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Chapter 1 
Introduction 

(1) Some guidance for selection of pile driving 
equipment and construction of driven piles is provided in 
TM 5-849-1, "Pile Driving Equipment." 

1. Purpose (2) Guidance for construction of drilled shafts is 
available in FHWA-HI-88-042, "Drilled Shafts: Constn~ction 
procedures and Design Methodsn and Association of Drilled 
Shaft Contractors (ADSC) Publication, "Drilled Shaft 
h y x t o i s  Manual." 

This publication presents data, principles, and methods for 
use in planning design, and construction of deep foundations. 
Deep foundations are literally braced (supported) column 
elements transmitting structure loads down to the subgrade 
supporting medium. 4. References 

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

These instructions are applicable to all  HQUSACE elements 
and USACE comands. 5. General Design Methodology 

3. Scope A single drilled shaf€ or a group of driven piles is typically 
designed to support a column load. The number of driven 
piles in a group 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 times 
the pile diameter B up to 6B. The diameter of the piles may 
be i n d  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: 

General information with respect to the selection and design 
of deep foundations is addressed herein. Single and groups 
of driven piles and drilled shafts under social 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 struc-; however, 
it does provide the following: 

- a. GAdance is provided to assist the efficient planuing, 
design, and quality verification of the deep foundation. 

a. Loadfactor design. This publication applies load 
factors for design (LFD) of the structmd capacity of deep 
foundations. The sum of the fixtored loads shall not exceed 
the strucanal mistance and the soil resistance. The mi st the 
structural resistance, and the soil resistance are all related to 
the load factors as follows: 

b. G4dance is not specifically provided for design of 
sheetpil&esuSed as retaining walls to resist lateral forces or for 
the design of stone columns. Other foundation structures may 
be designed as discussed below: 

(1) Definition. The LFD may be defined as a concept 
which z e c o ~  that the different types i of loads Q that are 
applied to a stmdwe have varied probabilities of occurence. 
Examples of types of loads applied to a structure include the 
live load Q, dead load QDb wind load Q, and earthquake 
load Q,. The probability of occurrence of each load is 
accounted for by multiplying each Q, by a load factor F, > 
1 .O. The value of F, depends on the uncertainty of the load. 

(1) Shallow foundations will be designed using 
TM 5-818-1, "Soils and Geology; FYocedures for Foundation 
Design of Buildings and Other ~truc'bes (Except Hydraulic 
Stru~ture~).~ 

(2) Refer to Foundations (Piie Buck Inc. 1992) and Pile 
Foundations in Engineering Practice (Pdcash and Sharma 
1989) for guidance on design of deep foundations subject to 
dynamic load. (2) Structural resistance. The sum of the factored loads 

shall be less than the design strength 
c. Guidance for construction of deep foundations is 

provided only in minor detail. For construction of deep 
foundations, the following references are offered: 
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Table 1-1 
General Design Methodology for Deep Foundations 

Step Evaluate Description 

1 Soil profile of Develop depth profiles of water content, liquid and plastic limits, unit weight and overburden 
selected site 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 consdidationld tests if sol1 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 dte. See 
Chapters 1-6 for further details. 

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

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

Select type of deep Select the type of deep foundation such as driven piles or drilled shafts depending on requirements 
foundation . that indude vertical and lateral load resistance, economy, availability of pertinent construction 

equipment, and experience. Environmental considerations Include allowable noise level, 
vibrations, ovehead clearance, and accessibility of equipment to the construdion site. Soil 
conditions such as potential ground rise (heave) or bss and expansionlcdlapse also InRuence type 
of foundation. See Chapter 1 for further information on type and ~~lt3ction of deep foundations. 

Check Q, with 
stnJctural capacity 

Design 

Verify the design 

A d d i i  to existing 
m d u r e  

Effect on adjacent 
structure 

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

The design pmdure will be similar for most types of deep foundations and requires evaluation of 
the ulti&e-pile capacity Q,= Q,+ ~,wheia,= ultimate sldn Mdion resistance and Q,= 
ultimate end bearina ca~adtv. ReasonaMe estimates of vertical and lateral d i  under 
the probable dedgckah 0, also required. Q, should be within levels &can be tolerated by 
the struchrre over Its pmjeded life and should optlmlze operatfons. 0, s Q,where Q,= allowable 
plle capacity. Q,= O m =  fador of safety. A typical FS= 3 if load tests are not pelformed or If 
the deep fowlation consrsts of a sroup of drhren piles. FS = 2 if kad tests are perfomred or 2.5 n' 
wave &uation enelyses of the d& piles calibrited with results of plle driving -analyzer tests. 
Design for vertical loads is given in Chapter 3. lateral bads In Chapter 4, and pile groups In 
Chapter 5. 

The capability of the deep foundation to support the structure shall be vefilied by static load and 
dynainio tests. These tests are usual& nondestructive and allow the tested ~Ues or ddled shafts to 
ti3 used as part of the foundation. S& Chapter 6 for further details. . . 

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

Evaluate changes in bearing capacity and groundwater elevation and effect of any adion which 
can resul In settlement or heave of ad'jacent structures. 
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where @& = performance factor appropriate to the ultimate 
pile capacity. Performance factors @* depend on the method 
of evaluating Q, and the type of soil resistance, whether end 
bearing, skin firiction, uplift, or a group capacity. Values for 

and examples of load factor analysis are available in 
National 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 combiition can lead to an uneconomical foundation 
design. The design should be verified by guidance in 
Chapter 6. 

where 

, = performance factor for structural capacity 

Q, = nominal structural capacity, kips 

F, = Load factor of type i 

Q, = applied load of type i 
b. Ununral sitmatiom. Consideration should be given to 

obtaining the services and advice of specialists and 
consultants in foundation design where conditions are 
unusual or unfkmih or structures are economically 
signiscant. Some unusual situations for deep foundations, 
discussed below, include expansive clay, underconsolidated 
soil, and coral sands. 

Guidance for analysis of structural capacity is given in 
Chapter 2. 

(3) Soil 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 past experience and may lead to a more conservative 
design than the LFD concept. The FS and the LFD are 
presented as: 

(1) Expansive clay. 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 stmcture connected to the deep foundation. 

(a) Global FS. The allowable load may be evaluated with 
global FS .(2) Underconsolidated soil. The settlement of 

unde~~~nsolidated soil can cause negative skin fiiction 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 

' L  -- 
where (3) Coral sands. Piles in coral sands may indicate low 

penetration resistance during driving and an apparent low 
bearing capacity, but the penetration resistance often 
increases over time as a result of the dissipation of excess 
pore pressure. Driving of piles into cemented, calcareous 
sands can crush the soil and lower the lateral stress, which 
results in a low value for skin fiiction and bearing capacity. 

Qa = allowable load that can be applied to the soil, 
kips 

Q. = ultimate pile capacity, kips 

FS = global factor of safety 
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 useis manuals and programs are available through 
the Engineering Computer Programs Library, Information 
Technology Laboratory, U.S. Army Engineer Waterways 
Experiment Station, CEWES-IM-DS. 

The approach taken throughout this publication is to select a 
global FS for 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 
also be determined by the LFD concept using performance 
factors 
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6. Types of Deep Foundations 1-2). Large displacement and small displacement piles are 
fabricated prior to installation and driven into the ground, r 

Deep fomdations are classified with respect to displacements while nondisplacement piles are constructed in situ and often 
as large displacement, small displacement, and are called drilled shafts. Augered cast concrete shafts are also 
nondisplacement, depending on the degree to which identified as drilled shafts in this publication. A 

installation disturbs the soil supporting the foundation (Table 

Table 14 
Types of Deep Foundations 

SKALL 
, ~"pucm 71 
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a. Large dkplacementpiles. Driven piles are classified 
by the materials h m  which the pile is constructed, i.e., 
timber, concrete, or filled or unfilled steel pipe. 

(1) Timber piles. These are generally used for 
comparatively light axial and lateral loads where foundation 
conditions indicate that piles will not be damaged by driving 
or exposed to marine borers. Overdriving is the 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 typically 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 constantly submerged or where cut off below the 
groundwater level. Some factors that might affect the 
perfonnance of timber piles are the following: 

(a) 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-la) (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 a metal boot 
(Figure 1-lb). 

(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 'IT-W-00571 J, 
"Wood Preservation: Treating Practices," for other details. 

(2) Precast concrete piles. These piles include 
conventionally reinforced concrete piles and prestressed 
conuete piles. Reiiorced concrete piles coostructed with 
an intemal reinforcement cage consisting of several 
longitudinal bars and lated ties, individual hoops, or a spiral. 
h.estressed concrete piles are constructed using steel rods or 
wire strands under tension as reinforcement. Since the 
cowxete 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. 

(a) Various splices are available to connect concrete 
piles. The splice will provide the tensile strength required 
during driving when the resistance driving is low. Figure 
1-2a illustrates the cementdowel splice. Refer to 
"Foundations" (Pile Buck Inc. 1992) for additional splices. 

a. TIMBER-TO-TIMBER 

&A. - STRAP 

b. METAL BOOT 

Figure 1-1. Timber pile splice and boot 

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

(3) Raymond steptapered piles. These consist of a 
cormgated steel shell driven into the ground using a mandrel. 
The shell consists of sections with variable diameters that 
i n m e  h m  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 
comte .  Raymond steptapered piles are predecessors of 
drilled shafts and are still popular in the southern United 
States. 

(4) Steel piles. These are 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, experience indicates that they are not 
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SPL l CER 

H-P I LE 

a. H-PILE SPLICE 

ELENE OUTER 
SLEEVE 

b . PIPE PILE BUTT AND 'FILLET WEIDS 

I 

Figure 1-3. Steel pile splices 

DQYlELS 

CWENTED \ 
W GROVT 

OR EPOm 

Figure 1-2 Concrete pile splice and boot 

I----/ 

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

@ 
a. CEHRNT-DOWEL JOINT 

- b =EEL STRAPS 

b. CAST STEEL SHOE 

(a) Steel H-piles. This type can carry larger loads, both 
axially 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 beiig 
driven. Hardened and reinforced pile tips should be used 
where large boulders, dense gravel, or hard debris may 
damage the pile. Splices are commonly made with full 
penetration butt welds or patented splicers (Figure 1-3a). 
H-piles can bend during driving and drift f h m  planned 
location. Thus, H-piles may not be suitable when tolerance 

is small with respect to location and where absolute 
plumbness is required. 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. 
Steel pipe piles are generally fUed with concrete after driving 
to increase the structural capacity. If the soil inside the pipe 
is 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 insidesthe 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 a driven, open-end pile will 
plug. In cases where the foundation contains boulders, soft 
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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 fidl 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 fiom fiiction. 

b. Nondisplacementpiles. This pile consist. of a drilled 
shaft with a conmte cylinder cast into a borehole. 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 f b m  the 
hole perimeter. Such unstable boreholes require stabilization 
by the use of slurry or slurry 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 base is not 
perfectly flat because the shaft is drilled first, then the belling 
tool rotates in the shaft. Uncased shafts may be constructed 
in firm, stiff soils where loss of ground is not significant. 
Examples of uncased shaft are given in the American 
Concrete Institute (ACI) lbhnual of ConrretePractice (1986). 
Other terms used to describe the d f ied  shaft are "pier" or 
"&son." Large shafts greater then 36 inches in diameter are 
often called .caissons. The term "pile" is commonly 
associated with driven deep foundations of relatively small 
diameter or cross section. 

(2) Cased A cased shaft is &e by inserting a 
shell or casing into almost any type of bored hole that 
requires s t a b i i o n  before placing concrete. Boreholes are 
caused where soil is weak and loose, and loss of ground into 
the excavation is significant The bottom of the casing should 
be pushed several inches into an impervious q t u m  to seal 
the hole and allow removal 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 installing drilled shafts can be used as an 
alternative to the uncased and cased shafts discussed 
previously. 

(4) Pressure-grouted shafts. A special 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. Carell inspection is 
required during installation, 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 shallow, stable bearing stratum. 
Selection of a deep foundation requires knowledge of its 
characteristics and capacity. 

a. Characteristia. Information adequate for reaching 
p r e l i m i ~ ~ ~  conclusions about types of driven piles or drilled 
shafts to be selected for a project is given in 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 
general guidelines in the selection of a type of deep 
foundation. Relevant codes and standards should be 
consulted with respect to allowable stresses. A cost analysis 
should also be performed that includes installation, locally 
available practices, time delays, cost of load testing program, 
cost of a pile cap, and other elements that depend on different 

.L. 

types of deep foundations. 

b. Ccrpacity. 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 
always possible. Adequate safety factors are therefore used 
to avoid excessive movement that would be detrimental to the 
structure that is supported and to avoid excessive stress in the 
foundation. Driven piles or drilled shafts are often used to 
resist vertical inclined, lateral, or uplift forces and overturning 
moments which cannot otherwise be resisted by shallow 
footings. These foundations derive stheir support h m  skin 
fiction along the embedded length and by end bearing at the 
tip (base). Both factors contribute to the total ultimate pile 
capacity, but one or the other is usually dominant depending 
on the size, load, and soil characteristics. The capacity of 
deep foundation is influenced by several factors: 

(1) Design 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 Hpiles; Dimensions and Properties (AISC 1989) - + 

i 

f '  t 1 
4 4 

I - MOMENT OF INERT I A, 1 N. , M 
3 3 

S r SECT ION MODULUS, I N .  , nvrr 

a. English Units 

FLanr* Web Section Pro~rrtir. 
Arra D8pt.h Width Thiskn... Ihicknr88 Axis X-X - 

prsianrtion 6. Ln.' d, Ln- b.. in. c,. in. c-. in I .  An.. S in.' in. I. in: 5 in ' 
-14 x 117 34.4 14.21 14885 0.805 0.8b5 X U 0  '172.0 '.5.96 443.0 . 59:5 

X 102 30.0 14.01 14.785 0.705 0.705 1050 150.0 5.92 380.0 5 1  3.56 
x 89 2 6 1  1 3 3  14.605 0.615 0-615 904 131.0 5 8 8  226.0 44.5 3.53 
x 73 21.4 15.61 14.505 0.505 0.505 729 107.0 5.84 261.0 35.4 3-40 

Metric U n i t s  

Fluu. 
Width l'hic)mess 
b,.m L.m 

378 20.4 

Web & 
nIicLness Axis x-x h i s  I-Y 
t . n. J . l W  S.10- r. un J . l W  S . l W  

20.4 SO4 . 2810 IS1 184 974 91.0 
17.9 439 2470 150 159 846 90.5 
15.6 375 2140 149 13 5 724 89.4 
12.8 303 US0 148 108 8 88.5 

Ace. 

W O O  
10400 
16900 
U800 

Depth 

10.4 368 2200 139 122 728 80.1 
16.9 315 1910 139 104 625 79.6 
14.4 263 l620 138 86.3 523 78.8 
11.7 211 1320 137 68.9 420 78.1 
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Figure 1-4. Drilled shaft details (1 in. =: 25.4 mm) 
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(2) Skin resistance mobilization. Full skin resistance is 
typically mobilized within 0.5 inch of displacement, while 
end bearing may not be fully m o b i i  until displacements 
exceed 10 to 20 percent of the base diameter or undemam for 
drilled shafts, unless the tip is supported by stiff clay, dense 
sand, or rock. Figure 1-5 illustrates an example of the 
vertical axial load displacement behavior of a single pile or 
drilled shaft. The load-displacement behavior and 
displacements that correspond to ultimate load are site 

I 
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specific and depend on the results of analyses. These 
analyses are given in Chapter 3. 
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(3) Lateral loads. Lateral load capacity of a pile or 
drilled shaft is directly related to the diameter, thus increasing 
the diameter increases the load-can-ying capacity. For a 
drilled shaft that sustains no axial load, the cost of 
construction may be optimized by the selection of rigid shafts 
without underreams and with lengthldiameter ratios less 
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Figure 1-5. Axial-load deflection relationship 

than 10. The selected shaft dimensions should mSmize the 
volume of concrete required and maximh construction 
efficiency; The lateral load capacity of driven piles may be 
increased by increasing the number of piles and battering 
piles in a pile group. Batter piles are efficient in resisting 
lateral loads but significantly reduce ductility of the pile 
group in the latela1 direction, resulting in a brittle failure. 
Vertical piles, though less efficient in resisting lateral loads, 
are also less stiff and do not fail suddenly. These conflicting 
characteistics need to be balanced in design, and they are 
considered critical where seismic or dynamic lateral loads are 
involved. 

c. Applicutiom. Driven pile groups are typically used by 
the Corps of Engineen to support locks, dry docks, and other 
fxilities constructed in river systems, lakes, lagoons, and 
other ofBhore applications. Drilled shafts typically support 
many permanent onshore structures such as admhktrative 
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, especially 
where excavations cannot support fluid concrete and where 
the depth of the bearing stratum is uncertain. Groundwater 

conditions can be a deciding factor in the selection of driven 
piles rather than drilled shafts. Uncased shafts are generally 
excluded from consideration where artesian pressures are 
present. Often more than one type of driven pile may meet all 
requirements for a particular structure. Driven piles 
according to their application are presented in Figure 1-6. 

(a) Figures 1-6a and 1-6b illustrate piles classified 
according to their behavior as end-bearing or fiction pila. 
A pile embeddeda signiscant length into stiffclays, silts, and 
dense sands without significant end bearing resistance is 
usually a ection pile. A pile driven through relatively weak 
or compressible soil to an underlying stronger soil or rock is 
usually an end-bearing pile. 

(b) Piles designed primarily to resist upward forces are 
uplift or tension piles (Figure ldc), and the resistance to the . 
upward force is by a combition of side (skin) fiction and 
self weight of the pile. 

(c) Lateral forces are resisted either by vertical piles in 
bending (Figure 1-6d) or by batter piles or groups of vertical 
and batter piles (Figure lde). 

(d) Piles are used to transfer loads h m  above water 
structures to below the scour depth (Figure 1-6f). Piles are 
also used to support structures that may be endangered by 
future adjacent excavations (Figure ldg). In order to prevent 
undesirable movements of structures on shiddswell soils, a 
pile anchored as shown in Figure 1-6h can be used. 

-e 

(2) Nondisplacement W e d  shafts are especially 
suitable for supporting large column loads of multistory 
structures and bridge abutments or piers. They are suitable 
for resisting large axialloads and lateral loads applied to the 
shaft butt (top or head) resulting fiom wind forces; these are 
also used for resisting uplift thrust applied to the shaft 
perimeter through soil-shaft interface fiction and h m  heave 
of expansive soil. Figure 1-7 illustrates example load ranges 
for drilled shafts in different soils. The loads shown are for 
guidance only and can vary widely h m  site to site. 
Cylindrical shafts are usually preferred to underreamed ones 
because of ease in construction and ease in inspection. 
Table 1-5 provides fkber details of the applications, 
advantages, and disadvantages of drilled shafts. Other 
aspects of drilled shafts include: 

(a) Drilled shafts may secure much or all of their vertical 
load capacity fiom fkictional side resistance (Figure 1-7a). 
An enlarged base using a bell or underream may also increase 
the vertical load capacity,*provide uplift resistance to pullout 
loads, and resist uplii thrust h m  heave of expansive soil. 
Shafts subject to pullout loads or uplift thrust must have 
sufficient reinforcement steel to absorb the tension load in the 
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-- - - Table 1-4 
Characteristics of Deep Foundations 

-I Material Maximum Load Optimum 
- Maximum Optimum Diameter Maximum Allowable Maximum Allowable Specifications tons Load 

Plle Type Length, R Length, ft Width, In. Normal Stresses, psi Bending Stresses, psi Standards 
I-- 

tons Advantages Disadvantages Remarks 

Drlven Piles 

- Cast-in-place 150 
concrete placed 

-, without mandrel 

Cast-in-place concrete Tapered: 40 Tapered: 15-35 
driven with mandrel Step tapered: 120 Step tapered: 40-60 

- Rammed concrete 60 

L 

Composite 

- 

J - Auger Cast 60 
Concrete Shafts 

150 40-1 00 Easy to inspect, easy to Difficult to splice, Best suited for 
Butt: 12-18 Steel shell: 9,000 Compression : 0.40 f: ACI Manual of cut, resistant to displacement plle, medlurn-length 

Concrete: 025 f: Tension: 0 Concrete Practice deteioration, high lateral vulnerable to damage from friction plle 
capacity, capable of hard drMng 
being re-driven, cave-in 
prevented by shell 

Tip: 8, Butt s 23 Steel: 9,000, Compression: 0.40 ACI Manual of 75 
Step tapered. s 17 > 1 in. thick Tension: 0 Concrete Practice 

Concrete: 0.25 f: 

Depends on materials Controlled by weakest -- 
materials 

ACI Manual of 300 
Concrete Practice 

See Note 

ACI Manual of 40 
Concrete Practice 

Easy to inspect, easy to Not possible to re-drive, Best suited for 
cut, easy to handle, difficult to spike, medium-length 
resistant to decay, hlgh dlspiacement pile. friction pile 
skin friction in sand, vulnerable to collapse 
resistant to damage from while adjacent piles are 
hard driving driven 

Low fnitial cost, large Hard to inspect, Best suited where 
bearing area, resistant to displacement pile, not layer of dense sand is 
bterioration, resistant to possible to form base in near ground surface 
damege from hard clay 
driving 

Resistant to Hard to inspect, difficult In Usual combinations 
deterioration, resistant to forming joint are: cast-in-place 
damage from driving, concrete over timber 
high cxial capacity, long or H-steel or pipe pile 
lengths at low initial cost 

KO ddbplacement, low Construction difficult when Best suited where 
noise level, low vibration, soils unfavorable, low small loads are to be 
low initial cost capacities. difficult to supported 

inspect 
-- 

Drilled Shafts 200 Shaft: s 120 --- 0.25 f: -- ACI 31 8 Soil: 3,000 200-400 Fast construction, high Field Inspection of Best suited for large 
Underreams: s 240 Rock: 7,000 load capacity, no noise construction critical, 

, 
axial lateral loads and 

or vibration, no careful inspection small, isolated loads 

-,-. displacement, possible to necessary for casing where soil conditions 
drill through obstruction. method are favorable 
can eliminate caps 

Note: Creosote and creosote treatment: 'Standards for Creosoted-Wood Foundation Piles," C1-C12, American Wood-Presewers Institute (1977-1979) - Concrete: ACI Manual of Concrete Practice 
d Timber: ASTM Annual Book of Standards, Vol04.09. D 2899, D 3200 

Steel: ASTM Annual Book of Standards, Vol01.01, Vol01.04, A 252 
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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 (Figwe 1-7b) or 
rock 1-7c). End-bearing capacity should be sufficient 
to support vertical loads supplied by the structure as well as 
any downdrag forces on the shaft perimeter caused by 
negative skin fiction from consolidating soil 1-7b). 

(c) Single drilled shafts may be constructed with large 
m t e r s ,  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 areas 
have noise control ordinances which prohibit 24-hour pile 
driving (a cost impact). 

(e) Good information on rock is r e q W  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 signif~cant cost overruns. 

d. Loccttion and topography. Location and topography 
strongly influence selection of the foundation. Local practice 
is usually 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 piles may also be undesirable if storage 
space is not available. Other variables may restrict the 
utilization of deep foundation: 

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

(2) The cost of &amporting construction equipment 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. Costs will depend on driving rig rental, 
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 a hole and to assist pile penetration. Costs are 
also influenced by downtime for miintenance and repairs, 
insurance, overhead, and profit margin. An economic study 
should be made to determine the costlcapacity 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, mk, 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 equipment, total pile 
weight, and cost. Piles exceeding 300 feet have been 
installed offshore. Pies up 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 'tke 
capabiity 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 

The foundation 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 second phase is to evaluate 
characteristics of the soil profile to determine the design and 
the construction method. These phases are accomplished by 
the following: 

a. Feasibility study. A reconnaissance study should be 
performed to determinq the requirements of a deep 
foundation. The report should include a recommended site, 
alternative foundation designs, and the scope of in situ soil 
and foundation load tests. Required cost estimates and 
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Figure 1-7. Load resistance of drilled shafts in various soils 
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Table 1-5 
Drilled Shaft Appllcatlons, Advantages, and Disadvantages 

Appllcatlons 

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

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

Support of ligM structures on fridion shafts in firm. noneqmsive, cohesive soil. 

Support of dopes 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 cons tdon  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 cmditiins; 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 largediameter boreholes; smalldiameter penetration tests may be made in small boreholes. 

Supports high overturning moment and lateral loads when socketed into rock. 

Avoids nigh driving diiwkies assodated with pile driving. 

Provides lateral support for dopes with stability problems. 

Heave aml'J.ement are negligible for properiy deslgned drilled shafts. 

Sdl distukmme. consolidation. and heave due to remolding are minimal compared with pile driving. 

Single shafts &n cany large loads; underreams may be made in favorable soil to Increase end-bearing capacity and resistance to uplift 
thrust or pullout forces. 

Changes in g~Of?M3try (diameter, penetration, underream) can be made during constnJction 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 diiwlt. 

Construction techniques sometimes sensitive to subsurface conditions; susceptible to 'necking" In squeezing ground; caving or loss of 
ground In fissured or cohesionless soil. 

(Continued) 
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Table 1-5 (Concluded) 

Disadvantages (Concluded) 

ConstRldion may be more difficult below groundwater level; concrete placement below slurry requires careful pl€4cement using tremie or 
pumping artesian water pressure can require weighting additives to dtilling fluids to maintain stability; extraction of casing is sensitive to 
concrete workabihty, rebar cage placement must be done in a careful, controlled manner to avoid problems; underreams generally should 
be avoided below groundwater unless 4vatertighr formation is utilized for conmudion 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 slabongrade. 

Failures difficult and expensive to correct 

schedules to conduct the soil investigation, load tests, and 
construction should be prepared and updated as the project 
progresses. 

b. Site conditions. Examination of the site includes 
history, geology, visual inspection of the site and adjacent 
area, and local design and construction experience. Maps 
may provide data on wooded areas, ponds, streams, 
depressions, and evidence of earlier construction that can 
influence soil moisture and groundwater level. Existence of 
former solid waste disposal sites within the construction area 
should be checked. Some forms of solid waste, i.e., old car 
bodies and boulders, make instahtion of deep foundations 
difficult or result in mauxptable lateral deviation of driven 
piles. Guidance on determining potential problems of deep 
foundations in expansive clay is given in TM 5-818-7, 
"Foundations in Expansive Soils." Special attention should 
be payed to the following aspects of site investigation: 

(1) Viual study. A visual r c c o h c e  should check 
for desiccation cracks and nature of the surfbx soil. 
Structuml damage in nearby structures which may have 
resulted h m  excessive settlement of compressible soil or 
heave of expansive soil should be recorded. The visual study 
should also determine ways to provide proper drainage of the 
site a d  allow the pedormau~ of earthwork that may be 
required for construction. 

