soil-shaft skin resgting force Q. The approximate static load
cagpacity Q, resisting the applied vertical compressive forces
on asingle driven pile or drilled shaft is:

Q- Q %Q (3-1a)

n

Qu'qbuA‘o%j QSUi
it

where

Q, = ultimate pile capacity, kips

Q.. = ultimate end-bearing resisting force, kips

Q. = ultimate skin resisting force, kips

0o, = ultimate end-bearing resistance, ksf

A, = areaof tip or base, feet?

Q. = ultimate skin resistance of pile element (or
increment) i at depth z, kips

n = number of pile elementsin pilelength, L

Pile weight is negligible for deep foundations and neglected
in practice. A drilled shaft or driven pile may be visualized
to consst of a number of elements (as illustrated in
Figure C-1, Appendix C), for calculation of ultimate pile
cgpacity. Thevertical pile resistance is acombination of the
following:

() End-bearing resistance. Failurein end bearing is
normaly by punching shear with compression of the
underlying supporting soil beneath the pile tip. Applied
vertical compressive loads may lead to several inches of
compression prior to plunging failure. Ultimate end-bearing
resistanceis

' ) B, -
Gy ONorg RN g %= (5N (3-2)

where
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T
_—>
VERT ICAL LOAD., KIPS p LATERAL LOAD, KIPS
Q < Q| T < Ty
Qu = Bput “au T T Tu= Tus* Tup
Qg
Q = APPLIED LOAD T = LATERAL LCAD
Q, = VERTICAL LOAD Ty = LATERAL
CARACITY RES | STANCE
Q= BASE RESISTANCE Tus= LATERAL SOIL
CAPACITY RES I STANCE
G = SIDE FRICTION T Tup= PILE SHEAR
CAPACITY Q b RES 1 STANCE
P = SOIL REACTION
Figure 3-1. Loading support of deep foundation
¢ = cohesion of soil beneath thetip, ksf B, = baediande, feet

FrL

(re

(‘s
(w

(‘s

(w

= effective soil vertical overburden pressure at pile
base, . (r_L,ksf

= effective unit weight of soil along shaft length L,
(- (4 Kipsffeet®

= saturated unit weight of soil, kips/feet®

unit weight of water, 0.064 kip/feet®
= saturated unit weight of soil, kips/feet®

= unit weight of water, 0.064 kip/feet®

(ry effective unit weight of soil benesth base, kipsfeet®
N, N, N = cohesion, surcharge, and wedge-bearing capacity
factors

cooqr (= cohaon archarge, and wedge geomelry
correction factors

The submergad unit weight of soil beow the phredtic surfaceis ( -
(, Thewet unitweight ( isused indead of the effective unit weight
if the soil isabove the water table. The bearing capadity N, N, , N
and geometry coredion. ., (- fedtorsare given with the methods
recommended below for caculaing end bearing resgance g,
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Table 3-1
Vertical Load Analysis
Step Procedure
1 Evaluate the ultimate bearing capacity Q, using guidelines in this manual and equation 3-1.
2 Determine a reasonable FS based on sub-surface information, soil variability, soil strength, type and importance of the

structure, and past experience. The FS recommended for normal design will typically be between 2 and 4, Table 3-2a.
Variations in FS are permitted depending on how critical the foundation is to structural performance, Table 3-2b. Allowable
loads may be increased when the soil performance investigation is thorough, settlements will remain tolerable, and

performance will not be affected.

3 Evaluate allowable bearing capacity Q, by dividing Q, by FS, Q, = Q, /FS, equation 3-4.

4 Perform settlement analysis of driven pile groups and drilled shafts and adjust the bearing pressure on the top (head or butt)

of the deep foundation until settlement is within permitted limits. The resulting design load

Qg should be # Q, . Settlement

analysis is particularly needed when compressible layers are present beneath the potential bearing stratum. Settlement
analysis will be performed on important structures and those sensitive to settlement. Settlement analysis of individual piles or
drilled shafts is presented in Chapter 3-3 and for pile groups is presented in Chapter 5.

5 Conduct a load test when economically feasible because bearing capacity and settlement calculations are, at most,
approximate. However, load tests of normal duration will not reflect the true behavior of saturated compressible layers below
the bearing stratum. Load tests permit a reduced FS = 2 in most situations, which can reduce the cost of the foundation.
Refer to Chapter 6 for information on conducting load tests.

(b) Sdefriction resgance. Soil-sheft Sde friction develops
from rdatively amall movements between the soil and sheft, and it is
limited by the sheer srength of the adjacent soil. Side friction often
oontributes the mogt beating capedity in pradtical Stuations unlessthe
base is located on giff soil or rodk. The maximum skin resstance
that may be mobilized dong an dement i of pilea depth zmay be
edtimeted by

Qg ' fuC)L (33
where
Q, = maximum loed trandferred to pile dement i & depth z,
kips
fu = madmundinfrcion of pledementia  depth z ksf
C, = ghdtdreumference of piledement i @ depth 7, fet
yL = lengthof pledement i, fest

lgnaring effets dueto the sHf-weight of the pile and resdud sresses
from pile driving, Figure 3-2 shows the digribution of skin friction
and the assodiated load on a pile, where load is shown by the
abdssaand depth isshown by the ordinate. Theload carried in end
beaing Q,isshown inthe sketch and the remainder Q is carried by

skin friction. The dope of the curve in Figure 3-2c yidds the rate
thet the skin fricion fis trandferred from the pile to the soil as shown
inHgure 3-2b. Near the ground surface, fis usudly amdl probebly
because vibrations from driving a pile form a ggp near the ground
aufaceand because of the low laterd effective stress near the top of
the pile or drilled shaft. The rdaivey low vdues of f,near thetip
of a pile or drilled shaft in cohesive sils has been observed in
expaiments because of the decreesing soil movement againg the pile
as moving toward the tip. Therefore, the skin friction f, , as a
function of depth, frequently assumes a shape simiilar to a parabola
(Figure 3-2b).

(2 Ciitica dgpth. The Meyarhof (1976) and Nordlund (1963)
methods for driven piles assume that the effective verticd dress
reeches a condant vaue dter some criticd depth D, perhgps from
aching of soil adjaoant to the shaft length. The criticd depth ratio D,
/B, where B is the shaft diameter, is found in Figure 3-3a For
example if theeffedtive friction angle - = 35E, then D= 10B, and
end- bearing cgpedity will nat increase below depth D, Figure 3-3b.
End-bearing resigtance g, will not exceed g given by Figure 3-4.
Ardyssof degp foundations using the pile driving andyzer hes not
upported this concept.

(3) Load Limits. Applied loads should be sufficiently

lessthan the ultimate capacity to avoid excessive pile vertical
and lateral displacements; e.g.< 0.5 inch.

3-3
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Figure 3-2. Distribution of skin friction and the associated load resistance

Applied loads one-haf to one-fourth of the ultimate load
capacity are often specified for design.

(a Allowable pile capacity. The alowable pile capacity
Q. isestimated from the ultimate pile capacity using FS

C Q 34
Q' =2 (3-4)

Thedesign load Q, # Q, , depending on results of settlement
anaysis.

(b) Typica factors of safety. Table 3-2a provides
typical FSfor vertical load behavior. Typical or usual loads
refer to conditionswhich are a primary function of a structure
and can be reasonably expected to occur during the service
life. Such loads may be long-term, constant, intermittent, or
repetitive nature. Deviations from these minimum values may
be judtified by extensve foundation investigations and testing
to reduce uncertainties related to the variability of the
foundation soils and strength parameters. Load tests allow
FS to be 2 for usua design and may lead to substantial
savingsinfoundation cogtsfor economicaly sgnificant projects.
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b. EXAMPLE CRITICAL DEPTH RATIO

Figure 3-3. Critical depth ratio (Meyerhof 1976) (Copyright permission, American
Society of Civil Engineers
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Figure 3-4. Limiting base resistance for Meyerhof and Nordlund methods

(c) Other factors of sdfety. Lower FSare possible for unusud
or extremeloeds Table 3-2b, provided soil invedigation is thorough
and stlement will bewithin atolerablerange Unusud loads refer
to condtruction, operaion, or maintenance conditions which are of
relaively short duration or infrequent occurrence. Risks associated
with injuries or property losses can be controlled by spedifying the
suence or duration of adtivities andlor by monitoring performance
BExtrame lcedsrefer to eventswhich are highly improbable and occur
only during an emergency. Such events may be assodiated with
maor accidents involving impacts or explosons and naturd
disasters due to hurricanes. Extreme loads may dso occur from a
combination of unusud loads. The basic design for typicd loads
should be effidently adapted to accommodate extrame loads without
experiencing a catadrophic falure however, sructurd damege
which pertidly impairs the operationd functions and requires mgjor
rencbilitation or replacement of the Sructureispossble Cautionis
required to achieve an effident design that will avoid unacceptable
injuries or property loses

3-6

(d) Group peformance Hle group andyses should be
condudted as disoussed in Chigpter 5 to be sure that agate of ductile,
gable eqilibrium is attained even if individud pileswill be loaded
to or beyond their pesk capedities

() Fed veificaion. Hed indrumentation, frequent or
continuous fidd monitoring of performance, engineering sudies and
andyses and condraints on operationd or rehabilitation activities
may be required to ensure that the dructure will not fail
categtrophically during or after extreme loading. Deviations from
thexe ariteriafor extreme loads should be formulated in conaultation
with and gpproved by CEMP-ET.

2. Driven Piles

The generd procedure for calculating vertical 1oads of driven
pilesisgivenin Table 3-3. Thetotal vertical capacity Q, is
calculated by equation 3-1 where methods for determining
end-bearing Q,, and skin friction Q,, resistance
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Table 3-2
Factors of Safety for Bearing Capacity (Pile Buck, Inc. 1992)

Usual Loads
Condition Factor of Safety
With load test 20
Base on bedrock 20
Driven piles with wave equation analysis calibrated to results of dynamic pile tests
Compression
Tension 25

30

Resistance to uplift 25
Resistance to downdrag 30
Without load tests 30
Groups 30
Soil profile containing more than one type of soil or stratum 40

Influence of Loading Condition

Minimum Factor of Safety

Method of Capacity Calculation Loading Condition * Compression Tension
Verified by pile load test Usual 20 20
Unusual 15 15
Extreme 1.15 1.15
Verified by pile driving analyzer, Chapter 6 Usual 25 30
Unusual 19 225
Extreme 14 17
Not verified by load test Usual 30 30
Unusual 225 225
Extreme 17 17

' Defined in paragraph 3-1.b (3)(c)

are given below. In addition, a wave equation and pile driving
analysis should be performed to estimate bearing capacity,
maximum allowable driving forces to prevent pile damage
during driving, and total driving resistance that will be
encountered by the pile. These calculations assist in

determining the required capability of the driving equipment
and to establish pile driving criteria.

a. End-bearing resistance. Ultimate end-bearing
resistanceis given by equation 3-2 neglecting the N term

3-7
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Table 3-3
General Design Procedure of a Driven Pile

Step Procedure Description

1 Select potentially suitable pile dimensions Select several potentially suitable dimensions; final design selected to economize materials
and while maintaining performance.

2 Evaluate end-bearing capacty Q,, Use equation 3-6 to compute end-bearing capacity g, for day and equations 3-7 to 3-10 for
sands. Use equations 3-11 to 3-13 to compute ¢, fominsitutests. Q, =g A from
equation 3-1b.

3 Evaluate skin resisting force Q; Use equation 3-3 to compute skin resisting force  Q,,; for each element i. For clays, skin
friction f; is found from equation 3-16 using g from Table 3-5 or equation 3-17 with Figure
3-11. Forsands, f; is found from equation 3-20 using Figure 3-13 or Nordlund method in
Table 34b. The Q,, for dlays or sands is found from CPT data from equation 3-19 and
Figures 3-12 and 3-14.

4 Compute ulimate pile capacty Q, Add Q,, and Q,, to defermine Q using equation 3-1.

5 Check that design load Q, # Q, Calculate Q, from equation 34 using factors of safety from Table 3-2 and compare with  Q .

O ' CNo.o %R (N, &1) ., (3-59)

or

) -
Oy * CNg. o %R Ng. (3-b)

Equation 3-5b is often usad because omitting the “1” usudly has
negligible effect. TheN( term is negligible for driven piles

(1) Cohedvesnll. Theshear srength of cohesive soil isc=C,
, theundrained srength, the effective friction angle N = 0and N, =1.
Thus equation 3-5amay be reduced to

Gy, ' N,xC,' 9xC, (3-6)

whareshepefactor . ;.= 1and N =9. Undrained sheer srength
may be teken as the mean vaue within 2B, benegth the pile tip.

(2 Cohedonlessoil. Severd of the methods using equation 3-
5andin thefallowing subparagraphs should be used for each design
problem to provide a reasonable range of bearing capacity.

(@ Nordiund method. This semiempirical method (Nordlund
1963) taken from FHWA-DP-66-1 (Revison 1), “Manud on
Design and Congtruction of Driven Fle Foundetions” conddersthe
shepe of the pile taper and the influence of soil displacement on skin
fricion. Equations for cdculating ultimate capacity are basad on
loed test resuilts thet indude timber, sted H, pipe, monotube, and
Raymond step-taper piles. Ultimate capacity is

3-8

| ) Zb ) €in (* 94 ]
Qu quAbFL (yozjo KCfFZ % CZ)L (3-78)
where

"¢ = dimensionless pile depth-width relationship
factor

A, = pilepoint area, ft?

Fr, = effective overburden pressure at pile point, ksf

K = coefficient of lateral earth pressure at depth z

C; = correction factor for K when * O\

N = effective angle of interna friction for sail,
degrees

* = friction angle between pile and soil, degrees

T = angleof piletaper from vertical, degrees

Fr, = effective overburden pressure at the center of

depthincrement) L, 0< z# L, ksf
C, = npileperimeter at depth z, feet

)L = length of pileincrement, feet
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Figure 3-5. lllustration of input parameters for equation 3-7a

L = length of pile, feet

Somed these parameters areillustrated in Figure 3-5. End-beering
resgtance q,,=";N,F; A from equation 3-7a Asshown in Figure

34, g,,should not excead gr Where oR is given. Other parameters
can be determined asfollows: * ; and N, are found from Figure 3-6,

K from Figure 3-7, * from Hgure 3-8 foragiven N and V, and C
from Fgure 39. The volume V is disolacement by the pile per
dven penetradion length. The Q, for apile of uniform crass section
(T =0) and length L driven in a homogeneous oil with a sngle
friction angle N and dngle effective unit weight is

Q' "N,AR %KCFsn*C,L (3-7b)

where
A = pilecross section area
C, = isthe pile perimeter

Fr,= mean effective vertical stress between the ground
surface and pile tip, ksf.

The procedure for evaluating Qy, by the Nordlund method is
givenin Table 3-4.

(b) Vesc method. Bearing capacity factors of
equation 3-5b are estimated by (Vesic 1977)

N, ' (N, &1) cot N (3-84)
N 3 %fg)ﬁ‘tm Y (3-8b)
' e
Y 3gsnN
4s'nN)
o )
tan® | 45 %% } | 3L %esinn)
Ir
| — (3-8c)
1 %, %I,
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G (3-8d)
C, %F tanN

)
1&2< y R

, _ (3-8¢)
Voo2(1&s) G

where

= volumetric strain, fraction

L, = soil Poisson’sratio

G = soil shear modulus, ksf

C, = undrained shear strength, ksf
N = effectivefriction angle, degrees

Fr, = effective soil overburden pressure at pile base,
ksf

The reduced rigidity index I, . rigidity index,| for undrained or
dne il where<,=05. G=E/2(1+L )] wheeE isthe
0l dagic modulus. Shepefactor . .= 1.00 and

y 1 (V;ZKO (3-93)
K.' (1&snN') @OCRS™ (3-9b)

where

Kg = coefficient of earth pressure at rest
OCR = overconsolidation ratio
The OCRistheratio of the preconsolidation pressure p, to the
verticd effective soil pressure. |f the OCR is not known, then
Kp can be estimated from the Jaky eguation as follows

K.' 1&sinN (3-9¢)

(c) General shear method. The bearing capacity factors of

3-10

equation 3-5b may be estimated, assuming the Terzaghi
general shear failure (Bowles 1968), as

3B, N
2 (= & =) tanN
N a , a'e 4 2

: (3-10)
2cos? (45 %)

Shape factor . ;= 1.00. N;=(N,-1) cot N .

(d) SPT Meyerhof Method. End-bearing capacity may
be estimated from penetration resistance data of the SPT by
(Meyerhof 1976)

L

L
Oy, ' O.SXNSDTbe < 8xNgr , £ #10 (3-11)

where

Ngr = average uncorrected blow count within 8B
above and 3B, below the piletip

L, = depth of penetration of the pile tip into the
bearing stratum

O,, = isinunitsof ksf.

(e) CPT Meyerhof method. End-bearing capacity may
be estimated from cone penetration resistance data by
(Meyerhof 1976)

(3-12)

based on numerous load tests of piles driven to a firm
cohesionless stratum not underlain by aweak deposit. The
limiting Static point resistance given by Figure 3-4isgr . 0,
and gr are in units of ksf.

(fy CPT 1978 FHWA-Schmertmann method. End
bearing capacity may be estimated by (FHWA-TS-78-209)

' qcl %qcz

(3-13)
bu 2
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1. Pipe and nontapered portions of monotube
piles

Timber piles

Precast concrete piles

Raymond step-taper piles

Tapered portion of monotube piles

Raymond uniform taper piles

H- and augercast piles

NoONL PN

Figure 3-8. Ratio ©/¢’ for given displacement Volume V

where g, and g, are unit cone point resistances determined

as given in Figure 3-10, A’ 120945094.6094.6094.609460946094.60

8
For example, g, calculated over the minimum path is as
e > ' 15375 ket
180 %170 %170 %170 %170
cl 5 From equation 3-13,

L 172 ks O = (172+153.75)/2=162.9ksf

0., over the minimum path is:

3-13
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Figure 3-9. Correction factor C; with respect to
0/¢' (FHWA-DP-66-1)

(3) Scale effects. Ultimate end-bearing capacity g,
tends to be less for larger diameter driven piles and drilled
shafts than that indicated by equation 3-11 or 3-12 or
equation 3-5. Skin friction per unit circumferential areaf,is
assumed to be independent of scale effects.

(8 Sands. The reduction in end-bearing capacity has
been related with areduction of the effective angle in internal
friction Nr with larger diameter deep foundations. End-
bearing capacity q,, from equation 3-5 should be multiplied
by areduction factor (Meyerhof 1983) R

B %1.64 }m i (3-14a)

Re | 2ot

for B > 1.64 feet. The exponent m= 1 for loose sand, 2 for
medium dense, and 3 for dense sand.

(b) Clays. A reduction in end-bearing capacity q,, in clays
appears to be related with soil structure and fissures.
Equation 3-5 should be multiplied by the reduction factor R, .
For driven pilesin stiff fissured clay, R, = R, from equation
3-14awherem= 1. For drilled shafts

B %3.3 } (3-14b)

R [ 2B %33

for B from 0 to 5.75 ft.

3-14

(4) Baseresstance of pilesdriven to rock. The ultimate
end-bearing resistance may be estimated from the uniaxial
compression strength of the rock by (Canadian Geotechnical
Society 1985)

Oy, SFEK 4 fy (3-153)
S
3%
' Bs:)ck
K ok oz (3-15h)
W
10 (1 %300 —
S
where
F. = uniaxial compressive strength of rock, ks
fy = 1+0.4Dgy /B
w, = width of discontinuitiesin rock, inches
sy = 9gpacing of discontinuitiesin rock, inches
By« = socket diameter, inches

Dy« = depth of embedment of pile socketed into rock,
inches

The rock quality designation (RQD) should be greater than
50 percent, s, should be greater than 12 inches, w;, should be
lessthan 0.25 inch for unfilled discontinuities or w, should be
less than 1.0 inch for discontinuities filled with soil or rock
debris, and B should be greater than 12 inches. Rocks are
aufficiently strong that the structural capacity of the piles will
govern the design. This method is not applicable to soft,
dratified rocks such asshaeor limestone. Piles supported on
these rocks should be designed from the results of pile load
tests.

b. Skin friction resistance. The maximum skin
resistance between the soil and the shaft is Qg = A §; ,
equation 3-3.

(1) Cohesive soil. Skin friction resisting applied loads
areinfluenced by the soil shear strength, soil disturbance, and
changes in pore pressure and lateral earth pressure. The
mean undrained shear strength should be used to estimate skin
friction by the alpha and Lambda methods (Barker et al.
1991).
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Table 3-4
Q. by the Nordlund Method
Step Procedure
a. End-Bearing Capacity
1 Determine friction angle ¢’ for each soil layer. Assume ¢ = ¢".
2 Determine o using ¢ for the soil layer in which the tip is embedded and the pile L /B ratio from Figure 3-6a.
3 Determine N, using ¢ for the soil layer in which the tip is embedded from Figure 3-6b.
4 Determine effective overburden pressure at the pile tip o] and limiting stress gR according to Figure 3-4.
5 Determine the pile point area, A, .
6 Determine end-bearing resistance pressure q,, = &; N, o . Check q,, # gr. Calculate end-bearing capacity Q,, = gy, A, -
b. Skin Friction Capacity
7 Compute volume of soil displaced per unit length of pile.
8 Compute coefficient of lateral earth pressure K for ¢ and w using Figure 3-7; use linear interpolation.
9 Determine &/¢’ for the given pile and volume of displaced soil V from Figure 3-8. Calculate & for friction angle ¢'.
10 Determine correction factor C, from Figure 3-9 for ¢ and the &/¢’ ratio.
11 Calculate the average effective overburden pressure o, of each soil layer.
12 Calculate pile perimeter at center of each soil layer C, .
13 Calculate the skin friction capacity of the pile in each soil layer ifrom
, ) sn (* %
qui KCf Fz M Cz) L
cos T
Add Q. of each soil layer to obtain Qg , Q,, = 3 Q, of each layer.
14 Compute ultimate total capacity, Q, = Q,, + Q. -
(@ Alphamethod. The soil-shaft skin friction of alength of (b) Lambda method. This semiempirical method is
apile element at depth z may be estimated by based on numerous load test data of driven pipe piles
embedded in clay assuming that end-bearing resistance was
f ' ".*xC, (3-16) evaluated from equation 3-6. Skin friction is (Vijayvergiya
and Focht 1972)
where
! ) 3-17)
. f ' 8x(F, %2C (
", = adhesion factor s (Fo um)
C, = undrained shear strength, ksf where
Local experience with existing soils and load test results 8 = correlation factor, Figure 3-11
should be used to estimate appropriate " , . Estimates of ",
may be made from Table 3-5 in the absence of load test data Fr,, = mean effective vertica stress between the
and for preliminary design. ground surface and pile tip, ksf

3-15
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CONE PENETRATION TIP RESISTANCE q_, KSF
0 S0 100 150 200
o_llllllllllllilllllll -—‘
-10F
& - — L-8B = 18
- -20
= _
o C
Ll L
= [
-30F — UL = 30
5 — L+0.7B = 31.4
- — L+4B = 36
—40C
- Gey + ez
Qbu 2
g,y = Average q. over a distance L + 0.7B to L + 4B below the pile
tip; use the minimum path, which is a vertical line spanning
the minimum measured q. between L + 0.7B and L + 4B, ksf
q.z = Average q, over a distance of L to L - 8B above the pile tip;
use the minimum path as above
B = Pile diameter, ft

Figure 3-10. Estimating pile tip capacity from CPT data (FHWA-TS-78-209)

Cum = mean undrained shear strength along pile length, ksf where L is the pile length, feet, 8 may also be estimated as
follows (Kraft, Focht, and Amarasinghe 1981)
8 may also be given approximately by

8' L®% L$10ft (3-189)

8' 05&00l1L L <10 ft (3-18b)

3-16



Normally consolidated:

8' 0.296 &0.032In L (3-18¢)
Overconsolidated:
8' 0.488 &0.078In L (3-18d)

Theratio of the mean undrained shear strength to the effective
overburden pressure should be greater than 0.4 for
overconsolidated soil.

(c) CPT field estimate. The cone penetration test
provides adeevefriction fy which can be used to estimate the
ultimate skin resistance Q,, (Nottingham and Schmertmann
1975)

or —
-25:‘ ° '/qu * 3
[ IGQ ° -
_50:._ * offe E
E o ¢ ]
Nl oo ]
— - * ]
I-1oo:— sofo E
6 f ode L—0.423
Z 25fF
5 r
— C p L=10 FT
wl-150 .«
- [ ol]
o '
~175F 9
i
f
—200 [ 1
!
r ]
e o1 02 03 o4 o5
LAMBDA CORRELATION FACTOR A

Figure 3-11. Lambda correlation factor for clay
(Copyright permission, Offshore
Technology Conference, Society of
Petroleum Engineers)

(3-19)

where

ky = deevefriction factor, Figure 3-12
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fg, = conedeevefriction at depth z, ksf

C, = pilecircumference a depth z, feet
B = pilediameter or width, feet

zZ = depthto point considered, feet

L = length of embedded pile, feet

Equation 3-19 corrects for the cone (mechanical or electrical),
pile material (steel, concrete, or wood), type of soil through
deeve friction fy , and corrects for the depth of the pile
embedment. fy for high OCR claysis 0.8 timesf, measured
by the mechanica cone. The cone penetration test procedure
isgivenin ASTM D 3441.

(2) Cohesionless soil. The soil-shaft friction may be
estimated using effective stresses

fu ' §%F (3-209
$ " Kxtan*, (3-20b)
where

foi = soil shaft skinfriction

$; = lateral earth pressure and friction angle factor
K = latera earth pressure coefficient

*. = soil-shaft effective friction angle, # N, degrees
Fr, = effective vertical stressin soil adjacent to pile

element i, ksf

Cohesion c is zero. The Fr; is limited to the effective
overburden pressure calculated at the critical depth D, of
Figure 3-3.

() Vduesof $; asafunction of the effective friction
angleNr of the oil prior to installation of the deep foundation
are shown in Figure 3-13. Vauesin Figure 3-13 are lower
bound estimates.

(b) The Nordlund method in Table 3-4b provides an
alternative method of estimating skin resistance.

3-17
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Table 3-5
Adhesion Factors for Cohesive Soil

Length/Width Ratio &

Undrained Shear Strength C,, ksf

Adhesion Factor a,

B
<20 <3 1.2-0.3C,
>3 0.25
>20 00-15 1.0
72-40 1.25-0.24C,
>4 0.3
2.0
DRIVEN
4L O
. 2 PILES
Lo u
Q E E Q;:I.S -
3r o
% €N o
W C & 8
rd r e Q
o o g
= 2F L 1.0 [
xI
O E = =z
i %5
E L =
w L E 7,8 DRILLED
o F 2E .. SHAFTS
- i
: ] 3
%.D —_ D.lfr e ‘lfﬂ ’ 3 1.5
SLEEVE FRICTION FACTOR kg .
0'030 35 40
FRICTION ANGLE ¢', DEGREES

Figure 3-12. Sleeve friction factor for clays
(Copyright permission, Florida
Department of Transportation)

(3) CPT fidd etimate. The ultimate skin resistance may be
edimated from the cone deeve friction Smiler to that for days from
equation 3-19 where the deeve friction factor k; is edimated for
sandsfrom Hgure 3-14 (Nottingham and Schmertmann 1975). The
factor k, for wood pilesis 1.25 timesthe k, for sed piles

c. Computer programs. File capedity can be cdculaed
using computer programs CAXPILE (WES IR-K-84-4), AXILTR
(Appendix C), and GRLWEAP (Goble e d. 1988). CAXPILE
AND AXILTR sdlvefor axid load-displacement behavior of Sngle
piles by load trandfer curves  Severd base and shaft load trandfer
curves goplicable to different types of soils are avallable in these
programns Other curves may beinput if dataare available Refer to
Chepter 6 for further detalls on wave eqution program GRLWEAP.

3-18

Figu

re 3-13. Lateral earth pressure and friction
angle factor B, (Copyright
permission, American Society of
(Civil Engineers)

d. Load-displacement relationships  The settlement of apile
groupisaf moreinteres than that of asingle pile because mogt piles
areplaoed as groups, Chapter 5. If required, the settlement of Sngle
piles can be edimated usng methods in paragraph 3-3 for drilled
shefts

e. Application. Each pile for a certain project is required to
uppart Q,= 100 kips. Sted dircular, 1.5-foot-diameter, dosed-end
pipe piles are tentatively sdlected, and they are to be driven 30 feet
through atwo-layer soil of day over fine uniform sand, Figure 3-15.
Thewater levd (phreatic surface) is 15 feet bow ground surface a
theday-sand interface. The pile will befilled with concrete with
density (... = 150 pounds per cubic foot. The strength and
density of the soils are given in Figure 3-15. The friction



angle N of 36 degreesfor the lower sand layer given in Figure
3-15isan average value. Nincreases from 34 degrees at the
top to 38 degrees at the base of the pile to be consistent with
the cone penetration data given in Fig. 3-10.

(1) Soil parameters
(8 Mean effective vertical stress. The mean effective

verticd stressFr in the sand layer below the surface clay layer
may be estimated by

L Ly % 96 x (3-213)
where
Lyy = thicknessof asurfaceclay layer, feet
(¢ = wet unit weight of surface clay layer above the
phreatic surface, kips/cubic foot
Lyg = thickness of an underlying sand clay layer, feet

(rq = submerged unit weight of underlying sand layer
bel ow the phrestic surface, kips/cubic feet

Themean effective vertica sressin the sand layer adjacent to
the embedded pile from equation 3-21ais

L

L
(-2 (0" 15X 0129622 x 0.04° 18903

R 2.1k
The effective vertical soil stressat the piletipis
) )
I:LI Lclay x 8c (VOLsand x 85

' 1.5x0.129%15 % 0.04
' 1.8%0.6' 2.4 kd

(3-21b)

Figure 3-3 indicates that the D, /B ratio is 10 for an average
Nr = 36 degrees. Therefore, D, =10 @1.5 = 15feet. The
effective sressislimited to Fry= 1.8 ksf below 15 feet and the
effective stress at the pile tip is Fr, = 1.8 ksf for the M eyerhof
and Nordlund methods. Theremaining methodsuseFr, = 2.4
ksf.
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Figure 3-14. Sleeve friction factors for sands
(Copyright permission, Florida
Department of Transportation)

(b) Cone penetration resistance. Penetration tests using
anectrica cone indicate that an average cone tip resistance
g.inthecday is40 ksf and in the sand it is 160 ksf. The shear
modulusG=E,/[2(1+<,)]=250/[2(1+0.3)] = 96 ksf
or about 100 ksf using an assumed elastic soil modulus E, =
250 ksf and Poisson’sratio L= 0.3. These E;and L values
are typica of soft to medium tiff clay or loose to medium
dense sands. E;is consistent with that calculated for sands
from equation 1-3a. Sleeve friction fy in the clay is 1.0 ksf
and inthesand it is 1.5 ksf.

3-19
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(c) Coefficient of earth pressure. Coefficient of earth
pressure at rest from the Jaky equation isK,=1-sn N =
1-sin 36 degrees = 0.42.

(2) Vertical load capacity. Solution of the vertical load
cgpacity of asnglepileusing Table 3-3 isgiven in Table 3-6.

3. Drilled Shafts

The general procedure for design of asingle drilled shaft is
given in Table 3-7. The vertical capacity Q, is given by
equation 3-1 where the end bearing Q,,, and skin friction Q,
capacities are calculated by methods given below. Load tests
to confirm the design should be performed where
economicaly feasible. Refer to Chapter 6 for further
information on load tests.

a. End-bearing resistance. Ultimate end bearing
resigtance for aingle drilled shafts with enlarged bases should
be evaluated using equation 3-2. Equation 3-2 may be
smplified for shafts without enlarged tips by eliminating N¢

O ' ON.o %R (N, &1) . (3-54, bis)

or

) = .
Oy, ' CNg.c %R N . (3-5b, bis)

Equations 3-5 also adjust for pileweight W, assuming (,. (r,.

(1) Cohesive soil. The undrained shear strength of
saturated cohesive soil for deep foundations in saturated clay
subjected to arapidly applied load isc = C, and the friction
angleN=0. Equations3-5 simplifiesto (FHWA-HI-88-042)

Gy, ' F,N.C, 0, #80 ksf (3-22)

wherethe shapefactor . ;.=1andN,=6[1+0.2(L/B,) ] #
9. Thelimiting g, of 80 ksf is the largest value that has so
far been measured for clays. The undrained shear strength C,
may bereduced by about one-third in cases where the clay at
the base has been softened and could cause local bearing
failure due to high strain. F, should be 1.0, except when B,
exceeds about 6 feet. For B, > 6 feet

F 25 F w10

" aB, %250 (329

where
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o))
1

0.0852 + 0.0252 (L/B,), a # 0.18

o
1

0.45C°%, 0.5 # b # 1.5, where C, isin units of
ksf

Equation 3-22 limits q,, to bearing pressures for a base
settlement of 2.5 inches. C, should be the average shear
strength within 2B, beneath the tip of the shaft.