(2) Accessibiity. Accessibiity to the site and equipment 
mobiity also influence selection of construction methods. 
Some of these restrictions are on access, location of utility 
lines and paved roads, location of obstructing structures and 
frees, and topographic and trafficability features of the site. 

and applications of deep foundations in the same general area 
should be determined. Local building codes should be 
consulted, and s u w N  exgmience with recent innovations 
should be investigated 

(4) Potential problems with driven piles. The site 
investigation should consider sensitivity of existing structures 
and utilities to ground movement caused by ground vibration 
and surface heave of driven piles. The condition of existing 
structures prior to construction should be documented with 
sketches and photographs. 

c. Soil investigation A detailed study of the subsurface 
soil should be made as outlined in TM 5-8 18-1. The scope of 
this investigation depends on the nature and complexity ofthe 
soil, and size, hctional intent, and cost of the s t r u m .  
Results of the soil investigation are used to select the 
appropriate soil parametem for design as applied in 
Chapters 2 through 5. These param- are fiquently the 
consolidated-drained fiction angle 4 for cohesionless soil, 
undrained shear strength C, for cohesive soil, soil elastic 
modulus E, for undrained loading, soil dry unit weight, and 
the groundwater table elevation Refer to TM 5-818-1 for 
guidance on evaluating these parameters. Consolidation and 
potential heave characteristics may also be required for clay 
soils and the needed parameters may be evaluated following 
procedures presented in TM 5-818-7. Other tests associated 
with soil investigation are: 

(1) In situ 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 
estimate strength parameters h m  guidance in TM 5-8 18-1. 

(3) Local experience. The use of local design and (2) Soil sampling. 'Most soy data are obtained fkom 
construction experience can avoid potential problems with results of laboratory tests on specimens from disturbed and 
certain types of foundations and can provide data on relatively undisturbed samples. Visual classification of soil 
successfully constructed foundations. Prior experience with 

1-18 
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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 
spaced to define the lateral geology and soil nonconfonnities. 
It may be sficient to limit exploration to a depth that 
includes weathered and fissured material, to bedrock, or to 
depths influenced by construction. For individual drilled 
shafls, 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 appmpriate 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 sac ien t  data 
for settlement analysis. The potential for settlement should 
be checked to ensure compliance with design specifications. 

(4) Selection of soil parameters. Results of laboratory 
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 4 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, stifbess, and consolidation 
or swell indexes for estimating soil settlement or heave. Soil 
strength parameter could be estimated from established 
correlations from laboratory testing. 

(a) Classification. Soil classification chamteScs  
should be applied to estimate soil strength and other 
parameters h m  guidance in TM 5-81 8-1. Data such as 
gradation hmmsieve analysis, Atterberg limits, water content, 
and specific gravity should be determined h m  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 h m  trkcial test results 
performed on undisturbed soil specimens at confining 
pressures equal to the in situ total vertical overburden 
pressure a, The unconsolidated undrained Q test will 
determine the undrained shear strength (cohesion) C, of 
cohesive soils. The effective fiiction angle 4' and cohesion 
of overconsolidated soils may be determined h m  results of 
R tests with pore pressure measurements using a confining 
pressure similar to the effective overburden pressure 4: 
However, analyses are usually performed assuming either 
cohesive or cohesionless soil. Mean strength values within 
the zone of potential failure may be selected for pile capacity 
analysis. Refer to TM 5-8 18-1 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 the initial slope from 
the stress-strain curves of strength test results performed on 
u n m  soil specimens. The E, for clay may be estimated 
from the undmined shear strength C, the overconsolidation 
ratio, and the plasticity index (PI) shown in Figure 1-8. The 
Ex typically varies h m  100 to 400 kips per square foot (ksf) 
for soft clay, 1,000 to 2,000 ksf for stiff clay, 200 to 500 ksf 
for loose md, and 500 to 1,000 ksf for dense sand. 

The E, may also be estimated h m  results of 

where 

E, = undrained elastic modulus 

K, = factor relating E, with C, 

Cu = undrained shear strength 

The Ex may also be estimated from results of static cone 
penetration tests (Canadian Geotechnical Society 1985) as: 

where - C 

C, = constant 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 

q, = Static cone penetration resistan& expressed in 
similar units of Ex 

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

where 
I 

C, = constant depending on the relative consistency 
of cohesive doils; i.e., 40 for soft, 60 for firm, 
and 80 for stiff clays 
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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 

where 

p = lateral soil d o n  at a point on the pile per unit 
length, kips/f€ 

y = lateral displacement, ft 

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

where 

k, = constant relating E, with depth z, ksfift 

z = depth, ft 

The value of k, is recommended to be about 40, 150, and 
390 ksflft for loose, medium, and dense dry or moist sands, 
respectively, and 35,100, and 2 10 haft for submerged sands 
after FHWA-RD-85-106, "Behavior of Piles and Pie Groups 
Under Lateral Load." The value of k; is also recommended to 
be about 500, 1,700, and 5,000 ksflfi for stiff clays with 
average undrained shear strength of 1 to 2,2 to 4, and 4 to 
8 ksc respectively. Refer to Chapter 4 for further information 
on E, . 

(e) Consolidation. Consolidation tests using 
ASTM D 2435 or swell tests using ASTh4 D 4546 may be 
performed to determine preconsolidation pressure, 
compression and swell indexes, and swell pressums for 
estimating settlement and downdrag of consolidating soil and 
uplii forces and heave of expansive soil. Average 
parameters may be selected for analysis of deep foundations 
in consolidating or expansive soil by using the computer 
program Axial Load Transfer (AXILTR) (Appendix C). 
Refer to TM 5-818-7 for fiuther details on the analysis of the 
potential heave of expansive soil. 
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Figure 1-8. Variation K,for clay with respect to undrained shear strength and 
overconsolidation ratio 





El 02C097 
30 Sep 96 

Chapter 2 
Design Stresses 

1. Constraints 

The design of deep foundations is usually determined by 
limits specified for lateral or vertical displacement of the pile 
and placement tolerances. C i t i n g  values of allowable 
stresses for different deep foundations are included in 
Table 14. Structutal capacity rarely controls design, except 
when piles are founded on rock Driven piles experience 
maximum stress during driving, while maximum vertical 
stresses in drilled shafts usually occur under static conditions. 

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

b. Geometric constraints 

(I) Driven piles. Piles are normally spaced three to four 
times the diameter h m  center to center. Typical tolerance of 
lateral deviation fmm the specified location at the butt is not 
more than3 to 6 inches horizontally. The slope from vertical 
alignment is typically not more than 0.25 inch per foot of 
length for large pile groups. A deviation of * 1 inch h m  the 
specified cutoff elevation is reasonable. Sloping land 
surfaces may require adjustment of the pile location 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) Pile spacing. 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 
already driven piles. End bearing piles should usually be 
spaced not less than three pile diameters fmm center to 
center, while fiction piles should be spaced a minimum of 
three to five pile diameters fiom center to center. Large 
groups of nine or more piles may be checked for pile 
interference using program CPGP (Worn 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. 

@) Pile batter. 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. Pies may be battered in opposite 
directions or used in combination with vertical piles. The 
axial load on a batter pile should not exceed the allowable 
design load for a vertical pile, and batter should not be greater 
than 1 horizontal 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 
steel H-piles, for example, may be limited to 2 inches and for 
H-piles, up to 42 feet in length. Refer to the American 
Iustitute of Steel Construction ''Manual of Steel 
Constmctionn (AISC 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 fiom each end of the pile. 
Precast concrete piles should be supported at several points. 

(2) Drilled 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. 

.e 

2. Factored Loads 

The driven pile or drilled s M  in a group carrying the 
maximum fktored load will be checked for structural failm. 

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

where 

F, = eccentricity factor, Table 2-2 

= performance factor, Table 2-2 

Q, = nominal struftuial capacity, kips 

F,, = dead load factor equals 1.35 for drilled shafts 

FLL = live load factors equals 2.25 for drilled shafts 
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QDL = dead load, kips 

QLL = live load, kips 

where 
Table 2-1 
Tolerances in Drilled Shaft Construction Q, = load on a pile at a distance x and y h m  the 

centroid, kips Location of axis WltMn 3 inches of the plan 
locetkn 

Q, = total vertical load on a group of n piles at a 
distance e, and e,, h m  the centroidal axes, 
Figure 2- 1. 

Vectical plumb or batter 
alignment 

Within lb inches for first 
10 feet and 0.5 inch for each 
addrtional10 feet of the total 
length; maximum 2 percent 
of shaft length for battered 
shafts 

n = number of piles in the group 

ZY? = sum of the square of the distance x of each pile 
from the centroid in the x direction, ft2 Top elevation Not more than 1 inch above 

or 3 hches below the plan 
elevation 

E y  = sum of the square of the distance y of each pile 
from the centroid in they direction, ft2 Cross sections of shafts and 

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

The x and y summations of the pile group in Figure 2-1 are: 
W = 8 x  1 .~~=18f t2andXy=4x 1.52+4x4.52=9~ff .  
The pile with the maximum load is No. 4 in Figure 2- 1, and 
it is calculated from equation 2-2 

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

Pile No.5 &es the minimum load, which is a tension load 
b. Calculation of -mum load The maximum load on 

a single pile in a group or on a drilled shaft can be detemhed 
from computer or hand solutions. 

(1) Computer solutions. The pile or dilled shaft carrying 
the maximum axial load in a group can be determined h m  
computer program CPGA (U.S. Army Engineer Waterways 
Experiment Station Technical Report ITL89-3), 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 h m  computer program BENTl 
(U.S. Army Engineer Waterways Experiment Station 
Miscellaneous Paper K-75-2). The total vertical and lateral 
loads are input into program BENTl. 

c. 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 failm may control axial 
load capacity of the pile. 

(1) Buckling capacity. The critical buckling load of 
partially embedded piles or drilled shafts may be estimated by 
(Davisson and Robinson 1965) as follows: (2) Hand solutions. If .all piles in 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) 
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Table 2-2 
Performance and Eccentricity Factors (Barker et al. 1991) (Copyright permlsslon, National Cooperative Highway Research 

n 
Type of Pile Performance Factor, I$,, Eccentricity Factor, F, 

Prestressed concrete 

A - Precast concrete 

Steel Hgiles 
I 

steel Pipe 

Spiral columns: 0.75 
Tied columns: 0.70 

Spiral columns: 0.75 
Tied columns: 0.70 

Spiral columns: 0.85 
Tied columns: 0.80 

Spiral columns: 0.85 
Tied columns:. 0.80 

- 
Timber 1.20' 0.82 

.- 
Drilled shafts Spiral columns: 0.75 

Tied columns: 0.70 
Spiral columns: 0.85 
Tied columns: 0.80 

- - -- 

Note: I$,, is greater than unity for timber piles because the average load factor for vertical loads is greater than the FS. 

Figure 2-1. Eccentric load on a pile group 
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BRACED AT TOP Linearly with depth: L , ~  = L~ + 1 . 8 ~ ~  

4""pIp 
Rigid Cap: Qcb = 

L: 
where 

2xE Z 
Flexible Cap: Qcb = 2 

- 2  

where 

UNBRACED AT TOP 
L, = unsupported length extending above ground, ft 

"'EPZP Rigid Cap: Qcb = - 
~ f ,  

Kr = relative stiffness factor, ft 

E,, = modulus of horizontal subgrade reaction, ksf 

k, = constant relating E,, with depth, ksflft 

"'EP'P Flexible Cap: Qcb = - 
4 C q  

Refer to paragraph 1-7c (4Xd) for methods of estimating El, 

(3) Group effects. Adjacent piles at spacings greater 
than eight times the pile width or d i e t e r  have no influence 
on the soil 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 piles in a group. 

where 

Qd = critical buckling load, kips 

Ep = pile (shaft) elastic modulus, ksf 

I, =,pile (shaft) moment of inertia, fi4 ' L  

3. Structural Design of Driven Piles 

L, = equivalent pile length, fi 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 unusual loads such as from maintenance and 
construction. Allowable stresses may be increased up to 
75 percent for extreme loads such as accidental or natural 
disasters that have a very remote probability of occurrence 
and that require emergency maintenance following such 
disasters. Special provisions (such as field instrumentation, 
kquent or continuous field monitoring of performance, 
engineering studies and analyses, constraints on operational 
or rehabitation activities) are required to ensure that the 
structure will not cataslmphically 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 
is limited to steel, concrete, and timber piles. 

The safe design load Q, will be calculated using normal 
design p d u r e s  for columns and beamcolumns when end 
moments and eccentricity are considered or by equation 2- 1. 
is load will be less than Q, . 

(2) l2quivalent length. The equivalent length l, for long 
piles (where buckling may occur) can be calculated using the 
modulus of horizontal subgrade reaction, E,, . 

where 

a. Steelpila. Pile shoes should be used when driving 
in dense sand, gravel, cobble-boulder zones and when driving 

E,, Increasing 



- 

Extended D r i v i u  and Seatinp Usine Proeram GRLUEAP 
Pile Haterial Allowable Driviw Stresses 

S tee1 0.85% 

Reinforced Concrete 
Compression 0.85f 8 c  

Tension 500 psi 

TMei: 3000 psi  

t Ht I Hc 
i P 

Q -, p- - fpc 2 P =fw 
-- + + 

% A A -- H, * fpc -=o.esrC* - fp, 
A 

- - - - 
0 a .  esfc0 

H, = Compressive force induced by hammer, lb 
Ht - Tensile force i n  pile during driving, lb 
fpo - Effective prestress after losses, psi  
P - Prestressing force, lb 
f8, - 28 day concrete compressive strength, psi  
£, - Xinimum s tee l  yield strength, p s i  

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

(I) The upper portion of a pile may be subject to bending 
and buckling as well 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 usually 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 l l l y  supported piles of A-36 steel of 
minimum yield strength& = 36 kips per square inch (ksi) are 
given in Table 2-3. 

(a) L i i t s  to combined bending and axial compression in 
the upper pile am given by 

Tabla 2-3 
Allowable Stresses for Fully Suppotted Piles. (English 
Units) 

Concentric axial tension or Allowable stress, q, ksl 
compression In lower pile (f ,=Sksl) 

10M,(1/3xfyxY6) 10 

DMng shoes. ( 113 ) . fy - 12 

DrMng shoes, at least one axial 14.5 
load test and use of a pile 
driving analyzer to verify pile 
cepacity and intww. 
(.1/2.5) f, . 

where 

f, = computed axial unit stress, ksi 

F, = allowable axial stress in absence of bending 
stress,& R, ksi 

& = minimum yield strength, ksi 

f, = computed bending stress in x-direction, ksi 

f, = computed bending stress in ydiiection, ksi 

Fb = allowable bending stress in absence of axial 
stress, ksi 

Fb = 0.6 x f ,  = 18 ksi for A-36 noncompact sections 

Fb = 0.66 x f ,  = 20 ksi for A-36 compact sections 

A noncompact section can develop yield stress in 
compression before local buckling occurs, but it will not 
resist inelastic local buckling at strain lewels required for a 
fully plastic stress distribution. A compact section can 
develop a fully plastic stress distriiution and possess rotation 
capacity of about 3 before local buckling occurs. Moment 
rotation capacity is (8,l 8, ) - 1 where 8, is the rotation at the 
-red load state and 8, is the idealized rotation 
corresponding to elastic theory when the moment equals 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 uusupported piles 
should be 516 of those for beam columns given by the AISC 
Manual of Steel Construction. 

(c) 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 firom 
Appendix B. .* 

(3) Allowable driving stresses are limited to 0.854, 
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 performauce factor +Mwill be 0.7 for all 
failure modes and the load  IS for both dead and live 
loads F,, = F, will be 1.9. The specified load and 
performance fhctors provide an FS = 2.7 for all combiitions 
of dead and live loads. 

(a) The computed axial strength of the pile shall be 
limited to 80 percent of pure axial strength or the pile shall be 
designed for a minimum eccentricity of 10 pement of the pile 
width. 

@) Driving stresses should be liited as follows: 

Compressive stresses: 0.85f, - effective prestress 
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Tensile stresses: effective prestress 

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

(d) Permissible stresses in the prestressing steel tendons 
should be in accordance with ACI 3 18-89. 

Table 2 4  
Allowable Concrete Stresses, Pmstmxd Concrete Piles 

Uniform AxM Tension 0 

Bending (extreme fiber) 
Compression O.45xf: 
Tension 0 

Combined axlal load 
and bending, the concrete fa + f, + f, r 0.4 x f : 
stresses should be G-&+f,>O 
proportioned so that 

where tension is negative for 

f, = computed axial stress, ksi 
f, = computed bending stress, M 
f,= effective prestress, M 
f  ;= concrete compcesshre strength, M 

(e) Migbnum effective prtstress of 700 psi 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. 

111 (f) Strength interaction diagrams for prestcessed concrete 
piles may be developed using computer program CPGC 

A (WES Instruction Report ITL90-2). 
I 

(2) Reinforced concrete piles. These piles will be 
designed for stnx~gth in amdance with ACI 3 18-89, except 
that the axial compression strength of the pile shall be limited 

I to 80 percent of the ultimate axial strength or the pile shall be - designed for a minimum 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 lTL-87-2). 

- 
L (3) Cast-in-place and Mandreldriven piles. For a cast-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 114 inch. 

(a) Casing must be of sufficient thickness to withstand 
stresses due to the driving operation and to maintain the pile 
cross section. W i g  thickness for mandrel-driven piles is 
normally 14 gauge. 

(b) Cast-in-place and mandreldriven piles should be 
designed for service conditions and stresses limited to those 
values listed 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 mandreldriven piles will be used 
only when full embedment and full lateral support are assured 
and for loads that produce z m  or small end moments so that 
compression always controls. Steel casing will be 14 gauge 
(U.S. Standard) or thicker, be seamless or have spirally 
welded seams, have a minimum yield strength of 30 ksi, 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 specifically addressed will be in 
accordance with ACI 543R-74. 

c. Tunber piles. Representative allowable stresses for 
pressuretreated round timber piles for no& load duration 
in hydraulic structures are given in Table 2-6. 

(1) Working stresses for compression parallel to the 
grain in Douglas Fu and Southern Pine may be inch by 
0.2 percent for each foot of length from the tip of the pile to 
the critical section. An increase of 2.5 psi per foot of length 
is recommended for compression perpendicular to the grain. 

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

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

Pacific Coast Douglas Fu: 0.90 

southern Pine: 0.85 

(4) The FS for allowable stresses for 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-ln-Place and Mandrel-driven Piles, Allowable 
Concrete Stresses 

Uniform axhl compression 
Confined 0.33 x f : 
Unconfined 0.27xf: 

Uniform axial tension 0 

Bending (extreme fiber) 
Compression 0.40 x f : 
Tenslon 0 

where 

f, = computed axial stress, ksi 
F, = allowable axial stress, ksi 
f, = computed bending stress, ksi 
Fb = allowable bending stress, ksl 

Note: Partidpation of steel casing or shell is disallowed. 

Table 26 
AllowableSbesses for Pressure-treated Round Timber Piles 
for Normal Loads In Hydraulic Structures 

- - - - - -- - - - 

Pacific Coast Southern Pine 
Douglas Fir 

Compression 
parainel to grain, F, 

875 825 

Be&~ng, Fb 1.700 1.650 

Horizontal shear 
95 90 

Compression 
perpendicular to 
grain 190 205 

Mdulus of 
elnsticity 1,500,000 1,500,000 

d Design srample. A 30-foot length L of A-36 unbraced 
H-pile, HP14 x 73, has a cross section area A, = 21.4 in.', 

Table 1-3. This pile is made of A-36 steel with&= 36 ksi, 
Ep = 29,000 ksi, and I, = 729 in4 for the X-X axis and 
261 in.4 for the Y-Y axis. Dead load QDL= 40 kips and live 
load Q, = 60 kips. Load factors FDL = 1.3 and Fu = 2.17. 
Free-standing length above the ground surface is 10 f ed  The 
soil is a clay with a constant modulus of horizontal subgrade 
reaction E,, = 1 ksi. Spacing between piles is three.times the 
pile width. 

(1) Design load, The applied design load per pile Qd 
fiom equation 2- 1 is 

= 1.3 x40 + 2.17 ~ 6 0  = 182.2 kips 

(2) Structural capacity. The rmfactored structural 
capacity Q, is f ,  A, = 36 x 21.4 = 770.4 kips. From 
Table 2-1, $M= 0.85 and F, = 0.78. The factored structural 
capacity is F,&&, = 0.78 x 0.85 x 770.4 = 508.4 kips > Qd 
= 182.2 kips. Table 2-3 indicates that the allowable stress 
qa= 1Oksi. qaAy= 10 x21.4=214kips>Q,= 182.2kips. 

(3) Buckling capacity. A flexible cap unbraced at the 
top is to be constructed for the pile group. The E,= (114) x 
1 ksi = 0.25 hi because the spacidg is three times the pile 
width. The equivalent length L, for the constant El, = 
0.25 ksi from equation 2-4a for the minimum I, of the X-X 
axisis ' C  

The minimum critical buckling load Q, h m  equation 2-3d 
is 

x2 E~ $ 
Q,, = - 

4Cq 

The Qcb = 201 kips > Qd = 182.2 kips. Buckling capacity is 
adequate. 
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Table 2-7 - I. Minlmum Requirements for Drilled Shaft Design 

a. Nomenclature 

4 
4 
4 
rC 
a, 
Cover 
4 
4 
4, 
Dm 
l 

p a  
Fu 
FS 

5'. 
4, 
L 
I 
pitch 

Cross-roctioml u e a  of concrete within spiral or ~888,  iachs' 
Gross . n m  of tb ahaft saction, inabrs8 
&w of t e i n f o t o ~ t  steel,  iaehesa 
Crornact ional  u r a  of apk& or caw, inches' 
Shaft outride dim8ter. inches 
Concrete owes over longitudinal steel,  in. 
B u  d i m t e r ,  in. 
Tie dimmter, in. 
Spiral d i r ~ n t e r ,  fa. 
k m  dirwtu of tho quivaleat s tee l  ring, 8, - 2CCav.r + r,), fa. 
Ecc-trici ty, &I&, In. 
Dead load factor to protect y d a r t  material failure 
Live load factor to protect agriast material failure 
Paetor of aaZoty to l i m i t  vertical disphcanent in the foundation so i l  
U l t h t e  concrete compressitn str-tb, psi 
X i r l d  rtr.ryth of rehforcarmt ateel, psi 
L a t h  of spiral  in onr path, in. 
Huirnrm b a a  Mwat, *in. 
HIIPbes of bars 
Disknce from may p i n t  of spiral  cage to th8 adJacat point an the cage 
m8uus.d parallel  with the lm6itudinal u l r  of the cage 
)I.tlarn uplif t  thlult or pullout foroe, l b  
D.p.ad.ble uial load capacity of tk. shaft deterPlined by 
4Jo.85*f',(4 - 4) + &f,l, lb 
Dead load, lb 
Liv. had ,  l b  
Huimum downdrag force, lb 
HaxiPlllP factored axial load, l b  
Diameter rat io  of reiaforc-t steel, Dm/& 
Ratio of r e i n f o s c ~ t  ateel u e a  t o  gross uea. 414 
U u s  of reirrforcmmt steel, in. 
Ti. apacind, in. 
HuiPrna applied la teral  load, l b  
W.r(arn rpp1l.d 8h.u sttess, VYld& 

applied S ~ O U  f0r00, 
Volumtric ratio of spiral  rriaforcmmt rrpuired 
Capacity performaace factor, 

0.70 for a tiod c o l w  of reinforca~rnt steel 
0.75 for a spiral  colum after ACI SF17 (1985) 

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

b. Procedure 

Descri~tion 

1 Dotormino that  Q is well within e, 

For rr shaft  in o ~ o s s i b l o  soi l ,  waluak damdrat Latoo Q., CCh8pt.r S) md add 
to Q. For r . h r L t  in . r p r ~ . i v o  moil. d a t a  upl l f t  thnut P, C n o ~ a t i v r ~  t .p . i lo  
Lore*) d c a l c ~ t o  tho roquirod ra iniarcaoat  u a a  Ln. 

Pmrcmt s tool  for 5 - 60,000 psi I m  r p p r o t l u t m 4  -O.OOSP,/]la 

S Campato occontricity l from &ivm &, and Q, of thm mpocificrtia~.. o r  2 in. or  
0 . 4 ,  rrhichwor is Eraator for  t ied  eol.lau o r  1 irr. or 0.05% for s p i r d  cobmms 
of roinforcomont stool. & m q  rfro bo ovrluatod Ftocn Latoral b a d  mrljrsis 
doscribod in Chaptor 4. CalcuLlto oocmtricity ra t io  ofq. 

4 C8lcul.to Dm. Estimutm IL, Lrom tho t r i a l  riry of rmlnforcmmmt steal. 

5 Dataraino by inemrpolotian stool ra t io  q from d o s i a  charts in ACI SP17. Vol I. 
If q < 1 p.rc.lrt. incrorsm to 1 poroout. I 2  q * 8 porcont. fncroasa tho 
mhdt dimmotor and repoat tho abovo stops. 

6 Solact tho actual s tool  roinforc.ooat; i.0.. miam and mmbor of b u s .  6 bars 
miaimma, 6 iPGhos sprciag -. Chook fox suLZici .~t  spacing for Z low of 
oanorotm, mpaciw - <d3, -NdJ/H 

2: CaLcuLak fl, Lor tho dmsimod &aft cross maction ond chock it y a i n s t  St. msswmod in '* 
stop 4.  Urnport stopm 4 md 6 i f  tho asswnod 4, is m i a i f i c . n t 4  dif2orent f r o m  tbo 
c a l ~ t o d  &. 

8 Soloct approprirto t ios  or  spirals  to construct tho roiaforcomoat cage recording to 
ACI 510-89 roquiromonts or  lUSHTO spocificatioas. 

Xias (EX): Vertical spacing shal l  not rxcood t h a  lossor of 
(1) S, - 164 
(2) S, - 484  
(3) s, - q 

No. 5 t i a s  noy bo mod for Lon(litudinil b u s  < No. 11; Ilc. 4 o r  k g m r  t i a s  
w i l l  be rued for Xo. 11 b u s  or  l u g o r  

S p i r r k  CACI): 

(Sheet 2 of 3) - 
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Table 2-7 (Concluded) 

c. Example calculation of s t e e l  reinforcement f o r  a t i e d  
reinforcement cage 

st.9 Calculation 

1 fqplt p u m e t u s :  Cowr - 3 in. fa, - 3.000 p s i  
T-, - ro.000 lb q - s o h .  f, 6o.ooo p.i 
& rn SOO.0.00 Lb P, - 1.35 Y, - 8*1V Ibin. 
Q, - 500.000 lb Fa - 2.25 - 0.70 

k s r u  WtiW - 2 poreat. Caloulate 4 - -,I4 - 706.86 h.l. Ini t ia l  
rstl.to OF 4 - 0.02.4  - 14.14 iPchas. P i f t em~ No. 8 b u s  w i l l  be ro-ed f o r  
the initial mstisrte of s t a e l  reinForcmwnt w i t h  r, - 0.5 inch u shown In tha  
rlcoteh. 

a - 1.3S*500.000 + 2.25*500,000 - 1.800.000 lb 
0 - 0.7(0.85*3.000<706.86 - 14.14) + 

14.14*60,000) - 1,830;385 lb  
1.630.385 * Q. m 1,800~000 lb; & is d ~ a k  

4 D. - 2. - 2CCover + r,) = 30 - 2C3 + 0.5) - 23 in. 
% - 23/30 - 0.767 

5 DabetPine 8, by interpalmtian fram desun  c h u t s ,  ACX SP17 (851 : 
nherofora. St, - 0.023 for  R, - 0.767 

Q L L  
0.7 0.026 
0 .6  0.021 

6.7 4 -  0.025-706.86 - 16.26 fa.' 