(2) Cohesionless soil. Vesic method and the genera
shear methods discussed for driven piles in paragraph 2a,
Chapter 3, and the Vesic Alternate M ethod are recommended
for solution of ultimate end bearing capacity using equation 3-
5 (Vesic 1977).

() Vesic Alternate Method. This method assumes a
local shear failure and provides a lower bound estimate of
bearing capacity

Nq ' eBtanN) [tan2(45 %%)} (3-24)

The shape factor may be estimated by equation 3-9. A loca
shear failure occurs at the base of deep foundations only in
poor soils such as loose silty sands or weak clays or in soils
subject to disturbance due to the construction of drilled shafts.
The Vesic Alternate Method may be more appropriate for
deep foundations constructed under difficult conditions, for
drilled shafts placed in soil subject to disturbance, and when
abentonite-water durry is used to keep the hole open during
drilled shaft construction.

(b) SPT field etimate. The end bearing resistance g,
in units of ksf may be estimated from standard penetration
data (Reese and Wright 1977) by

Uy, %NSPT Ngy # 60 (3-258)

Gy, ' 80 ksf  Ng; > 60 (3-25h)

where Ng; is the uncorrected standard penetration resistance
in blows per foot.
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CLAY Yo= 6.2 xip/FT 3
Cu= 2 KSF
Lclay= 15 FT
\V4
SAND ‘ys= 0.0 KipsFT 3
7'S=u.04 Kip/FT3
.= a
Lae.nc? 1S FT #
C =
Y

Figure 3-15. Driven steel pipe pile

b. Sinfriction resistance. The maximum skin resistance
that may be mobilized between the soil and shaft perimeter is
Qi = A Ty , equation 3-3, where A, isthe perimeter area of
elementi. Severd methodsof etimating skin friction f; , based
on past experience and the results of |oad tests, are described
below.

(1) Cohesivesoil. Skin friction between the soil and shaft
is estimated by using the average undrained shear strength and
an empirical adhesion factor " , .

(@) Alpha method. The soil-shaft skin friction f,, of a
length of shaft (or pile) element may be estimated by

foi ' "aCy (3-16 his)
where
", = adhesion factor

C, = undrained shear strength, ksf

Loca experience with existing soils and load test results should
be used to estimate appropriate” ,. Edimatesof " , may be made

from Table 3-8 in the absence of load test data and for
preliminary design.

(b) Adhesion factor. The adhesion factor may also berelated
tothepladticity index Pl for drilled shafts constructed dry. For
cohesive soil, the following expression (Stewart and Kulhawy
1981) may be used

Overconsolidated:

" ' 0.7 &0.01xP (3-269)
Slightly over-consolidated (OCR # 2):
"' 09 &0.01xPl (3-26b)
Normally consolidated:
"' 09 &0.004 %Pl (3-26¢)

where 15 < Pl < 80. Dirilled shafts constructed using the
bentonite-water durry should use” , of about 1/ 2 to 2/3 of those
given by equation 3-26.
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Table 3-6
Calculations of Vertical Loads in a Single Pile

Step Procedure Description
1 Select suitable dimensions Select a trial 1.5-ft-diameter by 30-ft-long steel closed-end pipe

pile. Pile circumference C, =4.71 ft and area of base A, = 1.77 ft?
2 Evaluate end bearing capacity Q,, Quu =Gy, A, from equation 3-1b; q, is found using several

methods in the sand:
(a) Nordlund method : Use Table 3-4a

o, =0.72 for ¢’ = 38 deg, Figure 3-6a

N, =105 ¢’ = 38 deg, Figure 3-6b

o, = 1.8 ksf

Oy = % Ny 0’ =0.72 x 105 x 1.8 = 136.1 ksf
gRr = 150 ksf from Figure 3-4

Therefore, q,, = 136.1 ksf # qr

(b) Vesic method : Reduced rigidity index from equation 3-8c

. I, . 53.3 ,

I, 40.4
1%,,x1 1 %0.006x533

)
. 1&s R 182x03, 24
Vo2(1&g) G, 2(1&03) 100

' 0.006
G
| s 10 533
FL) x tan N 2.4 xtan38
From equation 3-8b
(908N g SN
. _3; e T [ 45 %EN} | 3OS
n
(90838) pinag Adn%
| 3&3 38 tan2[45%%]lrr3(1/‘s”
sn
' 1.258 x 2.032 x 4.023 x 6.549
' 704

Shape factor equation 3-9a

1 %2K. 1 %2x042 ,

‘q 3 0.61

where K, was found from equation 3-9c

(Sheet 1 of 5)
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Table 3-6 (Continued)

Step

Procedure

Description

From equation 3-5b,

O, FL)XNqX-q' 24x704x0.61" 103 ksf

(c) General Shear (Bowles method (Bowles 1968)):  From
equation 3-10

270 &N
e

20032{45 %g}

Btan N

Nq'

270 & 38
, e

20032{45 %%}

Btan 38

e384 2365

' 615
2x0192 0.384

The shape factor ¢, = 1.00 when using equation 3-10; from
equation 3-5b,

)
O ' FLXNgX.,' 24x615x100
' 147.7 ket

(d) CPT Meyerhof method: From equation 3-12,

gRr = 150 ksf from Figure 3-4; therefore, ¢, = 150 ksf

(e) CPT FHWA & Schmertmann : Data in Figure 3-10 are
used to give q,, = 163 ksf as illustrated in paragraph 2a,
Chapter 3

(f) Comparison:

(Sheet 2 of 5)
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Table 3-6 (Continued)

Step  Procedure Description
Method s KSF
Friction Angle f =38 deg
Nordlund 136
Vesic 103
General Shear 148
Cone Penetration Test
CPT Meyerhof 150
CPT FHWA & Schmertmann 163
0, Varies from 103 to 148 ksffor ¢’ =38 deg and 150 to 163 ksf for the cone data. Select
lower bound q,,; = 103 ksf and upper bound g, =163 ksf. Scale effects of equation 3-14
are not significant because B < 1.64 ft
Qput = Gpus * A, = (103) (1.77) = 182 kips
Quuu = Opuw X A, = (1683) (1.77) = 289 kips
3 Evaluate skin resistance Q. ToTop Layer: Cohesive soil; average skin friction using the alpha method, equation

3-24

3-16is
f,' ",xC,' 06x20"' 1.2 ks
where a, =1.2-0.3C, = 0.6 for L /B = 20 from Table 3-5
Q,, from equation 3-3 is
Qg ' fy,xC,xL
' 84.8 kips

gy (1.2) x(4.71) x (15)

Average skin friction using the lambda method and equation 3-17 is

f ' 8(F, %2C, )" 0.32(0.9 %2.2)
' 1 R7 ko

where A = L, *“* = 15742 = 0.32 from equation 3-18a; o}, is found from

clay

L
' 2L (g | %012 09 ke

Q.. from equation 3-3 is
Qy ' fyXC, XLy, ' 157x471x15

' 110.9 kips
(Sheet 3 of 5)
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Table 3-6 (Continued)

Step

Procedure

Description

Q,, using the CPT field estimate method is found from equation 3-19 where  k =
0.75 for f, = 1.0 ksf, Figure 3-12

Qg ' 0.75[12x1.0x1.0x4.71 %3 x1.0x4.71]

' 0.75 [56.5 %14.1] * 53.0 kips

Lcl
Q' k,[88x3Bxtc oo f,C)]
8B s

Lower bound Q,,, = 53 kips and upper bound Q,, =111 kips

Bottom Layer: Cohesionless soil; average skin friction from equation 3-20a using
o. # limiting stress 1.8 ksf is

f,' §xF ' 096x18 "' 17 ks

where B, is from Figure 3-13 for average ¢’ =36 deg

Q,, from equation 3-3 is

Qg ' fyxC,x Lclay " 17x471x15
' 120 kips
An alternative estimate from the Nordlund method, Table 3-4b, is

V=mx(1.52/2) x 1 =177 ft® /ft

K = 2.1 from Figure 3-7 for w =0 deg

O/ = 0.78 for V = 1.77 and pile type 1 from Figure 3-8
5 =0.78 @36 = 28 deg

C;=0.91 for d/¢ = 0.78, ¢ = 36 deg from Figure 3-9
C,=mxB,=mx15=471ft

Q' KCRsn*xCL_,
' 21x091%x1.8xs5n28x%x4.71%x15
' 114 kips

Q,, using the CPT field estimate method is found from equation 3-19 where
k, varies from 1.3 to 0.7, Figure 3-14b, for z/B = L, /B =15/1.5=1010 z/B = (L,
+ L) /B =30/1.5=20
Lclay %Lsﬂnd
qu l ksl [ J fsl Cz]

clay

(Sheet 4 of 5)
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Table 3-6 (Concluded )

Step Procedure

Description

4 Compute ultimate capacity Q,

5 Check Q. # Q,

Q' (13 %0.7)/2[15%x 15% 4.71]

' 106 kips
Lower bound Q,,, in sand is 106 kips and upper bound Qg,, = 120 kips

Total Qq, in both clay and sand is:
Lower bound: Q,, =53 + 106 = 159 kips
Upper bound: Q,, =111 + 120 = 231 kips

The total bearing capacity from equation 3-1a is

Qu l Qbu %qu
Lower bound:
Qu,1 l Qbu,l %qu,l

' 182 %159 ' 341 kips
Upper bound:

Qu,u ‘ Qbu,u %qu,u
' 289 %231 ' 520 kips

Q, ranges from a low of 341 to a high of 520 kips for a difference of 179 kips or 42
percent of the mean (341 + 520) /2 = 430 kips. This difference is reasonable
because of assumptions used by various methods

Q, =100 kips; for FS =3 and using Q, lower bound

Q" Qv 380 114 kips
FS 3
Therefore, Q, is less than the lower bound estimate. A load test should be
performed to failure to assure that the pile has adequate capacity. The FS may also
be reduced to 2.0 and permit the design load Q, to be increased leading to fewer
piles and a more economical foundation when load tests are performed as a part of

the design

(Sheet 5 of 5)

(2) Cohesionless soil. Skin friction is estimated using $ ' Ktan*, (3-20b, bis)
effective stresses, the soil friction angle, and empirical

correlations.

(@ Thesoil-shaft skinfriction of alength of pile element $;

is estimated by
, )
fsui $ I:|

3-26

where

lateral earth pressure and friction angle factor

K

lateral earth pressure coefficient

(3-204, bis)
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Table 3-7

Design of a Drilled Shaft

Step Procedure Description

1 Select shaft length Length depends on location of a bearing stratum of sufficient strength and load
bearing requirements for the foundation.

2 Evaluate ultimate base resistance q, Use equation 3-22 to compute end bearing in clay ( total stress analysis ¢ =0);
N, =9 or 7 with hammer grab or bucket auger. Use equations 3-8, 3-9, and 3-
10 with equations 3-5 for sands setting cohesion ¢ to zero.

3 Evaluate maximum mobilized skin friction f fy is estimated from equation 3-16 and adhesion factors from equations 3-26
and Table 3-8 for clays. Q,, is estimated from equation 3-19 and Figures 3-12
or 3-14, then dividing by C, AL where C, is pile circumference and AL is length
in sand or clay.

4 Evaluate Q,, and Q, for several shaft and Select several shaft and base diameters; Q,, = g, A, , equation 3-1b; Q. is

base diameters found from equation 3-3 and adding increments of Q,, over shaft length L less
top and bottom 5 ft or from Table 3-8.

5 Check that design load Q, # Q, Q. is evaluated from equation 3-4 using FS in Table 3-2.

6 Evaluate shaft resistance to other loads If pullout, uplift thrust, or downdrag is significant, use program AXILTR,
Appendix C.

7 Evaluate maximum settlement from design Estimate settlement for design load Q, using equations 3-36 to 3-38, load

load Q, transfer functions, or program CAXPILE or AXILTR.
8 Check computed # specified settlement or Adjust design load or shaft dimensions.

heave

Fr;

soil-shaft effective friction angle, # N, degree

effective vertical stressin soil at shaft element i, ksf

c. Drilled shafts socketed in rock. This calculation of pile
capacity of drilled shafts socketed in rock assumes that the
load is carried either entirely by skin resistance or by end-
bearing resistance depending on the value of the estimated

The cohesion c istaken as zero.

(b) Figure3-13indicatesvaluesof $; asafunction of the
effectivefriction angle N of the sail prior to installation of the
deep foundation. Fr; islimited to the effective overburden
pressure calculated at the critical depth D, in Figure 3-3.

(c) SPT fidd estimate. The skin friction f, in units of ksf
may be estimated for drilled shaftsin sand (Reese and Wright
1977) by

for —=L for Ng,; # 53 (3-279)
N

-l for 53 <N, # 100 (3-27b)

s 225 T

settlement of the shaft in the socket (FHWA-HI-88-042). If
the settlement is greater than 0.4 inch, loads are assumed to
be carried by base resistance. Loads are carried by skin
frictionif settlement islessthan 0.4 inch. Thisassumption is
conservative because no allowance is provided for loads
carried by a combination of both skin and end-bearing
resistances.

(1) Caculation of socket settlement. Settlement of the
portion of the drilled shaft socketed in the rock is

oo " R oo 701, oo (3-289)

3-27
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Table 3-8
Adhesion Factors for Drilled Shafts in Cohesive Soil

Shaft Adhesion
Depth, ft Factor o,
T Ts = O at
0-5 0.0 5 ‘top
A4
diameter of
shaft from —~—
bottom of —" )
straight or 0.0 x
from top of je = 0 ot
underream T e- o0 ac <— B~ °= t°:' ot
ES o om under-room
All Other < Bs—> n sees / \ I = =0
Points 0.55 STRA IGHT UNDERREAMED
SHAFT SHAFT
Note: skin friction f_;
should be limited
to 5.5 ksf
D_ . ° % (3-28b) E, = Young smodulusof concretein socket, ks
e,s;)ck E P
As;)ck P
By« = Socket diameter, inches
- Quu o _ . )
B o K s (3-28¢c) o = settlement influence factor, Figure 3-16
E..<= Young'smodulus of the mass rock, ks
where
Elagtic shortening of the shaft not in the socket should also be
D,y = Settlement in socket, inches calculated to determine the total elastic settlement
D, o« = €lastic shortening of drilled shaft in socket, mm 0
(inches) 0 o, % (L &Doy) (3-280)
© 2 AE

P
D, o« = Settlement of base of drilled shaft in socket, mm

(inches) where
Q. = load at top of socket, kips Q = load at shaft top, kips
Dy« = depthof embedment in socket, inches L = embedded shaft length, inches
A, = crosssection areaof socket, inches? A = crosssection areaof shaft, inches?

3-28
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Further information for the derivation of Figures 3-16, 3-17,
and 3-18 is available from FHWA-HI-88-042, “Drilled
Shafts: Construction Procedures and Design Methods.”
Young's modulus of the mass rock is estimated from the
Y oung’ s modulus of the intact (core) rock by

e

-----------------------

-
o

o
io

E_'KE (3-29)

mass e —core

b
o

o
9
L

where

o
o
T

K, = modulusreductionratio, E, . /E..... Figure 3-17

Ermase]

E... = Young's modulus of the intact rock, ksi

©
»
T

[
iy
T

E.isgiven asafunction of the uniaxial compressive strength |
F.in Figure 3-18. 50
100

o
)
T

14
b
T

5000 1

SETTLEMENT INFLUENCE FACTOR lgock
[o]

(2) Skinresigtance. The capacity of the drilled shaft in
therock socket is determined by skin resistanceif D, < 0.4
inch. Ultimate skin resistance Q,, is (Barker et al. 1991)

‘;-l I .él I .112l ‘ I1l6. I IZIOI . .21-
EMBEDMENT RATIO D gock/Bsock

o
o

o

Qg ' 0.15FEC,D_, F #0.28 ks (3-30a)

. : _ Figure 3-16. Settlement influence factor, I
Q. ' 25[FCDyy  F >028ks (3-30b) «

where

o
4
4

-
©
T

ultimate skin resistance of drilled shaft in socket,
kips

Qs

o
)
T

o
(-]
T

F. = uniaxia compressive strength of the rock (or
concrete, whichever isless), ks

e
~
T

e
@
T

C, = circumference of socket, inches

D= depth of embedment of socket, inches

o
FS
T

(3) Baseresgtance. The capacity of the drilled shaft in
the rock socket is determined by base resistance if D, >
0.4 inch.

Q
w
T

o
N
T

©
N
T

(a) Base resistance is computed the same as that for
driven piles on rock by equation 3-15 in paragraph 2a,

MODULUS REDUCTION RATIO E mgss/Ecore
[=]
[+.]

" g N N
50 60 70 80 90 100

4
[>]

40
Chapter 3. ROCK QUALITY DESIGNATION (RQD)
(b) The base resistance gy, in units of KN/M2 (ksf) of
drilled shafts socketed in rock may aso be estimated from ] ) )
pressuremeter deta (Canadian Geotechnical Society 1985) by Figure 3-17. Modulus reductionratio E, . /E..

Oy, K, (P, &P.) %F, (3-31) where
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K, = pressuremeter coefficient, dimensionless, Table 3-
9
P, = pressuremeter limit pressure, ksf
Pa = pressuremeter at rest, horizontal pressure
measured at the base elevation, ksf
F, = vertica pressure, kfs
Table 3-9

Dimensionless Pressuremeter Coefficient (from Canadian
Geotechnical Society 1985, BiTech Publishers Ltd.)

Dsock /Bsock Ko

0 0.8
1 2.8
2 36
3 42
5 49
7 5.2

(4) Limitationsfor analysis of the socket capacity.

(@) The strength of the rock will not deteriorate during
construction from values measured during the site
investigation.

(b) Thedrilling fluid will not form alubricated film on
the sides of the excavation.

(c) The bottom of the rock socket is properly cleaned
out. Thislimitation isimportant if pile capacity is based on
the end-bearing resistance. Depth of the rock socket is
typically one to three times the diameter of the socket.

(d) Shaftload tests are required if the RQD islessthan
50 percent.

d. Vertical capacity to resist other loads. Deep
foundations may be subject to other vertical loads such as
uplift and downdrag forces. Uplift forces are caused by
pullout loads from structures or heave of expansive soils
surrounding the shaft tending to drag the shaft up. Downdrag
forces are caused by settlement of soil surrounding the shaft
that exceeds the downward displacement of the shaft and

3-30

increases the downward load on the shaft. A common cause
of settlement is alowering of the water table. These forces
influence the skin friction that is devel oped between the sail
and the shaft perimeter and influence bearing capacity.

(1) Method. Analysis of bearing capacity with respect
to these vertical forces requires an estimate of the relative
movement between the soil and the shaft perimeter and the
location of neutral point n, the position along the shaft length
where thereis no relative movement between the soil and the
shaft. In addition, tenson or compression stresses in the shaft
or pile caused by uplift or downdrag shall be considered to
properly design the shaft. These shaft movements are time-
dependent and complicated by soil movement. Background
theory for analysis of pullout, uplift, and downdrag forces of
single circular drilled shafts and a method for computer
analysis of these forces are provided.

(2) Pullout. Deep foundations are frequently used as
anchorsto resist pullout forces. Pullout forces are caused by
overturning moments such as from wind loads on tall
structures, utility poles, or communication towers.

(a) Force digtribution. Deep foundations may resist
pullout forces by shaft skin resistance and resistance
mobilized at the tip contributed by enlarged bases illustrated
in Figure 3-19. The shaft resistance is defined in terms of
negative skin friction f, to indicate that the shaft ismoving up
relative to the soil. Thisisin contrast to compressive loads
that are resisted by positive skin friction where the shaft
moves down relative to the soil, Figure 3-2. The shaft
develops a tensile stress from pullout forces. Bearing
capacity resisting pullout may be estimated by

Pu l Qbu %Pnu (3-326\)

’ 3-32b

Pu l qbuAbp %ijl Pnui ( i )

’ 3-32
P i, P.,C)L (3-32c)
where

P, = ultimate pullout resistance, kips

Q,, = ultimate end-bearing force available to resist

pullout force P, kips
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Figure 3-18. Elastic modulus of intact rock
P, = ultimate skin resistance available to resist pullout C, = circumference of shaft, feet
force P, kips
)L = length of pileelement i, feet
O, = ultimate end-bearing resistance availableto resist
pullout force P, kips (b) P,inFigure 3-19 isthe skin resistance force that is
resisting pullout force P.
A,, = aeaof baseresisting pullout force P, ft’
(3 Uplift. Degp foundations congructed in expandve oil are
P.. = pullout skin resistance for pile element i, kips Ubject to uplift forces caused by swelling of expangve soil adjacant
tothe shaft. These uplift forces cause afriction on the upper length
f, = negative skin friction resisting pullout force P at of the shaft perimeter tending to move the shaft up. The portion of
element i, ksf the shaft perimeter subject to uplift thrust is in the il subject to

heave. Thissal isoften within the top 7 to 20 fet of the sail prcfile
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referred to as the depth of the active zone for heave Z, . The shaft
located within Z, is sometimes condructed in such a manner that
isolates the shaft perimeter from the expandve il to reduce uplift
thrust.

(@ Siffened and ribbed mats as well as drilled shafts are
frequently used to support sructures in expansive soil arees Uplift
forcesmay be contralled by minimizing the sheft diameter condgtent
with thet required for downloads and to counter the uplift thrugt, by
extending the sheft length into nonswelling ol to depths of twice the
depth of the adtive zonefor heave. Such force can be reduced by the
condruction of widdy spaced shdfts to reduce differentid
movement, and by making shdfts veticdly plumb (maximum
vaiaion of 1inchin 6 feet) and amooth to reduce adhesion between
the swdling soil and the shaft.

(b) Endbearing resdance. The q,,, of enlarged bases may be
edimated by equation 3-5b. For sands, cohesion cis st to zero and
N, iscaoulaed by the Nordund (1963), Vesic (1977), generd shear
, and Vesc Alternate Methods (1977). For days thefriction angle
is set to zero and N, varies from zero a the ground surface to a
maximum of 9 & a depth of 2.58, bdow the ground surface where
B, is the diameter of the base of the shaft (Vesc 1971). The
undrained shear drength C, is the average strength from the base to
adigance 2B, dbovethe base Baseareap), resigting pullout to be
used in equation 3-1b for underreamed drilled shefts, is

., B
Ap' 7% (BY &BY) (3-33)
where
B, = diameter of base, feet

B, diameter of shaft, feet

The soil above the underream is assumed to shear as a
cylinder of diameter B, .

(c) Skinresstance. The shaft diameter may be dightly
reduced from pullout forces by a Poisson effect that reduces
lateral earth pressure on the shaft perimeter. Thus, skin
resistance may be less than that devel oped for shafts subject
to compression loads because horizontal stress is dightly
reduced (Stewart and Kulhawy 1980).

(d) Forcedistribution. During uplift, the shaft moves
down relative to the soil above neutral point n, figure 3-20,
and moves up relative to the soil below point n. The negative
skin friction f, below point n and enlarged bases of drilled
shafts resist the uplift thrust of expansive soil. The positive
skin friction f, above point n contributes to uplift thrust from
heaving soil and puts the shaft in tension. End-bearing and
skin friction capacity resisting uplift thrust may be estimated

3-32

by equations 3-32.

(e) End bearing. End-bearing resistance may be
edtimated similar to that for pullout forces. Bearing capacity
factor for pullout in clays N, should be assumed to vary from
0 at the depth of the active zone of heaving soil to 9 at a depth
2.5Bpelow the depth of the active zone of heave. The depth
of heaving soil may be at the bottom of the expansive soil
layer or it may be estimated by guidelines provided in
TM 5-818-7.

(f) Skinfriction. Skin friction from the top of the shaft
to the neutral point n contributes to uplift thrust, while skin
friction from point n to the base contributes to skin friction
that resists the uplift thrust. The magnitude of skin friction f
above point n that contributes to uplift thrust will be as much
or greater than that estimated for compression loads. Skin
frictionf, that resists uplift thrust should be estimated similar
tothat for pullout loads because uplift thrust places the shaft
in tension tending to pull the shaft out of the ground and
slightly reduces lateral pressures below point n.

(4) Downdrag. Deep foundations constructed through
compressible soils and fills can be subject to an additional
downdrag force. This downdrag force is caused by the soil
surrounding the drilled shaft or pile settling downward more
than the deep foundation. The deep foundation is dragged
downward as the soil compresses. The downward load
applied to the shaft is significantly increased and can even
cause a structural failure of the shaft as well as excessive
settlement of the foundation.  Settlement of the loose soil after
installation of the deep foundation can be caused by the
weight of overlying fill, compaction of thefill, and lowering
of the groundwater level. The effects of downdrag can be
reduced by isolating the shaft from the soil using a bituminous
coating or by alowing the consolidating soil to settle before
congtruction. Downdrag loads can be considered in the
design by adding them to column loads.

(a) Forcedistribution. The shaft moves up relative to
the soil above point n, Figure 3-21, and moves down relative
to the soil below point n. The positive skin friction f, below
point n and end bearing capacity resists the downward loads
applied to the shaft by the settling soil and the structural 1oads.
Negetive skin friction f, above the neutral point contributes to
the downdrag load and increeses the compressive stressin the
shaft.

(b) End bearing. End-bearing capacity may be
edtimated similar to methods for compressive loads given by
equation 3-5.
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Figure 3-19. Pullout force in underreamed shaft

(c) Skin friction. Skin friction may be estimated by
equation 3-3 where the positive skin friction is given by
equations 3-16 and 3-20.

(5) Computer analysis. Program AXLITR (Axid Load-
Transfer), Appendix C, computes the vertical shaft and soil
displacements for axial down-directed structural, axial pullout,
uplift and downdrag forces as described above using load-
transfer functions to relate base pressures and skin friction with
displacements. Some load-transfer functions available in
program AXILTR are presented in Figure 3-22. AXILTR aso
calculates the load and displacement distribution with depth
permitting evaluation of the load distribution illustrated in
Figures 3-19 to 3-21. Refer to Appendix C for example
gpplications of AXILTR for pullout, uplift, and downdrag loads.

(@ Load-trandfer principle. Vertical loads are transferred
from the top of the shaft to the supporting soil adjacent to the
shaft using skin friction-load transfer functions and to soil
beneath the base using base load-transfer functions or
consolidation theory. The total bearing capacity of the shaft Q,
= Qg + Q,, isgiven by equation 3-1. The program should be
used to provide a minimum and maximum range for the load-
displacement behavior for given soil conditions.

(b) Baseresistance. The maximum base resistance q,, in
equation 3-1b is computed by AXILTR from equation 3-5b.
Correction factors . are considered equal to unity. Program
AXILTR does not set a limit for Fr. For effective stress
andysis, N, isevauated by equation 3-24 for local shear and by
equation 3-10 for generd shear. For effective stress analysis, N,
isgiven by equation 3-8a. For total stressanalysis, N, isequal
to 9 when general shear is specified and 7 when local shear is
specified. Intotal stress analysis, the angle of internal friction
Nis zero. Additional resistance provided by an underream to
pullout loads or uplift thrust is seven-ninths (7/9) of the end-
bearing resistance.

(c) Basedigplacement. Base displacement is computed using
the Reese and Wright (1977) or Vijayvergiya (1977) base load-
transfer functions (Figure 3-228) or consolidation theory.
Ultimate base displacement for the Reese and Wright model is

D, 2B, @ (3-34)
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Figure 3-20. Deep foundation resisting uplift thrust

where
D,, = ultimate base displacement, inches
B, = Dbasediameter, inches
.5 = Strain a 1/2 of maximum deviator stress from

consolidated undrained or unconsolidated undrained
triaxial test conducted at a confining pressure equal
to the soil overburden pressure, fraction

Typica vauesfor, ., are 0.007, 0.005, and 0.004 for tiff clays
with cohesion C, of 1to 2, 2to 4, and 4 to 8 ksf, respectively
(FHWA-RD-85-106). The ultimate base displacement D,, for
the Vijayvergiyamode is 4 percent of the base diameter, where
D, occurs at loads equal to the bearing resisting force of the soil
Q,,- Plunging failure occurs if an attempt is made to apply
greater loads. Base displacement from consolidation theory is
caculated relative to the initial effective stress on the soil
benesth the base of the shaft prior to placing the structural loads.
AXILTR may caculaelarge settlements for small applied loads
on the shaft if the preconsolidation stress (maximum past
pressure) is less than the initial effective stress (i.e, an
underconsolidated soil).  Effective stresses in the soil below
the shaft base

3-34

caused by shaft loads are calculated using the Boussinesq stress
theory.

(d) Skin resistance. The shaft skin friction load-transfer
functionsapplied by AXILTR as shown in Figure 3-22b are the
Seed and Reese (1957) model, and of Kraft, Ray, and Kagawa
(1981) modds. TheKraft, Ray, and Kagawa mode requires an
edimate of a curve fitting constant R that can be obtained from

G' G|1& % (3-35)
where
G = soil shear modulus at an applied shear stress J, ksf
G, = initia shear modulus, ksf
J = shear stress, ksf

Jax = Shear stress at failure, ksf
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Figure 3-21. Deep foundation resisting downdrag

R = curvefitting constant, usually near 1.0
Curve fitting constant Risthe dope of 1 - G /G, versusJ /J .,
and should be assumed unity it not known.

(e) Other load-transfer functions. Other functions may be
input into AXILTR for each soil layer up to 11. Each function
conggts of 11 data points that are the ratio of the mobilized skin
friction/maximum mobilized skin friction f/f, correlated with
displacement such asin Figure 3-22b. Thevaluef,, istaken as
the soil shear strength if not known. The 11 displacement points
in meters (inches) are input only once and become applicable to
all of the load-transfer functions; therefore, f/f,, of each load-
transfer function must be correlated with displacement.

() Influence of soil movement. Soil movement, whether
heave or settlement, dters shaft performance. The magnitude of
s0il heave or settlement is calculated in AXILTR using swell or
recompression indexes, compression indexes, swell pressure of
each soil layer, maximum past pressure, water table depth, and
depth of the soil that is subject to soil movement. The swell
index is the dope of the rebound log pressure/void ratio curve

of consolidation test resultsasdescribed in ASTM D 4546. The
recompression index is the slope of the log pressure/void ratio
curve for pressures less than the maximum past pressure.
AXILTR assumesthat the swell and recompression indexes are
the same. The compression index is the sope of the linear
portion of the log pressure-void ratio for pressures exceeding
the maximum past pressure. The maximum past pressure is the
greatest effective pressure applied to a soil. Swell pressureis
defined asthe pressure when it prevents soil swell described in
Method C of ASTM D 4546.

e. Load-dispalcement relationship. Settlement for given
loads should be estimated to check that the expected settlement
will be within acceptable limits.  Load-displacement
relationships are estimated by theory of elasticity and empirical
load-trandfer relationships. Settlement analysis using computer
programs based on nonlinear |oad-transfer functions applicable
to actual soil conditions are also reasonably reliable and cost
effective. Theskin friction and base load transfer curves should
be used together to estimate
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Figure 3-22. Load-transfer curves used in AXILTR
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settlement for awide variety of load conditions and to provide a
complete analysis of load-displacement behavior. Settlement
due to consolidation and creep are site specific and will be
considered depending on the types of soils in which the
foundation is to be constructed.

(1) Elastic method. Linear elastic analysis is used to
determine short-term settlement, but may underestimate long-
term settlement. Loads at the pile or shaft base applied to
underlying soil should be checked for consolidation settlement
using methods in TM 5-818-1 of AXILTR if a highly
compressible soil layer exists beneath the tip. The Randolph
and Wroth method (1978) is recommended to quickly estimate
settlement for piles or straight shafts:

>
D’ )Q—“ (3-36a)
2BG, tanh (L)
A similar equation for underreamed shafts can be deduced as
follows:

o Q>u0(1 & <) (3-36b)

2[BO(1 & <)tanh(pL) %>B, p] G,

where
)
5LG, 0(1 &<
>' N [——— = (1&<)
BSGL
172
' 8(BL
H 2
>E,B;
L = embedded length of pile of shaft, feet
Q = appliedload, kips
D = settlement for load Q, feet
<, = Poisson’'sratio
0 = interaction factor of upper with lower soil layer,
0.85B, /B,
E, = shaft elastic modulus, ksf
G, = soil shear modulus at depth L, ksf
Gr, = average soil shear modulus, ksf
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B

base diameter, feet

B, shaft diameter, feet

Thismethod accountsfor local softening or aweak stratum near
the shaft.