-' Elpacim between b u s :  
21 Ho, 8 b u r  (A, - 21-0.79 - 16.59 id, 4 = 1.000 inch): 

spacin(S - (u-23-21-1.0001121 - 2.44 in. 
. 17Ho. 9 b u s < A , - 1 7 - 1 . 0 0 - 1 7 . 0 0 i ~ . d - 1 . 1 2 8 i n c h ) :  

spacing - (u.23-17-1.l281117 3.12 in. 
13 No. 10 b u s  (A, - 15-1.27 - 16.51 in1, d = 1.270 inoh): 

spacing - (u-23-13.1.127)/13 = 4.43 in. 
17 lo .  Q b u s  w i l l  be adequate assmiry  1 inch I M X ~  aggregete md spacing of rt 

l eas t  3 tiares the maxi- y t r e g r t e  s i re  

8 Tios: (11  S, - 16.1.000 = 16 in 
(2) S,= 48.0.37s = 18 inches For No. 3 t i e  
(3) 6, - 30 in. 

Select Ro. 3 bars a t  16 inah.. c m t e r  to  canter spacing 

Spirals: (s turdud sp f r r l  s i ror  u o  318. 112 md 518 inch: se lec t  112 inoh s p i r a l  
s i r e  md  3-inch pitch) 

A, - 706.9 inobesa 4 - n.12a - 452.4 inchas* 
p. - 0.45-[<706.9/452.4) - 1]~3.000/60,000 - 0.0152 
L, - <[lr.(24 + 0.5)]* + 3*)n - 77 in, 
& - pa-pitch-411, - 0.0152.3-452.4177 - 0.268 inohcsa 
Selact No. 5 sp i r a l  a t  3-inch pitch 

(Sheet 3 of 3) 

2-1 1 
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4. Structural Design of Drilled Shafts 

Most drilled shaft foundations will be subjeqt to lateral loads, 
bending moments, and shear stresses in addition to 
compressive stresses h m  vertical loads. Eccentrically 
vertical applied loads can generate additional bending 
moments. 

a. Eccenniciw. If bending moments and shears are not 
specified, the minimum eccentricity should be the larger of 
2 inches or O.lB, where B,is the shaft diameter, when tied 
cages of reinforcement steel are used and 1 inch or 0.05B, 
when spiral cages are used. The minimum eccentricity should 
be the maximum permitted deviation of the shaft out of its 
plan alignment that does not require special computations to 
calculate 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) The maximum bending moment, M,, is required to 
determine the amount of reinforcement steel to resist bending. 
The maximum fkctored vertical working load, Q, and the 
estimate of the maximum applied lateral load, T, are used 
to calculate & . The full amount of reinforcing steel is not 
r e q m d  near the bottom of the pile because bending 
moments are usually negligible near the pile bottom. 
Chapter 4 discusses procedures for calculating the 
distribution of bending moments to determine Mere steel 
will be placed in the pile. 

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

(3) The minimum reinforcement steel, normally 
recommended, is 1 percent of the total ~ro~s-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 
requiting casing while the hole is 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 also include 
maximum downdrag forces for a shaft in compressible soil 
and the maximum uplift thrust for a shaft in expansive soil. 
Uplift thrust may develop before the Ml 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. 
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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 loauk. Loads applied to deep foundations 
consist of vertical forces and horizontal forces. These forces 
are resisted by the soil through bearing and fiction. 
Therefore, the pile capacity analysis should be performed to 
determine that foundation failure by bearing or fiiction will 
be avoided, and load-displacement analysis performed to 
determine that foundation movements will be within 
acceptable limits. 

(1) Load distribution. Loads on a deep foundation are 
simulated by a vertical force Q and a lateral force T, 
Figure 3-1. These vertical and horizontal forces are 
considered separately and their individual effects are 
superimposed. Unusual cross sections should be converted to 
a circular cross section for analysis when using computer 
programs such as CAXPILE (WES Instruction Report 
K-84-41 or -4XILTR (Appendix C). Analysis for lateral loads 
is treated separately and given in Chapter 4. 

(2) Construction influence. Construction methods, 
whether f6r driven piles or drilled shafts, idluence pile 
capacity for vertical loads through soil disturbance and pore 
pressure changes. 

(a) 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 
deteminhg the required capability of the driving equipment. 
Refer to Chapter 6 for m e r  details. 

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

b. Analysis of vertical loah. 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 FS to estimate the allowable pile 
capacity a that can limit the settlement to permissible levels. 
Settlement of the individual piles or drilled shafts shall be 
calculated as presented later in this chapter, however 
settlement of a group of piles or drilled shafts shall be 

evaluated as given 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 resisting force a. Tbe approximate static load 
capacity Q, resisting the applied vertical compressive forces 
on a single driven pile or drilled shaft is: 

Q, = Qbu + Qs* 
(3-la) 

where 

Q, = ultimate pile capacity, kips 

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

Q, = ultimate skin resisting force, kips 

q,, = ultimate end-bearing resistance, ksf 

A, = area of tip or base, feet2 

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

n = number of pile elements in pile length, L 

Pile weight is negligible for deep foundations a d  neglected 
in practice. A drilled shaft or driven pile may be visualized 
to consist of a number of elements (as illustrated in 
Figure C-I, Appendix C), for calculation of ultimate pile 
capacity. The vertical pile resistance is a combination of the 
following: 

(a) End-bearing resistance. Failure in end bearing is 
normally 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 
resistance is 



El 02CW7 
30 Sep 96 

Rgure 3-1. Loading support of deep foundation - 

Q 

T 
-\Y 

VERTICAL LOAD, K l  PS P LATERAL LOAD, K l  PS 

Q 4 Q U  T 4 T U  

where 

C 

0; 

Q~ = %u+ t 
Q = APPL l ED LOAD 

= cohesion of soil beneath the tip, ksf 

= effective soil vertical overburden pmsure at pile 
base, yi L, ksf 

= effective unit weight of soil along shaft 
length L, y, - y, kips/feet3 

= saturated unit weight of soil, kips/feet3 

= unit weight of water, 0.064 kip/feet3 

= saturated unit weight of soil, kips/feet3 

= unit weight of water, 0.064 kip/feet3 

T Tu= Tus+ Tup 

Qs  
T = LATERAL LOAD 

B, = base diameter, feet 

y', = effective unit weight of soil beneath base, 
ki pdfeet' 

= VERTl CAL LOAD T" = LATERAL 
CAPAC l TY RESISTANCE 

Qbu= BASE RESl STANCE T,, = LATERAL SO1 L 

CAPAC 1 TY RES l STANCE 
A 

No N, N, = cohesion, surcharge, and wedge-bearing 
capacity factors 

Qga= 610E FRICTION 

C, C, C, = cohesion, surcharge, and wedge geometry 
correction factors 

T"p = P lLE SHEAR 

The submerged unit weight of soil below the phrealic surface 
is y, - y, The wet unit weight y is used instead of the 
effective unit weight if the soil is above the water table. The 
bearing capacity N, , Nq , N, and geometry correction Cc , Cq , 
C, factors are given with the methods recommended below for 
calculating end bearing resistance q, 

CAPAC I TY Qb RES I STANCE 

P E SOIL REACTION '& 
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- - Table 81 
Vertical Load Analvsis 

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. 
Variatkns In FSare 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 34. 

4 Perform settlement analyds of driven pile aroups and drilled shafts and adjust the bearing pressure on the tw, (head or 
butt) of the deep foundation until settleme; is &in permitted limits.  he-resulting designbad Q ,should b;, ; 0,  
Settlement enalysis is partiarlady needed when mpresslble layers are present beneath the potential bearing stratum. 
Settlement analysis will be perfoned 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 economicaity 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. 

@) Side friction resistance. Soil-shaft side fiction 
develops h m  relatively small movements between the soil 
and shaft, and it is limited by the shear strength of the 
adjacent soil. Side friction o h  contributes the most bearing 
capacity in practical situations unless the base is located on 
st i f f  soil or rock. The maximum skin resistance that may be 
mobilized-along an element i of pile at depth z may be 
estimated by 

the remainder a is carried by skin friction. The slope of the 
curve in Figure 3-2c yields the rate that the skin friction f,is 
transferred from the pile to the soil as shown in Figure 3-2b. 
Near the ground surface,i is usually small probably because 
vibrations from driving a pile form a gap near the ground 
surface and because of the low lateral effective stress near the 
top of the pile or drilled shaft The relatively low d u e s b f  
f, near the tip of a pile or driUed shaft in cohesive soils has 
been observed in experiments because of the decreasing soil 
movement against the pile as moving toward the tip. 
Therefore, the skin friction f, , as a function of depth, 
fkquently assumes a shape similar to a parabola 
(Figure 3-2b). where 

(2) Critical depth. The Meyerhof (1976) and Nordlund 
(1963) methods for driven piles assume that the effective 
vertical stress reaches a constant value after some critical 
depth Dc , perhaps h m  arching of soil adjacent to the shaft 
length. The critical depth ratio DCB, where B is the shaft 
diameter, is found in Figure 3-3a For example, if the 
effective fiction angle 4' = 3S0, then Dc= 10B, and end- 
bearing capacity will not increase below depth D, , 
Figure 3-3b. End-bearing resistance q,, will not exceed q, 
given by Figure 3-4. Analysis of deep foundations using the 
pile driving analyzer has not supported this concept. 

Q, = maximum load transferred to pile element i at 
depth z, kips 

f, = maximum skin fiiction of pile element i at 
depth z, ksf 

C, = shaft circumference of pile element i at depth z, 
feet 

AL = length of pile element i, feet 

Ignoring effects due to the self-weight of the pile and residual 
stresses h m  pile driving, Figure 3-2 shows the distribution 
of skin fiiction and the associated load on a pile, where load 
is shown by the abscissa and depth is shown by the ordinate. 
The load carried in end bearing a is shown in the sketch and 

(3) Load limits. ~ p p l k d  loads should be sufficiently 
less than the ultimate capacity to avoid excessive pile vertical 
and lateral displacements; e-g., s 0.5 inch. Applied loads 
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Figure 3-2. Distribution of skin friction and the associated load resistance 

Q 

V - fs 

onehalf to onefourth of the ultimate load capacity are often (b) Typical factors of safety. Table 3-2a provides 
specified for design. typical FS for vertical load behavior. Typical or usual loads 

refer to conditions which are a primary function of a structure 
(a) Allowable pile capacity. The allowable pile capacity and can be reasonably expected to occur during the service 

Qa is estimated fiom the ultimate pile capacity using FS life. Such loads may be long-term, constant, intermittent, or 
repetitive nature. Deviations from these minimum values 
may be justified by extensive foundation investigations and 

Q" 
Qa = - (3-4) testing to reduce uncertainties related to the variability of the 

FS foundation soils and strength.parameters. Load tests allow 
FS to be 2 for usual design and may lead to substantial 

The design load Q, s , depending on results of settlement savings in foundation costs for economically si@cant 

analysis. projects. 

- 

s SWFT MOVES DOWN Q~~ Q= -C  - 

Q b 
REtAT l VE TO SO l l 

a .  SHAFT b. F R I C T I O N  c .  LOAD 

h 

- 

x 
t 
UI a I '1 
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0 z - 
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FRICTION ANGLE +I, DEGREES 

a. D,/B VERSUS FRICTION ANGLE 

B 

- 
m 

I 
L 

. 
Figure 3-3. Critical depth ratio (Meyerhof 1976) (Copyright permission, American 

D & l O B  

- 

Society of Civil ~ngin&rs - 

END BEARING ,-> 
CAPAC 1 TY 

b. EXAMPLE CRITICAL DEPTH RATIO 
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Figure 3& Limiting base resistance for ~ e ~ e r h o f  and Nordlund methods 

(c) Other factors of safety. Lower FS are possible for 
unusual or extreme loads, Table 3-2b, provided soil 
investigation is thorough and settlement will be within a 
tolerable range. . Unusual loads refer to construction, 
operation, or maintenance conditions which are of relatively 
short duration or Mequent occurrence. Risks associated 
with injuries or property losses can be controlled by 
specifying the sequence or duration of activities andlor by 
monitoring performance. Extreme loads refer to events which 
are highly improbable and occur only during an emergency. 
Such events may be associated with major accidents 
involving impacts or explosions and natural disasters due to 
hurricanes. Extreme loads may also occur h m  a 
combiition of unusual loads. The basic design for typical 
loads should be efficiently adapted to accommodate extreme 
loads without experiencing a catastrophic failure; however, 
structural damage which partially impairs the operational 
functions and requires major rehabilitation or replacement of 
the structure is possible. Caution is required to achieve an 
efficient design that will avoid unacceptable injuries or 
property losses. 

(d) Group performance. Pile group analyses should be 
conducted as discussed in Chapter 5 to be sure that a state of 
ductile, stable equilibrium is attained even if individual piles 
will be loaded to or beyond their peak capacities. 

(e) Field verification. Field instrumentation, t'kquent or 
continuous field monitoring of performance, engineering 
studies and analyses, and constraints on operational or 
rehabilitation activities rimy be required to ensure that the 
structure will not fail catastrophically during or after extreme 
loading. Deviations h m  these criteria for extreme loads 
should be formulated in consultation with and approved by 
CEMP-ET. 

2. Driven Piles 

The general procedure for calculating vertical loads of driven 
piles is given in Table 3-3. The total vertical capacity Q,is 
calculated by equation 3-1 where methods for determining 
end-bearing Q, and skin fiction Q, resistance are given 
below. In addition, a wave equation and pile driving analysis 
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Table 3-2 
Factors of Safety for Bearing Capacity (Pile-Buck, Inc. 1992) 

Usual Loads 

Condition Factor of Safety 

Wnh load test 2.0 

Base on bedrock 2.0 

Dliven piles with wave equation analysis calibrated to results of dynamic pile tests 

Compression 
Tension 

Resistance to uplifl 2.5 

Resistance to downdrag 3.0 

Without load tests 3.0 

Groups 3.0 

Soil profile containing more than one type of soil or stratum 4.0 

Influence of Loading Condition 

Minimum Factor of Safety 

Method of Capacity Calculation Loading Condition' Compression Tension 

Verified by pile load test Usual 2.0 2.0 

Unusual 1.5 1.5 
- 

Extreme 1.15 1.15 

Verified by pile driving analyzer. Usual 
Chapter 6 - 

Unusual 1.9 2.25 

Extreme 1.4 1.7 

A Not vetified by load test - Usual 3.0 3.0 

Unusual 2.25 2.25 

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

should be performed to estimate bearing capacity, maximum 
allowable driving forces to prevent pile damage during qbr ' cNCCc + 4 (Nq - 1) Cq 
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 Or 

pile driving criteria. 
I 

a. End-bearing resistance. Ultimate end-bearing qbr = cNcCc + NqC 

resistance is given by equation 3-2 neglecting the N,term 
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Table 3-3 
General Deslan Procedure of a Driven Pile 

Step Procedure Description 

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

2 Evaluate end-bearing capacity Q, Use equation 3-6 to compute endbearing capacity q, for day and equations 
3-7 to 3-10 for sands. Use equations 3-1 1 to 3-13 to compute q,from in situ 
tests. Q,= q, A* from equation 3-1 b. 

3 Evaluate skin resisting force Q, Use equation 3-3 to compute skin resisting force Q, for each element i. For 
days, skin friction f, is found from equation 3-16 using a, from Table 3-5 or 
equaUon 3-17 with Figure 3-1 1. For sands, f, is found from equation 3-20 
using Figure 3-13 or Nordlund method in Table 3-4b. The 0, for days or 
sands Is found from CPT data from equation 3-19 and Figures 3-12 and 3-14. 

4 Compute ultimate pile capacity 0, Add Q, and Q, to determine Q, using equation 3-1. 

5 Check that design load Q, i Q, Calculate Q, from equation 3-4 using factors of safety from TaMe 3-2 and 
compare with Q,. 

Equation 3-5b is often used because omitting the "1" usually where 
has negligible effect. The N, term is negligible for driven 
piles. a, = dimensionless pile depth-width relationship 

factor 
(1) Cohesive soil. The shear strength of cohesive soil is 

c = C, , the undrained strength, the effective fiiction angle A, = pile point area, ft2 
4' = 0 and N, =l. Thus, equation 3-5a may be reduced to 

o; = effective overburden pressure at pile point, ksf 

(3-6) K = coefficient of lateral earth pressure at depth 

where shape factor C, = 1 and N, = 9. Undrained shear C, = correction factor for K when 6+4' 

strength C, may be taken as the-mean value within 2B, 
beneath the pile tip. 4' = effective angle of internal friction for soil, 

degrees 

(2) dhesionless soil. Several of the methods using 
equation 3-5 and in the following subparagraphs should be 6 = fiction angle between pile and soil, degrees 

used for each design problem to provide a reasonable range 
of bearing capacity. o = angle of pile taper fiom vertical, degrees 

(a) Nordlund method. This semiempirical method o: = effective overburden pressure at the center of 
(Nordlkd 1963) taken h m  FHWA-DP-66- 1 (Revision 1 ), depth increment AL, 0 < z 5 L, ksf 

"Manual on Design and Construction of Driven P i e  
Foundations," considers the shape of the pile taper and the C, = pile perimeter at depth z, feet 

influence of soil displacement on skin fiction. Equations for 
calculating ultimate capacity are based on load test results AL = length of pile incremenffeet 

that include timber, steel H, pipe, monotube, and Raymond 
steptaper piles. Ultimate capacity is L = length of pile, feet 

Some of these parameteis are illustrated in Figure 3-5. , z=L ' sin (8 + a) c Z ~  (3-7a) End-bearing resistance q,, = a,N,u; A, fiom equation 3-7a. 
Qu = a f N q A b o ~  + C KCI oz 

2 4  cos a 
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ilgure 3-5. iilustration of input parameters k r  equation %?a 

- As shown in Figure 3-4, q, should not exceed q, whexe q, is @) Vesic method. Bearing capacity factors of 
given. Other parameters can be determined as follows: qand equation 3-5b are estimated by (Vesic 1977) ' C  

Nq are found h m  Figure 3-6, K h m  Figure 3-7, 6 h m  
A - Figure 3-8 for a given @' and V, and 5 h m  Figure 3-9. The 

Nc = (N, - 1) cot @ ' (3-8a) 
volume V is &placement by the pile per given penetration 
length. The Q, for a pile of uniform cross section (a = 0) and 

- length L driven in a homogeneous soil with a single fiiction 
angle 4 and single effective unit weight is (90-0% 1, + I  

Nq = 3 180 

A 

(3-7'b) 
3 -sin@' - Q, = a ~ ~ o i  + ~~,o:sini5C,L 

where - 
- A = pile cross section area 

.... C, = is the pile perimeter 4 
Irr = 1 + E,x], 

a: = mean effective vertical stress between the ground 

- surface and pile tip, ksf. 
& G 

The procedure for evaluating Q,, by the Nordlund method is 5 = 
given in Table 3-4. C, + 0; tan@' 
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where 

E, = volumetric strain, hction 

u, = soil Poisson's ratio 

G = soil shear modulus, ksf 

Shape factor Cq = 1.00. Nc = ( Nq - 1 ) cot Gt.  

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

C, = undrained shear strength, ksf 

4 = effective fiiction angle, degrees 

a: = effective soil overburden pressure at pile base, where 

ksf 
N,,,= average uncorrected blow count within 8Bb 

The reduced rigidity index I, = rigidity index I, for undmined above and 3Bb below the pile tip 

or dense soil where v, = 0.5. G = E, /[ 2 (1 +u, ) ] where Es 
is the soil elastic modulus. Shape factor C ,  = 1.00 and Lb = depth of penetration of the pile tip into the 

bearing stratum 

qb, = is in units of ksf. 
-I 

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

(3-9b) 
(Meyerhof 1976) 

K = (1 - sin4 '1 O C R S ~ ~ ~ '  ..= 

where 

K. = coefficient of earth pressure at rest 
based on numerous load tests of piles driven to a firm 

OCR = overconsolidation ratio cohesionless stratum not underlain by a weak deposit. The 
limiting static point resistance given by Figure 3-4 is q, . q, 

The OCR is the ratio of the pmxnsolidation presswepc to the and 41 are of Itsf. 
vertical effective soil pressure. If the OCR is not known, then 
IC can be estimated h m  the Jaky equation as follows (f) CPT 1978 FHWA-Schmertmam method End 

bearing capacity may be estimated by (FHWA-TS-78-209) 

(c) General shear method. The bearing capacity factors 
of equation 3-5b may be estimated, assuming the Terzaghi 
general shear failure (Bowles 1968), as 
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EFFECTNE FRlCllON ANGLE 9', DEGREES 

a. af 

1 ! 5 " ' t ' t ' t ' n t ' t * t t t t t t " m ' n m " ' ~  20 25 30 35 40 45 

EFFECTIVE FRICTION ANGLE 4'. DEGREES 

Figure 3-6. Variation of a,and bearing capacity factor N, with respect to I$' (FHWA-DPB6-1) 
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PQE WJBt nrbY VERWX U. DECRB PIlETMER C R ~ M ~ E R T K U U .  MCReES 

a. 4' - 25 DEGREES b. 4' - 30 DEGREES 

R L E ~ F R U J V E R n C K a . ~  #LEfOPm FROLf VUmCALu. DfOREES 

C. 4' - 35 DEGREES d. 4' - 40 DEGREES 

Figure 3-7. Variation of the coefficient K'with respect to a' (FHWA-DP-66-1) 
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where q,, and q, are unit cone point resistances determined 
as given in Figure 3-10. - 120 + 150 + 160 + 160 + 160 + 160 + 160 + 160 

9c2 - 8 

For example, q, calculated over the minimum path is as 
follows: = 153.75 ksf 

From equation 3- 13, 

qc2 over the minimum path is: 
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Figure 3-9. Correction factor C,with respect to 
a/@' (FHWA-DPB6-l) 

(3) Scale effects. Ultimate end-bearing capacity qb, tends to 
be less for larger diameter driven piles and drilled shafts than 
that indicated by equation 3-1 1 or 3-12 or equation 3-5. Skin 
fiiction per unit circumferential area f, is assumed to be 
Independent of scale effects. 

(a) Sands. The reduction in end-bearing capacity has 
been related with a reduction of the effective angle in internal 
friction 4' with larger diameter deep foundations. End- 
bearing capacity q, h m  equation 3-5 should be multiplied 
by a reduction factor (Meyerhof 1983) R, 

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 piles in stiff fissured clay, R, = R, from 
equation 3-14a where m = 1. For drilled shafts 

for B from 0 to 5.75 ft. 

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

where 

oc = uniaxial compressive strength of rock, ksi 

w,, = width of discontinuities in rock, inches 

s,, = spacing of discontinuities in rock, inches 

B, = socket diameter, inches 

D, = depth of embedment of pile socketed into rock, 
inches 

' C  

The rock quality designation (RQD) should be greater than 
50 percent, sd should be greater than 12 inches, wd should be 
less than 025 inch for u d l e d  bnt inu i t i e s  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 
sufficiently strong that the stmctud capacity of the piles will 
govern the design. This method is not applicable to so& 
m e d  rocks such as shale or limestone. Piles supported on 
these rocks should be designed h m  the results of pile load 
tests. 

b. Skin fiction resistance. The maximum skin 
resistance between the soil and the shaft is Q, = A,, f,, 
equation 3-3. 

(1) Cohesive soil. Skin friction resisting applied loads 
are influenced by the soil shear strength, soil disturbance, and 
changes in pore pressure and lateral earth pressure. The mean 
undrahed shear strength should be used to estimate skin 
friction by the alpha andnlambda methods (Barker et al. 
1991). 
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Table 3-4 - - 0, by the Nordlund Method 

Step Procedure 

- a. End-Bearing Capacity 

1 Determine friction angle @' for each soil layer. Assume I$ = I$'. 
A - 2 Determine a ,  using I$ for the soil layer in which the tip is embedded and the pile LA3 ratio from Figure 3-6a. 

3 Determine N, using I$ for the soil layer In which the tip Is embedded from Figure 3-6b. 

- 4 Determine effective overburden pressure at the pile tip d, and limiting stress 9,according to Figure 34. 

5 Determine the pile point area, A,. 
LI 

6 Determine end-bearing resistance pressure q,= a,N;d,. Check q,s 9,. Calculate end-beadng capacity 9,Ab- - 
b. Skin Friction Capacity 

7 Compute volume of soil displaced per unit length of pile. - 
LL 

8 Compute coefficient of lateral earth pressure Kfor I$' and o using Figure 3-7; use linear interpolation. 

9 Determine W@' for the given pile and volume of displaced soil  from Figure 3-8. Calculate b for friction angle $'. - 
10 Determine cowection factor C, from Figure 3-9 for 41 and the W@' ratio. 

11 Calculate the average effective overburden pressure d, of each soil layer. 

- 
L 

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 

' sill (6 + a) C,*L Q,, = KC,o, 
COS 0 

4.4 - 
&Id Q,of each soil layer to obtain Q, . Q,= Q,of each layer. 

14 Compute ultimate total capacity, Q,= Q,+ 0,. 

A (a) Alpha method. The soil-shafl skin fiiction of a length @) Lambda method. This semiempirical method is - of a pile 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 

* where 

- a, = adhesion factor 

(3-16) evaluated fhm equation 3-6. Skin fiiction is (Vijayvergiya 
and Focht 1 972) 

I 

f,, = w o r n  + 2Cum) 

where 
C, = undrained shear strength, ksf - A = cgnelation f?ctor, Figure 3-1 1 

Lr Local experience with existing soils and load test results s. 

should be used to estimate appropriate a,. Estimates of a, a: = mean effective vertical stress between the - may be made from Table 3-5 in the absence of load test data ground surface and pile tip, ksf 
and for preliminary design. 
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Figure 3-10. Estimating pile tip capacity from CPT data (FHWA-TS-78-209) f i  

CONE PENElRAnON TIP RESISTANCE q,, KSF 

C, = mean undrained shear strength along pile length, A = 0.5 - O.OIL < ft 

ksf 

A may also be given approximately by where L is the pile length, feet, X may also be estimated as - - follows (Kraft, Focht, and hnarasihghe 1981) L 

A = L - 0 " 2  L 2  l o f t  (3-1 8a) - 

L-88 = 18 

- L =  30 

0 50 100 130 200 
0 - . . . . 1 ~ ~ " , " " 1 m . . ~ l  

7 

0 - - - - 
-30 - - 

- - L+0.78 = 31.4 - - - - - L+4B = 36 - - - 
-40 - 

Qbu - Qcl + q c 2  
2 -.% 

qCl - 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 rn1nSm.m measured qc between L + 0.7B and L + 4B, ksf 

qcz - Average q, over a distance of L to L - 8B above the pile tip; 
use the minimum path as above 

B - Pile diameter, f t  

- 
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f, = cone sleeve friction at depth z, ksf Normally consolidated: 

A = 0.296 - 0.032111 L 

Overconsolidated: 

A = 0.488 - 0.078111 L 

The ratio 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 a sleeve Ectionf;, which can be used to estimate the 
ultimate skin resistance Q, (Nottingham and Schmertmann 
1975) 

1 LrlO FT: 
1 1 

h 
0' 

-175 - I' 
I 
I 

-200 - I 
I 

* I  

-% ' &  ' &  . &  ' 4  ., 
LAMBDA CORRElATION FACTOR h 

C, = pile circumference at depth z, feet 

B = pile diameter or width, feet 

z, = depth to 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 
sleeve fiiction f, , and corrects for the depth of the pile 
embedment. f, for high OCR clays is 0.8 times f, measured 
by the mechanical cone. The cone penetration test procedure 
is given in ASTM D 344 1. 