(2) Semiempirica method. Total settlement for piles or
drilled shaftsD (Vesic 1977) is

D' Q %0, %R (3-37)
where
D = total settlement at the pile or shaft top, feet
D, = setlementfrom axia pile or shaft deformation, feet
D, = tip (base) settlement from load transferred through
the shaft to the tip, feet
D, = tipsettlement from load transmitted to the soil from

skin friction along the shaft length, feet

(8 Axia compression (Vesic 1977) is

D (Q %'\Qy) ALEp (3-380)
where
Q, = loadatthepiletip, kips
", = loaddigtribution factor along pile length, 0.5t0 0.7;
usually assume 0.5

Q. = loadtaken by skin friction, kips

L = pileor shaft length, feet

A = crosssection areaof pile, feet?

E, = pileor shaft modulus of elagticity, ksf

Axia compression should usudly be calculated by assuming that

Q. = Q,, , the ultimate skin resistance in equation 3-1 or 3-3,
because mogt skin friction will be mobilized before end bearing
issgnificant, unless the pile is bearing on ahard stratum. The
vaueof Q, isthen calculated by subtracting Q, from the design
load Q, . Otherwise, loads Q, and Q supporting the pile load
Q, should be estimated using |oad-transfer curves asfollows:
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(b) Settlement at the pile or shaft tip (Vesic 1977) is

o C,Q, (3-38b)
Bsqbu

Q" S (3-38¢)
quu

where
C, = empirical tip coefficient, Table 3-10
C., = empirica shaft coefficient, [ 0.93 + 0.16 (L/R) °°]
G
Table 3-10

Empirical Tip Coefficient C,

Soil Driven Piles Drilled Shafts
Sand (dense to loose) 0.02 to 0.04 0.09t00.18
Clay (stiff to soft) 0.02 to 0.03 0.03 to 0.06
Silt (dense to loose) 0.03 to 0.05 0.09t0 0.12

The bearing stratum extends a minimum 10B, benesth the pile
or shaft tip, and stiffness in this stratum is equal to or grester
than dtiffness at thetip elevation. C, will belessif rock is closer
to the pile tip than 10B, . Settlement is 0.88D, if rock exists at
5B, and 0.5D if rock js B below the pile or shaft tip.
Consolidation settlement should not be significant and should
not exceed 15 percent of the total settlement.

(3) Load-transfer functions. Skin friction t-z curves and
base resistance g-z curves may be used to transfer vertical loads
tothesoil. Curvesin Figure 3-23 for clays and Figure 3-24 for
sands were determined from drilled shafts

3-38

with internal instruments for separating skin friction and base
resistance. These curvesinclude elastic compression and may
be used to estimate settlements D, and D, which include B, for
shafts< 20 feet long. The value D, from equation 3-38a should
be added for long shafts.

(4) Computer programs. Programs available at WES for
edtimating settlement from axia loads using base and shaft load-
transfer functionsare CAXPILE and AXILTR. These programs
may be applied to either piles or shafts and consider multilayer
oils. Some load-transfer functions are included and others may
be input. Noncircular piles or shafts should be converted to
circular cross sections by assuming equivalent area for square
or rectangular cross sections. The cross-sectional area of H-
piles calculated as the flange width b; times section depth d,
shown in Table 1-3, should be converted to an equivalent
circular cross section.

(@ CAXPILE. Thisprogram considers downward vertical
loads on shaft with variable diameter (WES Instruction Report-
K-84-4).

(b) AXILTR. Thisprogram, Appendix C (available from
the Soil and Rock Mechanics Division, Geotechnical
Laboratory, U.S. Army Engineer Waterways Experiment
Station), considers straight shafts with uniform cross sections
are/or underreamed drilled shafts. AXILTR caculates
settlement or uplift of piles caused by pullout loads and by soil
heave or settlement.

f. Application. A drilled shaft is to be constructed in
expansive soil characterized as two layers as shown in the
tabulation on the following page. Soil Poisson’sratio <,= 0.4.
The shaft elagtic modulus E,, = 432,000 ksf. A cone penetration
test indicated g, > 24 ksf. The shaft must support adesign load
Q, =300 kips with displacement lessthan 1 inch. The FS= 3.
A schematic diagram of this shaft divided into 50 increments
NEL =50 and placed 10 feet into layer 2 isgiven in Figure C-1.
Solution for the design according to Table 3-8 isgivenin Table
3-11. The shaft should aso be checked for structural integrity
as described in Chapter 2.
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Layer 1 Layer 2
Parameter 0-40ft 40 - 50 ft
Specific gravity, G, 2.68 2.65
Initial void ratio, e, 0.80 0.37
Water content, percent 30.00 13.10
Swell pressure, o , ksf 4.80 6.00
Swell index, C, 0.10 0.10
Compression index, C, 0.20 0.20
Cohesion, C, , ksf 2.00 4.00
Friction angle, ¢, deg 0.00 0.00
Coefficient of earth pressure at rest, K, 0.70 2.00
Maximum past pressure, o, , ksf 7.00 10.00
Plasticity index, PI, percent 38.00 32.00
Liquid limit, LL, percent 70.00 60.00
Elastic soil modulus, E,, ksf 400.00 1,000.00
Shear soil modulus, G, ksf 143.00 357.00
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Figure 3-23. General load-transfer curves for clay
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Table 3-11
Application of Drilled Shaft Design

Step Procedure

Description

1 Select shaft length

2 Evaluate q,

3 Evaluate f

sui

The shaft is selected to penetrate 10 ft into layer 2, a firm stratum, with L =
50 ft; additional analyses can be performed with L < 50 ft to determine an
optimum length

From equation 3-22,

Gy, ' F,N.C, #80 ks

F ' 1 C,' 4k,
N, " 6[(1 %02(L/B,)] #9
' 6[1 %0.2(50/5)] * 18; o N_ ' 9

Oy, = 1%x9x4" 36 ks
From equation 3-16, f,;, = a, x C,

Layer 1, equation 3-26b:

0s40 ft " ' 0.9 &0.01PI
' 09 &0.01x38
' 0.52

f., ' 052x2"' 1.04 kd

sul

Layer 2, equation 3-26a:

50 &60 ft ", ' 0.7 &0.01PI

' 07 &0.1x32
' 0.38

f.,' 038x4"' 152 ksf

su2

From Table 3-8, o, = 0.55

Layer 1. f_, ' 0.55%x2

" 1.1 ksf #5.5 ks
Layer 2. f_, " 0.55x4

' 2.2 ksf #5.5 ks

3-42
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Table 3-11 (Continued)

Step Procedure Description
4 Evaluate Q,, and Q,, for the shaft and base From equation 3-1b,
diameters Qu, ' Gy XA, ' 36xBx252" 706.9 kips
From equation 3-3,
qui l Asifsui l BBS)Lfsui
Q. ' Bx2x35xf_ ' 2199f
Qgp ' Bx2x5xf_," 3L4f_,
From equations 3-26,
Q. ' 219.9x104 ' 228.7 kips
Q. ' 314x152 ' 477 kips
Qg ' 2287 %47.7 " 276.4 Kips
From Table 3-8, o, =0.55
Q. ' 2199x11 ' 2419 kips
Q. ' 314x22 ' 69.1 kips
Q,' 300<327.8"' Q,; okay
Qg ' 2419 %69.1" 311.0 kips
Select the least Q,, =276.4 kips
5 Check '
oK Qut Qe Qu Qbu %qu
' 706.9 %276.4 ' 983.3 kips,
Q, ' 983.3/3 " 327.8 kips
6 Evaluate shaft for other loads Figure C-2c, Appendix C, for this shaft in expansive soil indicates heave < 1
inch even when subject to 300-kip pullout force
7 Evaluate maximum settlement o for given Q, From equation 3-36b,

12Q>p0(1 &<)

2[B0(1 &<,) tanh (uL) %>B,u] G,
, 12 x 300 x 2.323 x 0.34 x 0.6 x 0.267

2[Bx 0.34x 0.6 x 0.87 %2.323 x 5 x 0.0267] x 143
' 0.18 inch

(Sheet 2 of 5)
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Table 3-11 (Continued)
Step Procedure Description

where

)
n 5LG, 0(1 &<)
BSGL

S

. 1l 5X50x143x034(1 &04)
2% 357

' 2.323

8G 172

>E BS2

L

8 x 357 S
2.323 x 432,000 x 22
' 0.0267

tanh pL * tanh 1.335 ' 0.87
0' 0.85x(B,/B,) ' 0.85x(2/5) ' 0.34

G, ' 357 ks

)

G, ' 143 ksf

From equation 3-37,
D' [2] %[% %[g

From equation 3-38a,

. " L
[2, (Qb % SQS) E

50

' (236 %05x2764) — >
B12 x 432,000

' 0.07 inch

where
Q.' Q' 276.4 kips
Q,' Q&Q,' 300 &276.4 " 236 kips

(Sheet 3 of 5)

3-44



ElI 02C097

01 Jul 97
Table 3-11 (Continued)
Step Procedure Description
From equation 3-38b,
. 12CQ,
B B
sqbu
. 12x0.06 x 23.6
2x36
' 0.24 inch
From equation 3-38c,
12C.Q,
quu
. 12x0.1%x276.4
50 x 36
' 0.18 inch
where

C,' [0.93 %0.16(L/B)°%] C,

' [0.93 %0.16(50/2)°%] x 0.06
' 0.1

Therefore,

D' 0.07 %0.24 %0.18 ' 0.49 inch

Settlement should be < 0.49 inch because resistance from the 5-ft underream is
disregarded

From Figure 3-23, base load-transfer functions (assume 90-percent skin friction
is mobilized:

Q, " Q4 &0.9Q,,
' 300 &248.8 ' 51.2 kips
Q,/Q,, ' 51.2/706.9 ' 0.07; therefore,
Z, ' 0.2 percent Figure 3&3a
D' 12xB,Z /100
' 12x5x0.2/100 ' 0.12 inch

Shaft: assume f; /f,, = 0.9 ; therefore,

Z.' 0.4 percent from Figure 38&23b

(Sheet 4 of 5)
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Table 3-11 (Concluded)
Step Procedure Description
D' 12xB_Z /100
' 12x2x0.4/100 * 0.10 inch
The shattis longer than 20 ft, p, = 0.07 inch must be added to determine total
settlement p
D' 0.07 %0.12 %0.10 ' 0.29 inch
Program AXILTR , Figure C-2a, Appendix C, indicates 0.2 inch for a 300-kip load
using o, = 0.9
Al of the above analyses indicate total setlement < 0.5 inch
8 Check computed # specified settlement Specified seftlement is 1.0 inch; this exceeds the calculated settlement; okay
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Chapter 4 *
Lateral Loads

1. Description of the Problem

a. Dedgn philosophy. Deep foundations must often
support subgtantia laterd loads as well as axia loads. While
axially loaded, deep foundation dements may be adequately
desgned by smple gatismethods, design methodology for lateral
loads is more complex. The solution must ensure tha
equilibrium and soil-gructure-interation  compatability are
satisfied. Nonlinear s0il response complicates the solution.
Batter piles are included in pile groups to improve the laterd
capadity when verticd piles alone are not sufficient to support the
loads.

b. Cause of lateral loads. Some causes of lateral loads are
wind forces on towers, buildings, bridges and large Sgns, the
centripetal force from vehicular traffic on curved highway
bridges, force of water flowing againg the substructure of
bridges, lateral seismic forces from earthquakes, and backfill
loads behind walls.

¢. Factorsinfluencing behavior. The behavior of laterdly
loaded deep foundations depends on gtiffness of the pile and sail,
mobilization of resistance in the surrounding soil, boundary
conditions (fixity & ends of deep foundation dements), and
duration and frequency of loading.

2. Nonlinear Pile and p-y Model for Soil .

a. General concept. The modd shown in Figure 4-1 is
emphasized in this document. The loading on the pileis generdl
for the two-dimensond case (no torson or out-of-plane
bending). The horizontd lines across the pile are intended to
show that it is made up of different sections; for example, sted
pipe could be used with the wall thickness varied aong the
length. The difference-equation method is employed for the
solution of the beam-column equation to alow the different
vauesof bending gtiffnessto be addressed. Also, itispossble,
but not frequently necessary, to vary the bending stiffness with
bending moment that is computed during interation

b. Axial load. Anaxia loadisindicated and is considered
in the solution with respect to its effect on bending and not in
regard to computing the required length to support agiven axia

Yportions of this chapter were abstracted from the writings
of Dr. L. C. Reese and his colleagues, with the permission
of Dr. Reese.
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load. Asshown later, the computational procedure alowsthe
detrmination of the axial load at which the pilewill buckle.

c. Soil representation. The soil around the pile is
replaced by a set of mechanisms indicating that the soil
resigtance p is a nonlinear function of pile deflectiony. The
mechanisms, and the corresponding curves that represent their
behavior, are widely spaced but are considered to be very close
intheandyss Asmay beseenin Figure4-1, thep-y curvesare
fully nonlinear with respect to distance x elong the pile and pile
deflectiony. The curve for x = X, isdrawn to indicate thet the
pile may deflect afinite distance with no soil resstance. The
curve a X = X, is drawn to show that the soil is deflection-
ftening. Thereis no reasonable limit to the variations that can
be employed in representing the regponse of the soil to the laterdl
deflection of apile.

d. Thep-y curve method. The p-y method is extremely
versatile and providesaprectical meansfor design. The method
was suggested over 30 years ago (M cCdland and Focht 1958).
Two developments during the 1950's made the method possible;
the digital computer for solving the problem of the nonlinesr,
fourth-order differential equation for the beam-column; and the
remote-reeding strain gauge for use in obtaining soil-reponse
(p-y) curvesfrom fidd experiments. The method has been used
by the petroleum industry in the design of pile-supported
platformsand extended to the design of onshore foundations as,
for example by publications of the Federd Highway
Adminigration (USA) (Reese 1984).

(1) Definitionof pandy. The definition of the quantities
p andy asused hereisnecessary because other approaches have
been used. The sketch in Figure 4-2a shows a uniform
distribution of unit stresses normd to the wall of a cylindrical
pile. Thisdistribution is correct for the case of a pile that has
beeningalled without bending. If the pileis caused to deflect a
digancey (exaggerated in the sketch for clarity), the distribution
of unit stresses would be similar to that shown in Figure 4-2b.
The stresses would have decreased on the back side of the pile
and increased on the front sde. Both norma and a shearing
stress component may developed dong the perimeter of the
cross section. Integration of the unit stresses will result in the
quanity p which acts oppoditein directiontoy. Thedimensons
of pareload per unit length along the pile. The definitionsof p
and y that are presented are convenient in the solution of the
differential equation and are consigtent with the quantities used
in the solution of the ordinary beam equation.

(2 Naureof il reponse. The manner in which the soil
responds to the lateral deflection of a pile can be examined by
examined by consdering the pipe pile shown
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Figure 4-1. Model of pile under lateral loading with

in Figure4-3. Two dicesof soil areindicated; the dement A
is near the ground surface and the dement B is severd
diameters below the ground surface. Condderation will be
given here to the manner in which those two dements of ol
reect asthe pile deflects under an applied lateral load. Figure 4-
4 showsap-y curve that is conceptud in nature. The curveis
plotted in thefirgt quadrant for convenience and only one branch
isshown. The curve properly belongsin the second and fourth
quadrants because the s0il response acts in oppostion to the
deflection. Thebranch of the p-y curves O-ais representative of
the elastic action of the soil; the deflection at point a may be
amdl. Thebranch a-b isthetrangtion portion of the curve. At
point b the ultimate soil resistance is reached. The following
paragraphswill ded with the ultimate soil resistance.

p-y curves

(@ Ultimate resgtanceto laterd movement. With regard
tothe ultimate resistance a element A in Figure 4-3, Figure 4-5
shows awedge of soil that is moved up and away from apile
Theground surfaceis represented by the plane ABCD, and soil
in contact with the pile is represented by the surface CDEF. If
thepileismoved in the direction indicated, failure of the soil in
shear will occur on the planes ADE, BCF, and AEFB. The
horizonta force F,againgt the pile can be computed by summing
thehorizontal components of the forces on the diding surfaces,
taking into account ote gravity force on the wedge of soil. For a
givenvaue of H, it isassumed that the vaue of the horizontdl
forceonthepileis
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(a) Before bending

(b) After bending

Figure 4-2. Distribution of unit stresses against a pile before and after lateral deflection

F... If asecond computation is made with the depth of the wedge
increased by ) H, the horizontd force will be F,. Thevaueof p,
for thedepth zwhere zis equa gpproximately to (2H+)H) /2
can be computed: (p,),= (Fy,-Fy) /) H.

(b) Resgtance at ground level. At the ground surface, the
vaue of p, for sand must be zero because the weight of the wedge
is zero and the forces on the diding surfaces will be zero. Atthe
ground surface for clay, on the other hand, the values of p, will be
larger than zero because the cohesion of the clay, which is
independent of the overburden stress, will generate a horizonta
force.

(c) Resistancebelow ground level. A plan view of apilea
severa diameters below the ground surface,corresponding to the
element a B in Figure 4-3, isshown in Figure 4-6. The potential
fallure surfaces that are shown are indicative of plane-gtrain
failure; while the ultimate resstance p, cannot be determined
precisdy, dementary concepts can be used to develop
approximate expressons.

(3) Effectsof loading. Aswill be shown in detail in the next
sections, the soil regponse can be affected by the way the load is
gopliedtoapile Recommendations are given herein for the cases
where the load is short-term (dtatic) or is repeated (cyclic). The
latter case is frequently encountered in design. Loadingsthat are

sustained or dynamic (due to machinery or a seismic event) are
specia cases, the methods of dealing with these types of loading
are not well developed and are not addressed herein. The cydlic
loading of sands dso causes areduced resistance in sands, but the
reduction is much less severe than experienced by clays.

(4) Presence of water. The presence of water will affect the
unit weight of the soil and will perhaps affect other propertiesto
some extent; however, water above the ground surface has a
pronounced effect on the response of day soils, particularly tiff
clay. Cydlicloading hastwo types of deleterious effectson clays,
there is likdy to be (1) gdrain softening due to repested
deformations and (2) scour at the pile-soil interface. This latter
effect can be the most serious. If the deflection of the pile is
grester that at point ain Figure 4-4 or certainly if the deflectionis
greater than that at point b, a space will open as the load is
released. The space will fill with water and the water will be
pushed upward, or through cracksin the clay, with the next cycle
of loading. The veocity of the waer cxan be such that
condderable quantities of soil are washed ot the ground surface,
causing asgnificant lossin soil resistance.
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Figure 4-3. Pipe pile and soil elements

3. Development of p-y Curve for Soils

Detailed methods for obtaining p-y curves are presented in the
following paragraphs. Recommendations are given for clay and
sand, for static and cyclic loading, and for cases where the water
table is above or below the ground surface. Aswill be seen, the
s0il properties that are needed for clay refer to undrained shear
grength; thereare no provisons for dealing with soils having both
¢ and N parameters.

a. p-y curves for soft clay. As noted earlier, there is a
dgnificant influence of the presence of water above the ground
aurface. If soft clay exists at the ground surface, it is obviousthat
water must be present a or above the ground surface or the clay
would have become desiccated and stronger. If soft clay does not
exist at the ground surface but exigts a some distance below the
ground surface, the ddleterious effect of water moving in and out of
agap a theinterface of the pile and soil will not occur; therefore,
the p-y curves for clay above the ground surface should be used
(Welch and Reese 1972). The p-y curves presented here are for
soft clay, with water above the group

Soil Resistance, (F/L)

O

Pile Deflection, (L)

Figure 4-4. Conceptual p-y curve

surface, and the clay experienced the deteriorating effects noted
earlier.

(1) Fied experiments. Fied experiments using full-sized,
indrumented piles provide data from which p-y curves from gtatic
and cydicloading can be generated. Such experimentd curvesare
corrdated with avalable theory to provide the basisto recommend
procedures for developing p-y curves.  Therefore, fied
experiments with insrumented piles are essentid to the
recommendations for p-y curves. Matlock (1970) performed
laterd load tests employing a stedl-pipe pile that was 12.75 inches
in diameter and 42 feet long. 1t was driven into clays near Lake
Austin that had a shear strength of about 800 pounds per square
foot. The pile was recovered, taken to Sabine Pass, Texas, and
driven into clay with a shear strength that averaged about 300
pounds per square foot in the significant upper zone. The studies
carried out by Matlock led to the recommendations shown in the

following paragraphs.

(2) Recommendations for computing p-y curves. The
following procedure is for short-term datic loading and is
illustrated in Figure 4-7a.

(@ Obtainthebest possble estimate of the variation with depth
of undrained shear srength ¢ and submerged unit weight (r . Also
obtain the values of g, the strain corresponding to one-half the
maximum principd-dressdifference. If no stress-gtrain curvesare
avalable, typicd vduesof g, are givenin Table4-1.
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Figure 4-5. Wedge-type failure of surface soil

Table 4-1 p," 9cb (4-2)
Representative Values of &, where
Consistency of Clay & . . .

p, = ultimate soil resigtance
Soft 0.020

X = depthfrom ground surfaceto p-y curve
Medium 0.010
st 0.005 (r = average effective unit weight from ground surface

' ' to depth x
¢ = shear grength at depth x
(b) Compute the ultimate soil resistance per unit length of b = widthof pile
pile, using the smdler of the values given by equationsbelow
) J = empirica dimengonless parameter

p, " [3%

(

c

x%gx]cb
b

(4-1)

4-5
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Figure 4-6. Potential failure surfaces generated by
pile at several diameters below ground
surface

Matlock (1970) dtated that the vaue of J was determined
experimentaly to be 0.5 for a soft clay and about 0.25 for a
mediumday. A vaueof 0.5isfrequently used for J. Thevaue
of p, iscomputed a each depth where a p-y curve is desired,
based on shear Srength at that depth. A computer obtains values
of y and the corresponding p-values a close spacings, if hand
computationsare being done, p-y curves should be computed at
depthsto reflect the soil profile. If the soil ishomogeneous, the
p-y curves should be obtained at close spacings near the ground
surface where the pile deflection is greater.

(©) Computethedeflection, yx, , a one-haf the ultimate soil
resistance for the following equation:

Voo | 25 gb (4-3)

(d) Pointsdescribing the p-y curve are now computed from
the following relationship.

P o5(Y) 0333 (4-4)
pu 50

X
Q72 X

(b) Cyclic loading

Figure 4-7. Characteristic shapes of the p-y curves
for soft clay below the water table

Thevaue of p remains congtant beyond y = 8y, .

(3) Procedurefor cydicloading. The following procedure
isfor cydlic loading and isillustrated in Figure 4-7b.

(8 Congruct the p-y curve in the same manner as for
short-term gtatic loading for vaues of p lessthan 0.72p,, .

(b) Solveequations4-1 and 4-2 smultaneoudy to find the
depth, %, , where the trangtion occurs from the wedge-type
failure to a flow-around falure. If the unit weight and shear
grength are constant in the upper zone, then



X _ 6o (4-5)

(('b %Jc)

If the unit weight and shear strength vary with depth, the value of
x,. should be computed with the soil properties at the depth
wherethe p-y curveisdesired.

(c) If the depthtothep-y curveis greater than or equal to
., then pisequa to 0.72p, fromy = 3y, toy=15y,,.

(d) If the depth to the p-y curve is less than x. , then the
vaue of p decreases from 0.72p, at y = 3y;, to thevaue given
by thefollowing expression at y = 15y, .

p' 072 p, (Xl) (4-6)
T
Thevdue of p remains congtant beyond y = 15y, .

(4) Recommended soil tests. For determining the values of
shear strength of the variouslayers of soil for which p-y curves
are to be congructed, Matlock (1970) recommended the
following testsin order of preference:

(@ Instuvane-shear testswith paralel sampling for soil
identification.

(b) Unconsolidated-undrained triaxial compression tests
having a confining stress equa to the overburden
pressure with ¢ being defined as hdf the tota
maximum principa stress difference.

(©) Miniature vane tests of samplesin tubes.
(d) Unconfined compression tests.
b. p-y curvesfor giff clay below the water table.

(1) Fdd experiments. Reese, Cox, and Koop (1975)
performed |aterdl load tests employing sted-pipe piles theat were
24 inchesin diameter and 50 feet long. The pilesweredriven
into gtiff clay as a Ste near Manor, TX. The clay had an
undrained shear strength ranging from about 1 ton per square
foot at the ground surface to about 3 tons per square foot a a
depth of 12 feet. The studies that were carried out led to the
recommendations shown in the following paragraphs.

(2) Recommendations for computing p-y curves. The
following procedure is for short-term gatic loading and is
illustrated by Figure 4-8. The empirical parameters, A;and A,
shown in Figure 4-9 and k, and k shown in Table 4-2 were
determined from the results of the experiments.

(@ Obtain valuesfor undrained soil shear strength c,
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s0il submerged unit weight (r and pile diameter b.

(b) Compute the average undrained soil shear strength c,
over the depth x.

(©) Computethe ultimate soil resistance per unit length of
pileusing the smdler of the vaues given by the equation below

P, ' 2c,b %(’bx %2.83 c,x (4-7)
Py ' 11 cb (4-8)

(d) Choose the gppropriate values of the empirica
parameter A, from Figure 4-9 for the particular nondimensiond

depth.

(e) Egablish the initial gtraight-line portion of the p-y
curve:

p' (kx)y (4-9)
Use the appropriate value of k, or k. from Table 4-2 for k.
(f) Computethefallowing:

Yso 'GP (4-10)

Usean gopropriate va ue of g, from results of laboratory tests or,
in the absence of laboratory tests, from Table 4-3.

Table 4-2
Representative Values of k for Stiff Clays

Average Undrained Shear Strength *
ksf

T/sq ft
1-2 24 48
k, (Static) Ibfcu in. 500 1,000 2,000
k. (Static) Ibfcu in. 200 400 800

' The average shear strength should be computed to a depth of five pile
diameters. It should be defined as half the total maximum principal stress
difference in an unconsolidated undrained triaxial test.
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Table 4.3 p' 05p.(6A,)°%° &0.411p_ &0.75p A, (4-14)
Representative Values of &, for Stiff Clays
Average Undrained Shear Strength or
ksf
P. ' P.(1225,/A; &0.75A &0.411) (4-15)
1-2 2-4 48
Equation 4-15 should define the portion of the p-y curve from
& (in.in.) 0.007 0.005 0.004

the point wherey isequal to 18Ay;, and for dl larger values of
y (seefollowing note).

(9) Establish the firgt parabolic portion of the p-y curve,
using thefollowing equation and obtaining p, from equations 4-7
or 4-8.

o O.5pc( l) > (a11)

50

Equation 4-11 should define the portion of the p-y curve from
the point of the intersection with equation 4-9 to a point where

yisequa to Ay, (seenotein step j).

(h) Edtablish the second parabolic portion of the p-y curve,

05 &A 1.25
D O.5pc( l) &O.555pc[ yA—y50) 412
Y.

50 sy50

Equetion 4-12 should define the portion of the p-y curve from
the point wherey isequa to Ays, to apoint wherey isequd to
6A Y5, (Seenotein gepj).

(i) Establish the next gtraight-line portion of the p-y curve,

p' 05p,(6A,)% &0411p,
(4-13)
&[ 0.0625)
50

P, (Y &6A.Yy)

Equetion 4-13 should define the portion of the p-y curve from
the point where y is equa to 6A, Y., to apoint whereyisequa
to 18Ay:, (seenotein step j).

(j) Egablishthefind straight-line portion of the curve,

4-8

Note: The step-by-step procedureis outlined, and Figure 4-8 is
drawn, asif thereis an intersection between equations 4-9 and
4-11. However, there may be no intersection of equation 4-9
with any of the other equetions defining the p-y curve. If there
isnointersection, the eguetion should be employed that givesthe
smallest vaue of p for any vaueof y.

(3) Procedureof cyclic loading. Thefollowing procedure
isfor cydic loading and isillustrated in Figure 4-10.

(8 Stepaissameasfor etic case.
(b) Stepbissameasfor stetic case.
(c) Stepcissameasfor datic case.

(d) Choosetheappropriatevaue of A, from Figure 4-9 for
the particular nondimensiona depth.

Compute the following:
Y, ' 41AYg (4-16)
(e) Stepeissameasfor getic case.
(f) Stepfissameasfor Setic case.

(g) Egtablish the parabalic portion of the p-y curve,

o' Ap,|1 e oY . (417
¢ g 0.45y, e

Equation 4-17 should define the portion of the p-y curve from

the point of the intersection with equation 4-9 to wherey is
equal to 0.6y, (seenotein step ).
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Deflection, y (in)

Figure 4-8. Charactertistic shape of

(h) Egtablishthe next gtraight-line portion of the p-y curve,

0.085

50

p' 0936 Ap, &

p.(y &0.6y,) (4-18)

Equation 4-18 should define the portion of the p-y curve from the
point wherey isequa to 0.6y, to the point wherey is equal to 1.8y,
(seenotein gep h).
(i) Egablishthefina gtraight-line portion of the p-y curve,
0.102

50

p' 0936 Ap, & PY, (4-19)

p-y curve for static loading in stiff clay below the water table

Equation 4-19 should define the portion of the p-y curve from the
point where y is equa to 1.8y, and for al larger values of y (see
following note).

Note: The step-by-step procedure is outlined, and Figure 4-10 is
drawn, asif thereis an intersection between equations 4-9 and 4-
17. However, there may be no intersection of those two equations
and there may be no intersection of equation 4-9 with any of the
other equations defining the p-y curve. If thereisno intersection,
the equation should be employed that givesthe smalest vaue of p
for any vdueof y.

(4) Recommended soil tests. Triaxiad compression tests of the

unconsolidated-undrained  type with confining pressures
conforming to thein situ total overburden pressuresare

4-9
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Figure 4-9. Values of empirical parameters A and A,

recommended for determining the shear strength of the soil. The
vaue of g5, should be taken as the drain during the test
corresponding to the stress equd to one-half the maximum tota-
principa-gtress difference.  The shear strength, ¢, should be
interpreted as one-hdf of the maximum tota-gress difference.
Vaues obtaned from the triaxid tests might be somwha
conservative but would represent more redigtic strength values
than other tests. The unit weight of the soil must be determined.

c. p-y curvesfor iff clay above the water table.
(1) Fiddexperiments. A laterd load test was performed at a

site in Hougton, TX, on adrilled shaft, 36 inchesin diameter. A
10-inch diameter pipe, ingrumented at intervals dong its length

4-10

with electricd-resistance-strain gauges, was positioned dong the
axis of the shaft before concrete was placed. The embedded length
of the shaft was 42 feet. The average undrained shear strength of
theday in the upper 20 feet was gpproximately 2,200 pounds per
quarefoot. Theexperimentsand their interpretation are discussed
indetail by Wech and Reese (1972) and Reese and Welch (1975).
The reallts of the experiments were used to develop
recommendations for p-y curves that are shown in the following

paragraphs.

(2) Recommendations for computing p-y curves. The
following procedure is for short-term datic loading and is
illustrated in Figure 4-11.
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Figure 4-10. Characteristic shape of  p-y curve for cyclic loading in stiff clay below the water
table
025
g5, from dress-drain curves. If no stress-strain curves are P o5 X (4-20)
available, use a vaue from g, of 0.010 or 0.005 as given in Py Ys0

Table4-1, thelarger vaue being more conservative.

(b) Compute the ultimate soil resistance per unit length of
shdft, p,, using the smdler of the values given by equations 4-1
and4-2. (Intheuse of equation 4-1, the shear strength istaken
as the average from the ground surface to the depth being
considered and J is taken as 0.5. The unit weight of the soil
should reflect the position of the water table.)

(c) Computethe deflection, ys, & one-hdf the ultimate soil
resigtance from equation 4-3.

(d) Pointsdescribing the p-y curve may be computed from
the relationship below.

(e) Beyondy =16y, pisequa top,for al vduesof y.

(3) Procedure for cyclic loading. Thefollowing procedure
isfor cydlic loading and isillustrated in Figure 4-12.

(@ Determinethe p-y curvefor short-term static loading by
the procedure previoudy given.

(b) Determine the number of times the design laterd load
will be applied to the pile.

(c) For severd vaues of p/p, , obtain the value of C, the
parameter describing the effect of repeated loading on
deformation, from arelationship developed by laboratory tests
(Welch and Reese 1972), or in the absence of tests, from the
following equation.