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

pf = K x tan 6. (3-20b) 

where 

f, = soil shaft skin fiiction 
-.% 

p, = lateral earth pressure and friction angle factor 

K = lateral earth pressure coefficient 

6a = soil-shaft effective friction angle, s +', degrees 

o: = effective vertical stress in soil adjacent to pile 
element i, ksf 

Cohesion c is zero. The a: is limited to the effective 
Figure 3-11. Lambda correlation factor for clay 

(Copyright permission, Offshore overburden pressure calculated at the critical depth D, of 

Technology Conference, Society of Figure 3-3. 
Petroleum Engineers) 

(a) Values of as a function of the effective fiiction 
angle 4' of the soil prior to installation of the deep foundation 
are shown in Figure 3-13. Values in Figure 3-13 are lower 

L 
(3- 19) 

bound estimates. 

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

where 

k,, = sleeve friction factor, Figure 3-12 
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Table 3-5 
Adheslon Factors for Cohesive Soil 

~ e n g m m ~ h  ~ a t i o  Undrained Shear Strength C, ksf Adheslon Factor a, 

\ 
1 
\ 

SLEEVE FRICTION FACrOR kSl 

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

details on wave equation program GRLWEAP. 

m 

(3) CF'T field estimate. The ultimate skin resistance may 
be estimated h m  the cone sleeve Eriction similar to that for 
clays h m  equation 3-19 where the sleeve Eriction factor k,, 
is estimated for sands h m  Figure 3-14 (Nottingham and 
Schmertmann 1975). The factor k,, for wood piles is 
125 times the k, for steel piles. 

c. Computer programs. Pile capacity can be calculated 
using computer programs CAXPILE (WES IR-K-84-4), 
AXILTR (Appendix C), and GRLWEAP (Goble et al. 1988). 
CAXPILE AND AXILTR solve for axial load-displacement 
behavior of single piles by load transfer curves. Several base 
and shaft loadPansfer curves applicable to different types of 
soils are available in .these programs. Other curves may be 
input if data are available. Refer to Chapter 6 for m e r  

DRILLED 

04"..'"..' 55 40 
FRICTION ANGLE 9'. DEGREES 

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

d. Loaddisplacement r&tionships. The settlement of 
111 

a pile group is of more interest than'that of a single pile 
because most piles are placed as groups, Chapter 5. If - 
. required, the settlement of single piles can be estimated using 
methods in paragraph 3-3 for drilled shafts. - 

e. Application. Each pile for a certain project is required 
to support Q,, = 100 kips. S w l  circular, 1 -5-footdiameter, n 

closedend pipe piles are tentatively selected, and they are to - 
be driven 30 feet through a two-layer soil of clay over fine 
uniform sand, Figure 3-15. The water level (phreatic surface) 
is 15 feet below ground surface at the clay-sand interface. - 
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The pile will be filled with concrete with density y, = 
150 pounds per cubic foot. The strength and density of the 
soils are given in Figure 3-15. The fliction angle 4 of 
36 degrees for the lower sand layer given in Figure 3-15 is an 
average value. 4 increases h m  34 degrees at the top to 
38 degrees at the base of the pile to be consistent with the 
cone penetration data given in Figure 3-10. 

(1) Soil parameters 

- - - -  
-EO(CREIE 

* . . 
i i**i i--G'*G'-ba 

SLEEVE FRICTION FACTOR kSl 

a. MECHANICAL CONE 

(a) Mean effective vertical stress. The mean effective 
vertical stress a; in the sand layer below the surface clay 
layer may be estimated by 

10 
m 
3 = 

E :  
E a :  
E 
W ' 0  
n 

s 

&o 

where 

L,, = thickness of a surface clay layer, feet 

y, = wet unit weight of surface clay layer above the 
phreatic surface, kips/cubic foot 

S L U X  FRICTION FACTOR ksl 

b. ELECTRICAL CONE 

. . . . . . . 
I 
I 
I 
I 
I 

I I 
t 
1 
\ 

L,, = thickness of an underlying sand clay layer, feet 

. . . . . . . . . . . . . . . . . . . . . 

- - - -  
-CO(CROE 

y : = submerged unit weight of underlying sand layer 
below the phreatic surface, kipdcubic feet 

\ 

\ --. - 
"bb"';L''';;"'~"'~";a 

The meati"effective vertical stress in the sand layer adjacent 
to the embedded pile h m  equation 3-21a is 

Figure 3-14. Sleeve friction factors for sands 
(Copyright permission, Florida 
Depattment of Transportation) The effective vertical soil stress at the pile tip is 

I I 

UL = LChY x A, + L,, x As 

= 1.5 x 0.12 + 15 x 0.04 

@) Cone penetration resistance. Penetration tests using 
an electrical cone indicate that an average cone tip resistance 
q, in the clay is 40 ksf and in the sand it is 160 ksf. The shear 
modulusG=Esl[2(1 +vs)]=250/[2(1 +0.3)] =96 ksf 
or about 100 ksf using an assumed elastic soil modulus E, = 
250 ksf and Poisson's ratio us = 0.3. These E, and us values 
are typical of soft to medium stiff clay or loose to medium 
dense sands. E, is consistent with that calculated for sands 
&om equation 1-3a. Sleece fiictionf, in the clay is 1.0 ksf 
and in the sand it is 1.5 ksf. 

= 1.8 + 0.6 = 2.4 ksf 

Figure 3-3 indicates that the D,/B ratio is 10 for an average 
4' = 36 degrees. Therefore, D, = 10 1.5 = 15 feet. The 
e f fdve  a s s  is limited to a: = 1.8 ksf below 15 feet and the 
effective stress at the pile tip is a: = 1.8 ksf for the Meyerhof 
and Nordlund methods. The remaining methods use a; = 
2.4 ksf. 
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(c) Coefficient of earth pressure. Coefficient of earth where 
pressure at rest h m  the Jaky equation is KO = 1 - sin + = 
1 - sin 36 degrees = 0.42. a = 0.0852 + 0.0252 (UB,), a s 0.18 

(2) Vertical load capacity. Solution of the vertical load b = 0.45C,0J,0.5sbi; 1.5,whereC,isinunitsof - 
capacity of a single pile using Table 3-3 is given in Table 3-6. ks f 

3. Drilled Shafts 

The general p d u r e  for design of a single drilled shaft is 
given in Table 3-7. The vertical capacity Q, is given by 
equation 3-1 whm 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 
economically feasible. Refer to Chapter 6 for further 
information on load tests. 

Equation 3-22 liits qh to bearing pressures for a b e e  h 

settlement of 2.5 inches. C, should be the average shear - 
strength within 2Bb beneath the tip of the shaft 

(2) Cohesionless soil. Vesic method and the general - 
shear methods discussed for driven piles in paragraph 2% 
Chapter 3, and the Vesic Alternate Method are recommended h 

for solution of ultimate end bearing capacity using 
A 

equation 3-5 (Vesic 1977). 

a. ~ n d - b - n ~  raktance. Ultimate end bearing (a) Vesic Alternate Method This method assumes a 
resistance for single drilled shafts with enlarged bases should local shear failure and provides a lower bound estimate of - 
be evaluated using equation 3-2. Equation 3-2 may be bearingcapacifl - 
simplified for shafts without enlarged tips by eliminating N, 

@uations 3-5 also adjust for pile weight Wp assuming yp = 
Y 

(1) Cohesive soil. The undrained shear strength of 
sahmkd cohesive soil for deep foundations in saturated clay 
subjected to a rapidly applied load is c = C, and the fiction 
angle 4 = 0. Equations 3-5 simplifies to (FHWA-HI-88-042) 

- 
The shape factor may be estimated by equation 3-9. A local L4 

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 Altemate Method rimy be more appropriate fer 
deep foundations constructed under difficult conditions, for 
drilled shafts placed in soil subject to disturbance, and when A 

a bentonite-water slurry is used to keep the hole open during 
drilled shaft construction. 

(b) SPT field estimate. The end bearing resistance q, in - 
units of b f  may be estimated h m  standard penetration data 
(Reese and Wright 1977) by A 

where the shape factor Cc = 1 and N,= 6 [ 1 + 0.2 (L /BJ ] i; 
9 . The limiting q, of 80 ksf is the largest value that has so 
fhr been measured for clays. The m*ed shear strength C, q,, = 80 ksf NspT > 60 
may be reduced by about one-third in cases where the clay at 

the base has been and cause local where N, is the uncorrected standard penetration resistance failure due to high strain. Fr should be 1.0, except when B, 
in exceeds about 6 feet. For B, > 6 feet - 
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Figure 3-15. Driven steel pipe pile 

C 

b. Skinfiction resistance. The maximum skin resistance 
that may k m o b i i  between the soil and shaft perimeter is 

n 
Q, =A, f, , equation 3-3, where A, is the perimeter area of - element i. Several methods of estimating skin friction fd, 
based on past'experience and the results of load tests, are 
described below. - 

(1) Cohesive soil. Skin fiiction between the soil and 
shaft is estimated by using the average undrained shear 

A strength and an empirical adhesion factor a,. - 
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may be made from Table 3-8 in the absence of load test data 
and for preliminary design. .L 

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

Overconsolidated: 

a, = 0.7 - 0.01 x PI 

(a) Alpha method. The soil-shaft skin friction f,of a 
length of shaft (or pile) element may be estimated by Slightly over-consolidated (OCR s 2): 

CI 

where 

a, = 0.9 - 0.01 x PI 
(3-16 bis) 

Normally consolidated: 

a, = 0.9 - 0.004 x PI 
a, = adhesion factor - 

* 
C, = undrained shear strength, ksf where 15 < PI < 80. Drilled shafts constructed using the 

bentonite-water sluny should use a, of about 11 2 to 213 of 

- Local experience with existing soils and load test results those given by equation 3-26. 

should be used to estimate appropriate a,. Estimates of a, 
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Table 3-6 
Calculations of Vertical Loads in a Sinale Pile 

Step Procedure Descri~tion 

1 Select suitable dimensions Select a trial 1 -5-ftdiarneter by 30-ft-long steel dosed-end pipe pile. Pile - 
circumference C, = 4.71 ft and area of base A, = 1.77 ft 

2 Evaluate end bearing capacity Q, Q, =q, 4 from equation 3-1 b; q, is found using several methods in the sand: & 

L 

(a) Nordlund Use Table 3-4a 

a,= 0.72 for I$' = 38 deg, Figure M a  
N, = 105 @' .: 38 deg, Figure 3-6b 
c$= 1.8 ksf 
q,=a,N,dL=0.72x 105x 1.8=136.1 ksf 
g=15OksffruinFigure3-4 
Therefore. q,= 136.1 ksf s q, 

(b) yesic m&&& Reduced rigidity index from equation 3-8c - 

- - From equation 3-8b 

Shape factor equation 3-9a 

where KO was found from equation 3-9c , 

(Sheet 1 of 5) -.\ 
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Step Procedure Description 

From equation 3-5b, 

. (c) aneral  Shear (Bowles method IBowles 196811; From 
equation 3-10 

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

qbu = 0; x N, x cq = 2.4 x 61.5 x 1.00 

= 147.7 ksf 

(d) FPT Meverhof method; From equation 3-12, 

q = 150 ksf from Figure 3-4; therefore, q, = 150 ksf 

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

(9 Comparison: 

Method qm ksf 

Friction Angle $ = 38 deg 

Nordlund 136 

Vesic 103 
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Tabk 3-6 (Continued) 

Step Procedure Description 

General Shear 148 

Cone Penetration Test 

3 Evaluate skin resistance Q, 

CPT Meyerhof 150 

CPT FHWA & Schmertmann 1 63 

q, varies from 103 to 148 ksf for @' = 38 deg and 150 to 163 M for the cone 
data Select lower bound q,, = 103 ksf and upper bound qw= 163 ksf. Scale 
effects of equation 3-14 are not significant because B < 1.64 ff 

Joo lavec Cohesive soil; average skin friction using the alpha method. 
equation 3-16 is 

fi, = a= x C,, = 0.6 x 2.0 = 1.2 ksf 

where a, = 1.2 - 0.3CU = 0.6 for Lh3 = 20 from Table 3-5 

Q, from equation 3-3 is 

Q*,, =fruXczxLc,ay = (1 -2 )~ (4 .71)~ (15)  

= 84.8 kips 

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

I fru = I. (a, + 2Cu,) = 0.32(0.9 + 2.2) 

= 1.57 ksf 

where A = kQ4 = 1 5Q4 = 0.32 from equation 3-1 Ea; dm is found from 

r - L c h y  15 0, - - x y,,, = - x 0.12 = 0.9 ksf 
2 2 

Q, from equation 3-3 is 

Q,,, =fruxCzxLclay = 1 . 5 7 ~ 4 . 7 1 ~ 1 5  

= 110.9 kips 

Q, using the CPT field estimate method is found from equation 3-19 where = 
0.75 for f, = 1 .O ksf, Figure 3-1 2 

n 
n 

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

step Procedure Description 

8B L* 

Qsu = ks~[8Bxggxflcz + C lm x,CzI 

Qsu = 0.75 [12x 1.0 x 1.0~4.71 + 3 x 1.0 ~ 4 . 7 1 1  

= 0.75 [56.5 + 14.11 = 53.0 kips 

Lower bound Q,, = 53 kips and upper bound Q, = 11 1 kips 

Bottom Laver. Cohesionless soil; average sMn friction from equation 3-20a 
using d, s limiting stress 1.8 ksf is 

where p, is from Figure 3-13 for average I$' = 36 deg 

Q, from equation 3-3 is 

Q,,, = d u x  C,X LC, = 1.7 x 4.71 x 15 

= 120 kips 

An alternative estimate from the Nordlund method. Table 34b, is 

V=nx(1.s2/2) x 1 = l .n fPm 
K= 2.1 from Figure 3-7 for o = 0 deg 
We = 0.78 for V =  1.77 and pile type 1 from Figure 3-8 
6=0.78.36=28deg 
C, = 0.91 for WI$ = 0.78.6 = 36 deg from Figure 3-9 
C,=nx B,=rrx 1.5r4.71 R 

Q, = KC, u,'sin6 x Cz L,, 

= 2.1 x 0.91 x 1.8 x sin28 x 4.71 x 15 

= 114 kips 

Q, using the CPT field estimate method is found from equation 3-19 where 
&,,varies from 1.3 to 0.7. Figure 3-14b. for t/8= L , l B =  1Y1.5 = 10 to z/B= 
( & + ~ l B = 3 W 1 . 5 = 2 0  

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

step Procedure Description 

Qsu = (1.3 + 0.7)/2[15 x 1.5 ~ 4 . 7 1 1  

= 106 kips 

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

Total Q, in both clay and sand is: 
Lower bound: Q,, = 53 + 1 06 = 1 59 kips 
Upper bound: Q,= 11 1 + 120 = 231 kips 

Compute ultimate capacity Q, The total bearing capacity from equation 31 a Is 

Lower bound: 

QKI = Qb.1 + Qsu.1 

= 182 + 159 = 341 kips 

Upper bound: 

Q",u = Qbu,u + Qrru 

= 289 + 231 = 520 kips 

Q, ranges from a low of 341 to a high of 520 kips for a difference of 179 kips oc, 
42 percent of the mean (341 + 520) 12 = 430 kips. This difference is reasonable 

-- 

'Check Qd s 0, 

because of assumptions used by various methods 

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

Therefore, Qd 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 Qd 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) 

(3-20% bis) 
(2) Cohesionless soil. Skin friction is estimated using 

effective stresses, the soil friction angle, and empirical 
correlations. 

(a) The soil-shaft skin friction of a length of pile element 
is estimated by 

(3-20b. bis) 
L-. 
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C - Table 3-7 
hs lgn  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 day ( total stress analysis = 
0 ); No= 9 or 7 with hammer grab or bucket auger. Use equations 3-6'3-9, 
and 3-10 with equations 3-5 for sands setting cohesion c to zero. 

3 Evaluate maximum mobllied skin friction f, f, is estimated from equation 3-16 and adhesion fadors from equations 
3-26 and Table 3-8 for days. 0, 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 ts length in sand or day. 

4 Evaluate Omand Q,for several shaft and 
base d i e t e r s  

Select several shaft and base diameters; Q,= q,A,. equation 3-lb; Q,ls 
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 Qd r 0, 

6 Evaluate shaft resistance to other loads 

Q, is evaluated from equation 3 4  using FS in Table 3-2. 

If pullout, uplift thrust, or downdrag is significant, use program ,AXILTR, 
Appendii C. 

7 Evaluate maximum settlement from design 
load Qd 

Estimate settlement for design load Qd using equations 3-36 to 3-38, load 
transfer functions, or program CAXPILE or AXILTR. 

8 Check computed r specified sefflement or 
heave 

Adjust design load or shaft dimensions. 

Nm -53 for 53 <N,, s 100 (3-2.B) ' = 225 p, = lateral earth pressure and fiiction angle factor 

K = lateral earth pressure coefficient 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 
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 
fiiction if settlement is less than 0.4 inch. This assumption is 
conservative because no allowance is provided for loads 
wried by a combiition of both skin and end-bearing 
resistances. 

6, = soil-shaft effective Ection angle, s- +', degree 

a: = effective vertical stress in soil at shaft element i, 
ksf 

The cohesion c is taken as zero. 

(b) Figure 3-13 indicates values of P, as a function of the 
effective friction angle t$' of the soil prior to installation of 
the deep foundation. a: is limited to the effective overburden 
pressure calculated at the critical depth D, in Figure 3-3. (1) Calculation of socket settlement. Settlement of the 

portion of the drilled shaft socketed in the rock is 
(c) SPT field estimate. The skin fiictionf; in units of ksf 

W Y  be estimated for drilled shafts in sand (Reese and Wright 
1977) by 

for NsPT .s 53 
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Table 3-8 
Adhesion Factors for Drilled Shafts in Cohesive Soil - - 

Shaft Adhesion 
Depth, ft Factor a, . 

-jF-*- O I t  

0 - 5 0.0 

diameter of 
z*=- 

s h a f t  from 
bottom of 
straight or 0.0 
from top of 
underream T * -  bottom o mt j e=iifzc u r ? d o ~ r o u m  

All O t h e r  
2L 

rr 0 

Points 0.55 
S-ICHT C I Y D I I I ~ O  

6- SHAFT 

Note: skin friction fsi 
should be limited 
to 5.5 ksf 

- Q , L ~ ~  
pb. sock - D Ern- 

where 

p,, = settlement in socket, inches 

pes, = elastic shortening of drilled shaft in socket, mrn 
(inches) 

pb., = settlement of base of drilled shaft in socket, mm 
(inches) 

Qd = load at top of socket, kips 

D,  = depth of embedment in socket, inches 

- - 

E, = Young's modulus of concrete in socket, ksi 
' L  

B& = socket diameter, inches 

I, = settlement influence factor, Figure 3-1 6 

E,, = Young's modulus of the mass rock, ksi 

Elastic shortening of the shaft not in the socket should also be 
calculated to determine the total elastic sdement 

where 

Q = load at shaft top, kips 

L = embedded shaft length, inches 

A = cross section !ma of shaft, inches2 

A, = cross section area of socket, inches2 

3-28 
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Further information for the derivation of Figures 3- 16.3- 17, 
and 3-18 is available fiom FHWA-HI-88642, "Drilled '1. = Kb(pl - + 

Shafts: Construction Procedures and Design Methods." 
Young's modulus of the mass rock is estimated h m  the 
Young's modulus of the intact (core) rock by 

. . . . . . . . . . I . . . . . . . . . . . .  

2 
0.7 - 

W 
0.6 - 

L-- 
'Ld 
10 

5 0 .  
100 . 
m -  

0.0 " " " " " " ' " " " ' " ' -  
0 4 8 12 16 to 24 

EMBEDMENT RATIO D sock/B sock 

r 

where 

K, = modulus reduction ratio, E&E- Figure 3-1 7 

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

E,, is given as a function of the uniaxial compressive 
strength a, in Figure 3-18. 

(2) Skin resistance. The capacity of the drilled shaft in 
the rock socket is determined by skin resistance if p, < 0.4 
inch. Ultimate skin resistance Q, is (Barker et al. 199 1) 

Q,. = 0.15acC,Dm, g s 0.28 ksi (3-30a) 

- 
L 

Q:__ = 2.5:&~,~,, a, > 0.28 ksi (3-30b) Figure 3-16. Settlement influence factor, 1, 

where 
a 1.1 
6 
$ 1P 
\ 
%a0 
0 

2- 
5 ;  
Z 9 as 

5 0.4 
0 
W 
a Of 

; 02 
2 0 0.1 
0 
I 

O040 W 60 70 80 90 lab 

ROCK QUAUM DESIGNATION (ROD) 

Q, = ultimate skin resistance of drilled shak in socket, 
kips 

a, = uniaxial compressive strength of the rock (or 
concrete, whichever is less), ksi 

C, = circumference of socket, inche's 

D ,  = depth of embedment of socket, inches 

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

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

- (b) The base resistance q, in units of KNIM2 (ksf) of - drilled shafts socketed in rock may also be estimated fiom . 
pmrmmeter dats(Cslladisn Oeotechnid lgS5) by figure 3-17. Modulus reduction ratio EM/ E, 
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of settlement is a lowering of the water table. These forces 
influence the skin fiiction that is developed between the soil 
and the shaft perimeter and influence bearing capacity. 

where 

Kb = pressuremeter coefficient, dimensionless, 
Table 3-9 

(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 
h there is no relative movement between the soil and the 
shaft In addition, tension 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. 

PI = pressuremeter limit pressure, ksf 

Po = pressuremeter at rest, horizontal pressure 
measured at the base elevation, ksf 

a, = vertical pressure, kfs 

Table 3-9 
Dimensloniess Pmsuremeter Coefficient (from Canadian 
Geotechnicai Society 1985, BiTech Publishers Ltd.) 

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

(a) Force distribution 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 fiictionf, to indicate that the shaft is moving up 
relative to the soil. This is in contrast to compressive loads 
that are resisted by positive skin fiiction 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 

(4) Limitations for analysis of the socket capacity. 

(a) 16; strength of the rock will not deteriorate during 
construction from values measured during the site 
investigation. - 

@) The drilling fluid will not form a lubricated film on 
the sides of the excavation. 

(c) The bottom of the rock socket is properly cleaned out. 
This limitation is important 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) Shaft load tests are required if the RQD is less than 
50 percent. 

where 
d. Vertical capacity to resM other loads. Deep 

foundations may be subject to other vertical loads such as 
uplift and downdrag forces. Uplift forces are caused by 
pullout loads h m  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 
increases the downward load on the shaft. A common cause 

P, = ultimate pullout resistance , kips 

Qbu = ultimate end-bearing force available to resist 
pullout for&P, kips 
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Figure 3-18. Elastic modulus of intact rock 

P, = ultimate skin resistance available to resist pullout 
force P, kips 

qbr = ultimate end-bearing resistance available to resist 
pullout force P, kips 

A, = area of base resisting pullout force P, ff 

P,,,,, = pullout skin resistance for pile element i, kips 

f, = negative skin fiiction resisting pullout force P at 
element i, ksf 

C, = circumference of shaft, feet 

AL = length of pile element i, feet 
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(b) P, in Figure 3-19 is the skin resistance force that is 
resisting pullout force P. 

(3) U p l i  Deep foundations constructed in expansive 
soil are subject to uplift forces caused by swelling of 
expansive soil adjacent to the shaft These uplift forces cause 
a friction on the upper length of the shaft perimeter tending 
to move the shaft up. The -portion of the shaft perimeter 
subject to uplift thrust is in'the soil subject to heave. This soil 
is often within the top 7 to 20 feet of the soil profile referred 
to as the depth of the active zone for heave 2,. The shaft 
located within Z, is sometimes constructed in such a manner 
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that isolates the shaft perimeter h m  the expansive soil to 
reduce uplift thrust. 

(a) Stiffened and ribbed mats as well as drilled shafts are 
fkquently used to support structures in expansive soil areas. 
Uplift forces may be controlled by minimizing the shaft 
diameter consistent with that required for downloads and to 
counter the uplift by extending the shaft length into 
nonswelling soil to depths of twice the depth of the active 
zone for heave. Such force can be reduced by the 
construction of widely spaced shafts to reduce differential 
movement, and by making shafts vertically plumb (maximum 
variation of 1 inch in 6 feet) and smooth to reduce adhesion 
between the swelling soil and the shaft 

@) End-bearing resistance. The q, of enlarged bases 
may be estimated by equation 3-5b. For sands, cohesion c is 
set to zero and N, is calculated by the Nordlund (1963), Vesic 
(1977), general shear, and Vesic Alternate Methods (1977). 
For clays, the fiiction angle is set to zero and N,varies h m  
zero at the ground surface to a x m h u m  of 9 at a depth of 
2-58, below the ground surface where B, is the diameter of 
the base of the shaft (Vesic 1971). The undrained shear 
strength C, is the average stnmgth b m  the base to a distance 
223, above the base. Base area A, resisting pullout to be used 
in equation 3-lb for underreamed drilled shafts, is 

where .; 

B, = diameter of base, feet 

B, = diameter of shaq feet 

The soil. above the undemam is assumed to shear as a 
cylinder of diameter Bb . 

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

(d) Force distribution During uplift, the shaft moves 
down relative to the soil above neutral point n, figure 3-20, 
an lves up relative to the soil below point n. The negative 
sk :tionf, below point n and enlarged bases of drilled 
shi sist  the uplift thrust of expansive soil. The positive 
skin z kctionf, above point n contributes to uplift thrust f b m  
heaving soil and puts the shaft in tension. End-bearing and 

skin fiction capacity resisting uplift thrust may be estimated 
by equations 3-32. 

(e) End bearing. End-bearing resistance may be 
estimated 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 2.5Bb below 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 5-8 18-7. 

(f) Skin fiction. Skin fiction from the top of the shaft 
to the neutral point n contributes to uplift thrust, while skin 
fiiction fiom point n to the base. contributes to skin fiiction 
that resists the uplift thrust. The magnitude of skin fiictionf, 
above point n that contributes to uplift thrust will be as much 
or greater than that estimated for compression loads. Skin 
fiictionf, that resists uplift thrust should be estimated similar 
to that 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 lills 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 
af€er installation of the deep foundation can be caused by the 
weight of overlying fill, compaction of the fill, and lowering 
of the groundwater level. The e f f m  of downdrag can be 
reduced by isolating the shaft h m  the soil using a 
bituminous coating or by allowing the consolidating soil to 
settle before construction Downdrag loads can be considered 
in the design by adding them to column loads. 

(a) Force distribution 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 fictionf, below 
point n and end bearing capacity resists the downward loads 
applied to the shaft by the settling soil and the structural 
loads. Negative skin fiction f, above the neutral point 
contributes to the downdrag load and increases the 
compressive stress in the shaft. 

(b) End bearing. End-bearing capacity may be estimated 
similar to methods for. compressive loads given by 
equation 3-5. 



Figure 3-19. Pullout force in underreamed shaft 

P 

f n  

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

- 

a 

(5) C o r n p k  analysis. Program AXLITR (Axial Load- 
Transfer), Appendix C, computes the vertical shaft and soil 
displacements for axial downdhcted st- axial 
pullout, uplift and downdrag forces as described above using 
load-transfer functions to relate base pressures and skin 
fiiction with displacements. Some load-kmsfer functions 
available in program AXILTR are presented in Figure 3-22. 
AXILTR also 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 applications of AXILTR for pullout, 
uplift, and downdrag loads. 

(a) Load-transfer principle. Vertical loads are transferred 
fiom the top of the shaft to the supporting soil adjacent to the 
shaft using skin fiction-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,, = Q, + Q, is given 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. 

SWFT W E S  UP 

RELATIVE TO SOIL 
P Qb 

- 

a 
0 

1 !1 i 
P - 
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(b) Base resistance. The maximum base resistance q, 
in equation 3-lb is computed by AXLTR f%m 
equation 3-5b. Correction factors C are considered equal to 
unity. Program AXILTR does not set a limit for 0;. For 
effective stress analysis, N, is evaluated by equation 3-24 for 
local shear and by equation 3-10 for general shear. For 
effective stress analysis, N, is given by equation 3-8% For 
total stress analysis, N, is equal to 9 when general shear is 
specified and 7 when local shear is specified. In total stress 
analysis, the angle of internal fiiction 4 is zero. Additional 
resistance provided by an un- to pullout loads or uplift 
thrust is seven-ninths (719) of the end-bearing resistance. 

(c) Base displacement. Base displacement is computed 
using the Reese and Wright (1977) or Vijayvergiya (1977) 
base load-transfer functions (Figure 3-22a) or consolidation 
theory. Ultimate base displacement for the Reese and Wright 
model is 
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Figure 3-20. Deep foundation resisting uplift thrust 

where 

pbu = ultimate base displacement, inches 
.- 

B, = base diameter, inches 

s o  = strain at 112 of maximum deviator stress h m  
consolidated undrained or unconsolidated 
undrained tiaxial test conducted at a confining 
pressure equal to the soil overburden pressure, 
k t i o n  

Typical values for E, are 0.007, 0.005, and 0.004 for stiff 
clays with cohesion C, of 1 to 2, 2 to 4, and 4 to 8 ksf, 
respectively @HWA-RD-85-106). The ultimate base 
displacement p, for the Vijayvergiya model is 4 percent of 
the base diameter, where p, occurs at loads equal to the 
bearing resisting fonx of the soil &. Plunging failure occurs 
if an attempt is made to apply greater loads. Base 
displacement fiom consolidation theory is calculated relative 
to the initial effective stress on the soil beneath the base of the 
shaft prior to placing the structural loads. AXILTR may 
calculate large settlements for small applied loads on the shaft 
if the preconsolidation s h s  (maximum past pressure) is less 
than the initial effective stress (i.e., an underconsolidated 
soil). Effective stresses in the soil below the shaft base 

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

(d) Skin resistance. The shaf€ sldn fiiction load-lramkr 
functions applied by AXILTR as shown in Figure 3-22b are 
the Seed and Reese (1957) model, and of Kraq Ray, and 
Kagawa (1981) models. The Kraft, Ray, and Kagawa model 
requires an estimate of a curve fitting constant R that can be 
obtained fiom 

where 

G, = initial shear modulus, ksf 

r = shear stress, ksf 

G = soil shear modulus at an applied shear stress 
r, ksf 

. 
r, = shear stress at failure, ksf 
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Figure 341. Deep foundation resisting downdrag 

- 

R = curve fitting constant, usually near 1.0 

7u5nAFT 

SHAFT **NEis 
A t U T l M  

T o  801L 
I I 

Curve fitting cpnstant R is the slope of 1 - G/G, versus rll;, 
and should be assumed unity it not known. . 

Q Qb 

Note: ~ b d  is surcharge pressure from loads  
s u c h  as adjacent s t ruc tu res  

(e) Other load-transfer functions. Other fimctions may be 
input into AXLTR for each soil layer up to 11. Each 
function consists of 11 data points that are the ratio of the 
m o b i i  skin firictiodmaximum m o b i i  skin frictionf/f, 
correlated with displacement such as in Figure 3-22b. The 
value f, is taken as the soil shear strength if not known. The 
1 1 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 

( f )  Influence of soil movement. Soil movement, whether 
heave or settlement, altexs shaft performance. The magnitude 
of soil 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 slope of the rebound log 
pressurelvoid ratio curve of consolidation test results as 

described in ASTM D 4546. The recompression index is' fhe 
slope of the log pressurefvoid ratio curve for pressures less 
than the maximum past pressure. AXILTR assumes that the 
swell and recompression indexes are the same. The 
compression index is the slope of the linear portion of the log 
pressure-void ratio for pressures exceeding the maximum past 
pressure. The maximum past pressure is the gttakst e f f e c t  
pressure applied to a soil. Swell pressure is defined as the 
pressure when it prevents soil swell described in Method C of 
ASTM D 4546. 

e. Loadd&paIcernent relationship. Settlement for given 
loads should be estimated to check that the expected 
settlement will be witbin acceptable limits. Load- 
displacement relationships are estimated by theory of 
elasticity and empirical load-transfer relationships. 
Settlement analysis using computer programs based on 
nonlinear load-transfer functions applicable to actual soil 
conditions are also reasonably reliable and cost effective. 
The skin fiiction and base load transfer curves should be used 
together to estimate settkment for a wide variety of load 
conditions and to provide a. complete analysis of load- 
displacement behavior. Settlement due to consolidation and 
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NORMWZED BASE DISPLACEMENT, Zn 

BASE P-, q, - IRrmaTE BASE PReS-, & 
E U S B D I S P u m ,  Pb 

" V L T ~ R T E S A S B  D f S P U m ,  p h  

A. MSE TRANSFER (q-z) NNCTIORS 

0 . 0 ~ " " " " " " " " " ' ~  
0.0 0.1 0.2 0.3 0.4 0.5 

SHAFF DISPLACEMENT. HCHES 

Figure 3-22. Load-transfer curves used in AXILTR 
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m e  creep are site specific and will be considered depending on Bb = base diameter, feet 
the types of soils in which the foundation is to be constructed. 

B, = shaft diameter, feet 
(I) Elastic method. elastic analysis is used to - determine short-term settlement, but may mderes thk long- This method accounts for local softening or a weak stratum 

term settlement Loads at the pile or shaft base applied to near the shaft. 
A 

underlying soil should be checked for consolidation - settlement using methods in TM 5-818-1 of AXTLTR if a (2) Semiempirical method. Total settlement for piles or 
highly compressible soil layer exists beneath the tip. The drilled shafts p (Vesic 1977) is 
Randolph and Wroth method (1978) is recommended to 
quickly estimate settlement for piles or straight shafts: 

p = pp + pb + PJ (3-37) 

(3-36a) where 

p = total settlement at the pile or shaft top, feet 

- A similar equation for undentamed shafts can be deduced as 
pp = settlement h m  axial pile or shaft deformation, 

follows: 
a feet 

Q b q ( 1  - ~ $ 1  pb = tip (base) settlement from load transferred 
P = (3-36b) through the shaft to the tip, feet 

2 [ r ~ ( 1  - vs)tanh(fl) + fBbplG; 
p, = tip settlement from load transmitted to the soil 

--. 
a where h m  skin fiiction along the shaft length, feet 

(a) Axial compression (Vesic 1977) is 

L 
Pp = (Qb + asQs)- (3-38a) 

-c 

where 

Qb = load at the pile tip, kips 

a, = load distribution factor along pile length, 0:5 to 
L = embedded length of pile of shaft, feet 0.7; usually assume 0.5 

Q = applied load, kips 

p = settlement for load Q, feet 

Q, = load taken by skin fiction, kips 

L = pile or shaft length, feet 

v, = Poisson's ratio A = cross section area of pile, feet2 

q = interaction factor of upper with lower soil layer, 
o.85Bs /Bb 

Ep = shaft elastic modulus, ksf 

GL = soil shear modulus at depth L, ksf 

G I  = average soil shear modulus, ksf 

Ep = pile or shaft modulus of elasticity, ksf 

Axial compression should usually be calculated by assuming 
that Q, = Q, , the ultimate skin resistance in equation 3-1 or 
3-3, because most skin @ction will be mobilized before end 
bearing is significant, unless the pile is bearing on a hard 
stratum. The value of a is then calculated by subtracting Q, 
fiom the design load Q, . Otherwise, loads Qb and Q, 
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supporting the pile load Q, should be estimated using load- 
transfer curves as follows: 

(b) Settlement at the pile or shaft tip (Vesic 1977) is 

where 

Cb = empirical tip coefficient, Table 3- 1 0 

C, = empirical shaft coefficienf [ 0.93 + 0.16 
(m,) O' I Cb 

- -- 

Table 3-1 0 
Empirical Tip Coefficient C, 

Soil Mm PUcr DrlRcdShltr 

Sand ( d m  b bose) 0.02 to 0.04 0 ~ ) b a l ~  

Clay (M lo Oon) 0.02 to 0.M 0.03 to 0.06 

The bearing stratum extends a minimum 10Bb beneath the pile 
or shaft tip, a d  stifhess in this stratum is equal to or greater 
than stifflies at the tip elevation. C, will be less if rock is 
closer to the pile tip than IOB, . Settlement is 0 . 8 8 ~ ~  if rock 
exists at SB, and 0 . 5 ~ ~  ifrock is B, below the pile or shaft tip. 
Consolidation settlement should not be significant and should 
not exceed 15 percent of the total settlement. 

with internal instruments for separating skin fiction and base 
resistance. These c w e s  include elastic compression and may 
be used to estimate settlements p, and pb which include pp for 
shafts < 20 feet long. The value p, from equation 3-38a 
should be added for long shafts. 

(4) Computer programs. Programs available at WES for 
estimating settlement h m  axial loads using base and shaft 
load-transfer functions are CAXPILE and AXILTR. Thee 
programs may be applied to either piles or shafts and consider 
multilayer soils. 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. 

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

(b) AXILTR. This program, Appendix C (available 
h m  the Soil and Rock Mechanics Division, Geotechnical 
Laboratory, U.S. Army Engineer Waterways Experiment 
Station), considers straight shafts with d o r m  cross sections 
are/or underreamed drilled shafts. AXILTR calculates 
settlement or uplift of piles caused by pulldutloads and by 
soil heave or settlement. 

f: Application A drilled shaft is to be constructed-in 
emansive soil characterized as two layers as shown in the 
tabulation on the following page. ~ o i i  Poisson's ratio v, = 
0.4. The shaft elastic modulus Ep = 432,000 ksf. A cone 
penetra!ion test indicated q, > 24 ksf. The shaft must support 
a design load Q, = 300 kips with displacement less than 
1 inch. The FS = 3. A schematic diagram of this shaft 
divided into 50 increments NEL = 50 and placed 10 feet into 
layer 2 is given in Figure G I .  Solution for the design 
according to Table 3-8 is given in Table 3-11. The shaft 
should a& be checked for &ctural integrity as described in (3) h a d - m f e r  functions. Skin Ection t-z curves and 2. . . 

base resistance q-z curves may be used to transfer vertical 
loads to the soil. Curves in Figure 3-23 for clays and - 
Figure 3-24 for sands were determined h m  drilled shafts 

CI 
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LI - Parameter 
Layer 1 
0-4Oft 
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Layer 2 
40-50ft 

Specific gravity, G, 

Initial void ratio, e, 

Water content, percent 

Swell pressure, a, , ksf 

Swell index, C, 

Compression index, C, 

Cohesion, C, . ksf 

Ftidion angle. @, deg 

Coefficient of earth pressure at rest, K, 

Maximum past pressure, a,, ksf 

Plasticity index, PI, percent 

Liquid limit, LL. percent 

Elastic soil modulus, E, , ksf 

Shear soil modulus, G, ksf 
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Figure 3-23. General load-transfer curves for clay 
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Figure 3-24. General load-transfer curves for sand 
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Table 3-1 1 
Application of Drilled Shaft Deslgn - - 
Step Procedure Description 

1 Select shaft length 

2 Evaluate q, 

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, 

q,, = FrNcC, s 80 ksf 

F, = 1, c, = 4 ksf, 

Nc = 6 [(I + 0.2 (LIB,)] 1 9 

= 6[1  + 0.2(50/5)] = 18; so Nc = 9 

q,, = 1 ~ 9 x 4  = 36 ksf 

Evaluate f, From equation 3-1 6, f, = a, x C, 

Layer 1. equation 3-26b: 

0-40 ft a, = 0.9 - 0.01PI 

= 0.9 - 0.01 X38 

= 0.52 

f,,, = 0.52 x 2 = 1.04 ksf 

Layer 2, equation 3-26a: 

SO - 60 ft a, = 0.7 - 0.01PI 

= 0.7 - 0.1 x 32 

= 0.38 

f,, = 0.38 x 4  = 1.52 ksf 

From Table 3-8, a, = 0.55 

Layer 1: xu, = 0.55 ~2 

= 1.1 ksf i 5.5 ksf 

Layer 2: x, = 0.55 x 4 

= 2.2 ksf s 5.5 ksf 

(Sheet 1 of 5) 
L. 
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step Procedure Description 

4 Evaluate Q, and Q, for the shaft and base From equation 3-1 b, - diameters 
Qbu = qbu x Ab = 36 x n x 2S2 = 706.9 kips 

From equation 3-3, 

Q,,, = Aslf,, = '=4AL11", 

Qsyt = ~ ~ 2 x 5  xx, = 31.411, 

From equations 3-26, 

Qsu, = 219.9 x 1.04 = 228.7 kips 

Q,, = 3 1.4 x 1.52 = 47.7 kips 

Qsu = 228.7 + 47.7 = 276.4 kips 

From Table 3-8, a, = 0.55 

Qsu, = 219.9~1.1 = 241.9 kips 

Q,, = 3 1.4 x 2.2 = 69.1 kips 

L. 

.- 

A 
I 5 Check Qd !: Q, 

Qsu = 241.9 + 69.1 = 311.0 kips 

Select the least Q, = 276.4 kips 

Qu = Qbu + Qsu 

= 706.9 + 276.4 = 983.3 kips; 

6 Evdluate shaft for other bads - 

Q,, = 300 < 327.8 = Q, ; okay 

Figure G2c, Appendix C, for this shan in expansive soil indicates heave 
c 1 inch even when subject to 300-kip pullout force 

* 7 Evaluate maximum settlement p for given Qd From equation 3-364 

= 0.18 inch 

(Sheet 2 of 5) 
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. . 
Table 3-1 1 (Continued) 

Step Procedure Description - m 

where 

tanh j.tL = tanh 1.335 = 0.87 

G,, = 357 ksf 

G: = 143 Lsf 

From equation 3-37. 

P = Pp + Pb + PI 

From equation 3-38a, 

= (23.6 + 0.5 x 276.4) 50 

sc l2 x 432,000 

= 0.07 inch 

where 

Q, = Q,, = 276.4 kips 

Q, = Q, - Q, = 300 - 276.4 = 23.6 kips 

- 
(Sheet 3 of 5 )  
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Table 3-1 1 IContinuedb 

Step Procedure Description 

From equation 3-38b, 

= 0.24 inch 

From equation 3-3% 

= 0.18 inch 

where 

Cs = [0.93 + 0.16(LIB,)0.S] Cb 

= [0.93 + 0 . 1 6 ( 5 0 1 2 ) ~ ~ ]  x 0.06 

= 0.1 

Therefore, 

p = 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: 

Qb = Qd - 0.9 Qsu 

= 300 - 248.8 = 51.2 kips 

QbQu = 51.2/706.9 = 0.07; therefore, 

Znb = 0.2 percent Figure 3-23a 

p = 12 x BbZnb/lOO 

= 12 x 5 x 0.21100 = 0.12 inch 

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

ZnS = 0.4 percent from Figure 3-23b 
I 

(Sheet 4 of 5) 
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Table 3-1 1 (Concluded) 

Step Procedure Description 

= 12 x 2 x 0.4/100 = 0.10 inch 

The shaft Is longer than 20 ft, p,= 0.07 inch must be added to 
determine total settlement p 

p = 0.07 + 0.12 + 0.10 = 029 inch 

Program AXlLTR . Figure G2a, Appendix C, indicates 0.2 inch for a 
300-kip load using a, = 0.9 

All of the above analyses indicate total settlement < 0.5 inch 

Check computed s specified settlement Specitied settlement is 1.0 inch; this exceeds the calculated settlement; 
okay 

(Sheet 5 of 5) 
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Chapter 4' 
Lateral Loads 

1. Description of the Problem 

a. Design philosophy. Deep foundations must often 
support sub- lateral loads as well as axial loads. While 
axially loaded, deep foundation elements may be adequately 
designed by simple static methods, design methodology for 
lateral loads is more complex The solution must ensure that 
equilibrium and soil-strucftue-interaction compatib'ity are 
satisfied. Nonlinear soil response complicates the solution. 
Batter piles are included in pile groups to improve the lateral 
capacity when vertical piles alone are not suflicient to support 
the loads. 

b. h e  of lateral loads. Some causes of lateral loads 
are wind forces on towers, buildings, bridges and large signs, 
the centripetal force fiom vehicular traffic on curved highway 
bridges, force of water flowing against the substructure of 
bridges, lateral seismic forces h m  earthquakes, and bacWdl 
loads behind walls. 

c. Factors influencing behavior. The behavior of 
laterally loaded deep foundations depends on e e s s  of the 
pile and soil, mobiit ion of resistance in the surrounding 
soil, boundary conditions (fixity at ends of deep foundation 
elements), and duration and frequency of loading. 

2. Nonlinear Pile and p-y Model for Soil 

a General concept. The model shown in Figure 4-1 is 
emphasiid in' this document. The loading on the pile is 
general for the two-dimensional case (no torsion or out-of- 
plane bending). The horizontal lines across the pile are 
intended to show that it is made up of different sections; for 
example, steel $pe could be used with the wall thickness 
varied along the length. The differellce-equation method is 
employed for the solution of the beamcolumn equation to 
allow the different values of bending e e s s  to be 
addressed. Also, it is possible, but not frequently necessary, 
to vary the bending stifhess with bending moment that is 
computed during interation 

b. Axial load. An axial load is indicated and is 
considered in the solution with respect to its effect on 
bending and not in regard to computing the required length to 
support a given axial load. As shown later, the computational 

'~ortions of this chapter were abstracted from the writings 
of Dr. L. C. Reese ind his colleagues, with the permission 
of Dr. Reese. 

procedure allows the determination of the axial load at which 
the pile will buckle. 

c. Soil representation. The soil around the pile is 
replaced by a set of mechanisms indicating that the soil 
resistance p is a nonlinear function of pile deflection y. The 
mechanisms, and the corresponding curves that represent 
their behavior, are widely spaced but are considered to be 
very close in the analysis. A s  may be seen in Figure 4-1, the 
p-y curves are fidly nonlinear with respect to distance x along 
the pile and pile deflection y. The curve for x = x, is drawn to 
indicate that the pile may deflect a U t e  distance with no soil 
mistance. The curve at x = x, is drawn to show that the soil 
is deflection-softening. There is no reasonable limit to the 
variations that can be employed in representing the response 
of the soil to the lateral deflection of a pile. 

d. Thep-y curve method. The p-y method is extremely 
versatile and provides a practical means for design. The 
method was suggested over 30 years ago (McCelland and 
Focht 1958). Two developments during the 1950's made the 
method possible: the digital computer for solving the problem 
of the nonliiear, fourth-order differential equation for the 
beamcolumn; and the remote-reading strain gauge for use in 
obtaining soil-response (p-y) curves from field experiments. 
The method has been used by the petroleum industry in the 
design of pile-supported platforms and extended to the design 
of onshore foundations as, for example by publications of the 
Federal Highway A-tion (USA) (Reese 1984). 

(1) Definition of p and y. The definition of'ihe 
quantities p and y as used here is necessary because other 
approaches have been used. The sketch in Figure 4-2a shows 
a uniform distribution of unit stresses normal to the wall of a 
cylindrical pile. This distribution is correct for the case of a 
pile that has been installed without bending. If the pile is 
caused to deflect a distance y (exaggerated in the sketch for 
clarity), the distribution of unit stresses would be similar to 
that shown in Figure 42b. The stresses would have 
decreased on the back side of the pile and increased on the 
h n t  side. Both normal and a shearing stress component may 
developed along the perimeter of the cross section. 
Integration of the unit stresses will result in the quanity p 
which acts opposite in direction toy. The dimensions ofp are 
load per unit length along the pile. The definitions ofp and 
y that are presented are convenient in the solution of the 
differential equation and are consistent with the quantities 
used in the solution of the ordinary beam equation. 

(2) Nature of soil response. The manner in which the 
soil responds to the laGral deflection of a pile can be 
examined by considering the pipe pile shown in Figure 4-3. 
Two slices of soil are indicated; the element A is near the 
ground surface and the element B is several diameters below 
the ground surface. Consideration will be given here to the 
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Figure 4-1. Model of pile under lateral loading with pycunres 

P 
I 

i 
8 

I 
i 

manner in which those two elements of soil mad as the pile 
deflects under an applied lateral load. Figure 4-4 shows a p y  
curve that is conceptual in nature. The curve is plotted in the 
first quadrant for convenience and only one branch is shown. 
The curve properly belongs in the second and fourth 
quadrants because the soil response acts in opposition to the 
deflection. The branch of the p y  curves O-a is representative 
of the elastic action of the soil; the deflection at point a may 
be small. The branch a-b is the transition portion of the 
curve. At point b the ultimate soil resistance is reached. The 
following paragraphs will deal with the ultimate soil 
resistance. 

X-X ,  

(a) Ultimate resistance to l a W  movement. With 
regard to the ultimate resistance at element A in Figure 4-3, 
Figure 4-5 shows a  wedge of soil that is moved up and away 
fiom a pile. The grouud surface is represented by the plane 
ABCD, and soil in contact with the pile is represented by the 
surface CDEF. If the pile is moved in the direction indicated, 
failure of the soil in shear will occur on the planes ADE, 
BCF, and AEFB. The horieontal force F, against the pile can 
be computed by summing the horizontal components of the 
forces on the sliding surfaces, taking into account the gravity 
force on the wedge of soil. For a given value of H, it is 

s 
I 

i X=X2  

i Y 

i 
I 

4- P / 

1 a I 

1 X 
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P ---- 

Fy --I 
(a) Before bending (b) After bending 

- Figure 4-2. Distribution of unit stresses against a pile before and after lateral deflection - 
assumed that the value of the horizontal fonx on the pile is 
Fp, . If a second computation is made with the depth of the 
wedge i n d  by U, the horizontal fonx will be F* The 
value ofp,for the depth z where z is equal approximately to 
(2H+AHj/2canbecomputed: (p,),=(~M- F*,)IM. 

@) Resistance at ground leveL At the ground surhx, the 
value ofp, for sand must be zero because the weight of the 
wedge is zero and the forces on the sliding rmrfaces will be 
zero. At the ground surfhce for clay, on the other hand, the 
values ofp, will be larger than zero because the cohesion of 
the clay, which is independent of the overburden stress, will 
generate a horizontal force. 

(c) W i c e  below ground level. A plan view of a pile 
at several diameters below the ground surfke,corresponding 
to the element at B in Figure 4-3, is shown in Figure 4-6. The 
potential failure surfaces that are shown are indicative of 
plane-- failure; while the ultimate mistance p, cannot be 
determined precisely, elementary concepts can be used to 
develop approximate expressions. 

(3) Effects of loading . As will be shown in detail in the 
next sections, the soil response can be affected by the way the 
load is applied to a pile. Recommendations are given herein 
for the cases where the load is short-term (static) or is 
repeated (cyclic). The latter case is fkquently encountered in 
design. Loadings that are sustained or dynamic (due to 

machinery or a seismic event) are special cases; the methods 
of dealing with these types of loading are not well developed 
and are not addressed herein. The cyclic loading of sands 
also causes a reduced resistance in sands, but the reductioeis 
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 aBect other 
properties to some extent; however, water above the ground 
surface has a pronounced effect on the response of clay soils, 
particularly stiff clay. Cyclic loading has two types of 
deleterious effects on clays; there is likely to be (1) strain 
softening due to mpeated deformations and (2) scour at the 
pilesoil i n t e h .  This latter effect can be the most serious. 
If the deflection of the pile is greater that at point a in 
Figure 4-4 or certainly if the deflection is 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 cracks in the clay, with the next cycle of loading. 
The velocity of the water can be such that considerable 
quantities of soil are washed to the ground surface, causing a 
significant loss in soil resistance. 

3. Development of pycutve  for Soils 

Detailed methods for obtainingpy curves are presented in the 
following paragraphs. Recommendations are given for clay 
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Flgure 4-3. Pipe plle and soil elements 
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Pile Deflection, ( L) 
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Figure 44. Conceptual pycuwe 

Erom static and cyclic loading can be generated. Such 
experimental curves are correlated with available theory to 
provide the basis to recommend procedures for developing 

a - 
p-y curves. Therefore, field experiments with instrumented 
piles are essential to the recommendations for p y  curves. 
h o c k  (1970) performed lateral load tests employing a 

a 
steel-pipe pile that was 12.75 inches in diameter and 42 feet - -  - 
long. It was driven into clays near Lake Austin that ha&a 

and sand, for static and cyclic loading, and for cases where shear strength of about 800 pounds per square foot The pile 
the water table is abdve or below the ground surface. As will was recovered, taken to Sabine Pass, Texas, and driven into - LI 

be seen, the soil properties that are needed for clay refer to clay with a shear strength that averaged about 300 pounds per 
undrained shear stre- there are no provisions for dealing square foot in the significant upper zone. The studies carried 
with soils having both c and 4 parameters. out by Matlock led to the recommendations shown in the - 

following paragraphs. 
a. p y  curves for soft clay. As noted earlier, there is a 

significant influence of the presence of water above the 
ground surf8ce. If soft clay exists at the ground surface, it is 
obvious that water must be present at or above the ground 
surface or the clay would have become desiccated and 
stronger. Ifsoft clay does not exist at the ground surface but 
exists at some distance below the ground surface, the 
deleterious effect of water moving in and out of a gap at the 
interfhce of the pile and soil will not occur, therefore, thepy 
curves for clay above the ground surface should be used 
(Welch and Reese 1972). Thepy curves presented here are 
for soft clay, with water above the group surface, and the clay 
experienced the deteriorating effects noted earlier. 

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

(a) Obtain the best possible estimate of the variation 
with depth of undrained shear strength c and submerged unit 
weight y'. Also obtain the values of E, the strain 
corresponding to onahalf the maximum principal-stress 
difference. If no stress-strain curves are available, typical 
values of em are given in Table 4-1. 

( I )  Field experiments. Field experiments using full- 
sized, instrumented piles provide data from whichp-y curves 
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Direction of 
Pi le Movement 

A 

.- 

A -. 
Figure 44. Wedge-type fallure of surface soil 

Table 4-1 - Representative Values of 8, 

- Consistency of Clay Go 

Medium 0.010 

I (b) Compute the ultimate soil resistance per unit length 
of pile, using the smaller of the values given by equations 
below 

p, = ultimate soil resistance 

x = depth h m  ground surface t o p y  curve 

y' = average effective unit weight h m  ground 
surface to depth x 

c = shear strength at depth x 

b = width of pile 

J = empirical dirhensionless pafameter 
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Figure 4-6. Potential failure surfaces generated by 
pile at several diameters below ground 
surface 

Matlock (1970) stated that the value of J was determined 
experimen-My to be 0.5 for a soft clay and about 0.25 for a 
medium clay. A value of 0.5 is fkequently used for J .  The 
value of p, is computed at each depth where a p-y curve is 
desired, based on shear strength at that depth. A computer 
obtains values o fy  and the corresponding pvalues at close 
spacings; if hand computations are being done, p y  curves 
should be computed at depths to reflect the soil pmfde. If the 
soil is homogeneous, the p y  curves should be obtained at 
close spacings near the ground surface where the pile 
deflection is greater. 