4-11
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Resistance , p (Ib/in)

Soil

Deflection , y(in)

16y,

Figure 4-11. Characteristic shape of

4
c' o6l 2
Py

(d) At thevaue of p corresponding to the vaues of p/p,

selected in step ¢, compute new vaues of y for cyclic loading
from the following equation.

(4-21)

Y. 'Y, %Yg, x CxlogN 4-22)
where
Y, =  deflection under N-cyclesof load
Y, =  deflection under short-term static load

Vo =  deflection under short-term dtetic load at one-hdf the
ultimate resistance

N = number of cyclesof load application

(e Definethesoil response after N-cycles of load, using the
p-y curve.

(4) Recommended soil tests. Triaxial compression tests of

4-12

p-y curve for static loading in stiff clay above the water table

the unconsolidated-undrained type with confining stresses equal
to the overburden pressures et the eevations from which the
samples were taken are recommended to determine the shear
grength. The vdue of g, should be taken as the strain during
the test corresponding to the stress equd to half the maximum
total principal stress difference. The undrained shear strength,
¢, should be defined as one-haf the maximum tota-principal-
stress difference. The unit weight of the soil must dso be
determined.

d. p-ycurvesfor sand. A mgor experimentd program was
conducted on the behavior of laterally loaded pilesin sand below
the weter table. The results can be extended to sand abovethe
water table by making appropriate adjustmentsin the values of
the unit weight, depending on the position of the water table.

(1) Fed experiments. An extensive series of tests were
performed as a Ste on Mustang Idand, near Corpus Chrigti
(Cox, Reese, and Grubbs 1974). Two ded-pipe piles,
24 inches in diameter, were driven into sand in a manner to
simulate the driving of an open-ended pipe and were subjected
tolaterd oading. The embedded length of the pileswas 69 feet.
One of the pileswas subjected to short-
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Figure 4-12. Characteristic shape of

term loading and the other to repested loading. The ol at the Site
wasauniformly graded, fine sand with an angle of internd friction
of 39 degrees. The submerged unit weight was 66 pounds per
cubicfoot. Thewater surface was maintained afew inches above
the mudline throughout the test program.

(2) Recommendationsfor computing p-y curves. Thefollowing
procedureisfor short-term gtatic loading and for cyclic loading and
isillugtrated in Figure 4-13 (Reese, Cox, and Koop 1974).

(8 Obtain vauesfor the angle of internd friction N, the soil unit
weight (, and pile diameter b.

(b) Makethefallowing preliminary computations.
v Nogr 45 96N: K 04 and
2 2

(4-23)
K, ta?(45 &EN); K, ' tan? (45 &EN)

p-y curve for cyclic loading in stiff clay above the water table

(c) Compute the ultimate soil resistance per unit length of pile
using the smdler of the vaues given by the equations below,
wherexisequa to the depth below the ground surface.

© (b2} S (X)) %S (X)2 4-24

P (B7)S(2) S (2P @2

Py’ (bZ[ss(g)] (4-25)
where

S ' (K, &K,) (4-26)

S ' (tan $) (K" %K.[tanNsin$
(sec" %1) &tan"])

(4-27)

4-13
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Soil Resistance , p (ib/in)

Deflection , y (in)

3b/80

Figure 4-13. Characteristic shape of a family of
loading in sand

S, ' K% (K, %K tan N &K, (4-28)

(d) The depth of transition x, can be found by equating the
expressonsin equations 4-24 and 4-25, asfollows:

X, (§&8) (4-29)

b S
The appropriate ( for the postion of the water table should be
employed. Use equation 39 above, X, , and equation 40 below.
ltcanbeseentha S ,S,, S, x' baefunctionsonly of N;
therefore, the vaues shown in Table 4-4 can be computed.
(e) Sdect adepth a which ap-y curveisdesired.

(f) Edablishy, as 3b/80. Compute p, by the following
equation:

4-14

p-y curves for static and cyclic

Pt AP o P, AP (4-30)
Usethe gppropriate value of A_ or A_ from Figure 4-14 for the
particular nondimensona depth and for either the dtatic or
cyclic case. Usethe appropriate equation for p, equation 4-24
or 4-25 by referring to the computation in step d.

(g) Edablishy,, as b/60. Compute p by the following
equation:

P, ' Bsp, Or p," B.pg (4-31)

Usethe appropriate value of B,or B, from Figure4-15 for the
particular nondimensiona depth, and for ether the gatic or
cyclic case. Use the appropriate equation for p,. The two
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Table 4-4
Nondimensional Coefficients for p-y Curves for Sand
¢, deg S, S, S, X' b
25.0 2.05805 1.21808 15.68459 11.18690
26.0 217061 1.33495 17.68745 11.62351
27.0 228742 1.46177 19.95332 12.08526
28.0 2.40879 1.59947 22.52060 12.57407
29.0 253509 1.74906 25.43390 13.09204
30.0 2.66667 1.91170 28.74513 13.64147
31.0 2.80394 2.08866 32.51489 14.22489
320 2.94733 228134 36.81400 14.84507
33.0 3.09733 249133 41.72552 15.50508
34.0 3.25442 2.72037 47.34702 16.20830
35.0 3.41918 2.97045 53.79347 16.95848
36.0 3.59222 3.24376 61.20067 17.75976
37.0 3.77421 3.54280 69.72952 18.61673
38.0 3.96586 3.87034 79.57113 19.53452
39.0 4.16799 4.22954 90.95327 20.51883
40.0 4.38147 4.6239 104.14818 21.56704
straight-line portions of the p-y curve, beyond the point b &p
wherey isequal to b/60, can now be established. m' < _m (4-34)
yu & ym
(h) Establish the initia straight-line portion of the p-y
Curves, (b) Obtain the power of the parabolic section by,
Y
p' (kx)y (4-32) n' _n; (4-35)
Use Tables 4-4 and 4-5 to select an appropriate value of k .
(c) Obtain the coefficient C asfollows:
(i) Establish the parabolic section of the p-y curve, D
(oLl (4-36)
p' Ty (4-33) ym
(3) Parabolic section. Fit the parabola between points (d) Determine point k as
k and m asfollows: —
. _ yk' (<) nine (4-37)
(8) Get the dope of line between points m and u by, kx
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Figure 4-15. Nondimensional coefficient B for soil

resistance versus depth

(e) Compute appropriate number of points on the parabola
by using equation 4-33.

4-16

Note: The step-by-step procedure is outlined, and Figure 4-
13isdrawn, asif thereis an intersection between theinitial
straight-line portion of the p-y curve and the parabolic
portion of the curve at point k . However, in some instances
there may be no intersection with the parabola. Equation 4-
32 defines the p-y curve until there is an intersection with
another branch of the p-y curve or if no intersection occurs,
equation 4-32 defines the complete p-y curve. The soil-
response curves for other depths can be found repesating the
above steps for each desired depth.

(4) Recommended soil tests. Triaxial compression tests
arerecommended for obtaining the angle of internal friction
of the sand. Confining pressures should be used which are
close or equal to those at the depths being considered in the
analysis. Tests must be performed to determine the unit
weight of thesand. In many instances, however, undisturbed
samples of sand cannot be obtained and the value of N must
be obtained from correlations with static cone penetration
tests or from dynamic penetration tests (Table 4-4).

4. Analytical Method

The solution of the problem of the pile under lateral load
must satisfy two general conditions. The equations of
equilibrium must be solved and deflections and deformations
mugt be consistent and compatible. These two requirements
arefulfilled by finding a solution to the following differential
equation (Hetenyi 1946).

el 4% %de_zy &p&W' 0 (4-38)
dx* dx?
where
P, = axia load onthepile
y = latera deflection of the pile a a point x along
the length of the pile

p = soil reaction per unit length
El = flexurd rigidity
W = digributed load aong the length of the pile

Other beam formulae which are useful in the anadysis are:

3
SRR ATRY
dx3

(4-39)
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Table 4-5
Representative Values of k (Ib/cu in.) for Sand
Relative Density
below 35% 35% to 65% above 65%
Recommended k for
sand below water table 20 60 125
Recommended k for
sand above water table 25 90 225
2
g dY .y (4-40) R,  E,l,=flexura rigidity at point m
dx?
P, = axid load (causesno moment at x = 0)
and D
k, = —= =soil modulusat point m
dy. g (4-41) Yim
dx
W,, =distributed load at point m
where
Because the pile is divided into n increments, there aren +
V = shear at point x along the length of the pile 1 pointson the pile and n + 1 of the above equations can be
written. The differential equation in difference form uses
M = bending moment of the pile deflections at two points above and at two points below the
point being considered.  Therefore, four imaginary
S = dopeof theelastic curve deflections areintroduced, two at the top of the pile and two

Solutions of the above equations can be made by use of the
computer program described in  this  chapter.
Nondimensiona methods, described later, can frequently be
used to obtain acceptable solutions but those methods are
much less versdatile than the computer method. An
acceptable technique for getting solutions to the equations
governing the behavior of a laterally loaded pile is to
formulate the differential equation in difference terms. The
pile is divided into n increments of constant length h .
Equation 4-38 can be represented at point m along the

pile asfollows:

Y, 82°mé&l %y, ., (&R ., &2Rm
%P h?) %y (R ., %4R.
%R . &2P h? %k h?)
%Y. (2R, &2R %4
%P h?) %y R %4 &W_ ' 0

(4-42)

where

V. =  deflection at point m

at the bottom. Theintroduction of four boundary conditions,
two at the bottom of the pile and two at the top, yieldsn + 5
simultaneous equations of a sort to be easily and quickly
solved by the digital computer. After solving the
simultaneous equations, shear moment and slope can be
found a all points along the pile by solving equations 4-39,
4-40, and 4-41. The soil resistance p can be found to be the
product k., y,, . It isobvious that an iterative solution must
be made with the computer because the values of the soil
moduli k, are not known at the outset. Convergence to the
correct solution is judged to have been achieved when the
difference between thefina two sets of computed deflections
are less than the value of the tolerance selected by the
engineer.

a. Boundary conditions. At the bottom of the pile the
two boundary conditions employed are the shear and the
moment, and both are equal to zero. Thus, a solution can be
obtained for a short pile such that there is a significant
amount of deflection and slope at the bottom of the pile.
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Sometimes the question arises about the possibility of forcesa
the base of the pile dueto development of shearing stressesfrom
the soil when the bottom of thefileisdeflected. That possibility
can readily be accommodated by placing a p-y curve with
gppropriate numerical vauesat the bottom increment of the pile.
There are three boundary conditionsto be selected &t the top of
the pile, but one of those, the axia load, provides no specific
information on pile-head deflection. Thus, two other boundary
conditions must be selected. The computer is programmed to
accept one of the following three sets (The axid load is
assumed to be used with each of these sets).

(1) Thelaerd load (P,) and the moment (M, ) a thetop of
the pile are known.

(2) Thelatera load (P,) and the dope of the dadtic curve
(S) at the top of the pile are known.

(3) Thelaerd load (P,) and the rotational-restraint constant
(M,/S) at the top of the pile are known.

The first st of boundary conditions appliesto acase such asa
highway sign where wind pressure applies a force some
distance above the groundliine. The axid load will usudly be
smadl and afree body of the pile can be taken &t the groundline
wherethe shear and the moment will be known. The second set
of boundary conditions can be employed if a pile supports a
retaining wall or bridge abutment and where the top of the pile
penetrates some distance into areinforced concrete mat. The
shear will beknown, and the pile-head rotation in most cases can
be assumed to be zero. Thethird set of boundary conditionsis
encountered when a pile frames into a superstructure that is
flexible. In some bridge structures, the piles could continue and
form thelower portion of acolumn. A freebody of the pile can
be taken a a convenient point, and therotational restraint (M,
/S ) of the portion of the structure above the pile head can be
edimated. The magnitude of the shear will be known. Iteration
between pile and superstructure will lead to improved values of
rotational restraint and convergence to an appropriate solution
can be achieved.

b. U.S Army Engineer Waterways Experiment Station
(WES) computer program COM624G (10012). The method
for solving the governing equations for the single pile under
lateral loading and the recommendations for p-y curves have
been incorporated into a computer program thet is available
from WES. The user is urged to read the documentation that
accompanies the computer diskettes and to solve the examples
that areincluded. Users are assumed to be engineerswho can
undergand theimportance of verifying the accuracy of any given
solution.  Solutions are obtained rapidly to dlow the user to
invedtigate the importance and influence of various parameters.
For example, upper-bound and lower-bound values of the soil
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properties can beinput and the outputs compared. Thisexercise
will give the user an excdlent idea of the possible variation of
behavior across a ste and may indicate the dedrability of
performing afull-scaefield test.

¢. Nondimensional method of analysis.

(1) Variation of soil modulus with depth. Prior to
presenting the details of nondimensiond analys's, itisdesrable
to discuss the nature of the soil modulus. A pile under laterd
loading is shown in Figure 4-16a and a &t of p-y curves is
shown in Figure 4-16b. As shown in the figure, the ultimate
veluedf pandtheinitiad dope of the curvesincrease with depth,
as is to be expected in many practical cases.  Also shown in
Figure 4-16b is the possible deflected shape of the pile under
load and the secants to the point on the curves defined to be the
respective deflection. The values of soil modulus E, so obtained
are plotted as a function of depth in Figure 4-16c. The line
passing through the plotted points defines the varigtion of E with
depth. In the case depicted in Figure 4-16, the following
eguation definesthe variation in the soil modulus.

E, ' kx (4-43)

Itisof interest to notethet neither E; nor k are congtants, but each
of them decrease asthe load and deflection increase. In many
casesencountered in practice, the value E;would not be zero at
the groundline and would not increase linearly with depth, as
shown in Figure 4-16. However, these are two things that
suggest that equation 4-43 will frequently define, a least
approximaely, the variation of the soil modulus with depth.
First, the soil strength and tiffness will usually increase with
depth. Second, the pile deflection will aways be larger at and
near the groundline. Furthermore, experience with
nondimensiona solutions has shown that it is not necessary to
pass a curve precisdy through the soil-modulus vaues, as is
done by the computer, to obtain an acceptable solution.

(2) Nondimensiond equations and curves. The derivation
of theequations for the nondimensiona solutions are not shown
here but may be seen in detail elsewhere (Reese and Matlock
1956; Matlock and Reex21961). The following sections present
the equations and nondimensiona curves for three cases: pile
heed freeto rotate, pile head fixed againg rotation, and pile head
restrained againg rotation. The nondimensiond solutions are
vaid only for piles that have congtant stiffness El and no with
axid load. These restrictions are not very important in many
cases because computer solutions usudly show that deflections
and bending moments are only moderaedly influenced by
changesin El and by the presence of an axia load. Also, the
principa benefits from the nondimensiona method are in
checking computer solutions and in adlowing an engineer to gain
insight into the nature of the problem; thus, precision is not
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required. Asmay be seen by examining published derivaions tothesmpler form (E; ' kx).
(Matlock and Reese 1961), nondimensiond curves can be
deveoped for virtudly any conceivable variation in soil modulus d. Pile head freetorotate (Casel). The procedure shown
with depth. However, studies show (Reese 1984) that the utility in this section may be used when the shear and moment are
of some more complex forms of variation known at the groundline. A single pile that serves as the
(Eg' k %% E, " kx ") islimited when compared foundation for an overhead sign, such as those that cross a

highway, is an example of the Case | category. The shear and
moment & the groundline may aso be known, or computed, for
some gructura configurations for bridges.

N\ Es
[} P y
] P i y
P ; ! X
|
‘ y
P
i Es = kx
' ‘ y
|
| | y
X
(a) Pile (b) p-y curves (c) Soil modulus

Figure 4-16. Form of variation of soil modulus with depth
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(1) Congtruct p-y curves at various depths by procedures
recommended herein, with the spacing between p-y curves
being doser near the ground surface than near the bottom of the
pile.

(2) Assumeaconvenient vaue of ardative stiffnessfactor
T, perhaps 100 inches. Therdationshipisgiven as

S o
k
where
El = flexurd rigidity of pile
k = congant reding the secant modulus of soil and

reaction of depth (E_ ' kx)
(3) Computethe depth coefficient z,,, asfollows:

7 % (4-45)

where X, equals the embedded length of the pile.

(4) Compute the deflection y at each depth dong the pile
whereap-y curveisavailable by using the following equation:
PT? M, T?
. %B (4-46)
= =

where

A = deflection coefficient, found in Figure 4-17
P, =  shearatopof pile

T =  rdativediffnessfactor

B, =  deflection coefficient, found in Figure 4-18
M,=  moment & top of pile

El

flexurd rigidity of pile

The particular curves to be employed in getting the A, and B,
coefficients depend on the vaue of z,,, computed in step 3. The
argument for entering Figures 4-17 and 4-18 is the
nondimensiona depth z, wherezisequa tox/ T.

(5) Fromap-y curve, Hect thevaue of soil resstance p that
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corresponds to the pile deflection valuey at the depth of the p-y
curve. Repeat this procedure for every p-y curves that is
avalable.

(6) Compute a secant modulus of soil reaction E
(E;" &ply). Plot the E vaues versus depth (see
Figure 4-16¢).

(7) From the E,versus depth plotted in step 6, compute the
constant k which relates E to depth (k * E./X). Give more
weight to Eg values near the ground surface.

(8) Compute avaue of the rdative stiffnessfactor T from
the value of kfound in step 7. Compare thisvalue of T to the
velueof T assumedingep 2. Repesat steps 2 through 8 using the
new vaueof T each timeuntil the assumed vaue of T equalsthe
caculated value of T.

(9) When the iterative procedure has been completed, the
values of deflection dong the pile are known from step 4 of the
find iteration. Vauesof soil reaction may be computed from the
besicexpresson: p ' E_y. Vauesaf dope, moment, and shear
aong the pile can be found by using the following equetions:

P, T2 M, T
S' A —— %B,—— (4-47)
AEr M5
M*' A PT%B M (4-48)
M, g
VAP, %B, —= (4-49)

The appropriate coefficients to be used in the above equations
may be obtained from Figures 4-19 through 4-24.

e. Pile head fixed againg rotation (Case Il). The method
shown here may be used to obtain solution for the case where
the superstructure trand ates under load but does not rotate and
wherethe supergtructureis very, very giff in relation to the pile.
An example of such a case is where the top of a pile is
embedded inareinforced concrete mat asfor aretaining wall or
bridge abutment.

(1) Peform steps 1, 2, and 3 of the solution procedure for
free-head piles, Casell.

(2) Compute the deflection y. at each aong the pile
where a p-y curve is available by using the following
equation:
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Figure 4-17. Pile deflection produced by lateral load at mudline
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Figure 4-18. Pile deflection produced by moment applied at mudline
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PT3
N =R (4-50)
=T
The deflection coefficients F, may be found by entering
Figure 4-25 with the appropriate value of 7, .

(3) The solution proceeds in steps similar to those of
steps 5 through 8 for the free-head case.

(4) Compute the moment at the top of the pile M, from

the following eguation:

M, ' F,PT (4-51)

Thevaueof F,,, may befound by entering Table 4-6 with the

appropriate value of z,, , where z, is the maximum depth
coefficient.

Table 4-6
Moment Coefficients at Top of Pile
for Fixed-Head Case

Zox Fut
2 -1.06
3 -0.97
4 -0.93
5 and above -0.93

(5) Compute the values of dope, moment, shear, and soil
reaction along the pile by following the procedure in step 9
for the free-head pile.

f. Pilehead restrained againgt rotation (Case 11). Case
Il may be used to obtain a solution for the case where the
superstructure translates under load, but rotation at the top
of the pileis partially restrained. An example of Caselll is
when the pile is extended and becomes a beam-column of
the superstructure. A moment applied to the bottom of the
beam-column will result in a rotation, with the moment-
rotation relationship being constant. That relationship, then,
becomes one of the boundary conditions at the top of the
pile.

(1) Perform steps 1, 2, 3 of the solution procedures for
free-head piles, Casel.

(2) Obtain thevaue of the spring stiffness ko of the pile
superstructure system. The spring gtiffness is defined as
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follows:
k, ' ﬂ (4-52)
S
where
M, = moment at top of pile
S = dopeattopof pile
(3) Computethe slope at the top of pile S asfollows:
SR (4-52)
where
A, = dopecoefficientatz=0,foundin Figure4-19
By = dopecoefficient at z= 0, found in Figure 4-20

(4) Solveequations4-52 and 4-53 for the moment at the
top of the pile M, .

(5) Perform steps 4 through 9 of the solution procedure
for free-head piles, Casel.

g. Solution of example problem. To illustrate the
solution procedures, an example problem is presented. The
example will be solved principaly by the nondimensional
method. The solution, while somewhat cumbersome, yields
an excdlent result in the case selected. The nondimensional
method has several advantages: (1) the elements of a
solution are clearly indicated; (2) the method is useful for
practical casesif acomputer and the necessary software are
unavailable; and (3) the method is capable of providing a
check to the output of the computer.

(1) Sdect piledimensions and cd culate ultimate bending
moment (step 1). Thepileisan HP 12 by 84 with the load
applied perpendicular to the major axis. The width is
12.295 inches and the depth is 12.28 inches. The moment
of inertiaabout the major axisis 650 in.*, the cross-sectional
areais 24.6 square inches, and the ultimate bending moment
is 4,320 inch-kips, assuming ayield strength of the stedl of
36 kips per squareinch ignoring the effect of axial load. The
length, penetration below the ground surface, is assumed to
be 80 feet.

(2) Study sail profile and idealize soil as clay withN=0

or as sand with ¢ = 0 (step 2). This step would normally
require the evaluation of the results of field exploration and
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Figure 4-19. Slope of pile caused by lateral load at mudline
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Figure 4-20. Slope of pile caused by moment applied at mudline
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Figure 4-21. Bending moment produced by lateral load at mudline
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Figure 4-24. Shear produced by moment applied at mudline
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Figure 4-25. Deflection of pile fixed against rotation at mudline
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laboratory testing, but for the example problem the soil is
assumed to be a sand with an angle of internal friction of
35 degrees and with the water table at the ground surface.
The submerged unit weight of the soil is assumed to be 0.04
pounds per cubic inch.

(3) Study soil-response (p-y) curves (step 3). The
procedures described earlier for sand were used and the p-y
curves were developed. For the structural shape, the
diameter of the pile was selected as equal to the width. The
curves are presented in Figure 4-26. The curves are spaced
closer near thetop of the pile where deflection is the largest.
If the computer isemployed, this step is unnecessary because
the subroutines for the responses of the soil are implemented
in the program. However, the user may have p-y curves
produced for examination, if desired. For the hand solution,
demonstrated herein, the p-y curves are shown in Figure 4-
26. For the curve of the ground surface, zero depth, the p-
values are zero for all values of y. The nonlinearity in the
curves isevident, but it is of interest to note that there is no
deflection-softening for the sand.

(4) Select set of loads and boundary conditions (step 4).
If the computer program, COM624G, is being used, the
engineer may sdlect a set of loads and input the set into the
program. Only aminimum set of output could be specified
for each load; for example, pile-head deflection and
maximum bending moment. The boundary conditions at the
pile head can aso be varied during these computations. The
computer will rapidly produce the results, and the engineer
may monitor the results on the screen and select another set
for more complete output by hard copy and/or graphics. The
deflection and bending moment, and other values, will be
produced for points along the pile. In any case, the plan
should beto find the loading that will generate the maximum
bending moment or the maximum allowable deflection. A
global factor of safety can be used and the results obtained
for the case of the working load. All of the computations
could be by the hand solution except that the axial loading
cannot be included as affecting the lateral deflection and
except that the pile cannot be shown as having different
stiffnesses with depth. In any case, the hand solutions will
be very time-consuming. However, to indicate the analytical
process, alaterd load P, of 30 kips was selected and the pile
head was assumed to be free to rotate. This case might be
smilar to one of the pilesthat support alock and dam, where
the pile head extends only a short distance into the concrete
base.

(5) Solve for deflection and bending moment (step 5).
The first part of this step is to use the method for a hand
solution and to solve for the response of the pile to the
loading and boundary condition shown above. Thereislittle
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information to be used in the selection of theinitial value of
the relative dtiffness factor T, so a convenient value is
selected. It isnoted that the computations are with units of
pounds and inches, for convenience.

(& Tria 1
L = 80ft(960in.)
T = 100in.
= L/T
Z.x = 960/100 = 9.6; use curvesfor a“long” pile
PT? 30,000) (100)°
y ' AX, t ' AX/ ( 1 ) ( )
El (29,000,000) (650)
11592 A

The computational table should be set up to correspond to
the depths of the p-y curves.

Thevalues of E, are plotted in Figure 4-27a as a function of
x with the result for k as shown below.

k' 270/100 ' 2.70 Ib/in.®

Thevalue of the relative stiffness factor T that was obtained
can now be found.

T |EL | (29%10°) (650 in4)
K 2.70

' 93.1 inches

The value of T that was obtained is lower than the one that
wastried. The second trial needs to use astill lower value
to help to achieve a convergence.

(b) Trial 2

T = 50inches

Z.ox = 960/50 =19.2; use curvesfor a“long” pile
g A\/Pth . p, (30000) (50)°
El (29,000,000) (650)
1 0.1989 A

Thevalues of E, are plotted in Figure 4-27a as a function of
x with the result for k as shown below.
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Figure 4-26. Soil-response curves
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Depth (in.) z=x1t A, Deflection (in.) Soil Resistance (Ib/in.) E, (Ib/sqin.)
0 0.00 24 3.82 0 0

12 0.12 2.25 3.58 77 22

24 0.24 2.0 3.18 165 52

48 0.48 17 2.71 320 118

72 0.72 1.3 2.07 625 302

96 0.96 1.0 1.59 1,125 708
120 1.2 0.75 1.19
168 1.68 0.2 0.32

Deflection Soil Resistance
Depth (in.) z=x1t A, (in.) (Ib/in.) E, (Ib/sqin.)
0 0.00 24 0.477 0 0

12 0.24 2.0 0.398 75 188

24 0.48 17 0.338 135 399

48 0.96 1.0 0.199 185 930

72 1.44 0.5 0.100 225 2,250

96 1.92 0.15 0.030
120 2.40 0.00 0.000
168 3.32

k' 1,000/47 * 21.28 Ib/in.®

Thevalue of the relative stiffness factor T that was obtained
can now be found.

T+ | EL | (29x10°) (650 in*)
K 21.28

' 61.6 inches

The values of T obtained are plotted versus T tried in
Figure 4-27b. The converged value for T is approximately
84 inches. The reader may see that vaues for the A
coefficients were obtained only approximately from the
curve and that the vaues for the soil resistance
corresponding to a computed deflection were obtained only
goproximatdy from the Higure giving the p-y curves. Also, thereis

no asrancethat agtraight lineis correct between the plotted points
for thetwo tridsshoanin Fgure 4-27b. However, for the purposes
of this demondration no additiond trids are made and theresuilt is
accepted asshown. Thevaue of T of 84, avdue of P, of 30,000
pounds, and avaue of El of 18.85 x 10° Ib-in? are employed in
ahtaining the aurves of deflection and bending moment as afunction
of depth. The equations are shown bdow and the computations
merely involve the sdlection of vaues from the nondimensiond
curvesfor the depths desired.

L (30,000) (84)3

YA El A (29,000,000) (650)
1 0943 A

M A P T'252x10°in.&b
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Figure 4-27. Graphical solution for relative stiffness factor
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The following table shows the computation of the values of
deflection and bending moment as a function of depth, using
the above equations. The same problem was solved by
computer and results from both methods are plotted in
Figure 4-28. As may be seen, the shapes of both sets of
curves are similar, the maximum moment from the hand
method and from computer agree fairly well, but the
computed deflection at the top of the pile is about one-half
the value from the nondimensional method. One can
conclude that a closed convergence may have yielded a
smaller value of the relative stiffness factor to obtain a
dightly better agreement between the two methods, but it is

ElI 02C097
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certain that the two methods could not have been brought
into perfect agreement. An examination of Figure 4-27a
shows that is impossible to fit a straight line through the
plotted values of E, versus depth; therefore, E, = kx will not
yield a perfect solution to the problem, as demonstrated in
Figure 4-28. However, even with imperfect fitting in
Figure 4-27a and with the crude convergence shown in
Figure 4-27b, the computed values of maximum bending
moment from the hand solution and from computer agreed
remarkably well. The effect of the axial loading on the
deflection and bending moment was investigated with the
computer by assuming that the pile had an axia load of

Depth (in.) z A, y (in.) A, M (in. 1b/10°)
0 0.0 243 2.29 0.0 0
17 0.2 2.11 1.99 0.198 0.499
34 0.4 1.80 1.70 0.379 0.955
50 0.6 1.50 1.41 0.532 1.341
67 0.8 1.22 1.15 0.649 1.636
84 1.0 0.962 0.91 0.727 1.832
101 1.2 0.738 0.70 0.767 1.933
118 14 0.544 0.51 0.772 1.945
151 1.8 0.247 0.23 0.696 1.754
210 25 -0.020 -0.02 0.422 1.063
252 3.0 -0.075 -0.07 0.225 0.567
294 35 -0.074 -0.07 0.081 0.204
336 40 -0.050 -0.05 0.0 0

100 kips. The results showed that the groundline deflection
increased about 0.036 inches, and the maximum bending
moment increased about 0.058 x 10° in-lb; thus, the axia
load caused anincrease of only about 3 percent in the values
computed with no axial load. However, the ability to use an
axial load in the computations becomes important when a
portion of a pile extends above the groundline. The
computation of the buckling load can only be done properly
with a computer code.

(6) Repeat solutions for loads to obtain failure moment
(step 6). Asshownin the statement about the dimensions of
the pile, the ultimate bending moment was incremented to
find the latera load P, that would develop that moment. The

results, not shown here, yielded an ultimate load of 52 kips.
The deflection corresponding to that load was about
3.2iinches.

(7) Apply global factor of safety (step 7). The selection
of the factor of safety to be used in a particular designisa
function of many parameters. In connection with a particular
design, an excellent procedure is to perform computations
with upper-bound and lower- bound values of the principal
factors that affect a solution. A comparison of the results
may suggest in aparticular design that can be employed with
safety. Alternatively, the difference in the results of such
computations may suggest the performance of further tests
of the soil or the performance of full-scale field tests at the
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construction site.
5. Status of the Technology

The methods of analysis presented herein will be improved
in time by the development of better methods of
characterizing soil and by upgrading the computer code. In
this latter case, the codes are being constantly refined to
make them more versatile, applicable to a wider range of
problems, and easier to use. From time to time tests are
being performed in the field with instrumented piles. These
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tests, when properly interpreted, can lead to better ideas
about the response of the soil. However, it is unlikely that
there will be much changein the basic method of analysis.
The solution of the difference equations by numerical
techniques, employing curves at discrete locations along a
pile to represent the response of the soil or distributed
loading, is an effective method. The finite element method
may comeinto more use in time but, at present, information
on the characterization of the soil by that method is
inadeguate.
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Chapter 5
Pile Groups

1. Design Considerations

Thischepter provides severd hand cdculation methods for aquick
egimate of the cgpacity and movement characteridics of asdected
group of driven piles or drilled shafts for given soil conditions A
computer asited method such as described in Chepter 5,
paragraph 4, is recommended for a detailed solution of the
pefomancedf driven pile groups Recommended factors of sefety
for pile groups are d<0 given in Table 3-2. Cdculation of the
digtribution of loadsin a pile group is conddered in paragrgph 2b,
Chapter 2.

a. Driven piles. Driven piles are normaly placed in groups
with spacings less than 6B where B isthe width or diameter of an
individud pile. The pile group is often joined at the ground surface
by a concrete dab such asapile cap, Figure 5-1a. If pile gpacing
withinthe optimum range, theloed capacity of groups of driven piles
in cohesonless snils can often be greter then the um of the
capaditites of isolated piles, because driving can compact ssndsand
can increase kin friction and end-bearing resgtance.

b. Drilled shafts. Drilled shefts are often not placed in dosaly
spaced groups, Fgure 5-1b, because these foundations can be
congtructed with large diameters and can extend to great depths
Exceptions indude usng drilled shefts as retaining wals or to
improve the il by replacing exiding soil with multiple drilled
dts Boreholes prepared for congruction of drilled shefts reduce
effective dreses in soil adjacent to the Sdes and bases of shefts
dready inplace. Theload capacity of drilled shaftsin cohesonless
S0ils gpaced lessthen 6B may therefore be less then the sum of the
capecities of the individud shafts. For end-bearing drilled shefts
oeding of lessthan 6B can be usad without Sgnificant reduction in
loed capacity.