(c) Compute the deflection, y,, , at one-half the ultimate 
soil resistance for the following equation: 

(d) Points describing the p-y curve are now computed 
fiom the following relationship. 
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(b) Cyclic loading 

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

The value ofp remains constant beyond y = 8y,. 

(3) Procedure for cyclic loading. The following 
procedure is for cyclic loading and is illustrated in 
Figure 4-7b. 

(a) Construct the p-y curve in the same manner as for 
short-term static loading for values ofp less than 0 . 7 2 ~ ~ .  

(b) Solve equations 4-1 and 4-2 simultaneously to find 
the depth, x, , where the transition occurs b r n  the wedge- 
type failure to a flow-around failure. If the unit weight and 
shear strength are constant in the upper zone, then 
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shown in Figim 4-9 and k, and k, shown in Table 4-2 were 
determined fkom the results of the experiments. Xr = 

6 cb 
(4-5) 

(Y'b + Jc) 
(a) Obtain values for undrained soil shear strength c, soil 

submerged unit weight y ' and pile diameter b. 
If the unit weight and shear stm@h vary with depth, the 
value ofx, should be computed with the soil properties at the 
depth where the p-y curve is desired. 

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

. (c) If the depth to the p y  curve is greater than or equal to 
x, , thenp is equal to 0.- h m y  = 3yJO toy = lSyJo. 

(c) Compute the ultimate soil resistance per unit length 
of pile using the smaller of the values given by the equation 
below 

(d) If the depth to the p y  curve is less than x,, then the 
value of p decreases h m  0.72~" at y = 3yJO to the value 
given by the following expression at y = 15y,. 

(d) Choose the appropriate values of the empirical 
parameter A, from Figure 4-9 for the particular 
nondimensional depth. 

The value ofp remains constant beyond y = 1 5yJ0. 

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

(e) Establish the initial straight-line portion of the p-y 
curve: 

(a) In situ vane-shear tests with paraliel sampling for 
soil identification. 

(b) -- Unconsoliw-undrained hiaxial compression 
'tests having a confining stress equal to the 
overburden pressure with c beiig defined as half 
the total maximum principal stress difference. 

Use the appropriate value of k, or kc from Table 4-2 for k, 

(f) Compute the following: 

(c) Miniature vane tests of samples in tubes. 

(d) Unconfined compression tests. Use an appropriate value of e, h m  results of laboratory tests 
or, in the absence of laboratory tests, from Table 4-3. 

b. p y  curves for styclay below the water table. 

(1) Field experiments. Reese, Cox, and Koop (1975) - performed lateral load tests employing steel-pipe piles that 
were 24 inches in diameter and 50 feet long. The piles were - driven into stiff clay as a site near Manor, TX The clay had 
an undrained shear strength ranging h m  about 1 ton per 

L-. square foot at the ground surface to about 3 tons per square 
foot at a depth of 12 feet. The studies that were carried out 
led to the recommendations shown in the following - paragraph. 

-- - - 

Table 4-2 
Representative Values of kfor Stiff Clays 

Average Undralned Shear Strength' 
ksf 

Tlsq R 

- - 

& (Static) lWcu in. 500 1 .OOo 2.000 

k, (Static) IbJcu in. 200 400 800 

(2) Recommendations for computing p-y curves. The 
following procedure is for short-term static loading and is 
illustrated by Figure 4-8. The empirical parameters, A, and A, 

' 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 
Representative Values of &,for Stiff Clays p, = pc(1.225 fi - 0.75As - 0.41 1) 

Average Undrained Shear Strength 
ksf Equation 4-15 should define the portion of thepy curve fiom 

the point where y is equal to 18Ay~0 and for all larger values - 
1-2 2-4 4-8 ofy (see following note). 

E, (inlin.) 0.007 0.005 0.004 
Note: The step-by-step procedure is outlined, and Figure 4?8 - 

C 

. is drawn, as ifthere is an intersection between equations 4-9 
and 4-11. However, there may be no intersection of 

(g) Establish the parabolic portion of the p y  curve, equation 4-9 with any of the other quatiom defining the p y  
using the following equation and obtaining p, from curve. If there is no intemction, the equation should be - 
equations 4-7 or 4-8. employed that gives the smallest value ofp for any value ofy. 

+ 

0.5 
(3) Procedure of cyclic loading. The following 

P = 0.5PC[k)  (4-1 1) procedure is for cvclic load in^ and is illustrated in 
Figure 4-10. 

Equation 4-1 1 should define the portion of thepy curve fiom 
the point of the intersection with equation 4-9 to a point 
where y is equal to A, y,, (see note in step j). 

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

Equation &2 should define the portion of the p y  curve from 
the point where y is equal to AyJO to a point where y is equal 
to 6As yso (see note in step j). 

(i) Establish the next straight-line portion of thepy curve, 

(a) Step a is same as for static case. 

(b) Step b is same as for static case. 

(c) Step c is same as for static case. 

(d) Choose the appropriate value of A, fiom Figure 4-9 
for the particular nondimensional depth. 

Compute the following: 

(e) Step e is same as for static case. 

(f) Step f is same as for static case. 

(g) Establish the parabolic portion of the p y  curve, 

Equation 4-13 should define the portion of the p y  curve fiom 
the point where y is equal to 6 4  y, to a point where y is equal Equation 4-17 should define the portion of the p y  curve h m  

to 1 Myso (see note in step j). the point of the intersection with equation 4 9  to where y is 
equal to 0 . 6 ~ ~  (see note in step i). 

(j) Establish the final straight-line portion of the curve, 
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Figure 4-8. Charactertistic shape of pycurve for static loading in stiff clay below the water table 
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(h) Establish the next straight-line portion of the p-y Fiyntion 4-19 should define the portion of thep-y curve h m  
curve, the point where y is equal to 1 .8yp and for all larger values of 

y (see following note). 

0.085 p = 0.936 Acpc - - pcO, - 0 . 6 ~ ~ )  (4-18) Note: The stepby-step p d m  is outlined, and Figure 4-10 
YSO is drawn, as if there is 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 4-1 dehe the portion the PY curve hm 

4-9 with any of&e other eqU8tiOns defining the p-y the point where y is equal to 0 . 6 ~ ~  to the point where y is 
equal to 1 . 8 ~ ~  (see note in step h). curve. If there is no intersection, the equation should be 

employed that gives the smallest value ofp for any value of 

(i) Establish the final straight-line portion of the p-y Y' 
curve, (4) Recommended qil  tests. Triaxial compression tests 

of the unconsolidated-mdrained type with confining 

(4- 19) pressures conforming to the in situ total overburden pressures 
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Figure 4-9.' Values of empirical parameters A,and A, 

are recommended for determining the shear strength of the 
soil. The value of & should be taken as the strain during the 
test corresponding to the stress equal to one-half the 
maximum total-principal-stress difhmce. The shear 
&ex@, c, should be interpreted as onPhafof the maximum 
total-shes difference. Values obtained h m  the trkial tests 
might be somwhat conservative but would represent more 
tealistic strength values than other tests. The unit weight of 
the soil must be determined. 

c. p-y curves for stzflclay above the water table. 

(1) Field experiments. A lateral load test was performed 
at a site in Houston, TX, on a drilled shaft, 36 inches in 
diameter. A 10-inch diameter pipe, instrumented at intervals 
along its length with electrical-resistance-strain gauges, was 

positioned along the axis of the shaft before concrete was 
placed. The embedded length of the shaft was 42 feet. The 
avemge undrained shear strength of the clay in the upper 
20 feet was approximately 2,200 pounds per square foot. The 
experiments and their interpretation are discussed in detail by 
Welch and Reese (1972) and Reese and Welch (1975). The 
results 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 fqr short-term static loadiiq and is 
illustrated in Figure 4-1 1. 

(a) Obtain values for undrained shear strength c, soil 
unit weight y, and pile diameter b. Also obtain the values of 



CYCLIC 

h = Ad€ \ 
2 
Y 

0 
d 
U 
C 
0 
C n .- 
el 
0 
a - .- 
t2 

0 0.45~~ 0 . 6 ~ ~  layp 

Oaf lection, y( in 1 

Figure 4-10. Characteristic shape of pycurve for cyclic loading in stiff clay below 
the water table 

A - 
e,, from stress-strain curves. If no stress-strain curves are 
available, use a value h m  cS0 of 0.010 or 0.005 as given in 
Table 4-1, the larger value being more conservative. 

(b) Compute the ultimate soil res&ce per unit length 
of shaft, p, using the smaller of the values given by 
equations 4-1 and 4-2. (In the use of equation 4-1, the shear 
strength is taken as the average h m  the ground surface to the 
depth Wig  considered and Jis taken as 0.5. The unit weight 
of the soil should reflect the position of the water table.) 

(c) Compute the deflection, y, at one-half the ultimate 
soil resistance fiom equation 4-3. 

(d) Points describing the p y  curve may be computed 
h m  the relationship below. 
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(e) Beyond y = 16ymp is equal top, for aU values of y. 

(3) Procedure for cyclic loading. The following 
procedure is for cvclic loading and is illustrated in 
Figure 412. 

(a) Determine thepy curve for short-term static loading 
by the procedure previously given 

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

(c) For several values o f p k  , obtain the value of C, the 
parameter describing the effect of repeated loading on 
deformation, h m  a relationship developed by laboratory 
tests (Welch and Reese 1972), or in the absence of tests, firom 
the following equation. 
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FJgura 4-13. Cloaracteristic shape of pycunre for static loading in stiff clay above 
the water table 

(d) At the value ofp  corresponding to the values ofp/p, 
selected in step c, compute new values ofy for cyclic loading 
&om the following equation. 

where 

ye = deflection under Nqcles  of load 

y, = deflection under short-term static load 

(4) Recommended soil tests. Trisudal compression tests 
of the unconsolidated-undrained type with codinkg stresses 
equal to the overburden presmres at the elevations fiom 
wfiich the samples were taken am recommended to determine 
the shear strength. The value of E , ~  should be taken as the 
strain during the test comsponding to the stress equal to half 
the maximum total principal stress difference. The undrained 
shear strength, c, should be defined as one-half the maximum 
total-principal-stms difference. The unit weight-of the soil 
must also be determined. 

d. py CIITY~S for s d .  A ~ j o r  experimental program 
was conducted on the behavior of I a W y  loaded piles in 
sand below the water table. The results can be extended to 
sand above the water table by making appropriate 
adjustments in the values of the unit weight, depending on the 
position of the water table. 

y,, = deflection under short-term static load at one- (1) Field experiments. An extensive series of tests were 
half the ultimate resistance performed as a site on Mustang Island, near Corpus Christi 

(Cox, Reese, and Grubbs 1974). Two steel-pipe piles, 
N = number of cycles of load application 24 inches in diameter, were driven into sand in a manner to 

simulate the driving of an open-ended pipe and were 
(e) Define the soil response after N-cycles of load, using subjected to lateral loading. The embedded length of the 

the p-y curve. piles was 69 feet. One of the piles was subjected to short- 
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- Figure 4-12 Characteristic shape of pycunre for cyclic loading in 8tiff clay above the water table 

- L  

term loading and the other to repeated loading. The soil at (c) Compute the ultimate soil resistance per unit length 
A - the site was a uniformly graded, fine sand with an angle of of pile using the d e r  of the values given by the equations 

internal friction of 39 degrees. The submerged unit weight below, where x is equal to the depth below the gromd 
was 66 pounds per cubic foot. The water surface was surface. 

- maintained a few inches above the mudline throughout the 
-prow= 

A (2) Recommendations for computing p-y curves. The - following procedure is for short-term static loading and for 
I 

cyclic loading and is illustrated in Figure 4-13 (Reese, Cox, 
and Koop 1974). P ,  = yb2 [s3 (t) I - 

(a) Obtain values for the angle of internal gction $, the 
C soil unit weight y, and pile diameter b. where 

- (b) Make the following preliminary computations. s, = (Kp - KO) 

4 a = 4; p = 45 + -; K. = 0.4; and 
2 2 

(seca + 1) - tana]) 
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Figure 4-13. Characteristic shape of a family of pycunres for static and cyclic 
loading in sand - 

S, = K$ (K, + IC tan +) - K, 

(d) The depth of transition x, can be found by equating 
the expxessions in equations 4-24 and 4-25, as follows: 

The appropriate y for the position of the water table should be 
employed. Use equation 39 above, x, , and equation 
40 below. It can be seen that S, , S, , S, , x, / b are fimctions 
only of @ ; therefore, the values shown in Table 4-4 can be 
computed. 

(e) Select a depth at which ap-y curve is desired. 

(f) Establish y, as 3bl80. Compute p, by the following 
equation: 

Use the appropriate value of or fiom Figure 4-14 for 
the particular nondimensional depth and for either the static 
or cyclic case. Use the appropriate equation for p, 
equation 4-24 or 4-25 by r e f a g  to the computation in 
&P d* 

(g) Establish y, as bl60. Compute p, by the following 
equation: 

Use the appropriate value of B, or Bc h m  Figure 4-1 5 for the 
particular nondimensional depth, and for either the static or 
cyclic case. Use the apprbpriate equation forp, The two 
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LL - Table 4 4  
Nondimensional Coefficients for p y  Curves for Sand 

straight-line portions of thepy curve, beyond the point where m=- P. - Pm 
y is equal to bl60, can now be established. Yu - Y m  

(h) Establish the initial straight-line portion of the p-y 
curves, (b) Obtain the power of the parabolic section by, 

Use Tables 4-4 and 4-5 to select an appropriate value of k . 
(c) Obtain the coefficient as follows: 

(i) Establish the parabolic section of the p-y curve, 

(3) Parabolic section. Fit the parabola between points k 
and m as follows: (d) Determine point k as 

(a) Get the slope of line between points m and u by, - 
C yk = (--) nb- 1 
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Note: The step-by-step p d w  is o u t h ~ l ,  and Figure 4-13 
is drawn, as if there is an intersection between the initial 
stmight-line portion of thepy came aud the parabolic poxtion 
of the curve at point k. However, in some instances there may 
be no intersection with the parabola Equation 4-32 defines 
thepy curve until there is an intersection with another branch 
of the p-y curve or if no intersection occurs, equation 4-32 
defines the completepy curve. The soil-response curves for 
other depths can be found repeating the above steps for each 
desired depth. 

(4) Recommended soil tests. T w  compression te& 
are recommended for obtaining the angle of internal fiiction 
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 the sand. In many instances, however, undisturbed 
samples of sand cannot be obtained and the value of 4 must 
be obtained h m  correlations with static cone penetration 
tests or h m  dynamic penetration tests (Table 4-4). 

Figure 4-14. Values of coefficients and 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 
must be consistent and compatible. These two requirements 
are lidfilled by finding a solution to the following differential 
equation (Hetenyi 1946). 

where 

P, = axial loadon the pile 

y = lateral deflection of the pile at a point x along 
the length of the pile 

p = soil reaction per unit length 

EZ = flexural rigidity 

Figure 4-15. Nondimensional coefficient B for soil W = distributed load along the length of the pile 
resistance versus depth 

" Other beam formulae which are useful in the analysis are: 

(e) Compute appropriate number of points on the d3y 
parabola by using equation 4-33. EZ- = V 

dx 
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Table 4-5 
c - Representative Values of k(1blcu in.) for Sand 

Relative Densltv 

below 35% 35% to 65% above 65% 

Recommended kfor 
sand below water table 20 

Recommended k for 
sand above water table 25 

where 

y, . = deflection at point m 

R, = Em I, = f l e d  rigidity at point m 
and 

P, = axial load (causes no moment at x = 0) 

km = 5 = soil modulus at point m 
J'm 

where W, = distributed load at point m 

V = shear at point x along the length of the pile Because the pile is divided into n increments, there are n + 1 
points on the pile and n + 1 of the above equations can be 
written. The differential equation in digerence form uses 
deflections at two points above and at two points below the 
point being considered. Iherefore, four imagimy defldBns 
are introduced, two at the top of the pile and two at the 
bottom, The introduction of four boundary conditions, two 
at the bottom of the pile and two at the top, yields n + 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 at all points along the pile by solving equations 439, 
4-40, and 4-41. The soil resistance p can be found to be the 
product y, . It is obvious 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 the final two sets of computed deflections are less 
than the value of the tolerance selected by the engineer. 

M = bending moment of the pile 

S 5 slope of the elastic curve 

Solutions of the above equations can be made by use of the 
computer program described in this chapter. Nondimensional 
methods, described later, can frequently be used to obtain 
acceptable solutions but those methods are much less 
vasatile 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 as follows: 

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 possibiity of forces 
at the base of the pile due to development of shearing stresses 
fkom the soil when the bottom of the file is deflected. That 
possibility can readily be accommodated by placiig a p-y 
curve with appropriate numerical values at the bottom 
increment of the pile. There are three boundary conditions to 
be selected at the top of the pile, but one of those, the axial 
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 axial load is assumed to be used 
with each of these sets). 

(1) The lateral load (P, ) and the moment (M, ) at the top 
of the pile are known. 

(2) The lateral load (P, ) and the slope of the elastic curve 
(S, ) at the top of the pile are known. 

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

The first set of boundary conditions applies to a case such as 
a bighway sign where wind pressure applies a force some 
distance above the groundline. The axial load will usually be 
small and a he body of the pile can be taken at the 
groundline where the 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 a reinforced 
concrete mat. The shear will be known, and the pile-head 
rotation in most cases can be assumed to be zero. The third 
set of boundary conditions is encountered when a pile hmes 
into a superstntcture thit is flexible. In some bridge 
structures, the piles could continue and form the lower 
portion of a column. A he body of the pile can be taken at 
a convenient point, and the rotational restraint ( /JI ) of the 
portion of the structrne above the pile head can be estimated. 
The m@tude of the shear will be known. Iteraton between 
pile and superstructure will lead to improved values of 
rotational restraint and convergence to an appropriate solution 
can be achieved. 

b. U.S. Atmy Engineer Watenvqys L5perimentStation 
(WE;S) computerprogram COM624G (10012). The method 
for solving the governing equations for the single pile under 
lateral loading and the recommendations forp-y curves have 
been incorporated into a computer program that is available 
b m  WES. The user is urged to read the documentation that 
accompanies the computer diskettes and to solve the 
examples that are included. Users are assumed to be 
engineers who can understand the importance of verifying the 
accuracy of any given solution. Solutions are obtained 
rapidly to allow the user to investigate the importance and 
influence of various parameters. For example, upper-bound 

and lower-bound values of the soil properties can be input 
and the outputs compared. This exercise will give the user an 
excellent idea of the possible variation of behavior across a 
site and may indicate the desirabiity of performing a N1- 
scale field test. 

c. Nondimensional method of mtalysis. 

(1) Variation of soil modulus with depth. Prior to 
presenting the details of nondimensional analysis, it is 
desiible to discuss the nature of the soil modulus. A pile 
under lateral loading is shown in Figure 416a and a set ofpy 
curves is shown in Figure 4-16b. As shown in the figure, the 
ultimate value ofp and the initial slope of the curves increase 
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 variation of E, with depth. In the case depicted in 
Figure 4-16, the following equation defines the variation in 
the soil modulus. 

It is of interest to note that neither E, nor k are constauts, but 
each of them decmse as the load and deflection increase. In 
many cases encountered in practice, the value E, would not be 
zero at the groundline and would not increase linearly HiZh 
depth, as shown in Figure 4-16. However, these are two 
things that suggest that equation 4-43 will fie-quently define, 
at least approximately, the variation of the soil modulus with 
depth. First, the soil strength and stjflbess 'will usually 
increase with. depth Second, the pile deflection will always 
be larger at and near the groundline. Furthemore, experience 
with nondimensional solutions has shown that it is not 
necessary to pass a curve precisely through the soil-modulus 
values, as is done by the computer, to obtain an acceptable 
solution. 

(2) Nondimensional equations and curves. The 
derivation of the equations for the nondimensional solutions 
are not shown here but may be seen in detail elsewhere 
(Reese and Matlock 1956; Matlock and Reese 1961). The 
following sections present the equations and nondimensional 
curves for three cases: pile head fiee to rotate, pile head fixed 
against rotation, and pile head restrained against rotation. 
The nondimensional solutions are valid only for piles that 
have constant stiffness EI and no with axial load These 
restrictions are not very important in many cases because 
computer solutions usually show that deflections and bending 
moments are only moderately influenced by changes in EZ 
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and by the presence of an axial load. Also, the principal 
.L - benefits h m  the nondimensional method are in checking 

computer solutions and in allowing an engineer to gain 
insight into the nature of the problem; thus, precision is not 

- required. As may be seen by examining published 
derivations (Matlock and Reese 196 I), nondimensional 
c w e s  can be developed for v L W y  any conceivable 

rn variation in soil modulus with depth. However, studies show - (Reese 1984) that the utility of some more complex forms of 
d o n  (E, = k, + hx, E, = Ax ") is limited when compared 

to the simpler form (E ,  = kx) . 
d. Pile headfiee to rotate (Case I) .  The procedure 

shown in this section may be used when the shear and 
moment are known at the groundline. A single pile that 
serves as the foundation for an overhead sign, such as those 
that cross a highway, is an example of the Case I category. 
The shear and moment at the groundline may also be known, 
or computed, for some'stnrctural configurations for bridges. 

- Figure 4-16. Fonn of variation of soil modulus with depth 
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(1) Constructpy curves at various depths by procedures (5) From ap-y cwe,  select the value of soil resistance 
recommended herein, with the spacing between py curves p that corresponds to the pile deflection value y at the depth - - 
b e i i  closer near the ground surfiice than near the bottom of of the p-y curve. Repeat this p d m  for every py  curves 
the pile. that is available. 

I 

(2) Assume a convenient value of a relative stifhess (6) Compute a secant modulus of soil reaction E, 
factor T, perhaps 100 inches. The relationship is given as: (E, = -ply). Plot the E, values versus depth (see 

Figure 4-16c). A 

L. 

(4-44) (7) From the E, versus depth plotted in step 6, compute 
the constant k which relates E, to depth ( k = E,lx). Give . 
more weight to E, values near the ground surf&. 

L-. 

where 
(8) Compute a value of the relative stiflhess factor T b 

EI = flexural rigidity of pile b m  the value of k found in step 7. Compare this value of T 
to the value of T assumed in step 2. Repeat steps 2 through -. 

k = constant relating the secant modulus of soil and 8 using the new value of T each time until the assumed value 

reaction of depth (E, = kx) of T equals the calculated value of T. - 
(3) Compute the depth coefficient z, , as follows: (9) When the iterative p d u r e  has been completed, - 

the values of deflection along the pile are known h m  step 4 
of the final iteration. Values of soil reaction may be 

- xm.x computed fi-om the basic expression: p = E2. Values of 
zmU - - T slope, mornenf and shear along the pae can be found by 

using the following equations: 

where x, equals the embedded length of the pile. 
P, T~ 

S =  A,- M,T + B,- 
(4) Compute the deflection y at each depth along the pile E I  E I  

where a p-y curve is available by using the following 
equation: , 

M = A,P,T + B,M, 

where 

A, = deflection coefficient, found in Figure 4-17 

P, = shear at top of pile 

T = relative stiffness factor 

By = deflection coefficient, found in Figure 4-1 8 

M, = moment at top of pile 

EI = flexural rigidity of pile 

The particular curves to be employed in getting the A, and By 
coefficients depend on the value of z, computed in step 3. 
The argument for entering Figures 4-17 and 4-18 is the 
nondimensional depth z , where z is equal to x / T .  

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

e. Pile headfixed against rotation (Care II). The 
method shown here may be used to obtain solution for the 
case where the superstructure translates under load but does 
not rotate and where the superstructure is very, very stiff in 
relation to the pile. An example of such a case is where the 
top of a pile is embedded in a reinforced concrete mat as for 
a retaining wall or bridge abutment. 

(1) Perform steps 1,2, and 3 of the solution procedure 
for he-head piles, Case I.' 

(2) Compute the deflection y, at each along the pile 
where ap-y curve is available by using the following equation: 



- L 

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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The deflection coefficients F, may be found by entering 
Figure 4-25 with the appropriate value of z,, . 

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

(4) Compute the moment at the top of the pile MI from 
the following equation: 

The value of FM may be found 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 

4 -0.93 
-- 
5 and above 4.Q3 

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

j: Pile head restrained against rotafion (Crrse m. Case 
III may be used to obtain a solution for the case where the 
supemtmcture lrauslates under load, but rotation at the top of 
the pile is partially restrained. An example of Case III is 
when the pile is extended and becomes a beamcolumn 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 
he-head piles, Case I. 

(2) Obtain the value of the spring stiffness k, of the pile 
superstructure system. The spring stiflhess is defined as 
follows: 

where 

MI = moment attop ofpile 

St = slopeattopofpile 

(3) Compute the slope at the top of pile St as follows: 

where 

A, = slope coefficient at z = 0, found in Figure 4-19 

B, = slope coefficient at z = 0, found in Figure 4-20 

(4) Solve equations 4-52 and 4-53 for the moment at the 
top of the pile MI. 

(5) Perform steps 4 through 9 of the solution procedure 
for h h e a d  piles, Case I. 

g. Solution of example problem. To illushate the 
solution produces, an example problem is presented. The 
example will be solved principally by the nondimensional 
method. The solution, while somewhat cumbersome, yields 
an excellent result in the case selected. The nondimensional 
method has several admutages: (1) the elements of a solution 
are clearly i n d i e  (2) the method is useful for practical 
cases if a computer and the necessary software are 
unavailable; and (3) the method is capable of providing a 
check to the output of the computer. 

(1) Select pile dimensions and calculate ultimate 
bending moment (step 1). The pile is an HP 12 by 84 with 
the load applied perpendicular to the major axis. The width 
is 12295 inches and the depth is 1228 inches. The moment 
of inertia about the major axis is 650 h4, the cross-sectional 
area is 24.6 square inches, and the ultimate bending moment 
is 4,320 inch-kips, assuming a yield strength of the steel of 
36 kips per square inch ignoring the effect of axial load. The 
length, penetration below the ground surface, is assumed to 
be 80 feet. 

(2) Study soil profile and idealize soil as clay with @ = 
0 or as sand with c = 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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-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 4-22. Bending moment produced by moment applied at mudline 
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Figure 4-23. Shear produced by lateral load at mudline 
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-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) cwes  (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 cwes  are 
presented in Figure 426. The curves are spaced closer near 
the top of the pile where deflection is the largest If the 
computer is employed, 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 examhation, if desired. For the hand solution, 
demombtecl herein, thepy cwes  are shown in Figure 426. 
For the c w e  of the ground surface, zero depth, thepvalues 
are zero for all values of y. The nonlinearity in the curves is 
evident, 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 b e i i  used, the 
engineer may select a set of loads and input the set into the 
program. Only a minimum 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 also 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 andlor graphics. The 
deflection and bending moment, and other values, will be 
produced for points along the pile. I .  any case, the plan 
should be to 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 stifhesses with 
depth. I .  any case, the hand solutions will be very time- 
consuming. However, to indicate the analytical process, a 
lateral load P, of 30 kips was selected and the pile head was 
assumed to be fke to rotate. This case might be similar to 
one of the piles that support a lock 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. There is little 
information to be used in the selection of the initial value of 
the relative stitbess factor T, so a convenient value is 
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selected. It is noted that the computations are with units of 
pounds and inches, for convenience. 

(a) Trial 1 

L = 80 ft (960 in.) 

T = l O O i n .  

z, = 9601100 = 9.6; use c w e s  for a "long" pile 

= 1.592 A,, 

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

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

The value of the relative stifhess factor T that was obtained 
can now be found 

= 93.1 inches 

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

(b) Trial 2 

z, = 960150 = 19.2; use curves for a "long" pile 

The values 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 = x R  A~ Deflection (in.) Sol1 Resistance (IMn.) E, (iblsq in.) 

0 0.00 2.4 3.82 0 0 

12 0.12 2.25 3.58 77 22 

24 0.24 2.0 3.1 8 1 65 52 

48 0.48 1.7 2.71 320 118 

72 0.72 1.3 2.07 625 302 

96 0.96 1 .O 1.59 1,125 708 

- - 

Deflection Soil Resistance 
Depth (in.) z = x R  4 (b.1 (Iblin.) E, (I blsq in.) 

two trials shown in Figure 4-27b. However, for the purposes 
k = 1,000147 = 21.28 lblirt3 of this demonstration no additional trials are made and the 

The value of the relative stifFness factor T that was obtained is m p t e d  as shown. The value of T of 84, a value of 
can now be found P, of 30,000 pounds, and a value of EI of 18.85 x lo9 lb-h2 

are employed in obtaining the curves of deflection and 
bending moment as a function of depth. The equations are *e 4- shown below and the computations merely involve the 

T =  
2 1.28 selection of values fiom the nondimensional curves for the 

depths desired. 
= 61.6 inches 

- P,T' 
The values of T  obtained are plotted versus T tried in y = A, 7 = 

(30,000) (84)3 

Figure 4-27b. The converged value for T is approximately Ay (29,000,000) (650) 
84 inches. The reader may see that values for the A, = 0.943 Ay - coefficients were obtained only approximately h m  the curve 

* and that the values for the soil resistance corresponding to a 
computed deflection were obtained only approximately fiom = Am p, = 2.52 -lb - the Figure giving the p-y curves. Also, there is no assurance 
that a straight line is correct between the plotted points for the 



E,*LB/IN. 
2 

i 200 400 600 800 1000 '. I 1 1 I 1 
I '\ .\. 
I A -. 

e.-.\ --. 0- T R I A L  1 .\ 
e.... l --- - . TRIAL 2 

1 

!- { &  

.-. -. .-. - . - . .. 
0 

- . *\ 
( a )  Es VERSUS x .. 

I -- 

I , 
I 

L 
0 

/ 

/ 
/ 

80 - 
0 
W 
Z 
Y 

a 
I- 
43 
0 

t- 

/ 
( b 1 GRAPH I CAL SOLUTION 

/ 
/ 

/ 
FOR T 

/ 

/ 
40 ' I I I 
40 60 80 100 

TRIED 

- - -- .- - - - I 

:L 4-27. :- . . i iical solution for relative stiffness factor 



El 02C097 
30 Sep 96 

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 h m  the hand 
method and h m  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 stiflhess factor to obtain a - slightly better agreement between the two methods, but it is 

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 a& 
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 axial load of 

Depth (in.) z 4 Y (in.) AM M (In. IW10') 

0 0.0 2.43 2.29 0.0 0 

100 kips. The results showed that the groundlime deflection 
increased about 0.036 inches, and the maximum bending 
moment increased about 0.058 x I d  in-lb; thus, the axial load 
caused an increme of only about 3 percent in the values 
computed with no axial load. However, the abiity 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). As shown in the statement about the dimensions of 
the pile, the ultimate bending moment was incremented to 
find the lateral 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 
3.2 inches. 

(7) Apply global factor of safety (step 7). The selection 
of the factor of safety to be used in a particular design is a 
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 a particular design that can be employed with 
safety. Alternatively, the difference in the results of such 
computations may suggest the performance of fbther tests of 
the soil or the performance of full-scale field tests at the 
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 
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soil and by upgrading the computer code. In this latter case, 
the codes are being constantly refined to make them more 
v e d e ,  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 tests, when properly 
interpreted, can lead to better ideas about the response of the 
soil. However, it is unlikely that there will be much change 

in 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 come into more use 
in time but, at present, information on the characterization of - 
the soil by that method is inadequate. 
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Figure 4-28. Comparison of deflection and bending moment from 
nondimensional and computer solutions 
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Chapter 5 
Pile Groups 

submerged sands should be reduced by the ratio of the 
submerged unit weight divided by the soil unit weight. 

1. Design Considerations 

This chapter provides several hand calculation methods for a 
quick estjmate of the capacity and movement characteristics 
of a selected group of driven piles or drilled shafts for given 
soil conditions. A computer assisted method such as 
described in Chapter 5, paragraph 4, is recommended for a 
detailed solution of the performance of driven pile groups. 
Recommended h r s  of safety for pile groups are also given 
in Table 3-2. Calculation of the distribution of loads in a pile 
group is considered in paragraph 2b, Chapter 2.' 

a. Driven piles. Driven piles are normally placed in 
groups with spacings less than 6B where B is the width or 
diameter of an individual pile. The pile group is often joined 
at the ground surface by a concrete slab such as a pile cap, 
Figure 5-la If pile spacing within the optimum range, the 
load capacity of groups of driven piles in cohesionless soils 
can often be greater than the sum of the capacitites of isolated 
piles, because driving can compact sands and can increase 
skin fiction and end-bearing resistance. 

b. Drilled shafls. Drilled shafts are often not placed in 
dossly spaced groups, Figure 5-lb, becaw these 
foundations can be constructed with large diametem and can 
extend to great depths. Exceptions include using drilled 
shafts as retaining walls or to improve the soil by replaciig 
existing so$ with multiple drilled shafts. Boreholes prepared 
for construction of drilled shafts reduce effective stresses in 
soil adjacent to the sides and bases of shafts already in place. 
The load capacity of drilled shafts in cohesionless soils 
spaced less than 6B may therefore be less than the sum of the 
capacities of the individual shafts. For end-bearing drilled 
shafts, spacing of less than 6B can be used without significant 
reduction in load capacity. 

2. Factors Influencing Pile Group Behavior 

Piles are normally constructed in groups of vertical, batter, or 
a combition of vertical and batter piles. The distribution of 
loads applied to a pile group are transferred nonlinearly and 
indeterminately to the soil. Interaction effects between 
adjacent piles in a group lead to complex solutions. Factors 
considered below affect the resistance of the pile group to 
movement and load transfer through the pile group to the soil. 

a. Soil modulus. The elastic soil modulus E, and the 
lateral modulus of subgrade reaction E,, relate lateral, axial, 
and rotational resistance of the pile-soil medium to 
displacements. Water table depth and seepage pressures 
affect the modulus of cohesionless soil. The modulus of 

b. Batter. Battered piles are used in groups of at least 
two or more piles to inmaw capacity and loading resistance. 
The angle of inclination should rarely exceed 20 degrees fiom 
the vertical for n o d  construction and should never exceed 
26% degtees. Battered piles should be avoided where 
s i e c a n t  negative skin fiction and downdrag forces may 
occur. Batter piles should be avoided where the structure's 
foundation must respond with ductility to unusually large 
loads or where large seismic loads can be transferred to the 
structure through the foundation. 

c. Firig. The fixity of the pile head into the pile cap 
influences the loading capacity of the pile group. Fig the 
pile rather than pinning into the pile cap usually increases the 
lateral stiffhess of the group, and the moment. A group of 
fixed piles can therefore support about twice the lateral load 
at identical deflections as the pinned group. A fixed 
connection between the pile and cap is also able to transfer 
significant bending moment through the connection. The 
minimum vertical embedment distance of the top of the pile 
into the cap required for achieving a fixed connection is 2B 
where B is the pile diameter or width. 

d StiBess ofpile cap. The dfhess of the pile cap will 
influence the distribution of structural loads to the individual 
piles. The thickness of the pile cap must be at least four times 
the width of an individual pile to cause a significant influence 
on the dfhess of the foundation (Fleming et al. 1985):cA 
ridgid cap can be assumed if the stBbess of the cap is 10 or 
more times greater than the stBbess of the individual piles, 
as generally true for massive concrete caps. A rigid cap can 
usually be assumed for gravity type hydraulic structures. 

e. Nature of loading. Static, cyclic, dynamic, and 
transient loads affect the ability of the pile group to resist the 
applied forces. Cyclic, vibratory, or repeated static loads 
cause greater displacements than a sustained static load of the 
same magitude. Displacements can double in some cases. 

f: Driving. The apparent stBhess of a pile in a group 
may be greater than that of an isolated pile driven in 
cohesionless soil because the density of the soil within and 
around a pile group can be increased by driving. The pile 
group as a whole may not reflect this increased stifhess 
because the soil around and outside the group may not be 
favorably affected by driving and displacements larger than 
anticipated may occur. . 

g. Sheetpile cutofls. Sheet pile cutoffs enclosing a pile 
group may change the stress distribution in the soil and 
influence the group load capacity. The length of the cutoff 
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P f LE CAP 

OPTlMCM SPACING 38 TO 3-58 

MINIMUM SPAClffi 2.58 

a. PILES 

b. DRILLED SHAFTS 

Figure 5-1. Groups of deep foundations 

should be determined h m  a flow net or other seepage earth and water pressures to the structure and shall be 
analysis. The net pressure acting on the cutoff is the sum of accounted for in the analysis of the pile group. 
the unbalanced earth and water pressures caused by the 
cutoff. Steel pile cutof£k should be considered in the analysis h. Interaction e#ec J k p  foundations where spacings 
as not totally impervious. Flexible steel sheet piles should between individual piles are less than six times the pile width 
cause negligible load to be transferred to the soil. Rigid B cause interaction effects between adjacent piles from 
cutoffs, such as a concrete cub& will transfer the unbalanced overlapping of stress zones in the soil, Figure 5-2. In situ soil 
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of safety of the group is the same as that of the individual 
shafts. 

stresses from pile loads are applied over a much larger area 
and extend to a greater depth leadiig to greater settlement. 

i. Pile spacing. Piies in a group should be spaced so that 
the bearing capacity of the group is optimum. The optimum 
spacing for driven piles is 3 to 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. 

(2) Group capacity for cohesive soil. Groups with the 
cap ip 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 

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 usually 
3 for pile groups, Table 3-2. Methods for analysis of axial 
load capacity and settlement are provided below. 

where 

L = depth of penetration meter (feet) 

H, = horizontal length of group meter (feet) 

Hw = horizontal width of group meter (feet) a. Axial capacity of drilledshq4 groups. 'Ibe calculation 
depends on whether the group is in sands or clays. 
Installation in cohesionless sands causes stress relief and a 
reduced density of the sands during construction. The 
efficiency method is appropriate whether the pile cap is or is 
not in f.rm 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 is in entact with the ground. 

C, = average undrained shear strength of cohesive 
soil in which the group is placed W m 2  (ksf) 

C, = undrained shear strength of cohesive soil at the 
base kN/m2 (ksf) 

N, = cohesion group bearing capacity factor 
.L 

N, is determined by (1) Group capacity for cohesionless soil. Group ultimate 
capacity is calculated by the efficiency method for 
cohesionless soil 

L for - s 2.5 
Hw where 

Qw = group capacity, kips 

n = number of shafts in the group 

E, = efficiency 
The group capacity is calculated by the efficiency 
equation 5-1 if the pile cap is not in firm contact with the soil. 
Overconsolidated and insensitive clay shall be treated as if the 
cap is in firm contact with the ground. 

Qu = ultimate capacity of the single shaft 

E, should be > 0.7 for spacings = 3B and inmases 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 i 3B. The factor 
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Q = LOAD PER PlLE 

n = W E R  OF PILES 

Q nQ 

STRESSED 

ZONE 

SINGLE PILE PILE GROUP 

Figure 5-2. Stress zones in soil supporting piles 

(a) Presence of locally soft soil should be checked 
because this soil may cause some driven piles or drilled 4 

Qug = Qug.1 + - IOH, [Qug,u - Qwg.,] shafts to fail. The equivalent mat method in Table 5-1 is (5-4) 
recommended to calculate group capacity in soft clays, e.g. - 
Cu ?; 0.5 ksf. Qu~.u * 

(b) The ultimate capacity of a group in a strong clay soil where - 
overlying weak clay may be estimated by assuming block 
punching through the weak underlying soil layer. Group Q,, = group capacity if base at top of lower weak soil, 
capacity may be calculated by equation 5-2 using the kips 
undrained strength C, of the underlying weak clay. A less LI . * 
conservative solution is provided (FHWA-HI-88-042) by 
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Qwn = group capacity in the upper soil if the weaker 
lower soil were not present, kips 

W, = weight of the pile group considered as a block, 
kips 

2, = vertical distance h m  the base of the shafts in 
the group to the top of the weak layer, feet 

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 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 also be obtained by considering the pile group 
as an equivalent mat as in Table 5-1, then calculating the 
settlement of this mat as given in chapter 5 of TM 5-8 18- 1, 
"Soils and Geology; Procedures for Foundation Design of 
Buildings and Other Structures (Except Hydraulic 
Structures)." 

Hw = least width of group, feet 

Equation 5-4 can also be used to estimate the .ultimate 
capacity of a group in a strong cohesionless soil overlying a 
weak 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 fiction 
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 individual piles. 

(1) Immediate settlement. A simple method for 
estimating group settlement h m  the settlement of a single 
pile is to use a group settlement factor 

(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 individual piles or the capacity by block 
failure. 

where 
(a) Tne capacity of block failme is given by equation 5-2. 

p, = group settlement, feet 
(b) The capacity of a pile group with the pile cap not in 

firm contact with the ground may be calculpted by the 
efficiency method in equation 5-1. 

gf = group settlement factor . a 

p = settlement of single pile, feet 
(3) Upliftcapacity. The ultimate uplift capacity of a pile 

group is taken as the lesser of the sum of the individual pile 
uplift capacities or the uplift capacity of the group considered 
as a block. 

(a) The group settlement factor for sand (Pile Buck Inc. 
1992) is 

(a) Cohesionless soil. The side fiiction 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. 

where Hw= width of the pile group and B is the pile diameter 
or width. (b) Cohesive soil. The uplift capacity will include side 

friction and is estimated by 
(b) The group settlement factor for clay (Pile Buck Inc. 

1992 ) is 

where 

C, = average undrained shear strength along the 
perimeter of the piles, ksf 
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Table 51 
Equivalent Mat Method of Group Pile Capaclty Failure In Soft Clays - A  

S ter, Desc r i~ t ion  
.I 

1 Replace group with a f lexible  mat of same dimensions as the 
group at  some depth along the p i l e  length; mat depth 

e 
determined as follows : - 

Depth S o i l  Condition 

Ground Surface Highly overconsolidated s o i l  a t  the  
surface underlain by sof ter  s o i l  

2/3 of p i l e  length Group support obtained mostly from skin 
1 

from top f r i c t ion  

Pi le  t i p  End-bearing p i l e s  - 

2 Assume the mat carr ies  the f u l l  group load 

Distribute pressure on the mat t o  the underlying s o f t  clay 
e i ther  by a l i n e  tha t  makes a 60-degree angle with the 
horizontal or by Boussinesq theory; the 60-degree method 
reduces mat pressure by the ratbo of mat area divided by 
area of s o i l  enclosed by the 60-degree l i n e  a t  the 
selected depth A 

I 
X X X X X  

WERCONSOLIOATED 

SOFT Sol L 

4 Compare the distributed pressure a t  the top of the s o f t  c lay 
with 9C, where C, i s  the average undrained shear 
strength of the s o f t  clay 
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where q, is the average cone tip resistauce within depth H, 
beneath the pile tip in the same units as q. 

where 

n = number of piles in the group 
(3) Consolidation settlement. Long-term settlement may 

be estimated for pile groups in clay by the equivalent method 
in Table 5-2. 

s, = distance fiom pile i to the location in the group 
where group settlement is to be calculated, 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. 

Table 6-2 
Equlvalent Mat Method for Estimating Consolidation 
Settlement of Pile Groups In Clay 

Step Description 

(a) Settlement of pile groups in a homogeneous sand 
deposit not underlain by a more compressible soil at greater 
depth (Meyerhof 1976) is 

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 
60degree method. 

3 Calculate settlement of d l  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. 

where 

p, = settlement of pile group, in. d. Application. A square three by three group of nine 
steel circular closed-end pipe piles with diameter B = 1.5 f p t  
is to 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, is 15B 
= 15 x 1.5 = 22.5 feet The group upper- and lower-bound 
estimates of ultimate and allowable capacity i d  expected 
settlement at the allowable capacity are to be calculated to 
provide guidance for the pile group design. Pile driver 
analysis with a load test will be conducted at the start of 
construction. The factor of safety to be used for this analysis 
is 3. 

q = net foundation pressure on the group, ksf 

B, = width of pile group, feet 

I = influence factor 

N, = 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, blowdfeet 

L = embedment depth of equivalent pile, feet (1) Group ultimate capacity. The group ultimate 
capacity Q, is expected to be the sum of the ultimate 
capacities of the individual piles. These piles are to be driven 
into sand which will densify and increase the end-bearing 
capacity. From Table 3-7, the calculated lower-bound 
ultimate capacity is Q,, = 317 kips, and the upper-bound 
capacity is Q,, = 520 kips. Therefore, Q,, = n x Q,,, = 
9 x 3 17 = 2,853 kips and Q,,, = 9 x 520 = 4,680 kips. 

(b) The calculated settlement should be doubled for a 
silty sand. 

(c) Maximum settlement estimated h m  static cone 
penetration tests (Meyerhof 1976) is 
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(2) Group allowable capacity. The allowable group 
upper- and lower-bound capacities are '2 c, Q, 

PI = - 
Lqbu 

The group allowable load is expected to be between 95 1 and where 

- 0.02 Q, -- inch 
qbu 

1,560 kips. Lower FS may be possible. 

(3) Group settlement. Settlement at the allowable 
capacity will be greater than that of the individual piles. The 
settlement of each pile is to be initially determined from 
equation 3-38, then the group settlement is to be calculated 
from equation 5-6. 

. - 

(3011.5)" ] (0.03) -0.05 

lower-bound q,, = 89 ksf 

upper-bound q,, = 163 ksf from Table 3-7 

(a) The allowable lower- and upper-bound capacities of hwer- and upper-bound tip settlement h m  the load * 

each individd pile is Q,, = 317B = 106 kips and Q,, = transmitted along the shaft length for Q,, = 138 kips and 
520/3 = 173 kips. AU the skin fiction is assumed to be Qr==231 kipsis - 
mobilized. Therefore, a, = a, = 159 kips > a, = 106 kips 
and a, = Q=, = 23 1 kips > a, = 173 kips. Base resistance 
will not be m o b ' i  because the ultimate skin resistance p1.1 = 

159 = 0.03 1 inch 
103 I 

exceeds the allowable capacity. From equation 3-38% axial n 

compression is 

= 12x0x5xQ1 30 
x x 1 x 5' x 432,000 

= 0.00006 x Q, inch 

The elastic modulus of the pile is assumed s k  to concrete 
E,, = 432,000 ksf because this pile will be filled with concrete. 
Lower- and upper-bound axial compression is therefore 

pp,l = 0.00006 x 106 = 0.0063 inch 

PP., = 0.00006 x 173 = 0.0104 inch 

Total settlements for lower- and upper-bound capacities are - n 

P = Pb + PI 

pBl = 0.006 + 0.036 = 0.042 inch 

p,, = 0.010 + 0.028 = 0.038 inch 

L. 

Total settlement p is about 0.04 inch. 

(c) Group settlement factor g, h m  equation 5-6b is - 

(b) Tip settlement from load transmitted along the shaft 
length h m  equation 3-38c is 



Group settlement fiom equation 5-6a is 

p, = g,p = 3.87 x 0.04 = 0.15 inch 

4. Design for Lateral ~oads' 

a. Response to lateral loading ofpile groups. There are 
two general problems in the analysis of pile groups: the 
computation of the loads coming to each pile in the group and 
the detexmination of the efficiency of a group of closely 
spaced piles. Each of these problems will be discussed in the 
following pamgmphs. 

(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, there is no 
twisting of the pile group so that no pile is subjected to 
torsion. Therefore, each pile in the group can undergo two 
translations 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 thee tmslations and three mtations (Reese, O'NeiII, 
and Smith 1970; O'NeiU, Ghazzaly, and Ha 1977; Bryant 
1977). 

(2) Soil reaction. In all of the analyses presented in this 
section, the assumption is made that the soil does not act 
against the pile cap. In m y  instances, of course, the pile 
cap is cast against the soil. However, it is possible that soil 
can settle aivay &om the cap and that the piles will sustain the 
fidl load. Thus, it is conservative and perhaps logical to 
assume that the pile cap is ineffective in carrying any load. 

(3) Pile spacing. If the piles that support a structuFe are 
spaced fslr enough apart that the stress transfer between them 
is minimal 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. Widely spacedpiles. 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 lob of - efficiency; thus, the Wbut ion  of stress and deformation 

- h m  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. - 

B 

'portions of this section were abstracted fiom the writings - of Dr. L. C. Reese and his colleagues, with the permission 
of Dr. Reese. 
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(1) Model 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 necessaiy 
equations proceeds from considemtion of a simplitied 
structure 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 
coordiite system, x-y, is established for each of the piles. 
For convenience in deriving the equilibrium equations for 
solution of the problem, the a-b axes are located so that al l  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 "springsn (mechanisms) that represent 
the interaction between the piles and the supporting soil. 

(2) Derivation of equations. If the global coordinate 
system translates horizontally Ah and vertically Av and if the 
cordinate system, shown in Figure 5-4, rotates through the 
angle a- the movement of the head of each of the piles can be 
readily found. The angle a, is assumed to be small in the 
derivation. The movement of a pile head x, in the direction ot 
the axis of the pile is 

x, = (Ah + ba,) sin 0 

+ (Av + aa,) cos 0 

The movement of a pile heady, transverse to the direction of 
the axis of the pile (the lateral deflection) is 

y, = (Ah + bas) cos 0 
. . 

- (Av + ass) sin 0 

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. 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, 



El 02C097 
30 Sep 96 

Figure 5-3. Typical pileaupported bent 

can then be used, as shown below, to compute the for adjusting values of soil redstance to account for the effect 
components of movement of the structure. If the values of of the batter. If it is assumed that a compressive load causes 
the moduli that were selected were incorrect, iterations are a positive deflection along the pile axis, the axial force P, 
made until convergence is obtained. Using sign conventions may be defined as follows: 
established for the single pile under lateral loading, the lateral 
force P, at the pile head may be defined as follows: P, = J,x, (5- 12) 

p, = J,Y, (5- 10) 
It is usually assumed that P, is a single-valued function of x, 
A curve showing axial load versus deflection may be 

If there is some rotational restraint at the pile-head, the computed by one of the procedures mommended by several 
moment is authm (Reese 1964; Coyle and Reese 1966; Coyle and 

Sulaiman 1967; Kraft, Ray, and Kagawa 198 1) or the results 

(5-1 1) h m  a field load test may be used. A typical curve is shown 
in Figure 5-5a. 

The moduli 4, and J, are not single-valued functions of pile- (3) Computer programs. Computer programs or 
head -lation but are functioIIS ah rotation cr, of the nondimesional methods may be used to obtain curves 

structure. F~~ batter piles, a produre is given in ~ ~ ~ ~ d i ~  D shoWing lateral load as a function of lateral deflection and 
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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 vertical and horizontal components of force on the 
structure, as follows: 

where 

Dl = J,, sine, 
F, = -(Pxcos 8 - P, sin 8 )  (5- 13) 

8, = - Jml cos 8, 
Fh = -(Pxsin 8 + P, cos 0 )  (5-14) 

These equations are not as complex as they appear. For 
example, the origin of the coordinate system can usually 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 all be taken as constants. 
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 
Geotechnical Engineering Center, The University of Texas at 
Austin (Awoshika and Reese 1971; Lam 198 1). 

The moment on the structure is 

The equilibrium equations can now be written, as follows: 

(4) Detailed stepby-step solution procedure. 

(a) Study the foundation to be analyzed and select a two- 
dimensional bent where the behavior is representative of the .* 
entire system. 

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 5-2 1 are in the final form. 

(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. P, = Av[C A,] + Ah[CB,] 

+ asPap,  + Zb,B,I (d) Compute by some procedure a curve showing axial 
load versus axial deflection for each pile in the group; or, 
preferably, use the results from a field load test. 

(e) Use appropriate procedures and compute curves 
showing lateral load as a function of lateral deflection and 
moment as a function of lateral deflection, taking into account 
the effect of structural rotation on the boundary conditions at 
each pile head. 

( f )  Estimate trial values of J,  , J,  , and J, for each pile in 
the structure. 
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a. With piles shown 

Figure 5-4. Simplified structure showing coordinate systems and sign 
conventions 

b 

b 

Ah 
(+I 

I 
I 
1 
I 
I 

- I 
1 
I 
I 
I 

I 

L A Av(+) 
a ---- - -  ---- --- - 

b. With piles represented as springs 
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a. Axial pile resistance versus 
axial displacement. 

pli 

yti 

b. Lateral pile resistance versus 
lateral pile displacement. 

Mti 
(-1 

Yti 

c. Moment at pile head versus lateral pile 
displacement for various rotations (a,) 

of the pile head. 

Figure 5-5. Set of pile resistance functions for a given pile 
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(g) Solve equatiom 5- 19 through 5-2 1 for values of Av, 
Ah, and a,. 

(h) compute pile-head movements and obtain new values 
of 4, J,, , and J, for each pile. 

(i) Solve equations 5-19 through 5-21 again for new 
values of Av* Ah, and a,. 

(j) Continue iteration until the computed values of the 
strut- movements agree, within a given tolerance, with 
the values fhm the previous computation. 

Q 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. 
The piles are 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 reinforcipg 
steel is 60 kips per square inch and the compressive strength 
of the conate is 2.67 kips per squiue inch. The length of the 
piles is 40 feet. The backill is a bdraining, granular soil 

Figure 5-6. Sketch of a pile-supported retaining wall 

5-1 4 
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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. The forces P , , 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 in the 
analysis. The f l e d  rigidity EI of the piles was computed 
to be 5.56 x 109 pounds per square inch. Computer Program 
PMEM 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 axial 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 

Figure 5-7. Interaction diagram of reinforced concrete 
pile 

400 
cn 
P. - 
X 

a" 
$200- 
0 
J - 
0 - : 

.- 

consist of silty 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 fhm the 
soil surface. There was a considerable range in the undrained 
shear strength of the clay and an average value 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 value of E, was estimated to be 0.005. In 
making the computations, the assumption was made that all 
of the load was carried by piles with none of the load taken 
by passive earth pressure or by the base of the footing. It was 
further assumed that the pile heads were h to rotate. As 
noted earlier, the factor of safety must be in the loading. 
Therefore, the l o a d i i  shown in Table 5-3 were used in the 
preliminary computations. Table 5-4 shows the movements 

A 
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Figure 5-8. Axial load versus settlement for 
reinforced concrete pile 

of the origin of the global coordinate system when 
equation 5-19 through 5-21 were solved simultaneously. The 
loadings were such that the pile response was almost linear so 
that only a small number of iterations were required to 
achieve converenge. The computed pile-head movements, 
loads, and moments are shown in Table 5-5. 

(6) Verify d t s .  The computed loading on the piles is 
shown in Figure 5-9 for Case 4. The following check is made 
to see that the equilibrium equations are satisfied. 