2. Factors Influencing Pile Group Behavior

Piles are normaly congructed in groups of verticd, better, or a
combination of verticd and batter piles. The digtribution of loads
applied to a pile group ae trandered nonlinealy ad
indeterminatdy to the soil.  Interaction effects between adjacent
piles in a group lead to complex solutions  Factors conddered
bdow affect the resistance of the pile group to movement and load
trandfer through the pile group to the soll.

a. Soil modulus. The dadtic soil modulus E; and the laterd
modulusof abgradereection E, relate laterd, axid, and rotationd
resgance of the pile-soil medium to digolacements Water table
depth and segpege pressures affect the modulus of cohesonless sail.
Themodulus of submerged sands should be reduced by theratio of
the submerged unit weight divided by the soil unit weight.
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b. Batter. Batered pilesare used in groups of & least two or
more pilesto increase capadity and loading resstance. The angle of
inclination should rardy excead 20 degrees from the vertica for
norma condruction and should never exceed 26%2 degrees
Battered piles should be avoided where Sgnificant negaive skin
friction and downdrag forces may occur. Bater piles should be
avoided where the dructure's foundation mugt respond with
dudility to unusully large |oads or where large seiamic loads can be
trandferred to the structure through the foundation.

c. Fixity. Thefixity of the pile heed into the pile cap influences
the loading capacity of the pile group. Fixing the pile rather than
pinning into the pile cap usudly increasesthe laterd Hiffness of the
group, and themoment. A group of fixed piles can therefore support
about twice the laterd load &t identical deflections as the pinned
group. A fixed connection between the pileand cap isdso ableto
transfer Sgnificant bending moment through the connection. The
minimum vaticd enbedment digance of the top of the pileinto the
cap required for achieving afixed connection is 2B where B isthe
pile diameter or width.

d. Siffness of pile cap. The diffness of the pile cap will
influence the digtribution of structurd loads to the individud piles
Thethicknessof the pile cgp mugt be a least four timesthe width of
anindividud pileto cause asgnificant influence on the diffness of
thefoundetion (Heming et d. 1985). A ridgid cap can be assumed
if the diffnessof the capis 10 or more times greeter then the stiffness
of the individud piles, as generdly true for massive concrete caps
A rigid cap can usudly be assumed for gravity type hydraulic
dructures.

e. Nature of loading. Static, cydic, dynamic, and trandent
loads dfect the ahility of the pile group to resist the gpplied forces
Cydic, vibratory, or repested ddic loads cause grester
displacements than a sudained ddtic load of the same magitude
Displacements can doublein some cases

f. Driving. The gpparent giffness of apilein agroup may be
greater then that of an isolated pile driven in cohesionless ol
becausethe densty of the soil within and around a pile group can be
incressad by driving. The pile group asawhole may not reflect this
increasad dtiffness because the soil around and outside the group
may not be favorably affected by driving and displacementslarger
then anticipated may occur.

0. Sheet pile cutoffs Sheet pile cutoffs endosing apile group
may change the gress digribution in the soil and influence the
group load capacity. The length of the cutoff should be
determined from a flow net or other seepage analysis. The
net pressure acting on the cutoff is the sum of the
unbalanced earth and water pressures caused by the
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PILE CAP

S

a. PILES

L \_/
B
| OPT IMUM SPACING 3B TO 3.5B

MINIMUM SPACING 2.5B

1]

b. DRILLED SHAFTS

Figure 5-1. Groups of deep foundations

cutoff. Sted pile cutoffs should be consdered in the andysis as

not totally impervious. Flexible stedl sheet piles should cause
negligible load to be transferred to the soil. Rigid cutoffs, such
asaoconcrete cutoff, will transfer the unbalanced earth and water
pressures to the structure and shdl be accounted for in the
anaysis of the pile group.

5-2

h. Interaction effects. Deep foundations where gpacings
between individud piles are less than six times the pile width B
cause interaction effects between adjacent piles from
overlgpping of stress zonesin the soil, Figure 5-2. In situ soil
stresses from pileloads are applied over a much larger area
and extend to a greater depth leading to greater settlement.



i. Pile spacing. Pilesin agroup should be spaced so
that the bearing capacity of the group is optimum. The
optimum spacing for driven pilesis 3to 3.5B (Vesic 1977)
or 0.02L + 2.5B, where L is the embedded length of the
piles (Canadian Geotechnical Society 1985). Pile spacings
should be at least 2.5B.

3. Design for Vertical Loads

The methodology should provide calculations of the pile
group capacity and displacements such that the forces are in
equilibrium between the structure and the supporting piles
and between the piles and soil supporting the piles. The
allowable group capacity is the ultimate group capacity
divided by the factor of safety. The factor of safety is
usualy 3 for pile groups, Table 3-2. Methods for analysis
of axial load capacity and settlement are provided below.

a. Axial capacity of drilled shaft groups. The
calculation depends on whether the group is in sands or
clays. Ingdlation in cohesionless sands causes stress relief
and areduced density of the sands during construction. The
efficiency method is appropriate whether the pile cap is or
is not in firm contact with the ground. Block failure,
however, may occur when the base of the group overlies soil
that is much weaker than the soil at the base of the piles.
Group capacity in cohesive soil depends on whether or not
the pile cap isin contact with the ground.

(1) Group capacity for cohesionless soil. Group
ultimate capacity is calculated by the efficiency method for
cohesionless soil

Q' NXE,xQ, (5-1)
where
Q, = group capacity, kips
n = number of shaftsin the group
E, = efficiency
Q. = ultimate capacity of the single shaft

E, should be > 0.7 for spacings = 3B and increases linearly
to 1.0 for spacings = 6B where B is the shaft diameter or
width (FHWA-HI-88-042). E, should vary linearly for
spacings between 3B and 6B. E; = 0.7 for spacings # 3B.
The factor of safety of the group is the same as that of the
individual shafts.
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(2) Group capacity for cohesive soil. Groups with the
cap in firm contact with the clay may fail as a block of soil
containing the drilled shafts, even at large spacings between
individual shafts. The ultimate group capacity is either the
lesser of the sum of the individual capacities or the ultimate
capacity of the block. The block capacity is determined by

Q' 2L (H, %H,) C,,

(5-2)
%Nogx C,,xH xH,,
where
L = depth of penetration meter (feet)
H, = horizontal length of group meter (feet)
H,, = horizontal width of group meter (feet)
C, = average undrained shear strength of cohesive
soil in which the group is placed KN/m? (ksf)
C, = undrained shear strength of cohesive soil at
the base kN/m? (ksf)
N, = cohesion group bearing capacity factor

N, isdetermined by

H
N_ ' 5| 1002 | | 1002 L
%9 H H

L w (5-39)
for L #25
HW
Hy L 5-3b
Ny ' 75 1%0.2H_ for — > 25 (5-3b)

L w

The group capacity is cdculated by the efficiency
equation 5-1 if the pile cap is not in firm contact with the
s0il. Overconsolidated and insensitive clay shall be treated
asif the cap isin firm contact with the ground.



ElI 02C097
01 Jul 97

le— ©

l

NnQ

LOAD PER PILE
NUMBER OF PILES

X1l o PlLEcar g%

ZONE

STRESSED % 7/

)

.

STRESSED
ZONE

Figure 5-2. Stress zones in soil supporting piles

(@ Presenceof locdly soft soil should be checked because this
s0il may cause some driven piles or drilled sheftsto fal. The
eguivdent mat method in Table 5-1 is recommended to cdculate
group capadity in soft days eg. C, # 05 kd.

(b) The ultimate cgpecity of a group in a srong day ol
ovalyingwesk day may be estimated by assuming block punching
through the wesk underlying soil layer. Group cgpacity may be
caculaed by eguation 5-2 usng the undrained srength C, of the
underlying wegk day. A less consarvative solution is provided
(FHWA-HI-83-042) by

. % b
ng ng,l % 10HW [ng,u &ng,l] (5_4)

# ng,u

5-4

where

Que1= group capacity if base at top of lower

weak soil, kips

Qugu = group capacity in the upper soil if the weaker
lower soil were not present, kips

Z, = vertica distance from the base of the shafts
in the group to the top of the wesak layer, feet
H,, = least width of group, feet

Equation 5-4 can aso be used to estimate the ultimate

capacity of a group in a strong cohesionless soil overlying
aweak cohesive layer.



b. Axial capacity of driven pile groups. Driven piles
are normally placed in groups with spacings less than 3B
and joined at the ground surface by a concrete cap.

(1) Group capacity for cohesionless soil. Pile driving
compacts the soil and increases end-bearing and skin
friction resistance. Therefore, the ultimate group capacity
of driven piles with spacings less than 3B can be greater
than the sum of the capacities of the individua piles.

(2) Group capacity for cohesive soil. For this case, the
ultimate capacity of a pile group is the lesser of the sum of
the capacities of the individua piles or the capacity by block
failure.

(@ The capacity of block failure is given by equation 5-
2.

(b) The capacity of a pile group with the pile cap not in
firm contact with the ground may be calculated by the
efficiency method in equation 5-1.

(3) Uplift capacity. The ultimate uplift capacity of a
pile group istaken as the lesser of the sum of the individual
pile uplift capacities or the uplift capacity of the group
considered as a block.

(a) Cohesionless soil. The side friction of pile groups
in sands decreases with time if the piles are subject to
vibration or lateral loads. The uplift capacity will be at least
the weight of the soil and piles of the group considered as a
block.

(b) Cohesive soil. The uplift capacity will include side
friction and is estimated by

Q' 2L (Hy, %H,)C,, %W, (5-5)
where

C, = average undrained shear strength along the
perimeter of the piles, ksf

W. =

A weight of the pile group considered as a

block, kips
W, also includes the weight of the soil within the group.
c. Settlement analysis. The settlement of a group of
piles with load nQ (n - number of piles and Q = load per

pile) can be much greater than the settlement of a single pile
with load Q because the value of the stress zones of a pile
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group is much larger and extends deeper than that of a
single pile, Figure 5-2. Hand calculation methods for
estimating the settlement of pile groups are approximate.
An estimate of settlement can aso be obtained by
congdering the pile group as an equivalent mat asin Table
5-1, then calculating the settlement of this mat as given in
chapter 5 of TM 5-818-1, “Soils and Geology; Procedures
for Foundation Design of Buildings and Other Structures
(Except Hydraulic Structures).”

(1) Immediate settlement. A simple method for
estimating group settlement from the settlement of asingle
pileisto use agroup settlement factor

D' gD (5-6a)
where
D, = group settlement, feet
0 = group settlement factor
D = settlement of single pile, feet

(@ Thegroup settlement factor for sand (Pile Buck Inc.
1992) is

HW 0.5
’ (F)
where H,, = width of the pile group and B is the pile
diameter or width.

(5-6b)

(b) The group settlement factor for clay (Pile Buck Inc.
1992)is

n B
i1 Bs
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Table 5-1
Equivalent Mat Method of Group Pile Capacity Failure in Soft Clays

Step Description

1 Replace group with a flexible mat of same dimensions as the
group at some depth along the pile length; mat depth
determined as follows:

Depth Soil Condition

Ground Surface Highly overconsolidated soil at the
surface underlain by softer soil

2/3 of pile length Group support obtained mostly from skin
from top friction

Pile tip End-bearing piles

2  Assume the mat carries the full group load

3 Distribute pressure on the mat to the underlying soft clay
either by a line that makes a 60-degree angle with the
horizontal or by Boussinesq theory; the 60-degree method
reduces mat pressure by the ratio of mat area divided by
area of soil enclosed by the 60—degree line at the

selected depth

l W W
xX X XXX XX
SOO OCVERCONSOL I DATED
D SO L
soft q - qmcHw‘HL
(H 4Dyope) (HtDyppe)
v Vv ¥y v ¥ ¥ v ¥

SOFT sOIlL

4  Compare the distributed pressure at the top of the soft clay
with 9C, where C, 1is the average undrained shear
strength of the soft clay

where n = number of pilesin the group
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s = distance from pile i to the location in the
group where group settlement is to be
caculated, feet

(2) Estimates using field soil test results. Standard
penetration and cone penetration test data can provide useful
estimates assuming the group can be represented by an
equivalent single pile.

(8) Settlement of pile groups in a homogeneous sand

deposit not underlain by a more compressible soil at greater
depth (Meyerhof 1976) is

D" 9 Hy | (5-7a)
Ny

' 1&—-$05 (5-7b)
8H,,
where
D, = settlement of pile group, in.
g = net foundation pressure on the group, ksf
B, = width of pile group, feet
| = influence factor
Ny, = average standard penetration resistance within

the depth beneath the pile tip equal to the group width
corrected to an effective overburden pressure of 2 kips per
square foot, blows/feet

L = embedment depth of equivaent pile, feet

(b) The calculated settlement should be doubled for a
silty sand.

(c) Maximum settlement estimated from static cone
penetration tests (Meyerhof 1976) is

. QHy
32
9

(5-7¢)
I

where g, is the average cone tip resistance within depth H,
beneath the pile tip in the same units as g.

(3) Consolidation settlement. Long-term settlement may
be estimated for pile groups in clay by the equivaent
method in Table 5-2.
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Table 5-2
Equivalent Mat Method for Estimating Consolidation
Settlement of Pile Groups in Clay

Step Description

1 Replace the group with a mat at some depth
along the embedded pile length L; this depth is
2/3 of L for friction piles and L for end bearing

piles.

2 Distribute the load from the mat to the underlying
soil by Boussinesq theory or the 60-degree
method.

3 Calculate settlement of soil layers below the mat

by one-dimensional consolidation theory; any soil
above the mat is assumed incompressible.

4 Multiply the calculated settlement by 0.8 to
account for rigidity of the group.

d. Application. A square three by three group of nine
steel circular closed-end pipe piles with diameter B = 1.5
feet isto be driven to an embedment depth L = 30 feet in the
same soils as Figure 3-15. These soils are a 15-feet layer of
clay over sand. Spacing is 4B and the horizontial width H,,
is15B=15x 1.5=225feet. The group upper- and lower-
bound estimates of ultimate and alowable capacity and
expected settlement at the alowable capacity are to be
calculated to provide guidance for the pile group design.
Pile driver analysis with aload test will be conducted at the
dart of congtruction. The factor of safety to be used for this
analysisis 3.

(1) Group ultimate capacity. The group ultimate
capacity Q,, is expected to be the sum of the ultimate
capacities of the individua piles. These piles are to be
driven into sand which will densify and increase the end-
bearing capacity. From Table 3-7, the caculated lower-
bound ultimate capacity is Q,, = 317 kips, and the upper-
bound capacity is Q,, = 520 kips. Therefore,,Q =
nxQ,; = 9%317 = 2853 kipsand Qg,, = 9%520 =
4,680 Kips.
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(2) Group alowable capacity. The allowable group
upper- and lower-bound capacities are

. Qug1 . 2,853, -
Qagy1 o 5 951 kips

. Qugu . 4,680, -
Qv =&~ =5~ L1560 kips

The group alowable load is expected to be between 951 and
1,560 kips. Lower FSmay be possible.

(3) Group settlement. Settlement at the allowable
capacity will be greater than that of the individua piles.
The settlement of each pileisto be initiadly determined from
equation 3-38, then the group settlement isto be calculated
from equation 5-6.

(@ Thedlowable lower- and upper-bound capacities of
each individual pileis Q,, = 317/3 = 106 kipsand Q, =
520/3 = 173 kips. All the skin friction is assumed to be
mobilized. Therefore, Q,, = Q,,; = 159 kips> Q, = 106
kipsand Q,, = Q,, = 231 kips> Q, = 173 kips. Base
resistance will not be mobilized because the ultimate skin
resistance Q,, exceeds the alowable capacity. From
equation 3-38a, axial compression is

L
] 12"
B Qs AE,
30
® Bx 1 x 52 x 432,000
" 0.00006 x Qg inch

'12x0%x5xQ

The eastic modulus of the pile is assumed similar to
concrete E, = 432,000 ksf because this pile will be filled
with concrete. L ower- and upper-bound axial compression
is therefore

D1’ 0.00006 % 106 * 0.0063 inch

Dy’ 0.00006 x 173 * 0.0104 inch

(b) Tip settlement from load transmitted along the
shaft length from equation 3-38c is

12C.Q,
LG
12x0.05xQ,

02Q, .

inch

qbu
where

C. =[093+0.16(L/B)°**] G =[0.93+0.16
(30/1.5)°5] (0.03) = 0.05

lower-bound g, = 89 ksf
upper-bound q,,, = 163 ksf from Table 3-7

Lower- and upper-bound tip settlement from the load
transmitted along the shaft length for Q,, = 138 kips and

Q.. =231 kipsis

0.02 x 159

' ' 0.031 inch
R. 103

R, 292X21 . (008 inch
, 163

Tota settlements for lower- and upper-bound capacities are

D' O %0
D, ' 0.006 %0.036 ' 0.042 inch
D, ' 0.010 %0.028 * 0.038 inch

Total settlement D is about 0.04 inch.

(c) Group settlement factor g, from equation 5-6b is

Hy| %, ( 225)0
g | =2 =2} 387
B 15



Group settlement from equation 5-6ais

0" gD’ 3.87x0.04 ' 0.15 inch
4. Design for Lateral Loads *

a. Response to lateral loading of pile groups. There
aretwo general problems in the analysis of pile groups: the
computation of the loads coming to each pile in the group
and the determination of the efficiency of a group of closely
spaced piles. Each of these problems will be discussed in
the following paragraphs.

(1) Symmetric pile group. The methods that are
presented are applicable to a pile group that is symmetrical
about the line of action of the lateral load. That is, thereis
no twisting of the pile group so that no pile is subjected to
torson. Therefore, each pile in the group can undergo two
trandations and a rotation. However, the method that is
presented for obtaining the distribution of loading to each
pile can be extended to the general case where each pile can
undergo three trandations and three rotations (Reese,
O'Nelll, and Smith 1970; O’Neill, Ghazzaly, and Ha 1977,
Bryant 1977).

(2) Soil reaction. Inal of the analyses presented in this
section, the assumption is made that the soil does not act
against the pile cap. In many instances, of course, the pile
cap iscast againg the soil. However, it is possible that soil
can settle away from the cap and that the piles will sustain
thefull load. Thus, it is conservative and perhaps logical to
assume that the pile cap is ineffective in carrying any load.

(3) Pilespacing. If the pilesthat support a structure are
spaced far enough apart that the stress transfer between
them is minima and if only shear loading is applied, the
methods presented earlier in this manual can be employed.
Kuthy et al. (1977) present an excellent treatment of this
latter problem.

b. Widdly spaced piles. The derivation of the equations
presented in this section is based on the assumption that the
piles are spaced far enough apart that there is no loss of
efficiency; thus, the distribution of stress and deformation
from a given pile to other piles in the group need not be
considered. However, the method that is derived can be
used with a group of closely spaced piles, but another level
of interation will be required.

Yportions of this section were abstracted from the writi ngs
of Dr. L. C. Reese and his colleagues, with the permission
of Dr. Reese,
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(1) Modél of the problem. The problem to be solved is
shown in Figure 5-3. Three piles supporting a pile cap are
shown. The piles may be of any size and placed on any
batter and may have any penetration below the groundline.
The bent may be supported by any number of piles but, as
noted earlier, the piles are assumed to be placed far enough
apart that each is 100 percent efficient. The soil and loading
may have any characteristics for which the response of a
single pile may be computed. The derivation of the
necessary equations proceeds from consideration of a
smplified sructure such as that shown in Figure 5-4 (Reese
and Matlock 1966; Reese 1966). The sign conventions for
the loading and for the geometry are shown. A global
coordinate system, a-b, is established with reference to the
structure. A coordinate system, x-y, is established for each
of the piles. For convenience in deriving the equilibrium
equations for solution of the problem, the ab axes are
located so that al of the coordinates of the pile heads are
positive. The soil is not shown, but as shown in Figure 5-
4b, it is desirable to replace the piles with a set of “springs’
(mechanisms) that represent the interaction between the
piles and the supporting soil.

(2) Derivation of equations. If the global coordinate
system trandates horizontally ) h and verticdly ) v and if the
cordinate system, shown in Figure 5-4, rotates through the
angle" ;, the movement of the head of each of the piles can
be reedily found. Theangle™”  is assumed to be small in the
derivation. The movement of a pile head x, in the direction
of the axis of the pileis

X ' ()h %b") sn 2 (5-8)
%() v %a",) cos 2

The movement of apile head y, transverse to the direction of
the axis of the pile (the lateral deflection) is

Y, " ()h %b") cos 2 (5-9)
&()v %a",) sn 2

The assumption is made in deriving equations 5-8 and 5-9
that the pile heads have the same relative positions in space
before and after loading. However, if the pile heads move
relative to each other, an adjustment can be made in
equations 5-8 and 5-9 and a solution achieved by iteration.
The movements computed by equations 5-8 and 5-9 will
generate forces and moments at the pile head.
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Figure 5-3. Typical pile-supported bent

The assumption is made that curves can be developed,
usually nonlinear, that give the relationship between pile-
head movement and pile-head forces. A secant to a curve
is obtained at the point of deflection and called the modulus
of pile-head resistance. The values of the moduli, so
obtained, can then be used, as shown below, to compute the
components of movement of the structure. If the values of
the moduli that were selected were incorrect, iterations are
made until convergenceis obtained. Using sign conventions
established for the single pile under lateral loading, the
lateral force P, at the pile head may be defined as follows:

Pt 3y, (5-10)

If there is some rotational restraint at the pile-head, the
moment is

5-10

A
B
M, ' &Y, (5-11)

The moduli J, and J,, are not single-valued functions of pile-
head trandation but are functions also of the rotation " ; of
the structure. For batter piles, a procedure is given in
Appendix D for adjusting values of soil resistance to
account for the effect of the batter. If it is assumed that a
compressive load causes a positive deflection along the pile
axis, the axial force P, may be defined as follows:

P J X (5-12)

Itisusualy assumed that P, is a single-valued function of x..
A curve showing axia load versus deflection may be
computed by one of the procedures recommended by several
authors (Reese 1964; Coyle and Reese 1966; Coyle and
Sulaiman 1967; Kraft, Ray, and Kagawa 1981) or the



results from afield load test may be used. A typica curve
is shown in Figure 5-5a.

(3) Computer programs. Computer programs or
nondimesional methods may be used to obtain curves
showing lateral load as a function of lateral deflection and
pile-head moment as a function of lateral deflection. The
way the pile is attached to the superstructure must be taken
into account in making the computations. Typical curves
are shown in Figures 5-5b and 5-5c. The forces at the pile
head defined in equations 5-10 through 5-12 may now be
resolved into verticd and horizontal components of force on
the structure, as follows:

F,' &P,cos 2 &P, sin 2) (5-13)

F. ' &P sin 2 %P, cos 2) (5-14)
The moment on the structure is

M, JLY, (5-15)

The equilibrium equations can now be written, as follows:

P, %EF, ' 0 (5-16)
P, %EF, ' 0 (5-17)
M %EM, %EaF, %EbF, ' O (5-18)

The subscript i refers to values from any “i-th” pile. Using
equations 5-8 through 5-15, equations 5-16 through 5-18
may be written in terms of the structural movements.
Equations 5-19 through 5-21 are in the final form.

P,' )V[EA] %)h[EB]

(5-19)
%" [Ea A %ED B]
P, " )VIEB] %)h[EC] (5.20)
%" [Ea B, %Eb C]
M ' )V[ED, %Ea,A %Eb B]
%) h[ EE, %Ea, B, %Eb,C ]
(5-21)

%" [Ea,D, %Ea A %Eb,E,

%EDb,’C, %E2a b B ]

where
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A", cos’2 %J, sin?2
B ' (J &J,) sinZcos3
C ' J, sin*2 %J, cos’2
D, ' J,s9n2

E ' &, cos2

These eguations are not as complex as they appear. For
example, the origin of the coordinate system can usualy be
selected so that all of the b-values are zero. For vertical
piles, the sine terms are zero and the cosine terms are unity.
For small deflections, the J-values can dl be taken as
congants. Therefore, under a number of circumstances it is
possible to solve these equations by hand. However, if the
deflections of the group is such that the nonlinear portion of
the curves in Figure 5-5 is reached, the use of a computer
solution is advantageous. Such a program is available
through the Geotechnica Engineering Center, The
University of Texas at Austin (Awoshika and Reese 1971;
Lam 1981).

(4) Detailed step-by-step solution procedure.

(@ Study thefoundation to be analyzed and select atwo-
dimensiona bent where the behavior is representative of the
entire system.

(b) Prepare a sketch such that the lateral loading comes
from the left. Show all pertinent dimensions.

(c) Select a coordinate center and find the horizontal
component, the vertical component, and the moment
through and about that point.

(d) Compute by some procedure a curve showing axial
load versus axia deflection for each pile in the group; or,
preferably, use the results from afield load test.

(e) Use appropriate procedures and compute curves
showing lateral load as a function of lateral deflection and
moment as a function of latera deflection, taking into
account the effect of structural rotation on the boundary
conditions at each pile head.

(f) Edimatetrid vauesof J, , J, , and J, for each pilein
the structure.

5-11
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Figure 5-4. Simplified structure showing coordinate systems and sign
conventions
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a. Axial pile resistance versus
axial displacement.

b. Lateral pile resistance versus
lateral pile displacement.

00 o
o0
M.
(<) = My
i
Yy,

of the pile head.

c. Moment at pile head versus lateral pile
displacement for various rotations (ap)

Figure 5-5. Set of pile resistance functions for a given pile
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(g) Solveequations5-19 through 5-21 for values of ) v,
yh,and" .

(h) Compute pile-head movements and obtain new
vauesof J,, J, , and J, for each pile.

(i) Solve equations 5-19 through 5-21 again for new
vauesof )v,) h,and" .

() Continue iteration until the computed values of the
structural movements agree, within a given tolerance, with
the values from the previous computation.

(k) Compute the stresses along the length of each pile
using the loads and moments at each pile head.

(5) Example problem. Figure 5-6 shows a pile-
supported retaining wall with the piles spaced 8 feet apart.
Thepilesare 14 inches in outside diameter with four No. 7
reinforcing steel bars spaced equally. The centers of the
bars are on an 8-inch circle. The yield strength of the
reinforcing steel is 60 kips per square inch and the
compressive strength of the concrete is 2.67 kips per square
inch. The length of the pilesis 40 feet. The backfill is a
free-draining, granular soil

b
3
H, varies I
T e
| .
! | ro
] —'I
R R | IR,
12’
R
me—
| |
LI.S' (1.5 | frs') 18
N
el

Origin of global 7
coordinate system

Pile 1

Figure 5-6. Sketch of a pile-supported retaining wall
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with no fine particles. The surface of the backfill is treated
to facilitate a runoff, and weep holes are provided so that
water will not collect behind the wall. TheforcesP, , P, ,
P, , and ,P (shown in Figure 5-6) were computed as
follows: 21.4, 4.6, 18.4, and 22.5 kips, respectively. The
resolution of the loads at the origin of the global coordinate
system resulted in the following service loads: P, = 46 kips,
P, = 21 kips, and M = 40 foot-kips (some rounding was
done). The moment of inertia of the gross section of the pile
was used inthe andlysis. Theflexural rigidity El of the piles
was computed to be 5.56 x 10° pounds per square inch.
Computer Program PMEIX was run and an interaction
diagram for the pile was obtained. That diagram is shown
in Figure 5-7. A field load test was performed at the site
and the ultimate axia capacity of a pile was found to be 176
kips. An analysis was made to develop a curve showing
axial load versus settlement. The curve is shown in
Figure 5-8. The subsurface soils at the site

F 3
. 400} \\
a b N
i N
- Q
N
a’ N\
~ \
g 200 [ ]
)
(o}
= /
— /
Q
3 4
P’
o 1 l 1 >
0 5 10
Ultimate Moment, in-kips x IO2

Figure 5-7. Interaction diagram of reinforced concrete pile

congg of dlty clay. The water content averaged 20 percent
in the top 10 feet and averaged 44 percent below 10 feet.
The water table was reported to be at a depth of 10 feet
from the soil surface. There was a considerable range in the
undrained shear strength of the clay and an average vaue of
3 kips per square foot was used in the analysis. A value of
the submerged unit weight of 46 pounds per cubic foot as
employed and the vaue of g, was estimated to be 0.005. In
making the computations, the assumption was made that all
of theload was carried by piles with none of the load taken
by passive earth pressure or by the base of the footing. It
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was further assumed that the pile heads were free to rotate.
Asnoted earlier, the factor of safety must be in the loading.
Therefore, the loadings shown in Table 5-3 were used in the
preliminary computations. Table 5-4 shows the movements
of the origin of the globa coordinate system when
equation 5-19 through 5-21 were solved simultaneously.
The loadings were such that the pile response was amost
linear so that only a small number of iterations were

Axial Load, kips
50 100 150
(o] T T T
O
£
:
g 0.2r
2
5
0]
0.3

Figure 5-8. Axial load versus settlement for
reinforced concrete pile

required to achieve converenge. The computed pile-head
movements, loads, and moments are shown in Table 5-5.

(6) Verify results. The computed loading on the pilesis
shown in Figure 5-9 for Case 4. The following check is
made to see that the equilibrium equations are satisfied.

EF, ' 24.2 %97.2 cos 14 &14.3 snl4

' 242 %943 &35 ' 115.0 kips OK

EF, ' 152 %14.3 cos 14 %97.2 sn 14

' 15.2 %13.9 %23.6 ' 52.7 kips OK
EM ' &(24.2) (1.5) %(97.2 cos 14) (1.5)

&(14.3 sin 14) (1.5)

' &36.3 %141.4 &5.2

' 99.9 ft&kips OK
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Table 5-3
Values of Loading Employed in Analyses

Case Loads, kips moment, ft-kips Comment

P, P,
1 46 21 40 service load
2 69 315 60 1.5 times service load
3 92 42 80 2 times service load
4 115 52.5 100 2.5 times service load

Note: P, /P, =2.19

Table 5-4
Computed Movements of Origin of Global Coordinate System

Case Vertical movement Av Horizontal movement Ah Rotation o
in. in. rad

1 0.004 0.08 9x10°

2 0.005 0.12 1.4 x10™*

3 0.008 0.16 1.6 x 10

4 0.012 0.203 8.4 x10°

Thus, the retaining wall isin equilibrium. A further check
can be made to see that the conditions of compatibility are
Figure 5-8, an axia load of 97.2 kips results in an axial
deflection of about 0.054 inch, a value in reasonable
satisfied. One check can be made at once. Referring to
agreement with the value in Table 5-5. Further checks on
compatibility can be made by using the pile-head loadings
and Computer Program COM622 to see if the computed
deflections under laterd load are consistent with the values
tabulated in Table 5-5. No firm conclusions can be made
concerning the adequacy of the particular design without
further study. If the assumptions made in performing the
analyses are appropriate, the results of the analyses show
the foundation to be capable of supporting the load. Asa
matter of fact, the piles could probably support a wall of
greater height.

c. Closely spaced piles. The theory of elagticity has
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been employed to take into account the effect of a single
pile on others in the group. Solutions have been developed
(Poulos 1971; Banerjee and Davies 1979) that assume a
linear response of the pile-soil system. While such
methods are ingtructive, there is ample evidence to show
that soils cannot generally be characterized as linear,
homogeneous, elastic materials. Bogard and Matlock
(1983) present a method in which the p-y curve for a
sngle pile is modified to take into account the group effect.
Excellent agreement was obtained between their computed
results and results from field experiments (Matlock et al.
1980). Two approaches to the analysis of a group of
closely spaced piles nder lateral load are given in the
following paragraphs. One method is closely akin to the
use of efficiency formulas, and the other method is based
on the assumption that the soil within the pile group moves
laterally the same amount as do the piles.



(1) Efficiency formulas. Pile groups under axia load
are sometimes designed by use of efficiency formulas.
Such a formula is shown as equation 5-22.

(Qult)G l E><I’]X(Qult)p (5-22)
where
(Quds = ultimate axial capacity of the group

E = efficiency factor (1 or < 1)
n = number of pilesin the group
(Qud, = ultimate axial capacity of an individual pile

Various proposals have been made about obtaining the

Figure 5-9. Pile loading - Case 4

vaue of E; for example, McClelland (1972) suggested that
the value of E should be 1.0 for pile groups in cohesive
soil with center-to-center spacing of eight diameters or
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more and that E should decrease linearly to 0.7 a a
spacing of three diameters. McClelland based his
recommendations on results from experiments in the field
and in the laboratory. It is of interest to note that no
differentiation is made between piles that are spaced front
to back, side by side, or spaced as some other angle
between each other. Unfortunately, experimental data are
limited on the behavior of pile groups under lateral load.
Furthermore, the mechanics of the behavior of a group of
lateraly loaded piles are more complex than for a group of
axialy loaded piles. Thus, few recommendations have
been made for efficiency formulas for lateraly loaded
groups. Two different recommendations have been made
regarding the modification of the coefficient of subgrade
reaction. The Canadian Foundation Engineering Manual
(Canadian Geotechnical Society 1985) recommends that
the coefficient of subgrade reaction for pile groups be
equal to that of a single pile if the spacing of the pilesin
the group is eight diameters. For spacings smaller than
eight diameters, the following ratios of the single-pile
subgrade reaction were recommended: six diameters, 0.70;
four diameters, 0.40; and three diameters, 0.25. The
Japanese Road Association (1976) is less conservative. It
is suggested that a dight reduction in the coefficient of
horizontal subgrade reaction has no serious effect with
regard to bending stress and that the use of a factor of
safety should be sufficient in design except in the case
where the piles get quite close together. When piles are
closer together than two and one-half diameters, the
following equation is suggested for computing a factor | to
multiply the coefficient of subgrade reaction for the single
pile.

B' 1&02(25&L/D) L < 25D (5-23)
where
L = center-to-center distance between piles
D = pilediameter

5-17
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Table 5-5
Computed Movements and Loads at Pile Heads
Case Pile 1 Pile 2
Xl yl PX Pl Mmax Xl yl PX Pl Mmax
in. in.
in. in. kips kips in. in. kips kips -kips
kips
1 0.005 0.08 9.7 6.0 148 0.02 0.077 38.9 5.8 143
2 0.008 0.12 145 9.0 222 0.03 0.116 58.3 8.6 215
3 0.011 0.162 19.3 121 298 0.04 0.156 77.7 115 288
4 0.013 0.203 242 15.2 373 0.06 0.194 97.2 14.3 360

(2) Single-pile method. The single-pile method of
analysisis based on the assumption that the soil contained
between the piles moves with the group. Thus, the pile
group that contained soil can be treated as a single pile of
large diameter.

(3) A step-by-step procedure for single-pile method.

(@) The group to be analyzed is selected and a plan
view of the piles at the groundline is prepared.

(b) The minimum length is found for a line that
encloses the group. If a nine-pile (three by three) group
congdgs of pilesthat are 1 foot square and three widths on
center, the length of the line will be 28 feet.

(¢) Thelength found in step b is considered to be the
circumference of a pile of large diameter; thus, the length
is divided by B to obtain the diameter of the imaginary pile
having the same circumference of the group.

(d) The next step is to determine the stiffness of the
group. For a lateral load passing through the tops of the
piles, the stiffness of the group is taken as the sum of the
stiffness of the individua piles. Thus, it is assumed that
the deflection at the pile top is the same for each pile in
the group and, further, that the deflected shape of each pile
is identical. Some judgment must be used if the piles in
the group have different lengths.

(e) Then, an analysis is made for the imaginary pile,

taking into account the nature of the loading and the
boundary conditions at the pile head. The shear and
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moment for the imaginary large-size pile is shared by the
individua piles according to the ratio of the lateral stiffness
of the individua pile to that of the group.

The shear, moment, pile-head deflection, and pile-head
rotation yield a unique solution for each pile in the group.
As afina step, it is necessary to compare the single-pile
solution to that of the group. It could possibly occur that
the piles in the group could have an efficiency greater than
one, in which case the single-pile solutions would control.

(4) Example problem. A sketch of an example
problem is shown in Figure 5-10. It is assumed that steel
piles are embedded in a reinforced concrete mat in such a
way that the pile heads do not rotate. The piles are
14HP89 by 40 feet long and placed so that bending is
about the strong axis. The moment of inertia is 904
inches* and the modulus of elasticity of 30 x £0 pounds
per square inch. The width of the section is 14.7 inches
and the depth is 13.83 inches. The soil is assumed to be
a sand with an angle of internal friction of 34 degrees, and
the unit weight is 114 pounds per cubic foot. The
computer program was run with a pile diameter of
109.4 inches and a moment of inertia of 8,136 inches'
(nine times 904). The results were as follows:

y, ' 0.885 inch

M,' M, ' 3.60x107 in.&b for group
' 3.78 x 10° in.&lb for single pile

Bending stress ' 25.3 kips/sq in.



The deflection and stress are for a single pile. If asingle
pile is analyzed with a load of 50 kips, the groudline
deflection was 0.355 inch and the bending stress was 23.1
kips per square inch. Therefore, the solution with the
imaginary large-diameter single pile was more critical.

5. Computer Assisted Analysis

A computer assisted analysis is a reasonable alternative for

4350 kips -L 1

v S~

7 4 |

N H H H
3 8 -] 2
9 6 3

E— H H H

Figure 5-10. Plan and evaluation of foundation
analyzed in example problem
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obtaining reliable estimates of the performance of pile
groups. Severd computer programs can assist the analysis
and design of groups.

a. CPGA. Program CPGA provides a three-
dimendond stiffness analysis of a group of vertical and/or
battered piles assuming linear elastic pile-soil interaction,
arigid pile cap, and arigid base (WES Technical Report
ITL-89-3). Maxtrix methods are used to incorporate
position and batter of piles as well as piles of different
sizes and materials. Computer program CPGG displays
the geometry and results of program CPGA.

b. STRUDL. A finite element computer program such
as STRUDL or SAP should be used to analyze the
performance of a group of piles with a flexible base.

c. CPGC. Computer program CPGC develops the
interaction diagrams and data required to investigate the
structural capacity of prestressed concrete piles (WES
Instruction Report I TL-90-2).

d. CPGD. Computer program (Smith and Mlakar
1987) extends the rigid cap anaysis of program CPGA to
provide a simplified and realistic approach for seismic
analysis of pile foundations. Program CPGD (in
development stage at WES) includes viscous damping and
response-spectrum loading to determine pile forces and
moments.
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Chapter 6
Verification of Design

1. Foundation Quality

Congtruction can cause defects in driven piles or drilled shafts.
Unfortunately, an installed deep foundation is mostly below the
ground surface and cannot be seen.  The qudity of the
foundation should be verified to ensure adequate structurd
integrity, to carry the required load without a bearing capacity
failure, to limit displacements of the structure to within
acceptable levels, and to avoid unnecessary overdesign of the
foundation. This chapter describes methods commonly used to
verify the capability of the foundation to support a structure.
Thesemethods are nondestructive and usudly permit the tested
pilesor drilled shaftsto be used as part of the foundation.

a. Indicatorsof problemwith driven piles. Filesdriveninto
soils with varigble gratification that show driving records
containing erratic data, which cannot be explained by the
congtruction method, indicate possible pile damage. Failureto
reach the prescribed tip eevation or penetration rate also
indicates pile damage. Other indicatorsinclude drifting of the
pile off location, eratic driving unexplained by the soil
dretification, and a sudden decrease in driving resistance or
interference with nearby piles as indicaed by sound or
vibration. A pile can aso be damaged during extraction.

b. Indicators of problems with drilled shafts. Mogt
problems with drilled shafts are related to congruction
deficiencies rather than design.  Such problems result from
inadequate information of the subsurface soil and groundwater
conditions provided to the contractor, inadeguate clean-out
including the presence of water in the excavation prior to
concrete placement, inadequate reinforcement, and other
complications during concrete placement. Drilled shaft failures
may result from neglecting vertical dimensional changes in
shrinking and swelling soil asthose described in TM 5-818-7.

2. Driven Piles

Piles can be bent or sheared during ingtalation and can cause a
reduction in pile capacity. Piles can dso undergo excessive
tendle sresses during driving, specificaly when soil layers have
variable dengity or strength or when there is no significant end
bearing resistance. Field test procedures such as standard
penetration tests, pile driving andyss (PDA) with the wave
equation, restrikes, and pile load tests can determine the ability
of the pileto carry design loads. Refer to paragraph 4, Chapter
6, for guidance on load tets. Typicdly 2 to 5 percent of the
production piles should be driven asindicator piles, at the start
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of congtruction a locations specified by the design engineer or
at suspicious locations to confirm the capability of the driven
piles to support the structure. PDA should dso be performed
during the driving of indicator piles and some gatic load tests
performed to cdibrate wave eguation analyses. Table 6-1
illustrates an example procedure for verifying pile design.
Anayses by wave equation and pile driving are presented.

a. Wave equation analysis. The penetration resistance in
blowsffest (or blows/inch) measured when the piletip has been
driven to therequired depth can be used to cd culate the ultimate
bearing capacity and verify design. Wave equation analyses can
relate penetration resstance to the datic ultimate bearing
capacity.

(1) Computer progran GRLWEAP. A wave equation
andyssisrecommended, except for the Smplest projectswhen
adequate experience and data dready exigt, for estimating the
behavior of pile driving and confirming pile performance. This
analyss may be accomplished usng progran GRLWEAP
(Goble et d. 1988), Wave Equation Andlysis of Pile Driving,
licensad to WES, Program GRLWEAP and user’s manua with
applications are available to offices of the Corps of Engineers.
GRLWEAP modelsthe pile driving and soil system by aseries
of dements supported by linear dagtic springs and dashpotswith
assumed parameters, Figure 6-1. Each dashpot and spring
represent apile or soil dement. Information required to usethis
program includes indentification of the hammer (or ram) and
hammer cushion used, description of the pile, and soil input
parameters. Hammer sdection is amplified by using the
hammer data file that contains al the required information for
numerous types of hammers. A smple guide for sdection of
soil input parameters to model the soil resistance force is
provided asfollows:

(@ Thesoil resgtanceforce congists of two components, one
depends on pile displacement, and theother depends on pile
velocity. Pile displacement dependent resistance models static
soil behavior, and it is assumed to increase linearly up to a
limiting deformation, which isthe quake. Deformation beyond
the quake requires no additiond force. The pile velocity
component models depend on soil damping charactertistics
where the relaionship between soil resistance and velocity is
linear and the dope of such relationship isthe damping constant.
Quakeand damping congtants are required for both skin friction
and end-bearing components. Table 6-2 gives recommended
soil parameters, which should be atered depending on locd
experience. The digtribution of soil resistance between skin
friction and end bearing, which depend on the pile and soil
bearing strata, isdso required. End-bearing piles may have
all of the soil resistance in end
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Table 6-1

Procedure for Verifying Design and Structural Integrity of Driven Piles

Step Procedure

1 Complete an initial wave equation analysis selecting soil damping constants  J., quakes p, , distribution of soil
resistance between skin friction and end bearing and the ultimate bearing capacity Q, . Use the proposed pile and
driving system. Adjust driving criteria as needed to reduce pile stresses and to optimize pile driving.

2 Drive indicator piles, typically 2 to 5 percent of the production piles, at locations specified by the design engineer using
driving criteria determined by the wave equation analysis. Complete additional wave equation analysis using actual
hammer performance and adjust for changes in soil strength such as from freeze or relaxation. Drive to various
depths and determine penetration resistances with the PDA using the Case method to determine the static ultimate

bearing capacity Q, .

3 Restrike the piles after a minimum waiting period, usually 1 day, using the PDA and Case methods to determine actual

bearing capacity that includes soil freeze and relaxation.

4 Perform CAPWAPC analysis to calibrate the wave equation analysis and to verify field test results. Determine  Q,,
hammer efficiency, pile driving stresses and structural integrity, and an estimate of the load-displacement behavior.

5 Perform static load tests to confirm the dynamic test results, particularly on large projects where savings can be made
in foundation costs by use of lower factors of safety. Dynamic tests may also be inconclusive if the soil resistance
cannot be fully mobilized by restriking or by large strain blows such as in high capacity soil, intact shale, or rock. Static
load tests can be significantly reduced for sites where dynamic test results are reliable.

6 Additional piles should be dynamically tested during driving or restruck throughout pile installation as required by
changes in soil conditions, load requirements, piles, or changes in pile driving.

7 Each site is unique and often has unforeseen problems. Changes may be required in the testing program, type and
length of pile, and driving equipment. Waivers to driving indicator piles and load testing requirements or approval for
deviations from these procedures must be obtained from HQUSACE/CEMP-ET.

bearing, whilefriction piles may havedl of the oil resstancein skin
friction.

(b) A beating-capecity grgph is commonly determined to rdate
the ultimate bearing capacity with the pendraion resstance in
blowiffeat (or blowsfinch). The penetration resgance messured at
the pile tip is compared with the bearing-capacity graph to
determine how dose it is to the ultimate bearing capecity. The
contractor can then determine when the pile has been driven
aufficiently to develop the required capacity.

(c) Wave egudtion andyss dso determines the sresses that
develop in the pile  These dresses may be plotted versus the
penetration resistance or the ultimeate pile capadity to asdd the
contractor to optimize pile driving. The driving force can be
adjuged by the contractor to maintain pile tensle and compressive
reseswithin alowablelimits

(d) GRLWEAP isausr friendly program and can provide
results within a short time if the engineer is familiar with details of
the pile driving operation. The andyd's should be performed by

6-2

Government personnd using dearly defined data provided by the
contractor.

(2 Andydsprior to pileingdlation. A wave eguation andyss
should be performed prior to pile driving as a guide to sHect
properly sized driving eguipment and pilesto ensure that the piles
can be driven to find grade without exceading the dlowable pile
driving Sresses

(3) Andysis during pile inddlation. Sail, pile, and driving
equipment parameters used for design should be checked to dosdy
correpond with actud vaues observed in the fidd during
ingdlation. Sound judgment and experience are required to
estimate the proper input parametersfor wave equation andysis

(@ Hammer effidendies provided by the manufacturer may
overesimate energy actudly absorbed by the pilein thefidd and
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Figure 6-1. Schematic of wave equation model

may leed to an overedimate of the bearing capedity. Significant ermor
in edimating ahmmer efficiency is dso possble for driving better
piles. A bracket andysisisrecommended for diesd hammerswith
variable grokes. Reaults of the PDA and ddic with varigble
srokes Resutsof the PDA and satic load tests described below and
proper ingpection can be used to make sure that design parameters
areredigtic and that the driven pileswill have adequate capecity.

(b) Reautsof wave equation andyss may not be gpplicableif
il freeze (setup) occurs: Saturated sensitive day's and loose sands

may lose grength during driving which can cause remolding and
increeding porewater pressure Dendfication of sandsduring driving
contributeto abuildup of porepressure. Strength regain isincressad
with time, after the soil freeze or sgtup. Cord sands may have
exceptiondly low pendration resgance during driving, but a
reduction in pore presure after driving and cementation that
increases with time over a period of severd wesks to months can
contribute subgtantialy to pile cgpacity. Significant cementation
may nat occur in severd weeks

6-3
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(c) Pendration resgtance is densg, find submerged sand,
inorganic dlts or giff, fissured, frisble shde, or day sone can
dramaticaly increase during driving, goparently from dilation and
reduced pore water pressure A “rdaxaion” (decresse) in

penetration resigtance occurs with time dfter driving.  Driving
eguipment and piles shall be sdlected with sufficient capadity to
overcomedriving redstance or driving periodicdly deayed to dlow
porewater pressuresto incree

Table 6-2

Recommended Soil Parameters for Wave Equation (Copyright permission, Goble, Rausche, Likins and Associates, Inc. 1988)

Damping Constants J , seconds/ft (seconds/m)

Quake p, ,inches (mm)

Sail Skin Tip Skin Tip*
Cohesionless 005 (0.16) 0.15 (0.50) 0.10 (254) B,/ 120
Cohesive 030 (0.90) 015 (050) 0.10(254) B,/ 120

' Selected tip quake should not be less than 0.05inch. B, is the effective tip (base) diameter; pipe piles should be plugged.

(d) The pile shdl be driven to a driving resistance that
exceeds the ultimate pile capacity determined from results of
wave eguation anayss or peneration ressance when
relaxationisnot conddered. Driving stressesin the pile shdl not
excead dlowablegresslimits. Piles driven into soilswith freeze
or relaxation effects should berestruck et alater time such asone
or more days after driving to messure a more redigtic
penetration resistance for design verification.

(© Andysisof the bearing capacity and performance of the
pile by wave eguation analyss can be contested by the
contractor and resolved a the contractor's expense through
resubmittals performed and sealed by aregistered engineer. The
resubmittal should include field verification usng driving and
load tests, and any other methods gpproved by the Government
design engineer.

b. Pile driving analyss. Improvements in eectronic
insruments permit the measurement of deta for evauating
hammer and driving system performance, pile driving stresses,
dructurd integrity, and ultimate pile capacity. The required data
may be messured and pile performance evauated in fractions of
a second after eech hammer blow using pile driving analyzer
equipments. PDA isaso ussful when restriking piles after some
timefollowing pile installation to determine the effects of freeze
or rlaxation on pile performance. The Case method (Pile Buck,
Inc. 1988) developed a Case Indtitute of Technology (now Case
Western Reserve University) isthe most widdly used technique.
The CAPWAPC andytica method is aso applied with results
of the PDA to cdibrate the wave equation analysisand to lead to
relisble etimates of the ultimate static pile capacity provided soil
freeze, rdaxation, or long-term changesin soil characterigticsare
considered. The CAPWAPC method quakes and damping
factors and therefore, confirmsinput datarequired for the wave
equation anaysis.

6-4

(1) PDA eguipment. PDA can beperformed routindly in the
fidd following a schematic arrangement shown in Figure 6-2.
The sysem includes two drain transducers and two
accderometers bolted to the pile near itstop, which feed datato
the piledriving analyzer equipment. The oscilloscope monitors
sgndsfrom the transducers and accel erometers to indicate data
quality and to check for pile damage. Thetape recorder stores
the data, while an optiond plotter can plot data Digitd
computations of the data are controlled with a M otorola 68000
microprocessor with output fed to a printer built into the pile
driving andyzer. The printer also documentsinput and output
sections.

(8 The dtrain transducers consst of four resistance foil
gauges atached in afull bridge.

(b) The piezodectric accelerometers measure pile motion
and consgt of a quatz crysa that produces a voltage
proportiona to the pressure caused by the accelerating pile
mass.

(c) Datacan be sent from the pile driving analyzer to other
equipment such as a plotter, oscilloscope, strip chart recorde,
modem for trangmiitting detato a digtant office or analys's center,
and a computer. The computer can be used to anayze pile
performance by the Case and CAPWAPC methods.

(2) Case Method. This method uses the force F (t) and
acceleration & (t) measured at the pile top asafunction of time
during a hammer blow. The veocity v (t) is obtained by
integrating the acceleration. The PDA and itstransducerswere
devel oped to obtain these data for the Case method.
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Figure 6-2. Schematic of field pile driving analyzer equipment
integrating the acceleration. The PDA and its transducers were t, = fird dectedtime
developed to obtain these data for the Case method.
t, =t +2L/c
(8 The totd soil resstance during pile driving R is
initidly caculated using wave propagation theory and assuming Z, = pileimpedance M,c/L
auniform dagtic pileand an ided plagtic soil as
v() = veodty deemined by integration of the

F(t;) %F(t,) %Zp[v(tl) &v(t,)]
2

(6-1)

where
F({ = foreemessured by adrain transducer a asdected timet

accderometers

time

M, = pilemass

¢ = wavetransmission speed inthepile

messued a a fundion of
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t, isoften Hected asthe time at the first maximum velocity. Ris
the sum of the gtatic soil (displacement dependent), Q, and the
dynamic (velocity dependent) D components are of the capacity.

(b) Satic s0il capadity Q, can be cdculated from R by

Q,' R&J.(2ZV, &R) (6-2)

pViop
whereV,,, isthe velocity of the wave measured a the piletop a
timet, Approximate damping congants J. have aready been
determined for soils as given in Table 6-2 by comparing Case
method calculations of static capacity with results of load tedts.
J .can befine tuned to actud soil conditionsif load test results
areavailable.

(c) Proper calculation of Q, requires that the displacement
obtained by integration of the velocity a timet, w(t;), exceeds
the quake (soil compression) required for full mobilizetion of
soil r esgtance. Sdection of time t, corresponding to the first
maximum velocity isusudly sufficient.

(d) A correction for edly skin friction unloading causing a
negative velocity may be required for long piles with high skin
friction. The upper shaft friction may unload if the pile top is
moving upward beforethefull resistanceismobilized. A proper
correction can be made by adding the skin friction resistance that
was unloaded to the mobilized soil resistance.

(€) Proper cdculation to gtatic resistance requires that freeze
or relaxation effects are not present. Piles may be restruck after
awaiting period such as 1 day or more to dlow dissipation of
pore water pressures.

(f) Thedriving force must be sufficient to cause the soil to
fall; otherwise, ultimate capacity isonly partidly mobilized and
thefull soil resistance will not be measured.

(3) CAPWAPC method. Thisisan andyticd method that
combines field measured data with wave equation andysis to
cdculaethe gatic ultimate bearing capacity and digtribution of
the soil resstance. Digtribution of soil resistance, Q,, and the
pile load-displacement behavior cdculated by the CAPWAPC
method may be used to evauate the damping congtant J, ,
quiakes and soil resigtances required in the Case method, and to
confirm the determination of Q, calculated using the Case
method. The CAPWAPC method is often used as a supplement
to load tests and may replace some load tests.

(& The CAPWAPC method isbegun using acomplete set
of assumed input parameters to perform a wave equaion
andyss Thehammer model, which is used to cdculate the pile
velocity a thetop, isreplaced by avelocity that isimposed a the
top pile dement. The imposed velocity is made equd to the



velocity determined by integration of the acceleration. The
CAPWAPC method cdculates the force required to give the
imposed velocity. This calculated force is compared with the
force measured a the pile top. The soil input parameters are
subsequently adjusted until the calculated and measured forces
and calculated and measured velocities agree as closdly as
practica such asillugtrated in Figure 6-3. The CAPWAPC
method may aso be started by using aforce imposed et the pile
top rather than an imposed velocity. The velocity is caculated
and then compared with the velocity measured at the pile top.
The CAPWAPC method is applicable for smulaing static and
dynamic tests.

(b) A smulated gatic load test may be performed using the
pile and soil modd s determined from results of a CAPWARPC
anadysis. The pile is incrementally loaded, and the force and
displacements at the top of the pile are computed to determine
the load-digplacement behavior. Actua static load test results
can be smulated within 10 to 15 percent of computed reultsif
the available datic resstance is fully mobilized and time
dependent soil srength changes such as soil freeze or relaxation
arenegligible.

(c) Dynamic tests with PDA and the CAPWAPC method
provide detailed information thet can be used with load factor
design and atistical proceduresto reduce factors of safety and
reduce foundation cost. The detailed information on hammer
performance, driving system, and the pile materid can be
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provided to the contractor to optimize selection of driving
eguipment and cushions, to optimize pile driving, to reduce pile
sresses, to reduce congtruction cost, and to improve congtruction
qudity. Thefoundation will be of higher qudity, and structura
integrity is more thoroughly confirmed with the PDA method
because more piles can be tested by restriking the pile than can
betested by applying actud satic loads. PDA can dso beused
to smulate pileload test to failure, but the pile can till be used
aspart of thefoundation, while actud pilesloaded to failure may
not be suitable foundation eements.

3. Dirilled Shafts

Drilled shafts should be congtructed adeguately and certified by
the ingpector. Large shafts supporting major structures are
sometimes tested to ensure compliance with plans and
specifications.  Sonic techniques may be used to ascertain
homogendity of the foundation. Sonic wave propagation with
receiver embedded in the concrete is the most reliable method
for detecting voidsor other defects. Striking adrilled shaft asina
large drain test with PDA and wave equation andyss is
recommended for anelysis of the ultimate pile capecity and load-
displacement behavior as decribed above for driven piles. A
large grain test may be conducted by dropping aheavy load onto
the head of the shaft usng a crane. Static load tests are
commonly performed on selected shafts or test shafts of large
congruction projects to verify shaft performance and efficiency
of thedesign.
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Figure 6-3. Example results of CAPWAPC analysis

a. Performance contral. Continuous monitoring is essentid to
ensretha the borehales are properly prepared to minimize loss of
soil friction and end-bearing cgpacity and that the concrete mix is
placed to achieve a continuous adequate shaft. Complete details of
adrilled sheft congruction control and an example of qudity contral
forms may be found in FHWA-HI-88-042, “Drilled Shdfts
Congtruction Procedures and Design Methods’ and ADSC
(1989) report, “Drilled Shaft Inspector's Manua.”
Construction and quality control include the following:

(1) Borehole excavation. Soil classification provided by
all available boring logs in the construction area should be
correlated with the visual description of soil or rock removed
from the excavation. Any observed groundwater levels
should aso berecorded. Characteristics to be observed and
determined include determined include location of the
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various strata, location and nature of the bearing stratum, and
any seepage. The observer should also determine if the soil
profileis subgtantiadly different from the one assumed for the
design based on knowledge of the plans, specifications, and
previous geotechnical analysis. The design engineer should
be at the construction site during boring of the first holesto
verify assumptions regarding the subsurface soil profile and
periodically thereafter to check on requirements for any
design modifications.

(8) Excavation details such as changes in the advance
rate of the boring tool and changes in the soil cutting,
groundwater observations, and bottom heave should be
recorded. These details can be used to modify excavation
procedure and improve efficiency in the event of problems
aswell asto provide a complete record for later reference.



Other important data include type of excavation (e.g., dry,
cased, or durry), time of initiation and completion of the
boring, estimates of location of changesin the soil strata, and
description of each soil stratum. Determine any evidence of
pervious lenses and groundwater, problems encountered
during excavating (e.g., caving, squeezing, seepage, cobbles,
or boulders), and the location of the bearing stratum. A
small diameter test boring from the excavation bottom can
be made and an undisturbed sample recovered to test the
bearing soil.

(b) The excavation should be checked for proper length,
diameter, and underream dimensions. Any lateral deviations
from the plan location and unintentional inclination or batter
should be noted on the report and checked to be within the
required tolerance. Provided that all safety precautions have
been satisified, the underream diameter can be checked by
placing the underream tool at the bottom of the excavation
and comparing the travel of the kelly when the underreamer
is extended to the travel when it isretracted in the barrel of
the underream tool. Electronic calipers may be used if the
excavation was made with durry or the hole cannot be
entered for visua inspection. Extreme safety precautions
must be taken if an inspector enters an excavation to ensure
no fal-in of material, and he should be provided with
adequate air supply, communications and lifeline, and
hoisting equipment. In the event of entry, aliner or casing
should bein placeto protect againg fall-in. Fresh air may be
pumped through hoses extending to the bottom. Minimum
diameter of casing for personal inspection is 2 feet. An
alternative to downholeinspection isto utilize ADSC drilled
shaft inspectors manuals.

(c) Slurry used during excavation should be tested for
compliance with mix specifications after the dlurry is mixed
and prior to placing in the excavation. These tests are
described in Table 6-3 and should be performed by the
Government and reported to construction management and
the designer.
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(d) The bottom of the excavation should be checked
before placement of the reinforcement cage and concrete to
ensurethat dl loose soil is removed, water has not collected
on the bottom of open boreholes, and the soil isin the correct
bearing stratum. Depth of water in an open borehole should
belessthan 2 inches. Casing should be clean, smooth, and
undeformed.

(2) Placement of reinforcement. The reinforcement cage
should be assembled prior to placement in the excavation
with the specified grade, size, and number of bars. The cage
should be supported with the specified horizontal stirrups or
spiralseither tied or welded in place as required to hold bars
in place and prevent misalignment during concrete
placement and remova of casing. The minimum spacing
between bars should be checked to ensure compliance with
specifications for adequate flow of concrete through the
cage. The cage should be checked for placement in the
specified position and adequately restrained from lateral
movement during concrete placement.

(3) Concrete placement. The properties of the concrete
mix and placement method must be closely monitored to
avoid defectsin the shaft. A record of the type of cement,
mix proportions, admixtures, quantities, and time loaded on
the truck should be provided on the delivery ticket issued by
the concrete supplier. The lapse of time since excavation of
the borehole and method of concrete placement, including
details of the tremie used to place the concrete, should be
recorded. Concrete sump should be greater than 6 inches
and the amount of concrete placed in the excavation for each
truck should be recorded. A plot of the expected quantity
calculated from the excavation dimensions and the actual
quantity should be prepared to indicate the amount and
location of the concrete overrun or underrun. Excessive
overruns or any underruns observed during concrete
placement will require an investigation of the cause. Any
unusual occurrence that affects shaft integrity should be
described.
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Table 6-3
Specifications for Bentonite Slurry

Supplied During Excavation
Property

Test Method

Density Not less than necessary to bore
shaft and less than 70 Ib/cu ft

Mud densiy

Viscosity 30to 50 sec Marsh funnel

Shear strength 003 psfto 02 psf(1410 10

N/m?)

Shearometer

pH 951012

Sand 2 % maximum by volume APl method

Indicator paper

—  Constant volume sample cup with lid connected to a balance
gravity amn is filed with slurry so when placing the lid some
slunry is forced out of a hole in the lid. Tap the edge of the cup
to break up any entrained air or gas. Wipe excess slurry from
the cup and lid. Place the balance am info the fulcrum and
move the rider on the balance am to balance the assembly.
Read the specific gravity from the scale on the balance.

—  Place afinger over the bottom chute of the funnel and fill the
funnel with slurry through a screen at the top of the funnel until
the slurry level reaches the bottom of the screen (1 quart
capacity). The sluny is allowed to flow from the funnel through
the chute and number of seconds required to drain the funnel
is recorded. Time measured is the viscosity.

—  Theinitial strength is determined by filing a container about 3
inches in diameter to the bottom line on a scale with freely
agitated slury. The scale is vertically mounted in the
container. A thin metal tube is lowered over the scale and
released. The tube is allowed to settle for 1 minute and the
shear sfrength recorded on the scale reading at the top of tube
. The 10-minute gel strength is determined in a similar
manner except that 10 minutes is allowed to pass before the
tube is lowered over the scale.

- ApH electric meter of pH paper may be used.

- A specified amount of slurry is mixed in a marked tube. The
content mixture is vigorously shaken, and all of it is then
poured through a No. 200 mesh screen so that sand
partices are retained on the screen. The sand particles are
washed info a marked tube by fitting the large end of a funnel
down over the top of the screen holder, then inverting the
screen and funnel assembly. The tip of the funnel is fitted into
the clear measuring tube and water sprayed from a wash
bottie on the screen. The percent volume of sand is read from
the marked measuring tube after the sand has settled.

b.  Nondestructive tests.  Routine ingpection with
nondestructive tests (NDT) using wave propagation shall be
performed to check the qudity of the ingtdled drilled shafts.
Additiona pedia tests asindicated in the following paragraphs
are parformed if defects are suspected in some drilled shafts.
Routine tests performed as part of the ingpection procedure are
typically inexpensive and require little time. Specia tests to
determine defects, however, are often time consuming,
expengve, and performed only for unusud situations.
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(1) Routine ingpection tests. The most common routine
NDT is to externdly vibrate the drilled shaft by gpplying a
sudden load as from ahammer or heavy weight dropped from a
specified height. Signals from the wave are recorded by
transducers and accelerometers installed near the top of the
shaft or embedded in the concrete at some location in the
length of the shaft. Access tubes may also beinstalled in
the shaft for down-hole instrumentation to investigate the
concrete between access tubes. Refer to FHWA-HI-88-042



for further information.

(@) The PDA procedure as discussed for driven piles
may aso be used for drilled shafts, even though it cannot be
considered a routine test for NDT. The force-time and
velocity-time traces ofo the vibration recorded on the
oscilloscope caused by a dynamic load can be interpreted
by an experienced technician to determine discontinuities
and their location in the concrete.

(b) The wave pattern of large displacements caused by
dropping sufficiently large weights from some specified
height can be analyzed by the PDA procedure and
CAPWAPC method to determine the ultimate bearing
capacity and load-displacement behavior.

(c) Vibration from a hammer blow measured with
embedded velocity transducers (geophones) can confirm
any possible irregularities in the signal and shaft defects.
The transducers are inexpensive and any number can be
readily ingtalled and sedled in epoxy-coated aluminum cases
on the reinforcing cage with no delay in construction. The
embedded receivers provide a much reduced noise level
that can eliminate much of the requirement for signal
processing.

(d) Forced vibrations induced by an electrodynamic
vibrator over a load cell can be monitored by four
accderometers indalled near the shaft head (Preiss, Weber,
and Caiserman 1978). The curve of v, /F, , where y, isthe
maximum velocity at the head of the drilled shaft and F, is
the applied force, is plotted. An experienced operator can
determine the quality of the concrete such as discontinuities
and mgjor faults if the length of the shaft is known.
Information below an enlarged section cannot be obtained.

(2) Access tubes and down-hole instruments. Metal or
plastic tubes can be cast longitudinally into a drilled shaft
that has been preselected for special tests. These tubes
usually extend full length, are plugged at the lower end to
keep out concrete, and are fastened to the rebar cage.
Various ingruments can be lowered down the access tubes
to generate and receive signals to investigate the quality of
the concrete.

(8 A probe that delivers a sonic signal can be inserted
down a tube and signal receivers inserted in other tubes.
One tube can check the quality of concrete around the tube
or multiple tubes can check the concrete between the tubes.

(b) An acoustic transmitter can be inserted in a fluid-
filled tube ingtalled in a drilled shaft and a receiver inserted
to the same depth in an adjacent tube. Thistest can also be
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performed on a drilled shaft with only a single tube using
aprobe that contains the receiver separated by an acoustic
isolator. A single tube can be used to check the quality of
concrete around the tube.

(©) A gammaray source can be lowered down one tube
and a detector lowered down to the same depth in another
tube to check the density of concrete between the source
and detector. A change in the signal as the instruments are
lowered indicates a void or imperfection in the concrete.

(3) Drilling and coring. Drilled shafts that are
suspected of having a defect may be drilled or cored to
check the qudity of the concrete. Drilling is to make a hole
into the shaft without obtaining a sample. Coring is boring
and removal of concrete sample. Drilling and coring can
indicate the nature of the concrete, but the volume of
concrete that is checked is relatively small and drilling or
coring is time consuming, costly, and sometimes
mideading. The direction of drilling is difficult to control,
and the hole may run out the side of the shaft or might run
into the reinforcement steel. Experienced personnel and
proper equipment are also required to ensure that drilling
is done correctly and on time.

(8  Drilling is much faster than coring, but less
information is gained. The drilling rate can infer the quality
of concrete and determine if any soil is in the shaft. A
cdiper can measure the diameter of the hole and determine
any anomalies.

(b) Coring can determine the amount of concrete
recovery and the concrete samples examined for inclusions
of sail or slurry. Compression tests can be performed to
determine the strength of the concrete samples. The cores
can aso be checked to determine the concrete to soil
contact at the bottom of the shaft.

(c) Holes bored in concrete can be checked with a
television camera if such an instrument is available. A
portion of a borehole can aso be packed to perform afluid
pressure test to check for lesks that could be caused by
defects.

(d) Defects of large size such as caused by the collapse
of the excavation prior to concrete placement or if concrete
is absent in some portion of the shaft can be detected by
drilling or coring. Defects can be missed such as when the
Sdes of arock socket are smeared with remolded and weak
material. Coring can aso detect defects that appear to be
severe but are actually minor. For example, coring can
indicate weak concrete or poor material, or poor contact
with the end bearing soil or rock in the region of the core,
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but the remaining shaft could be sound and adequately
supported by the soil.

c. Load tests. The only positive way to prove the
integrity of a suspected drilled shaft is to perform a load
test. Drilled shafts are often constructed in relatively large
sizes and load tests are often not economically feasible.
Replacing a suspected drilled shaft is often more
economical than performing the load test.

(1) Application. Load tests as described in paragraph 4,
Chapter 6, shall be performed for drilled shafts when
economicaly feesble such as for large projects. Results of
load tests can be used to reduce the FSfrom 3 to 2 and can
increase the economy of the foundation when performed
during design.

(2) Preload. An dternative to load tests is to construct
the superstructure and to preload the structure to determine
the integrity of the foundation. This test must be halted
immediately if one or more drilled shafts show more
settlement than is anticipated.

4. Load Tests

Field load tests determine the axial and lateral load capacity
as a function of displacements for applied structural loads
to prove that the tested pile or drilled shaft can support the
design loads within tolerable settlements. Load tests are
also used to verify capacity caculations and structural
integrity using static equations and soil parameters. Soil
parameters can be determined by laboratory and in situ
tests, wave eguation and pile driving analysis, and from
previous experience. Load tests consist of applying static
loads in increments and measuring the resulting pile
movements. Some aspects of load tests that need to be
considered are:

a. Categories of load tests. Types of load tests
performed are proof tests, tests conducted to failure without
interna instrumentation, and tests conducted to failure with
ingrumentation. Proof tests are not conducted to a bearing
capacity failure of the pile or drilled shaft but usually to
twice the design load. Tests conducted to failure without
instrumentation determine the ultimate pile capacity Q, , but
do not indicate the separate components of capacity of end
bearing Q,, and skin resistance Q, . Tests with internal
instrumentation, such as strain gauges mounted on
reinforcement bars of drilled shafts or mounted inside of
pipe piles, will determine the distribution of load carried by
skin friction as a function of depth and will also determine
the end-bearing capacity when conducted to failure.
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b. Limitations of proof tests. Many load tests
performed today are “proof” tests, which are designed to
prove that the pile can safely hold the design load or to
determine the design load. Proof tests do not determine the
ultimate capacity so that the pile is often designed to
support a higher load than necessary and can cause
foundation costs to be greater than necessary. Proof tests
are not adeguate when the soil strength may deteriorate
with time such as from frequent cyclic loads in some soils.
Coral sands, for example, can cause cementation that can
degrade from cyclic loads.

c. Selecting and timing load tests. Load tests are
always technically desirable, but not aways economically
feasible because they are expensive. These tests are most
frequently performed to assist in the design of major
structures with large numbers of piles where changes in
length, size, and type of pile and installation method can
provide significant cost savings. The costs of load tests
should be compared with potential savings when using
reduced safety factors permitted with the tests. Factors to
be considered before considering load test are;

(1) Significance of dtructure. The type and significance
of adructure could offset the added cost of load tests for a
complex foundation when the consequences of failure
would be catastrophic.

(2) Soil condition. Some subsurface investigations may
indicate unusud or highly variable soils that are difficult to
define.

(3) Availahility of test site. Testing should not interfere
with construction. Load tests should be conducted early
after the site is prepared and made accessible. The
contractor must wait for results before methods and
equipment can be determined and materials can be ordered.
Advantages of completing the testing program prior to
congtruction include discovery of potential and resolution of
problems, determination of the optimum installation
procedure, determination of the appropriate type, length and
size of the piles. Disadvantages include increased design
time to alow for load tests and testing conditions and data
extrated from atest Ste used in the design may not simulate
actual construction conditions such as excavation,
groundwater, and fill. Problems may also occur if different
contractors and/or equipment are used during construction.

(4) Location. Test piles should be located near soil test
borings and installed piezometers.

(5) Timing. Load tests of driven piles should be
performed after 1 or more days have elapsed to alow



dissipation of pore water pressures and consideration of
freeze or relaxation.

d. Axail load tests. Axial compressive load tests should
be conducted and recorded according to ASTM D 1143.
The quick load test described as an option in ASTM D
1143 is recommended for most applications, but this test
may not provide enough time for some soils or clays to
consolidate and may underestimate settlement for these
soils. The standard load test takes much longer and up to
several days to complete than the quick load test and will
measure more of the consolidation settlement of
compressible soils than the quick load test procedure.
However, neither the standard test nor the quick test will
measure al of the consolidation settlement. The cyclic load
test will indicate the potential for deterioration in strength
with time from repeated loads. Procedures for load tests
are presented:

(1) Quick load test. The load is applied in increments
of 10 to 15 percent of the proposed design load with a
congant time interval between load increments of 2 minutes
or as specified. Load is added until continuous jacking is
required to maintain the test load (plunging failure) or the
capacity of the loading apparatus is reached, whichever
comes first.

(2) Standard load test. Load is applied in increments of
25 percent of the design load and held until the rate of
settlement is not more than 0.01 inch/hour but not longer
than 2 hours. Additional load increments are applied until
twice the design load is reached. The load is then removed
in decrements of 50, 100 and 200 percent of the design
load for rebound measurements. Thisis a proof test if no
further testing is performed. A preferred option of the
standard load test is to reload the pile in increments of 50
percent of the design load until the maximum load is
reached. Loads may then be added at 10 percent of the
design load until plunging failure or the capacity of the
equipment is reached. This option is recommended to
evaluate the ultimate pile capacity.

(3) Repedted load tes. The dandard load tet is initidly
performed up to 150 peroant of the design load, dlowing 20 minutes
between load increments. Loads are removed in decrements equd
to the load increments after 1 hour at the maximum gpplied load.
Load is regpplied in increments of 50 percent of the design load
dlowing 20 minutes between increments until the previous
maximum load is reeched. Additiond load is then gpplied and
removed as destribed in ASTM D 1143, This test is ussful to
determine deterioration in pile capacity and digplacements from
cydicloads
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(4) Tensontest. Axial tension tests may be conducted
according to ASTM D 3689 to provide information on piles
that must function in tension or tension and compression.
Residual stresses may significantly influence results. A
minimum waiting period of 7 days is therefore required
following ingalaion before conducting this test, except for
tests in cohesive soil where the waiting period should not
be less than 14 days.

(5) Drilled shaft load test using Osterberg Cell. Load
tests are necessary <o that the design engineer knows how
a given drilled shaft would respond to design loads. Two
methods are used to load test drilled shaft: the Quick Load
Test Method described in ASTM D 1143 standard, and the
Osterberg Cell Method.

(8 Unlike the Quick Load ASTM test method which
appliesthe load at the top of the drilled shaft, the Osterberg
cell test method applies the load to the bottom of the shaft.
The cell consists of inflatable cylindrical bellow with top
and bottom plates dlightly less than the diameter of the
sheft. The cdl is connected to double pipes, with the inner
pipe attached to the bottom and the outer pipe connected to
the top of the cell (Figure 6-4). These two pipes are
separated by a hydraulic seal at the top with both pipes
extended to the top of the shaft. The outer pipe is used as
a conduit for applying fluid pressure to the previously
calibrated cell. The inner pipe is used as a tell-tale to
measure the downward movement of the bottom of the cell.
It is also used to grout the space between the cell and the
ground surface and create a uniform bearing surface. Fluid
used to pressurize the cell is mixed with a small amount of
water - miscible oil. The upward movement of the shaft is
measured by dial gauge 1 placed at the top of the shaft
(Figure 6-4). Downward movement is measured by dia
gauge 2 attached to the top of the inner pipe above the
point where it emerges from the outer pipe through the
hydraulic sedl.

(b) After drilling the shaft, the Osterberg cell is welded
to the bottom of the reinforcing cage, lifted by crane, and
inserted carefully into the hole. After proper installation
and testing, the cell is grouted by pumping a carefully
monitored volume of grout through the inner pipe to fill the
space between the cell and the bottom of the hole. When
the grout is set, concrete is pumped to fill the hole to the
desired level and the casing is pulled. After concrete has
reached the desired strength, the cell is pressurized
internaly to create an upward force on the shaft and an
equal and opposite downward force in end bearing. As
pressure increases, the inner pipe moves downward while
the outer pipe moves upward. The upward movement is a
function of the weight of the drilled shaft and the friction
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and/or adhesion mobilized between the surface concrete and
the surrounding soil.

(c) The dia gauges are usualy attached to a reference
beam supported by two posts driven into the ground a
aufficient distance apart (i.e., 10 feet or two shaft diameters,
whichever islarger) (Figure 6-4) to eliminate the influence
of shaft movement during the test. The difference in
reading between dial gauge 1 and dial gauge 2 a any
pressure level represents the elastic compression of the
concrete. The load downward-deflection curve in end
bearing and the load upward- movement curve in skin
friction can be plotted from the test data to determine the
ultimate load of the drilled shaft. Failure may occur in end
bearing or skin friction. At that point the test is considered
complete. Osterberg cells can be constructed as large as 4
feet in diameter to carry aload equivalent to 6,000 tons of
surface load.

(6) Analysis of capacity. Table 6-4 illustrates four
methods of estimating ultimate capacity of a pile tested to
failure. Three methods should be used when possible,
depending on local experience and preference, to determine
a suitable range of probable ultimate capacity. The
methods given in Table 6-4 give arange of Q, from 320 to
467 kips for the same test data.

(7) Effectsof layered soils. Layered soils may cause the
test piles to have a different capacity than the service piles
if the test piles have tips in a different stratum.
Consolidation of a cohesive layer supporting the tip load
may also cause the load to be supported by another layer.
The support of a pile could change from friction to end
bearing or the reverse depending on the strata.

e. Lateral load test. This test is used to verify the
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diffness used in design. The cyclic reduction factor used in
design can be verified if the test pile is loaded for
gpproximately 100 cycles. Some aspects of the lateral load
test are:

(1) Monotonic and cyclic lateral load tests should be
conducted and recorded according to ASTM D 3966. Tests
should be conducted as close to the proposed structure as
possible and in similar soil.

(2) Latera load tests may be conducted by jacking one
pile againg another, thus testing two adjacent piles. Loads
should be carried to failure,

(3 Groundwater will influence the lateral load response
of the pile and should be the same as that which will exist
during the life of the structure.

(4) The sequence of applying loads is important if
cyclic tests are conducted in combination with a monotonic
lateral load test. This may be done by first selecting the
load level of the cyclic test using either load or deflection
guidelines. The load level for the cyclic test may be the
design load. A deflection criterion may consist of loading
the piles to a predetermined deflection and then using that
load level for the cyclic load test. Using the cyclic load
level, the test piles would be cyclically loaded from zero
loading to the load level of the cyclic load test. This
procedure should be repeated for the required number of
cydes. Dia gauge readings of lateral deflection of the pile
heed should be made at a minimum at each zero load level
and at each maximum cyclic load level. The test pile
should be loaded laterally to failure after the last loading
cycle. The last loading cycle to falure can be
superimposed on the initial loading cycle to determine the
lateral 10ad-deflection curve of the pile to failure.
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Table 6-4
M ethods of Estimating Ultimate Pile Capacity from Load Test Data
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Method

Procedure

Diagram

Tangent
(FHWA-RD-
IR-77-8)

Limit Value
(Davisson
1972)

1.

1.

Draw a line tangent
to the curve at the
origin

. Draw another line

tangent to the curve
at the point on the
curve with slope
equivalent to 1 inch
for 40 kips of load

. Ultimate bearing

capacity is the load
at the intersection
of the two tangent
lines

Draw a line with
slope

2
g%E«EL where

B = pile diameter,
inches; E' =
Young's pile
modulus,
kips/inch?; L =
pile length,
inches

. Draw a line parallel

with the first line
starting at a
displacement of

0.15 + B/120 inch at
zero load

. Ultimate bearing

capacity is the load
at the intersection
of the load

—displacement curve with

the line of step 2
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Table 6-4 (Concluded)

Method

Procedure

Diagram

80 Percent

(Hansen
1963)

90 Percent
{Hansen
1963)

1. Plot load test

results as
JpIQ vs. p

. Draw straight line

through data points

Determine the slope
a and intercept b
of this line

Ultimate bearing
capacity is

_ 1
Qu 2/ab

. Ultimate deflection

is

pe = Db/a

. Calculate 0.9Q for

each load Q

. Find pgeq,

displacement for
load of 0.9Q, for
each Q from Q
vs. p plot

. Determine 2p,,,

for each Q and
plot vs. Q on the
chart with the load
test data of Q

Vs, p

. Ultimate bearing

capacity is the
load at the
intersection of the
two plots of data
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Appendix B
Pipe Piles

B-1. Dimensions and Properties.

Table B-1 lists the dimensions and properties for design of
some of the more commonly used sizes of pipe piles. The
source of this information is Pile Buck, Inc. (1988) or
FHWA-DP-66-1 (Revision 1), “Manua on Design and
Construction of Driven Piles Foundations.”* Data from this
table are used for analysis of design stresses in stell piles,

'References are listed in Appendix A.

ElI 02C097
01 Jul 97

Chapter 2, in applications of tabuluar members. For
reference to a particular member, use designation PPB, x t,,
where B, isthe outside diameter in inchesand t,, isthe wall
thicknessin inches. | isthe moment of inertia, inches’, and
determined by | = Ar>. A" B, (B &t,), the cross-
sectiona area of the tube, inches’. Sis the elastic section
modulus, inches’, and r isthe radius of gyration, inches. The
External Collapse Index in the last column is a
nondimensional function of the diameter to the wall
thicknessratio and is for general guidance only. The higher
the number, the greater is the resistance to collapse. Refer
to ASTM A 252 for material specifications.
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Table B-1

Dimensions and Properties for Design of Pipe Piles

Designation Inside

and Weight Section Properties AreaofExte-  Cross- Extemal

Outside Wall Area per rior Secfional Inside Collapse

Diameter Thickness A Foot | S ; Surface Area Volume Index

in. in. in2 b in* in in. il in2 vt !

PP10 109 339 11.51 414 828 350 262 752 0193 62
120 372 1266 455 909 349 262 748 0192 83
134 415 14.12 505 101 349 262 744 0191 116
A41 437 14.85 531 106 349 262 742 0191 135
150 464 15.78 56.3 11.3 348 262 739 0190 163
164 5.07 1723 61.3 123 348 262 735 0189 214
A72 531 1805 64.1 128 348 262 732 0188 247
A79 552 18.78 66.6 133 347 262 730 0188 279
188 5.80 19.70 69.8 14.0 347 262 727 0187 324
203 625 2124 750 150 346 262 723 0186 409
219 6.73 2288 805 16.1 346 262 718 0185 515
230 7.06 2400 84.3 169 346 262 715 0184 588
250 766 2603 911 182 345 262 709 0182 719

PP10-3/4 109 364 1239 516 9.60 376 281 871 0224 50
120 401 1362 566 105 376 281 86.8 0223 67
125 417 14.18 589 11.0 376 281 866 0223 76
A41 470 1598 66.1 123 375 281 86.1 0221 109
150 5.00 16.98 702 1341 375 281 858 0221 131
156 5.19 17.65 729 136 375 281 856 0220 148
164 545 1854 764 14.2 374 281 853 0219 172
A72 572 1943 800 149 374 281 850 0219 199
A79 594 2021 831 155 374 281 848 0218 224
188 624 2121 870 16.2 373 281 845 0217 260
219 725 2463 100 187 372 281 835 0215 414
230 760 2584 105 196 372 281 832 0214 480
250 825 2804 114 212 37 281 825 0212 605
279 9.18 3120 126 234 370 281 816 0210 781
307 101 3424 137 256 369 281 80.7 0208 951
344 112 3823 152 284 368 281 795 0205 1,180
365 119 4048 161 299 367 281 789 0203 1,320
438 14.2 4824 189 352 365 281 766 0197 1,890
500 16.1 54.74 212 394 363 281 747 0192 2,380

Note: Metfric ies of pipe piles are available from the American Institute of Steel Construction, 1 E. Wacker Drive, Chi IL 60601.
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Table B-1 (Continued)

Designation Inside

and Weight Section Properties AreaofExte-  Cross- Extemal

Outside Wall Area per rior Secfional Inside Collapse

Diameter Thickness A Foot | s ; Surface Area Volume Index

in. in. in2 Ib in* in3 in. fiwiid in2 yd/ft !

PP12 134 5.00 16.98 879 14.7 420 314 108 0278 67
A41 525 17.86 924 154 419 314 108 0277 78
150 558 1898 9.0 16.3 419 314 108 0277 A
A72 6.39 2173 112 186 418 314 107 0274 142
A79 6.65 2260 116 194 418 314 106 0274 161
188 6.98 2372 122 203 418 314 106 0273 186
203 752 2558 131 218 417 314 106 0272 235
219 8.11 2755 141 234 417 314 105 0270 2%
230 850 2891 147 246 416 314 105 0269 344
250 923 31.37 159 266 416 3.14 104 0267 443
281 103 3517 178 296 414 314 103 0264 616
312 115 3895 196 326 413 3.14 102 0261 784

PP12-3/4 109 433 14.72 865 136 447 334 123 0317 30
125 496 16.85 988 155 446 334 123 0316 45
134 531 18.06 106 16.6 446 334 122 0315 56
150 594 2019 118 185 446 334 122 0313 78
156 6.17 2098 122 192 445 334 122 0313 88
164 648 204 128 2041 445 334 121 0312 103
A72 6.80 2311 134 211 445 334 121 0311 118
A79 707 2403 140 219 445 334 121 0310 134
188 742 2522 146 230 444 334 120 .0309 155
203 8.00 2720 158 247 444 334 120 .0308 196
230 9.05 30.75 177 278 443 334 119 0305 286
250 9.82 3338 192 301 442 334 118 .0303 368
281 11.0 3742 214 336 441 334 117 .0300 526
312 122 4145 236 370 440 334 115 0297 684
330 129 4377 248 390 439 334 115 0295 776
344 134 4558 258 405 439 334 114 0294 848
375 146 4956 279 438 438 334 113 0291 1,010
406 15.7 5352 300 471 437 334 112 0288 1,170
438 169 5759 321 504 436 334 111 0285 1,350
500 192 6542 362 56.7 433 334 108 0279 1,760
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Table B-1 (Continued)

Designation Inside

and Weight Section Properties AreaofExte-  Cross- Extemal

Outside Wall Area per rior Secfional Inside Collapse

Diameter Thickness A Foot | s ; Surface Area Volume Index

in. in. in2 Ib in* in3 in. fiwiid in2 yd/ft !

PP14 134 584 1984 140 200 490 367 148 0381 42
A41 6.14 2087 147 211 490 367 148 .0380 49
150 653 2219 157 24 490 367 147 0379 59
156 6.78 2307 163 232 489 367 147 0378 66
A72 747 2540 179 255 489 367 146 0377 89
A79 777 2642 186 265 489 367 146 0376 101
188 8.16 27.73 195 278 488 367 146 0375 117
203 880 2991 209 299 488 367 145 0373 147
210 9.10 3093 216 309 488 367 145 0373 163
219 948 3223 225 322 487 367 144 0372 185
230 9.95 3382 236 337 487 367 144 0370 215
250 108 36.71 255 365 486 367 143 .0368 277
281 1241 4117 285 40.7 485 367 142 0365 395
344 14.8 5017 344 492 483 367 139 0358 691
375 16.1 5457 373 533 482 367 138 0355 835
438 187 6344 429 614 480 367 135 0348 1,130
469 199 67.78 457 65.3 479 367 134 0345 1,280
500 212 7209 484 69.1 478 367 133 0341 1,460

PP16 134 6.68 271 210 263 561 419 194 .0500 28
A41 7.02 2388 221 276 561 419 194 0499 33
150 747 2539 235 293 5.60 419 194 0498 39
164 8.16 27.74 256 320 5.60 419 193 .049% 52
A72 855 2908 268 335 5.60 419 193 0495 60
A79 890 3025 278 348 559 419 192 0494 67
188 9.34 31.75 292 365 559 419 192 0493 78
203 10.1 3425 314 393 559 419 191 0491 98
219 109 3691 338 423 558 419 190 0489 124
230 114 38.74 34 443 558 419 190 0488 144
250 124 4205 3% 480 557 419 189 0485 185
281 139 4717 429 536 5.56 419 187 0481 264
312 154 5227 473 592 555 419 186 0478 362

(Sheet30f4)
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Designation Inside
and Weight Section Properties AreaofExte-  Cross- Extemal
Outside Wall Area per rior Sectional Inside Collapse
Diameter Thickness A Foot I S r Surface Area Volume Index
in. in. in2 Ib in* in3 in. fiwiid in2 yd/ft !
PP16 344 169 5752 519 64.8 554 419 184 0474 487
(contd) 375 184 6258 562 703 553 419 183 0470 617
438 214 7280 649 811 550 419 180 0462 874
469 29 77.79 691 86.3 549 419 178 0458 1,000
500 243 8277 732 915 548 419 177 .0455. 1,130
(Sheet4 of 4)
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Appendix C
Computer Program Axiltr

C-1. Organization

Pogan AXILTR, AXld Load Trandfer, condgs of amain routine
and two subroutines  The main routine feeds in the input data,
cdculates the effective overburden gress and determines whether
theloedisaxid down-directed, pullout, or if uplift/downdrag forces
devdopfromsdlingor consolidating soil.  The main routine
also prints out the

ElI 02C097
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computations. Subroutine BASEL calculates the displace-
ment at the base for given applied down-directed loads at the
base. Subroutine SHAFL evaluates the load transferred to
and from the shaft for relative displacements between the
shaft and soil. An iteration scheme is used to cause the
caculated applied loads at the top (butt) to converge within
10 percent of the input load applied at the top of the shaft.

a. Input data. Input data are illustrated in Table C-1
with descriptions given in Table C-2.

Table C-1
Input Data
Line Input Parameters Format Statement
1 TITLE 20A4
2 NMAT NEL DX GWL LO 1Q M 215,2F6.2,315
3 | J K SOILP DS DB 315,3F10.3
4 E50 (Omitted unless K=2, 5, 9) E13.3
5 LLL 15
6 MAT GS EO WO PS CS CC C PHI AK PM 13,3F6.2,F7.0,2F7.2,
(Lines 5 repeated for each material M = 1,NMAT)
7 ALPHA (Omitted unless | = 6) 7F10.5
(o input for each material MAT = 1,NMAT)
8 M IE(M) 215
(Line 8 repeated for each element M and number of soil
IE(M). Start with 1. The last line is NEL NMAT)
9 RFF GG F6.3,E13.3
(Omitted unless K=7, 8, 9)
10 (Omitted unless K= 3, 4, 5, 6)
10a NCA (<12) 15
10b T(M,1)... T(M,11) (Input for each curve M = 1,NCA 11F6.2
10c S(M) (Input on new line for each F6.3
M =2,11; S(1) input in program as 0.00)
11 (Omitted unless | = 5)
11a NCC (<12) 15
11b FS(N) ZEPP(N) NCUR 2F10.3,15
(Input on new line for each N = 1,NCC)
12 (Omitted unless J = 0)
12a NC (>1) 15
12b EP(M) ZEP(M) E13.3,F6.2

(Input on new line for each M = 1,NC; at least a top and bottom

term required)
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Table C-1 (Concluded)

Line Input Parameters Format Statement
13 S(M) F10.5,F15.3
(Omitted unless K = 6; repeat on new line for each M = 1,1J)
14 SOILP XA 3F15.2
15 15
(Omitted unless XA < 0.0)
Table C-2

Description of Input Parameters (Continued)

Line Parameter Description
1 TITLE Name of problem
2 NMAT Total number of materials
NEL Total number of elements
DX Thickness of each element, ft (usually 0.5 or 1.0 ft)
GWL Depth to groundwater level, ft
LO Amount of output data
=0 Extensive data output used to check the program
=1 Shaft load-displacement behavior and detailed load distribution-displacement response along shaft
length for input top load prior to and following soil distribution-displacement response along shaft
length for input top load prior to and following soil movement (load transfer, load, shaft
compression increment, and shaft movement at given depth
=2 Shaft load-displacement behavior and load distribution-displacement response along shaft length for
input top load prior to and following soil movement
=3 Shaft load-displacement behavior and load distribution-displacement response along shaft length for
input top load on shaft following soil movement
1Q Total number of shaft increments (shaft length/element thickness); top of shaft at ground surface
IJ Number of points for shaft load-displacement behavior (usually 12, but maximum 19 for PARAMETER
statement = 40
3 Magnitude of reduction factor o applied to total (undrained) or effective (drained) shear strength for skin
friction resistance
=0 o =1 (usually used for drained strength)
=1 o = sin (nx=/L), x = depth, ft; L = shaft length, ft
=2 a=06
=3 a=045
=4 =03
=5 o = Permits maximum skin friction input as a function of depth, psf (see line 11)
=6 o =is input for each material (see line 7)
J Option for elastic shaft modulus

=0 shaft modulus input
=1 shaft modulus set to near infinity

C-2
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Table C-2 (Continued)

Line Parameter Description
K Option for load-transfer functions (see Figure 3-22)
Base Shaft
=0 Consolidation Seed and Reese
=1 Vijayvergiya Seed and Reese
=2 Reese and Wright Seed and Reese
=3 Consolidation Input (see line 10)
=4 Vijayvergiya Input (see line 10)
=5 Reese and Wright Input (see line 10)
=6 Input (see line 13) Input (see line 10)
=7 Consolidation Kraft, Ray, and Kagawa
=8 Vijayvergiya Kraft, Ray, and Kagawa
=9 Reese and Wright Kraft, Ray, and Kagawa
SOILP Pressure on top layer of soil exerted by surrounding structure, fill, etc., psf
DS Diameter shaft, ft
DB Diameter base, ft
4 E50 Strain at 1/2 maximum deviator stress, Equation 3-34
5 LLL Option for type of shear failure at base
=0 Local shear failure, Equation 3-24 orN =7
=1 General shear failure, Equation 3-10orN =9
6 MAT Number of material
GS Specific gravity
EO Initial void ratio
WO Initial water content, percent
PS Swell pressure, psf
Cs Swell index
CcC Compression index
C Cohesion, psf; = undrained strength for total stress analysis; effective cohesion c' or zero for effective
stress analysis
PHI Angle of shearing resistance ¢; = 0 for total stress analysis
AK Coefficient of lateral earth pressure
PM Maximum past pressure, psf (program sets PM = PS if PM input < PS)
7 ALPHA Reduction factor o, for each material MAT, Equations 3-26, Table 3-5, Table 3-9,; used when option
| =6, Line 3
8 M Number of element
IE(M) Material number of soil, MAT
9 RFF Hyperbolic reduction factor R for Kraft, Ray, and Kagawa model, Equation 3-35; use 1.0 if not known
GG Shear modulus G, psf, Equation 3-35
10 Input data for shaft load-transfer curves (k = 3, 4, 5, 6)
10a NCA Total number of shaft load-transfer curves to input, < 12
10b T(M,1)... Skin friction ratio of developed shear strength/maximum
.T(M,11) mobilized shear strength of each shaft load-transfer curve; 11 values required for each load-transfer
curve, the first value T(1,1) = 0.0
10c S(M) Movement in inches for all of the T(M,1)...T(M,11) curves; only 10 values required from S(2)...S(11);

S(1)=0.0in code; if S(M) in the code is okay (0.0, 0.05, 0.1, 0.15, 0.2, 0.23, 0.3, 0.45, 0.75, 1.05, 1.5
inches)

(Sheet 2 of 3)
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Table C-2 (Concluded)

Line Parameter Description
11 Input data for maximum skin friction as a function of depth
NCC Total number of maximum skin friction terms to input, <12; program interpolates maximum skin friction
between depths
11a FS(N) Maximum skin friction -, for point N, psf
11b ZEPP(N) Depth for the maximum skin friction for point N, ft
11c NCUR Number of the shaft load-transfer curve input M in line 10; applicable to the maximum skin
friction for point N (Repeat 11a, 11b, 11c for each N = 1,NCC)
12 Input data for shaft elastic modulus as function of depth; program interpolates the elastic modulus between
depths
NC Total number of terms of elastic modulus and depth, > 1
12a EP(M) Elastic modulus of shaft at point M, psf

12b ZEP(M)

Depth for the elastic modulus of shaft at point M, ft (An elastic modulus and depth term are required at

least at the top and bottom of the shaft)

13 Input data for base displacements if K = 6 (The number of input terms or R(M) and S(M) equals IJ -1,
line 2

13a R(M) Base displacement, in. (The first displacement is 0.0 inches and already input in the program)

13b S(M) Base load for displacement R(M), pounds; the base load for 0.0 displacement is approximated as the
overlying soil weight and already input in the program

14 Structural load, pressure on adjacent soil at the ground surface, and depth of the active zone for heave

input for each problem for evaluation of specific load distribution-placement computations

14a STRUC

Structural vertical load on top of shaft, pounds
Pressure on top layer on soil exerted by surrounding structure, fill, etc., psf
Depth of the active zone for heave, ft; = 0.01 yields load-displacement behavior for zero soil movement; a

saturated soil profile is assumed when comp - uting soils movement; < 0.0 program goes to line 15 below

14b SOILP
14c XA
15 NON

Execution stops if 0; program goes to line 1 if >0

(1) The program is set to consider up to a total of
40 soil types and 100 soil elements. Figure C-1 provides
and example layout of soil types and elements used in
AXILTR.

(2) Theprogram can accommodate up to 18 points of the
load-displacement curve. This capecity may be dtered by
adjusting the PARAMETER statement in the program.

(3) Theinput dataareplacedin afile, “DALTR.TXT.”
These data are printed in output file, “LTROUT.TXT,”
illustrated in Table C-3a.

b. Output data. Results of the computations by
AXILTR are printed in LTROUT.TXT illustrated in
Table C-3b. Table C-3c provides a description of calcula
tionsillustrated in Table C-3b.

(1) Load-displacement data are placed in file
LDCOM.DAT for plotting by graphic software.

C-4
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(2) Loaddepth datafor agiven gpplied load on the pile top are
placed infile LDSP.DAT for plotting by graphic software

(3) Digplacement-depth data for a given gpplied load on the
pile top are placed in file MDEPDAT for plotting by grgphic
Lftware

C-2. Application

The pullout, uplift, and downdrag capabilities of AXILTR
are illustrated by two example problems. The accuracy of
these solutions can be increased by using more soil layers,
which increases control over soil input parameters such as
swell pressure, maximum past pressure, and shear strength.

a. Pullout and uplift. Table C-4 illustrated input data
required to determine performance of a 2-feet-diameter
drilled shaft 50 feet long constructed in an expansive clay
0il of two layers, NMAT = 2. The shaft is underdreamed of
two layers, NMAT = 2. The shaft is underdreamed
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K——>Kk— pB=5.0 FT

Figure C-1. Schematic diagram of soil and pile
elements

with a 5-foot-diameter bell. Soil beneath the shaft is
nonexpansive. The shaft is subject to a pullout force of 300
kips. Refer to Figure C-1 for a schematic representation of
this problem.

(1) Bearing capacity. Theaphaskin friction and local
shear base capacity models are selected. Option to input the
reduction factor " (I = 6) wasused. The selected " 'sfor the
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two soilsis0.9. A high" was selected because expansive
soil increases pressure againgt the shaft, which may raise the
skin friction.

(2) Load-transfer models. The Kraft, Ray, and Kagawa
skin friction and the Vijayvergiya base load-transfer models
(K =8) were selected. Two points for the elastic modulus of
the shaft concrete were input into the program.

(3) Results. Theresults are plotted in Figure C-2 for a
pullout force of 300,000 pounds. Results of the computation
placed in files“LTROUT.TXT” are shown in Table C-5.

(a) Total and base ultimate bearing capacity is about
1,200 and 550 kips, respectively (Figure C-2a). Base and
total cagpacity is250 and 600 kips, respectively, if settlement
is limited to 0.5 inch, which is representative of an FS of
approximately 2.

(b) Thedistribution of load with depth, Figure C-2b, is
a combination of the shapes indicated in Figures 3-15 and
3-16, because both pullout and uplift forces must be resisted.

(c) The shaft will heave approximately 0.7 inch,
while the soil heaves more than 11 inches at the ground
surface (Figure C-2c).

b. Downdrag. Table C-6 illustratesinput data required
to solvefor the performance of the same drilled shaft and soil
described in the previous example problem, but the soil is
wetter with amuch lower swell pressure. Soil shear strength
is assumed not to change significantly from the previous
example. This shoft is subject to a 150-kip load in
addition to the downdrag forces from the settling soil.

(1) Bearing capacity. The alpha skin friction and
local shear bearing-capacity models are selected similar
to the previous example. Option to input the reduction
factor a's are 0.55 and 0.3 for the surface and deeper
soils, respectively.

C-5
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Table C-3. Output Data
a. Repeat of Input Data (See Table C-1)
Line Input Parameters Format Statement
1 TITLE 20A4
2 NMAT= NEL= DX= FT GWL= FT 15,15,F6.2,F6.2
LO= 1Q (SHAFT INC)= IJ (NO.LOADS= 15,15,15
3 I= J= K= SOILP= PSF 15,15,15,F10.2
DS= FT F10.2
DB= FT F10.2
4 (fK=2,59)
E50 E13.3
5 LOCAL SHEAR FAILURE AT BASE -LLL = 0 Or 15
GENERAL SHEAR FAILURE AT BASE - LLL = 1 15
6 MAT GS EO WO (%) PS(PSF) CS CC CO(PSF) PHI K PM(PSF) 13,3F6.2,F7.0,27.2,
F7.0,2F6.2,F7.0
7 (If 1 =6)ALPHA = 2(7F10.5)
8 ELEMENT NO OF SOIL 15,10X,15
9 (If K=7,8,9)
REDUCTION FACTOR= SHEAR MODULUS= F6.3,3X,E13.3
10 (f K =3, 4,5, 6)
NO. OF LOAD-TRANSFER CURVES(<12)?= 15
For each curve 1 to NCA:
CURVE 15
RATIO SHR DEV, M=1, 11 ARE 11F6.3
MOVEMENT (IN.) FOR LOAD TRANSFER M= IS INCHES 15,F6.3
11 (f 1=5
NO OF SKIN FRICTION-DEPTH TERMS (<12)? ARE 15
SKIN FRICTION (PSF) DEPTH(FT) CURVE NO F10.3,F10.3,15
12 If J=0)
E SHAFT (PSF) AND DEPTH(FT): 4(E13.3,2X,F6.2)
13 (f K=86)
BASE DISPLACEMENT(IN.), BASE LOAD(LB) > FOR POINTS F10.2,15
b. Output Calculations
Line Input Parameters Format Statement
1 BEARING CAPACITY= POUNDS F13.2
2 DOWNWARD DISPLACEMENT
3 (Omitted unless LO = 0,1)
POINT BEARING(LB)= F13.2

Table C-3 (Continued)

C-6
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Line Input Parameters Format Statement
4 (Omitted unless LO = 0,1)
DEPTH LOAD TRANS TOTAL LOAD COM OF INCR TOTAL MOVMT
FT LB LB INCHES INCHE S
5E13.5,15
5 TOP LOAD TOP MOVEMENT BASE LOAD BASE MOVEMENT 4E13.5
LB INCHES LB INCHES
6 NEGATIVE UPWARD DISPLACEMENT
7 TOP LOAD TOP MOVEMENT BASE LOAD BASE MOVEMENT E13.5
LB INCHES LB INCHES
8 STRUC LOAD (LB) SOILP (PSF) ACTIVE DEPTH (FT) F10.0,2F10.2
(Line 14 of Table C-2)
9 BELL RESTRAINT(LB)= F13.2
10 (If STRUL < 0.0 See Line 14, Table C-2)
FIRST ESTIMATE OF PULLOUT RESTRAINT(LB)= F13.2
11 LOAD-DISPLACEMENT BEHAVIOR
12 (If LO <2)
EFFECTS OF ADJACENT SOIL
13 INITIAL BASE FORCE(LB)= F13.2
(If LO = 0) BASE FORCE(LB)=
14 DISPLACEMENT (INCHES)= FORCE= POUNDS F8.4,F12.2
15 ITERATIONS= 15
16 DEPTH(FT) LOAD(LB) SHAFT MVMT(IN) SOIL MVMT(IN) F7.2,2X,E13.5,
2F15.5
c. Description of Calculations
Line Program Prints Description
1 BEARING CAP... End-bearing capacity, pounds
2 DOWNWARD DISPL Load-displacement behavior for zero soil movement in downward direction for 1J points
3 POINT BEARING Load at bottom of shaft prior to shaft load-transfer calculation, pounds
4 DEPTH Depth, ft
LOAD TRANS Load transferred at given depth along shaft, pounds
TOTAL LOAD Total load on shaft at given depth, pounds
COM OF INCR Incremental shaft compression at given depth, inches
TOTAL MOVMT Shaft-soil relative movement at given depth, inches
INTER Number of iterations to complete calculations
5 TOP LOAD Load at top of shaft, pounds
TOP MOVEMENT Displacement at top of shaft, inches
BASE LOAD Load at bottom of shaft, pounds

BASE MOVEMENT

Displacement at bottom of shaft, inches

(Sheet 2 of 3)
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Table C-3 (Concluded)

Line Input Parameters Format Statement
6 NEGATIVE UPWARD Load-displacement behavior for zero soil movement in upward direction for 1J points
7 Same as item 5
8 STRUC LOAD(LB) Load applied on top of shaft, pounds
SOILP(PSF) Pressure applied on top of adjacent soil, psf
ACTIVE DEPTH Depth of soil beneath ground surface subject to soil heave, ft
9 BELL RESTRAINT Restraining resistance of bell, pounds
10 FIRST ESTIMATE Initial calculations of pullout resistance prior to iterations for structural loads less than zero,
pounds
11 LOAD-DISPLACE Load-shaft movement distribution for given structural load
12 EFFECTS OF ADJ Effects of soil movement considered in load-displacement behavior
13 INITIAL BASE Initial calculation of force at bottom of shaft prior to iterations
14 DISPLACEMENT Displacement at bottom of shaft after 100 iterations, inches
FORCE= Force at bottom of shaft, pounds after 100 iterations, pounds
15 ITERATIONS Total number of iterations to converge to solution
16 DEPTH(FT) Depth, feet
LOAD(LB) Load at given depth, pounds

SHAFT MVMT(IN.)
SOIL MVMT(IN.)

Shaft displacement, inches
Soil movement, inches

(2) Load-transfer models. The Seed and Reese
skin friction and Reese and Wright base load-transfer
models were selected (K = 2). Two points for the
elagtic modulus of the shaft concrete were input into the
program.

(3) Results. The results are plotted in Figure C-3
for a downward applied load of 150 kips. Results of the
computation placed in file LTROUT.TXT are illustrated
in Table C-7.

(@ Totd and base ultimate bearing capacity (Fig-
ure C-3a) is about 550 and 880 kips, respectively. Base
and total capacity is about 200 and 500 Kkips,
respectively, if settlement is limited to 0.5 inch. The FS

C-8
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is approximately 1.8 relative to total pile capacity. The
program does not add the vertical plunging failure liens
to the curves in Figure C-3a, which leaves the calculated
displacement load relationships nearly linear.

(b) The distribution of load with depth (Figure C-
3b) is representative of downdrag indicated in Figure 3-
21. The load on the shaft base is nearly 300 kips or
double the applied load at the ground surface.

(©) The shaft will settle approximately 1 inch, while
the soil settles about 2 inches at the ground surface (Fig-
ure C-3c). The soil is heaving near the ground surface,
which counters the settlement from downdrag. Maximum
settlement is about 3.5 inches at 10 feet of depth.
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Figure C-2. Plotted output for pullout and uplift problems (Continued)
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Figure C-2. (Concluded)

Table C-4

Listing of Data Input for Expansive Soil, File DATLR.TXT

EXPANSIVE SOIL

2 50 1.0 40.
6 0 8 0.0
0
1 2.68 8 30.
2 2.65 37 13.1
0.9 0.9
1 1
41 2
50 2
.900 1.600E+05
2
4.333E 08 0
4.333E 08 50.0
-300000. 0
0. 0
0

50
20

4800.
6000.

16
5.00
1 2
1 2

50.
-1.0

2000.
4000.

7000.
10000.

C-10
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Table C-5
Listing of Output for Pullent and Uplift Problem
EXPANSIVE SOILS
NMAT= 2 NEL= 50 DX= 1.00 FT GWL=  40.00 FT
LO= 2 IQ (SHAFT INC)= 50 U (NO. LOADS)= 16

I= 6 J= 0 K= 8 SOILP= 0.00 PSF
DS= 2.00 FT
DB= 5.00 FT
LOCAL SHEAR FAILURE AT BASE - LLL= 0
MAT GS EO WO(%) PS(PSF) CsS cC CO(PSF) PHI K PM(PSF)
1 2.68 0.80 30.00 4800. 0.10 0.20 2000. 0.00 0.70 7000.
2 2.65 0.37 13.10 6000. 0.10 0.20 4000. 0.00 2.00 100000.
ALPHA= 0.90000 0.9000
ELEMENT NO OF SOIL

1 1

2 1

1
. 1
40 1
41 2
42 2
2
. 2
50 2
REDUCTION FACTOR = 0.900 SHEAR MODULUS= 0.160E+06
E SHAFT(PSF) AND DEPTH(FT):
0.433E+09 0.00 0.433E+09 50.00
BEARING CAPACITY= 549778.69 POUNDS

DOWNWARD DISPLACEMENT
TOP LOAD TOP MOVEMENT BASE LOAD BASE MOVEMENT
POUNDS INCHES POUNDS INCHES
0.24017E+06 0.17714E+00 0.10946E+06 0.99065E-01
0.34507E+06 0.26781E+00 0.13882E+06 0.15855E+00
0.45773E+06 0.37719E+00 0.16817E+06 0.23526E+00
0.58421E+06 0.50996E+00 0.19753E+06 0.33139E+00
0.71040E+06 0.66509E+00 0.22688E+06 0.44915E+00
0.82982E+06 0.84256E+00 0.25624E+06 0.59070E+00
0.92817E+06 0.10432E+01 0.28559E+06 0.75826E+00
0.97601E+06 0.12587E+01 0.31494E+06 0.95401E+00
0.10054E+07 0.14978E+01 0.34430E+06 0.11801E+01
0.10347E+07 0.17694E+01 0.37365E+06 0.14388E+01
0.10641E+07 0.20758E+01 0.40301E+06 0.17323E+01
0.10934E+07 0.24192E+01 0.43236E+06 0.20627E+01
0.11228E+07 0.28017E+01 0.46172E+06 0.24323E+01
0.11521E+07 0.32256E+01 0.49107E+06 0.28432E+01
0.11815E+07 0.36930E+01 0.52042E+06 0.32977E+01
0.12108E+07 0.42061E+01 0.54978E+06 0.37979E+01

(Sheet 1 of 3)
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Table C-5 (Continued)

NEGATIVE UPWARD DISPLACEMENT

TOP LOAD TOP MOVEMENT BASE LOAD BASE MOVEMENT
POUNDS INCHES POUNDS INCHES
-0.18590E+05 -0.37138E-02 0.00000E+00 0.00000E+00
-0.31134E+05 -0.16708E-01 0.00000E+00 -0.10000E-01
-0.43689E+05 -0.29706E-01 0.00000E+00 -0.20000E-01
-0.68793E+05 -0.55704E-01 0.00000E+00 -0.40000E-01
-0.11899E+06 -0.10770E+00 0.00000E+00 -0.80000E-01
-0.21806E+06 -0.21160E+00 0.00000E+00 -0.16000E+00
-0.38024E+06 -0.41089E+00 0.00000E+00 -0.32000E+00
-0.61240E+06 -0.78911E+00 0.00000E+00 -0.64000E+00
-0.69610E+06 -0.14531E+01 0.00000E+00 -0.12800E+01
-0.69610E+06 -0.27331E+01 0.00000E+00 -0.25600E+01
-0.69610E+06 -0.52931E+01 0.00000E+00 -0.51200E+01
-0.69610E+06 -0.10413E+02 0.00000E+00 -0.10240E+02
-0.69610E+06 -0.20653E+02 0.00000E+00 -0.20480E+02
-0.69610E+06 -0.41133E+02 0.00000E+00 -0.40960E+02
-0.69610E+06 -0.82093E+02 0.00000E+00 -0.81920E+02
-0.69610E+06 -0.16401E+03 0.00000E+00 -0.16384E+03

STRUC LOAD(LB)
-300000.

BELL RESTRAINT(LB)=

FIRST ESTIMATE OF PULLOUT RESTRAINT(LB)=

SOILP(PSF)
0.00

ACTIVE DEPTH(FT)
50.00

44915.44
541894.31

LOAD-DISPLACEMENT BEHAVIOR

INITIAL BASE FORCE(LBS)=  -788275.25
DISPLACEMENT(INCHES)= -0.2475 FORCE= 66776819
DISPLACEMENT(INCHES)=  -0.4975 -532357.44 POUNDS
DISPLACEMENT(INCHES)=  -0.6525 44944394 POUNDS
INTERATIONS= 262
DEPTH(FT) LOADS(LB) SHAFT MVMT(IN.) SOIL MVMT(IN.)
0.00 -0.32427E+06 -0.88276 -11.94514
1.00 -0.33520E+06 -0.87985 -10.67843
2.00 -0.34613E+06 -0.87685 -9.72980
3.00 -0.35706E+06 -0.87385 -8.92906
4.00 -0.36799E+06 -0.87055 -8.22575
5.00 -0.37892E+06 -0.86726 -7.59519
6.00 -0.38985E+06 -0.86387 -7.02274
7.00 -0.40078E+06 -0.86039 -6.49865
8.00 -0.41171E+06 -0.85681 -6.01600
9.00 -0.42264E+06 -0.85313 -5.56958
10.00 -0.43357E+06 -0.84936 -5.15537
11.00 -0.44450E+06 -0.84549 -4.77014
12.00 -0.45543E+06 -0.84152 -4.41124
13.00 -0.46636E+06 -0.83746 -4.07648
14.00 -0.47729E+06 -0.83330 -3.76401
15.00 -0.48822E+06 -0.82904 -3.47223
16.00 -0.49915E+06 -0.82469 -3.19976

(Sheet 2 of 3)
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Table C-5 (Concluded)

DEPTH(FT) LOADS(LB) SHAFT MVMT(IN.) SOIL MVMT(IN.)
17.00 -0.51008E+06 -0.82024 -2.94538
18.00 -0.52101E+06 -0.81570 -2.70805
19.00 -0.53194E+06 -0.81105 -2.48680
20.00 -0.54287E+06 -0.80632 -2.28080
21.00 -0.55380E+06 -0.80148 -2.08927
22.00 -0.56473E+06 -0.79655 -1.91153
23.00 -0.57566E+06 -0.79153 -1.74696
24.00 -0.58613E+06 -0.78641 -1.59498
25.00 -0.59556E+06 -0.78120 -1.45506
26.00 -0.60381E+06 -0.77591 -1.32673
27.00 -0.61073E+06 -0.77056 -1.20953
28.00 -0.61621E+06 -0.76515 -1.10306
29.00 -0.62027E+06 -0.75970 -1.00692
30.00 -0.62304E+06 -0.75422 -0.92078
31.00 -0.62444E+06 -0.74872 -0.84428
32.00 -0.62465E+06 -0.74321 0.77713
33.00 -0.62386E+06 -0.73771 -0.71902
34.00 -0.62223E+06 -0.73222 -0.66969
35.00 -0.61992E+06 -0.72674 -0.62887
36.00 -0.61710E+06 -0.72129 -0.59633
37.00 -0.61390E+06 -0.71587 -0.57183
38.00 -0.61049E+06 -0.71047 -0.55516
39.00 -0.60701E+06 -0.70510 -0.54610
40.00 -0.60360E+06 -0.69977 -0.54447
41.00 -0.59487E+06 -0.69448 -0.46514
42.00 -0.58401E+06 -0.68929 -0.39155
43.00 -0.57119E+06 -0.68420 -0.32363
44.00 -0.55675E+06 -0.67922 -0.26128
45.00 -0.54103E+06 -0.67439 -0.20443
46.00 -0.52416E+06 -0.66969 -0.15300
47.00 -0.50642E+06 -0.66515 -0.10692
48.00 -0.48799E+06 -0.66077 -0.06611
49.00 -0.46897E+06 -0.65655 -0.03049
50.00 -0.44994E+06 -0.65250 0.00000
STRUC LOAD(LB) SOILP(PSF) ACTIVE DEPTH(FT)
0. 0.00 -1.00
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Table C-6
Listing of Data Input for Settling Soil

SETTLING SOIL

2 50 1.0 40. 2 50 16
6 0 2 0.0 2.0 5.00
0.010
0
1 2.68 8 30. 1200. .05 A 2000. 4000.
2 2.65 37 13.1 6000. .05 A 4000. 10000.
0.55 0.3
1 1
41 2
50 2
2
4.333E 08 0
4.333E 08 50.0
150000. .0 50.
0. .0 -1.0
0
Table C-7
Listing of Output for Downdrag Problem
SETTLING SOILS
NMAT= 2 NEL= 50 DX= 1.00 FT GWL=  40.00 FT
LO= 2 IQ (SHAFT INC)= 50 | (NO. LOADS)= 16
I= 6 J= 0 K= 8 SOILP= 0.00 PSF
DS= 2.00 FT
DB= 5.00 FT
E50= 0.100E-01
LOCAL SHEAR FAILURE AT BASE - LLL= 0
MAT GS EO WO(%) PS(PSF) CS CcC CO(PSF) PHI K PM(PSF)
1 2.68 0.80 30.00 1200. 0.05 0.10 2000. 0.00 0.70 4000.
2 2.65 0.37 13.10 6000. 0.05 0.10 4000. 0.00 2.00 10000.
ALPHA= 0.55000 0.3000

C-16
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Table C-7 (Continued)

ELEMENT
1
2

40
41
42

NN NDNMNN=2 @ A a

50

NO OF SOIL

E SHAFT(PSF) AND DEPTH(FT):

0.433E+09 0.00

BEARING CAPACITY=

0.433E+09
549778.69

DOWNWARD DISPLACEMENT

TOP LOAD TOP MOVEMENT BASE LOAD BASE MOVEMENT
POUNDS INCHES POUNDS INCHES
0.43825E+06 0.36209E+00 0.10946E+06 0.24071E+00
0.47316E+06 0.46787E+00 0.13882E+06 0.33163E+00
0.50252E+06 0.57771E+00 0.16817E+06 0.42854E+00
0.53187E+06 0.69319E+00 0.19753E+06 0.53108E+00
0.56122E+06 0.81401E+00 0.22688E+06 0.63896E+00
0.59058E+06 0.93992E+00 0.25624E+06 0.75193E+00
0.61993E+06 0.10707E+01 0.28559E+06 0.86977E+00
0.64929E+06 0.12061E+01 0.31494E+06 0.99228E+00
0.67864E+06 0.13461E+01 0.34430E+06 0.11193E+01
0.70800E+06 0.14904E+01 0.37365E+06 0.12507E+01
0.73735E+06 0.16389E+01 0.40301E+06 0.13862E+01
0.76671E+06 0.17945E+01 0.43236E+06 0.15259E+01
0.79606E+06 0.19481E+01 0.46172E+06 0.16695E+01
0.82541E+06 0.21085E+01 0.49107E+06 0.18170E+01
0.85477E+06 0.22727E+01 0.52042E+06 0.19682E+01
0.88412E+06 0.24405E+01 0.54978E+06 0.21231E+01
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Table C-7 (Continued)

NEGATIVE UPWARD DISPLACEMENT

TOP LOAD TOP MOVEMENT BASE LOAD BASE MOVEMENT

POUNDS INCHES POUNDS INCHES
-0.19877E+05 -0.38437E-02 0.00000E+00 0.00000E+00
-0.44463E+05 -0.18937E-01 0.00000E+00 -0.10000E-01
-0.69052E+05 -0.34038E-01 0.00000E+00 -0.20000E-01
-0.11821E+06 -0.64239E-01 0.00000E+00 -0.40000E-01
-0.21272E+06 -0.12447E+00 0.00000E+00 -0.80000E-01
-0.31375E+06 -0.22746E+00 0.00000E+00 -0.16000E+00
-0.36937E+06 -0.40225E+00 0.00000E+00 -0.32000E+00
-0.36937E+06 -0.72225E+00 0.00000E+00 -0.64000E+00
-0.36937E+06 -0.13623E+01 0.00000E+00 -0.12800E+01
-0.36937E+06 -0.26423E+01 0.00000E+00 -0.25600E+01
-0.36937E+06 -0.52023E+01 0.00000E+00 -0.51200E+01
-0.36937E+06 -0.10322E+02 0.00000E+00 -0.10240E+02
-0.36937E+06 -0.20562E+02 0.00000E+00 -0.20480E+02
-0.36937E+06 -0.41042E+02 0.00000E+00 -0.40960E+02
-0.36937E+06 -0.82002E+02 0.00000E+00 -0.81920E+02
-0.36937E+06 -0.16392E+02 0.00000E+00 -0.16384E+03
STRUC LOAD(LB) SOILP(PSF) ACTIVE DEPTH(FT)

150000. 0.00 50.00
BELL RESTRAINT(LB)= 44915.44
LOAD-DISPLACEMENT BEHAVIOR

POINT BEARING(LB)= 37465.96
s ARG SN oM EGR . —

FEET POUNDS POUNDS INCHES INCHES
0.49500E+02 0.35018E+04 0.40968E+05 0.34571E-03 0.82732E-01 2
0.48500E+02 0.35181E+04 0.44486E+05 0.37665E-03 0.83108E-01 2
0.47500E+02 0.35358E+04 0.48022E+05 040775E-03 0.83516E-01 2
0.46500E-+02 0.35550E-+04 0.51577E+05 0.43900E-03 0.83955E-01 2
0.45500E-+02 0.35756E:+04 0.55152E+05 0.47043E-03 0.84425E-01 2
0.44500E+02 0.35976E+04 0.58750E+05 0.50205E-03 0.84928E-01 2
0.43500E+02 0.36210E+04 0.62371E+05 0.53386E-03 0.85461E-01 2
0.42500E+02 0.36450E+04 0.66017E+05 0.56589E-03 0.86027E-01 2
0.41500E+02 0.36722E+04 0.69689E+05 0.59815E-03 0.86625E-01 2
0.40500E+02 0.37000E+04 0.73389E+05 0.63064E-03 0.87256E-01 2
0.39500E+02 0.32524E+04 0.76641E+05 0.66129E-03 0.87917E-01 2
0.38500E+02 0.32804E+04 0.79921E+05 0.69008E-03 0.88607E-01 2
0.37500E+02 0.33096E+04 0.83231E+05 0.71913E-03 0.89327E-01 2
0.36500E+02 0.33400E+04 0.86571E+05 0.74844E-03 0.90075E-01 2
0.35500E+02 0.33717E+04 0.89943E+05 0.77802E-03 0.90853E-01 2
0.34500E+02 0.34046E+04 0.93347E+05 0.80789E-03 0.91661E-01 2
0.33500E+02 0.34378E+04 0.96786E+05 0.83805E-03 0.92499E-01 2
0.32500E+02 0.34741E+04 0.10026E+06 0.86852E-03 0.93368E-01 2
0.31500E+02 0.35107E+04 0.10377E+06 0.89931E-03 0.94267E-01 2
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Table C-7 (Continued)

0.30500E+02 0.35487E+04 0.10732E+06 0.93042E-03 0.95197E-01 2
0.29500E+02 0.35879E+04 0.11091E+06 0.96188E-03 0.96159E-01 2
0.28500E+02 0.36284E+04 0.11454E+06 0.99369E-03 0.97153E-01 2
0.27500E+02 0.36703E+04 0.11821E+06 0.10259E-02 0.98179E-01 2
0.26500E+02 0.37135E+04 0.12192E+06 0.10584E-02 0.99237E-01 2
0.25500E+02 0.37581E+04 0.12568E+06 0.10913E-02 0.10033E+00 2
0.24500E+02 0.37857E+04 0.12946E+06 0.11246E-02 0.10145E+00 2
0.23500E+02 0.38093E+04 0.13327E+06 0.11581E-02 0.10261E+00 2
0.22500E+02 0.38337E+04 0.13711E+06 0.11918E-02 0.10380E+00 2
0.21500E+02 0.38588E+04 0.14097E+06 0.12257E-02 0.10503E+00 2
0.20500E+02 0.38845E+04 0.14485E+06 0.12598E-02 0.10629E+00 2
0.19500E+02 0.39110E+04 0.14876E+06 0.12941E-02 0.10758E+00 2
0.18500E+02 0.39382E+04 0.15270E+06 0.13287E-02 0.10891E+00 2
0.17500E+02 0.39661E+04 0.15667E+06 0.13636E-02 0.11027E+00 2
0.16500E+02 0.39947E+04 0.16066E+06 0.13987E-02 0.11167E+00 2
0.15500E+02 0.40241E+04 0.16468E+06 0.14340E-02 0.13111E+00 2
0.14500E+02 0.40542E+04 0.16874E+06 0.14696E-02 0.11458E+00 2
0.13500E+02 0.40850E+04 0.17282E+06 0.15055E-02 0.11608E+00 2
0.12500E+02 0.41166E+04 0.17694E+06 0.15417E-02 0.11762E+00 2
0.11500E+02 0.41490E+04 0.18109E+06 0.15781E-02 0.11920E+00 2
0.10500E+02 0.41821E+04 0.18527E+06 0.16148E-02 0.12082E+00 2
0.95000E+01 0.42159E+04 0.18949E+06 0.16518E-02 0.12247E+00 2
0.85000E+01 0.42506E+04 0.19374E+06 0.16891E-02 0.12416E+00 2
0.75000E+01 0.42860E+04 0.19802E+06 0.17268E-02 0.12588E+00 2
0.65000E+01 0.43222E+04 0.20235E+06 0.17647E-02 0.12765E+00 2
0.55000E+01 0.43592E+04 0.20670E+06 0.18030E-02 0.12945E+00 2
0.45000E+01 0.43970E+04 0.21110E+06 0.18416E-02 0.13129E+00 2
0.35000E+01 0.44355E+04 0.21554E+06 0.18805E-02 0.13317E+00 2
0.25000E+01 0.44749E+04 0.22001E+06 0.19198E-02 0.13509E+00 2
0.15000E+01 0.45152E+04 0.22453E+06 0.19594E-02 0.13705E+00 2
0.50000E+00 0.45562E+04 0.22908E+06 0.19994E-02 0.13905E+00 2
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Table C-7 (Concluded)

INITIAL BASE FORCE(LB)=  355177.69

ITERATIONS= 81
DEPTH(ET) LOADS(LB) SHAFT MVMT(N.) SOIL MVMT(IN.)
0.00 0.14992E+06 0.98875 2.15238
1.00 0.15721E+06 0.98740 2.58505
2.00 0.16451E+06 0.98598 2.85868
3.00 0.17108E+06 0.98450 3.05836
4.00 0.17909E+06 0.98295 3.20933
5.00 0.18638E+06 0.98134 3.32392
6.00 0.19367E+06 0.97967 3.40946
7.00 0.20096E+06 0.97793 3.47082
8.00 0.20852E+06 0.97612 3.51146
9.00 0.21554E+06 0.97425 3.53398
10.00 0.22283E+06 0.97232 3.54040
11.00 0.23013E+06 0.97033 3.53233
12.00 0.23742E+06 0.96827 3.51109
13.00 0.24471E+06 0.96614 3.47778
14.00 0.25200E+06 0.96395 3.43333
15.00 0.25929E+06 0.96170 3.97853
16.00 0.26658E+06 0.95938 3.31409
17.00 0.27387E+06 0.95700 3.24058
18.00 0.28116E+06 0.95455 3.15857
19.00 0.28845E+06 0.95204 3.06850
20.00 0.29575E+06 0.94946 2.97082
21.00 0.30304E+06 0.94683 2.86589
22.00 0.31033E+06 0.94412 2.75408
23.00 0.31762E+06 0.94135 2.63568
24.00 0.32491E+06 0.93852 2.51098
25.00 0.33220E+06 0.93563 2.38025
26.00 0.33949E+06 0.93267 2.24373
27.00 0.34678E+06 0.92964 2.10165
28.00 0.35407E+06 0.92655 1.95420
29.00 0.36137E+06 0.92340 1.80157
30.00 0.36866E+06 0.92018 1.64396
31.00 0.37595E+06 0.91690 1.48152
32.00 0.38324E+06 0.91355 1.31441
33.00 0.39019E+06 0.91014 1.14278
34.00 0.39292E+06 0.90669 0.96503
35.00 0.38861E+06 0.90325 0.77876
36.00 0.38207E+06 0.89985 0.58423
37.00 0.37554E+06 0.89651 0.38165
38.00 0.36901E+06 0.89323 0.17124
39.00 0.36248E+06 0.89000 -0.04679
40.00 0.35595E+06 0.88684 -0.27224
41.00 0.34864E+06 0.88373 -0.23257
42.00 0.34133E+06 0.88069 -0.19578
43.00 0.33403E+06 0.87771 -0.16181
44.00 0.32672E+06 0.87480 -0.13064
45.00 0.31941E+06 0.87195 -0.10222
46.00 0.31211E+06 0.86917 -0.07650
47.00 0.30480E+06 0.86645 -0.05346
48.00 0.29749E+06 0.86380 -0.03305
49.00 0.29018E+06 0.86121 -0.01524
50.00 0.28288E+06 0.85868 0.00000
STRUC LOAD(LB) SOILP(PSF) ACTIVE DEPTH(FT)
0. 0.00 -1.00
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Appendix D
Modification of p-y Curves for Battered
Piles

a. Kubo (1965) and Awoshika and Reese (1971)"
investigated the effect of batter on the behavior of
laterally loaded piles. Kubo used mode tests in sands
and full-scale field experiments to obtain his results.
Awoshika and Reese tested 2-inch diameter piles in sand.
The value of the constant showing the increase or
decrease in soil resistance as a function of the angle of
batter may be obtained from the line in Figure D1. The
“ratio of soil resistance’ was obtained by comparing the
groundline deflection for a battered pile with that of a
vertical pile and is, of course, based purely on
experiment.

'References are listed in Appendix A.
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b. The correction for batter is made as follows:
(1) enter Figure D1 with the angle of batter, positive or
negative, and obtain a value of the ratio; (2) compute
groundline deflection as if the pile were vertical,
(3) multiply the deflection found in (2) by the ratio found
in (1); (4 vay the srength of the soil until the
deflection found in (3) is obtained; and (5) use the
modified strength found in (4) for the further
computations of the behavior of the pile that is placed on
a batter. The method outlined is obviously approximate
and should be used with caution.  If the project is large,
it could be desirable to perform a field test on a pile
installed with a batter.
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