EF ,  = 24.2 + 972 cos 14 - 14.3 sin 14 

= 242 + 94.3 - 3.5 = 115.0 kips OK 

EF, = 15.2 + 14.3 cos 14 + 97.2 sin 14 

= 15.2 + 13.9 + 23.6 = 52.7 kips OK 

E M  = -(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 

Thus, the retaining wall is in equilibrium. A further check 
can be made to see that the conditions of compatibiity are 
satisfied. One check can be made at once. Referring to 
Figure 5-8, an axial load of 97.2 kips results in an axial 
deflection of about 0.054 inch, a value in reasonable 
agreement with the value in Table 5-5. Further checks on 
compatibility can be made by using the pile-head loadings 
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Table 5-3 
Values of Loading Employed In Analyses 

Case Loads, kips moment, ft-kips Comment 

1 46 21 40 secvi~e load 

2 69 31.5 60 1.5timessenrice load 

3 02 42 80 2 times senrice load 

4 115 52.5 100 2.5 times senrice load 

Note: P V 4 =  2.19 

- - - - - 

Table 5-4 
Computed Movements of Origln of Global Coordinate System 

Case Vertlcal movement Av Horizontal movement Ah Rotation a 

in. in. rad 

and Computer Program COM622 to see if the computed 
deflections under lateral 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. As a matter 
of fact, the piles could probably support a wall of greater 
height. 

c. Closely spacedpila. The theory of elasticity has 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 
instructive, there is ample evidence to show that soils cannot 
generally be characterized as l~near, homogeneous, elastic 
materials. Bogard and Matlock (1983) present a method in 
which thepy c u e  for a single pile is modified to take into 
m u n t  the group effect. Excellent agreement was obtained 
between their computed results and results h m  field Figure 5-9. Pile loading - Case 4 
experiments (Matlock et al. 1980). Two approaches to the 
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C - Table 5-5 
Com~uted Movements and Loads at .Pile Heads 

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. 

h 
in. In. kips #PS - W P ~  

made for efficiency formulas for laterally 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 piles in 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, 025. The Japanese Road Association (1976) 
is less conservative. It is suggested that a slight reduction in 
the coefficient of hobntal  sub@ reaction has no serious 
effect with regard to bending stress and that the use of a 
factor of safety should be sufEcient in design except in the 
case where the piles get quite close together. When piles are 
closer together than two and one-halfdiameters, the following 
equation is suggested for computing a factor p to multiply the 
coefficient of subgrade reaction for the single pile. 

in. 
In. in. MPS kips - W P ~  . 

(I) Efficiency formulas. Pile groups uuder axial load are 
sometimes designed by use of efficiency formulas. Such a 
formula is shown as equation 5-22. 

where --: 

(Q&= ul-te axial capacity of the group . 

E = efficiency factor (1 or < 1) 

n= number of piles in the group ' 

p = 1 - OJ(2.5 - UD) L < 2.50 (5-23) 
(Q&= ultimate axial capacity of an individual pile 

Various proposals have been made about obtaining the value 
of E; for example, McClelland (1972) suggested that the 
value of E should be 1.0 for pile groups in cohesive soil with 
center-tocenter spacing of eight diameters or more and that 
E should decrease linearly to 0.7 at 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 h n t  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. Furthemore, the mechanics of the behavior of a group 
of laterally loaded piles are more complex than for a group of 
axially loaded piles. Thus, few recommendations have been 

where 

L = center-to-center distance between piles 

D = pilediameter 

(2) Single-pile method. The single-pile method of 
analysis is 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. 
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(a) 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 ninapile (three by three) group consists of 
piles that are 1 foot square and three widths on center, the 
length of the line will be 28 feet. 

(c) The length found in step b is considered to be the 
c-erence of a pile of large diameter, thus, the length is 
divided by x to obtain the diameter of the imaginary pile 
having the same chunfterence of the group. 

(d) The next step is to determine the stifhess of the 
group. For a lateral load passing through the tops of the piles, 
the stBness of the group is taken as the sum of the sti&ess 
of the individual 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 moment 
for the imaghaq largesize pile is shared by the individual 
piles according to the ratio of the lateral stifkess of the 
individual pile to that of the group. 

The shear, moment, pile-head deflection, and pile-head 
rotation yidd a uuique solution for each pile in the group. As 
a final step, it is necessary to compare the singlapile solution 
to that of the group. It could possibly occur that the piles in 
the group could have an efficiency gmakr than one, in which 
case the singlapile 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 106 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 fiction 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 inches4 (nine 
times 904). The results were as follows: 

y, = 0.885 inch 

M, = M,, = 3.60 x lo' in. -1b for group 

= 3.78 x lo6 in. -1b for single pile 

Bending stress = 25.3 kipslsq in. 

The deflection and stress are for a single pile. If a single 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 
obtaining =liable estimates of the performance of pile groups. 
Several computer programs can assist the analysis and design 
of groups. 

a. CPGA. Program CPGA provides a three-dimensional 
stiflkess analysis of a group of vertical andfor battered piles 
assuming linear elastic pile-soil interaction, a rigid pile cap, 
and a rigid 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 mate*. Computer 
program CPGG displays the geometry and d t s  of program 
CPGA. 

b. STRUDL. A A t e  element computer program &h 
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 ITG90-2). 

d CPGD. Computer program (Smith and Mlakar 1987) 
extends the rigid cap analysis of program CPGA to provide 
a simplified and realistic approach for seismic analysis of pile 
fouudations. Program CPGD (in development stage at WES) 
includes viscous damping and response-spectrum loading to 
determine pile forces and moments. 
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Figure 5-10. Plan and evaluation of foundation analyzed in 
example problem 
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Chapter 6 
Verification of Design 

1. Foundation Quality 

Construction can cause defects in driven piles or drilled 
shafts. Unfortunately, an installed deep foundation is mostly 
below the ground slrrface and cannot be seen. The quality of 
the foundation should be verified to ensure adequate 
stmctmd integrity, to cany the required load without a 
bearing capacity Mure, 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 s t ~ ~ ~ t m .  These methods are 
nondestructive and usually permit the tested piles or drilled 
shafts to be used as part of the foundation. 

a. Indicators ofproblem with driven piles. Piles driven 
into soils with variable stratification that show driving 
records containing erratic data, which caunot be explained by 
the construction method, indicate possible pile damage. 
Failure to reach the prescribed tip elevation or penetration 
rate also indicates pile damage. Other indicators include 
drifting of the pile off location, erratic driving unexplained by 
the soil stratification, and a sudden decrease in driving 
resistance or interference with nearby piles as indicated by 
sound or vibration. A pile can also be damaged during 
extraction 

b. Indicators of problem with drilled shafts. Most 
problems with drilled shafts are related to construction 
deficiencies rather than desiga Such problems result from 
inadequate ihformation of the subswhx soil and 
groundwater conditions provided to the contractor, 
inadequate 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 h m  neglecting 
vertical dimensional changes in shrinking and swelling soil as 
those described in TM 5-81 8-7. 

2. Driven Piles 

Piles can be bent or sheared during installation and can cause 
a reduction in pile capacity. Pies can also undergo excessive 
tensile stresses during driving, specifically when soil layers 
have variable density or strength or when there is no 
signiscant end bearing resistance. Field test procedures such 
as standard penetration tests, pile driving analysis (PDA) with 
the wave equation, restrikes, and pile load tests can determine 
the ability of the pile to carry design loads. Refer to 
paragraph 4, Chapter 6, for guidance on load tests. Typically 
2 to 5 percent of the production piles should be driven as 

indicator piles, at the start of construction at locations 
specified by the design engineer or at suspicious locations to 
confirm ,the capability of the driven piles to support the 
structure. PDA should also be performed during the driving 
of indicator piles and some static load tests performed to 
calibrate wave equation analyses. Table 6-1 illustrates an 
example p d u c e  for verifying pile design. Analyses by 
wave equation and pile driving are presented. 

a Wave quation analysis. The penetration resistance 
in blowdfeet (or blodmch) measured when the pile tip has 
been driven to the requited depth can be used to calculate the 
ultimak bearing capacity and verify design. Wave equation 
analyses can relate penetration xesistance to the static ultimate 
bearing capacity. 

(I) Computer program GRLWEAP. A wave equation 
analysis is recommended, except for the simplest projects 
when adequate experience and data akeady exist, for 
estimating the behavior of pile driving and confirming pile 
p e r f o m .  This analysis may be accomplished using 
program GRLWEAP (Goble et al. 1988), Wave Equation 
Analysis of Pile Driving, licensed to WES. Program 
GRLWEAP and user's manual with applications are available 
to offices of the Corps of Engineers. GRLWEAP models the 
pile driving and soit system by a series of elements supported 
by linear elastic springs and dashpots with assumed 
para mete^^, F i  6-1. Each dashpot and spring represent a 
pile or soil element I n f o d o n  required to use this program 
includes indentXcation of the hammer (or ram) and hammer 
cushion used, description of the pile, and soil h$ut 
parameters. Hammer selection is simplified by using the 
hammer data file that contains all the requid information for 
numerous types of hammers. A simple guide for selection of 
soil input parameters to model the soil resistance force is 
provided as follows: 

(a) The soil resistance force consists 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 is the quake. Deformation 
beyond the quake requires no additional force. The pile 
velocity component models depend on soil damping 
charactertistics where the relationship between soil resistance 
and velocity is linear and the slope of such relationship is the 
damping constant. Quake and damping constants are required 
for both skin fiction and end-bearing components. Table 6-2 
gives recommended soil parameters, which should be altered 
depending on local experience. The distribution of soil 
resistance between skin fiction and' end bearing, which 
depend on the pile and soil bearing strata, is also 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 Plies 

Step Procedure 

1 Complete an initial wave equation enalyds selecting soil damping constants J, quakes p, distn'bution of 
soil resistance between ddn friction and end bearing and the ultimate bearing capacity Q, Use the 
proposed pile and driving system. Adjust driving critefia as needed to reduce plle stresses and to optimize 
pile driving. 

2 Drive indicator piles, typically 2 to 5 percent of the production piles, at locations spedfied by the design 
engineer using drhring aiteria determined by the wave equation enalyds. Complete ad- wave 
equation analysis using actual hammer performance and adjust for changes in sdl ~trength such as from 
freeze or relaxation. Drive to various depths and determine penetration resistances with the PDA using 
the Case method to determine We static ultimate bearing capacity Q,. 

3 Restrfke the pi le after a minimum waiting period, usually 1 day, using the PDA and Case methods to 
determine adual 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 
loaddisplacement behavior. 

5 Perform static load tests to confirm the dynamic test results, particulady on large projects where savings 
can be made in foundation costs by use of lower factors of safety. Dynamic tests may also be 
incondwhre if the soil resistance cannot be fully mobilized by restriking or by large strain Mows such as In 
high capaclty sdl, intact shale, or rock Static load tests can be significantly reduced for sites where 
dynamic test results are reliable. 

6 Addiional piles should be dynamically tested during driving or restruck throughout pile installation as 
required by changes h 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 plle, and driving equipment. Waivers to driving indiior piles and kad testing 
requirements or epproval for deviations from these procedures must be obtained from 
HUUSACEICEMP-ET. 

r? 

bearin& while friction piles may have all of the soil mistance 
in skin Mction 

(b) A bearing-capacity graph is commonly determined to 
relate the ultimate bearing capacity with-the penetration 
resistance in blowlfeet (or blows/iich). The penetration 
resistance measured at the pile tip-is compared with the 
bearing-capacity graph to determine how close it is to the 
ultimate bearing capacity. The contractor can then determine 
when the pile has been driven sufliciently to develop the 
required capacity. 

(c) Wave equation analysis also determines the stresses 
that develop in the pile. These stresses may be plotted versus 
the penetration resistance or the ultimate pile capacity to 
assist the contractor to optimize pile driving. The driving 
force can be adjusted by the contractor to maintain pile tensile 
and compressive stresses within allowable limits. 

(d) GRLWEAP is a user fiiendly program and can 
provide results within a short time if the engineer is familiar 
with details of the pile driving operation. The analysis should 

be performed by Government personnel using clearly defined 
data provided by the contractor. 

(2) Analysis prior to pile installation. A wave equation 
analysis should be performed prior to pile driving as a guide 
to select properly sized driving equipment and piles to ensure 
that the piles can be driven to final grade without exceeding 
the allowable pile driving stresses. 

(3) Analysis during pile installation. Soil, pile, and 
driving equipment parameters used for design should be 
checked to closely correspond with actual values observed in 
the field during imtabtion. Sound judgment and experience 
are required to estimate the proper input p m e t e r s  for wave 
equation analysis. 

(a) Hammer efficiencies provided by the manufacturer 
may overestimate energy actually absorbed by the pile in the 
field and may lead to an overestimate of the bearing capacity. 
Significant error in estimating hammer efficiency is also 
possible for driving batter piles. A bracket analysis is 
recommended for diesel hammers with variable strokes. 
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Figure 6-1. Schematic of wave equation model 

Results of the PDA and static load tests described below and 
proper inspection can be used to make sure that design 
parameters are milistic and that the driven piles wil l  have 
adequate capacity. 

(b) Results of wave equation analysis may not be 
applicable if soil freeze (setup) occurs. Saturated sensitive 
clays and loose sands may lose strength during driving which 
can cause remolding and increasing pore water pressure. 
Densilication of sands during driving contribute to a buildup 
of pore pressure!. Strength regain is increased with time, after 
the soil k z e  or setup. Coral sands may have exceptionally 

low penetration resistance during driving, but a reduction in 
pore pressure after driving and cementation that increases 
with time over a period of several weeks to months can 
contribute substantially to pile capacity. Significant 
cementation may not occur in several weeks. 

(c) Penetration resistance in dense, fine, submerged 
sand, inorganic silts or stiff, fissured, friable shale, or clay 
stone can dramatically increase during driving, apparently 
h m  dilation and reduced pore water pressure. A 
"relaxationn (decrease) in penetration resistance occurs with 
time after driving. Driving equipment and piles shall be 
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Table 6-2 
Recommended Soil Parameters for Wave Equation (Copyright permission, Goble, Rausche, Ukins and Associates, Inc. 
1 988) 

Damping Constants J, , seconddft (seconddm) Quake p, , inches (mm) 

Soil Skln n p  Skin Tip1 

Cohesionless 0.05 (0.16) 0.15 (0.50) 0.1 0 (2.54) B,/ 120 

Cohesive 0.30 (0.90) 0.15 (0.50) O.lO(2.54) . 8,1120 

' Selected tip quake should not be kcis than 0.05 Inch. 6, is the effective tip (base) diameter; pipe piles should be plugged. 

selected with sufiicient capacity to overcome driving 
resistance or driving periodically delayed to allow pore water 
pressures to increase. 

(d) The pile shall be driven to a driving resistance that 
exceeds the ultimate pile capacity determined b m  results of 
wave equation analysis or penetration resistance when 
relaxation is not considered. Driving stresses in the pile shall 
not exceed allowable stress limits. Piles driven into soils with 
fkeze or relaxation effects should be restxuck at a later time 
such as one or more days after driving to measure a more 
realistic penetration resistance for design verification. 

(e) Analysis of the bearing capacity and performance of 
the pile by wave equation analysis can be contested by the 
contractor and resolved at the contractor's expense through 
resubmittals performed and sealed by a registered engineer. 
The resubkittal should include field verification using 
driving and load tests, and any other methods approved by the 
Government design engineer. 

b. Pile driving analysis. Improvements in electronic 
instruments permit the measurement of data for evaluating 
hammer and driving system performance, pile driving 
stresses, structural integrity, and ultimate pile capacity. The 
required data may be measured and pile performance 
evaluated in fractions of a second after each hammer blow 
using pile driving analyzer equipments. PDA is also useful 
when restriking piles after some time following pile 
installation to determine the effects of h z e  or relaxation on 
pile performance. The Case method (Piie Buck, Inc. 1988) 
developed at Case Institute of Technology (now Case 
Western Reserve University) is the most widely used 
technique. The CAPWAPC analytical method is also applied 
with results of the PDA to calibrate the wave equation 
analysis and to lead to reliable estimates of the ultimate static 
pile capacity provided soil h z e ,  relaxation, or long-term 
changes in soil characteristics are considered. The 
CAPWAPC method checks the Case method assumptions, 
indicates the distribution of soil resistance. evaluates soil 

quakes and damping fixtors, and therefore, confirms input 
data required for the wave equation analysis. 

(1) PDA equipment. PDA can be performed routinely 
in the field following a schematic arrangement shown in 
Figure 6-2. The system includes two strain transducers and 
two accelerometers bolted to the pile near its top, which feed 
data to the pile driving analyzer equipment. The oscilloscope 
monitors signals fiom the transducers and accelerometers to 
indicate data quality and to check for pile damage. The tape 
recorder stores the data, while an optional plotter can plot 
data. Digital computations of the data are controlled with a 
Motorola 68000 m i c r o ~ s o r  with output fed to a printer 
built into the pile driving analyzer. The priniir also 
documents input and output selections. 

(a) The strain transducers consist of four resistance foil 
gauges attached in a full bridge. 

(b) The piezoelectric accelerometers measure pile 
motion and consist of a quartz crystal that produces a voltage 
proportional to the pressure caused by the accelerating pile 
mass. 

(c) Data can be sent b m  the pile driving analyzer to 
other equipment such as a plotter, oscilloscope, strip chart 
recorder, modem for transmitting data to a distant office or 
analysis center, and a computer. The computer can be used 
to analyze pile performance by the Case and CAPWAPC 
methods. 

(2) Case Method. This method uses the force F (2) and 
acceleration d (2) measured at the pile top as a function of 
time during a hammer blow. The velocity v (t) is obtained by 
integrating the acceleration. The PDA and its transducers 
were developed to obtain these data for the Case method. 

(a) The total soil resistance during pile driving R is 
initially calculated using wave propagation theory and 
assuming a uniform elastic pile and an ideal plastic soil as 
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Figure 6-2. Schematic of field pile driving analyzer equipment 
A 

+ 
where 

v (t) = velocity determined by integration of the 
accelerometers measured as a function of time 

Mp = pile mass 

c = wave transmission speed in the pile 

= fOm by a &in traasducer at a t, is often sleckd as the time at the first maximum velocity. selected time t 
R is the sum of the static soil (displacement dependent), 

t, = first selected time 

t, = t, + W c  

Zp = pile impedance, MF LL 

Q, and the dynamic (velocity dependent) D components 
are of the capacity. 

(b) Static soil capacity Q, can be calculated from R by 
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where V, is the velocity of the wave measured at the pile top 
at time t, . Approximate damping constants J, have already 
been determined for soils as given in Table 6-2 by comparing 
Case method calculations of static capacity with results of 
load tests. J, can be fine tuned to actual soil conditions if 
load test results are available. 

(c) Proper calculation of Q, mphs that the 
displ8cement obtained by integration of the velocity at time 
t,, v (t,), exceeds the quake (soil compression) required for 
full mobiition of soil resistance. Selection of time t, 
corresponding to the first maximum velocity is usually 
sufficient. 

(d) A correction for early skin fiiction unloading causing 
a negative velocity may be required for long piles with high 
skin fiction. The upper shaft fiiction may unload if the pile 
top is moving upward before the full resistance is m o b i i  
A proper correction can be made by adding the skin friction 
resistance that was unloaded to the m o b i i d  soil resistance. 

(e) Proper calculation to static resistance requires that 
fieeze or relaxation effects are not present. Piles may be 
restruck after a waiting period such as 1 day or more to allow 
dissipation of pore water pressures. 

(9 The driving force must be sufficient to cause the soil 
to Eail, otherwise, ultimate capacity is only partially 
m o b i i i  and the full soil resistance will not be measured. 

(3) CAPWAPC method. This is an analytical method 
that combiies field measured data with wave equation 
analysis to calculate the static ultimate bearing capacity and 
distribution of the soil resistance. Dibut ion  of soil 
resistance, Q, , and the pile loaddisplacement behavior 
calculated by the CAPWAPC method may be used to evaluate 
the damping constant 4, quakes and soil resistances 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. 

(a) The CAPWAPC method is begun using a complete set 
of assumed input parameters to perform a wave equation 
analysis. The hammer model, which is used to calculate the 
pile velocity at the top, is replaced by a velocity that is 
imposed at the top pile element. The imposed velocity is 
made equal to the velocity determined by integration of the 
acceleration. The CAPWAPC method calculates the force 
required to give the imposed velocity. This calculated force 
is compared with the force measured at the pile top. The soil 

input parameters are subsequently adjusted until the 
calculated and measured forces and calculated and measured 
velocities agree as closely as practical such as illustrated in 
Figure 6-3. The CAPWAPC method may also be started by 
using a force imposed at the pile top rather than an imposed 
velocity. The velocity is calculated and then compared with 
the velocity measured at the pile top. The CAPWAPC 
method is applicable for simulating static and dynamic tests. 

@) A simulated static load test may be performed using 
the pile and soil models determined fiom results of a 
CAPWAPC analysis. The pile is incrementally loaded, and 
the force and displacements at the top of the pile are 
computed to determine the load-displacement behavior. 
Actual static load test results can be simulated within 10 to 
15 percent of. computed results if the available static 
resistance is fully mobilized and time dependent soil strength 
changes such as soil fhxz or relaxation are negligible. 

(c) Dynamic tests with PDA and the CAPWAPC method 
provide detailed information that can be used with load factor 
design and statistical procedures to reduce factors of safety 
and reduce foundation cost. The detailed information on 
hammer performance, driving system, and the pile material 
can be provided to the contractor to optimize selection of 
driving equipment and cushions, to optimize pile driving, to 
reduce pile stresses, to reduce construction cost, and to 
improve construction quality. 'The foundation \lirilI be of 
higher quality, and struchd integrity is mon thoroughly 
confirmed with the PDA method because more piles can be 
tested by restriking the pile than can be tested by applying 
actual static loads. PDA can also be used to simulate pile 
load test to failure, but the pile can still be used as part of the 
foundation, while actual piles loaded to failure may not be 
suitable foundation elements. 

3. Drilled Shafts 

Drilled shafts should be constructed adequately and certified 
by the inspector. Large shafts supporting major structures are 
sometimes tested to ensure compliance with plans and 
specifications. Sonic techniques may be used to ascertain 
homogeneity of the foundation. Sonic wave propagation with 
receiver embedded in the concrete is the most reliable method 
for detecting voids or other defects. Striking a drilled shaft as 
in a large strain test with PDA and wave equation analysis is 
recommended for analysis of the ultimate pile capacity and 
load-displacement behavior as decribed above for driven 
piles. A large strain test may be conducted by dropping a 
heavy load onto the head of the shaft using a crane. Static 
load tests are commonly performed on selected shafts or test 
shafts of large construction projects to verify shaft 
performance and efficiency of the design. 



TIME t, MIWSECONDS 

6- 
4 

0 - z 4 :  
0 .  
0 - 
W . Y W R E D  

- - - -CQl IPUD =: 
nz - 
W 2 -  

- 2  tj : 
I :  

1 - z :  
c 0~ 
0 50 

3 -1: 

TIME t, MILLISECONDS ' 
-2 - 

El 02C097 
30 Sep 96 

- 
A 

Figure 6-3. Example results of CAPWAPC analysls 

- a. Performance control. Continuous monitoring is (1989) report, "Drilled Shaft Inspector's Manual." 

essential to ensure that the boreholes are properly prepared to Construction and quality control include the following: 
minimize loss of soil fiction and end-bearing capacity and - that the concrete mix is placed to achieve a continuous (1) Borehole excavation. Soil classification provided by 

P- adequate shaft Complete details of a drilled shaft all available boring logs in the construction area should be 
construction control and an example of quality control forms correlated with the visual description of soil or rock removed 

- may be found in FHWA-HI-88-042, "Drilled Shafts: h m  the excavation. Any observed groundwater levels 
Construction Ptocedures and Design Methods" and ADSC should also be recorded. Characteristics to be observed and 
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detemhed include location of the various strata, location and 
nature of the bearing stratum, and any seepage. The observer 
should also determine if the soil profile is substantially 
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 holes to verify 
assumptions regarding the subsurf' soil profile and 
periodically thereafter to check on requirements for any 
design modi£ications. 

(a) 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 
procedm and improve efficiency in the event of problems as 
well as to provide a complete record for later reference. 
Other important data include type of excavation (e.g., dry, 
cased, or slurry), time of initiation and completion of the 
boring, estimates of location of changes in 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 h m  the excavation bottom can be made 
and an undisturbed sample r e c o v d  to test the bearing soil. 

(b) The excavation should be checked for proper length, 
diameter, and un- 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 undemamer 
is extended to the travel when it is retracted in the barrel of 
the undemam tool. Electronic calipers may be used if the 
excavation was made with slurry or the hole cannot be 
entered for visual inspection. Extreme safety precautions 
must be taken if an inspector enters an excavation to ensure 
no fall-in of material, and he should be provided with 
adequate air supply, communications and lifeline, and 
hoisting equipment. In the event of entry, a liner or casing 
should be in place to protect against fall-in. Fresh air may be 
pumped through hoses extending to the bottom. h4himum 
diameter of casing for personal inspection is 2 feet. An 
alternative to downhole inspection is to utilize ADSC drilled 
shaft inspectors manuals. 

(c) Slurry used during excavation should be tested for 
compliance with mix specifications after the slurry 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. 

(d) The bottom of the excavation should be checked 
before placement of the reinforcement cage and concrete to 
ensure that all loose soil is removed, water has not collected 
on the bottom of open boreholes, and the soil is in the correct 
bearing stratum. Depth of water in an open borehole should 
be less than 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 stinups or 
spirals either tied or welded in place as required to hold bars 
in place and prevent misalignment during concrete placement 
and removal 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 restmined h m  lateral movement during concrete 
placement. 

(3) Concrete placement. The properties of the concrete 
mix and placement method must be closely monitored to 
avoid defects in 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 lremie used to place the concrete, should be 
recorded. Concrete slump should be greater than 6 inches and 
the amount of concrete placed in the excavation for eath 
truck should be recorded. A plot of the expected quantity 
calculated h m  the excavation dimensions and the actual 
quantity should be prepared to indicate the amount and 
location of the concrete overrun or underrun. Excessive 
overmns or any undermns observed during concrete 
placement will require an investigation of the cause. Any 
unusual occurrence that affects shaft integrity should be 
described. 

b. Nondestructive tests. Routine inspection with 
nondestructive tests (NDT) using wave propagation shall be 
performed to check the quality of the installed drilled shafts. 
Additional special tests as indicated in the following 
paragraphs are performed if defects are suspected in some 
drilled shafts. Routine tests performed as part of the 
inspection procedure are typically inexpensive and require 
little time. Special tests to determine defects, however, are 
often time consuming, expensive, and performed only for 
unusual situations. 

(1) Routine inspection tests. The most common routine 
NDT is to externally vibrate the drilled shaft by applying a 
sudden load as h m  a hammer or heavy weight dropped from 
a specified height. Signals fiom the wave are recorded by 
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Table 6-3 
Specifications for Bentonlb Sluny 

Supplied During 
propem Excavation Test Method 

Density Not less than necessary to Mud density - Constant volume sample arp with lid connected to a 
bore shaft and less than 70 balance gravity arm is fined with duny so when 
lWw ft pladng the lid some sluny 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 duny from the 
cup and lid. Place the balance atm into the fulcrum 
and move the rider on the balance arm to balance 
the assembly. Read the spedfic gravity from the 
scale on the balance. 

V i s i t y  30to50sec Marsh funnel - Place a finger over the bottom chute of the funnel 
and fill the funnel with duny through a screen at the 
top of the funnel until the sluny level reaches the 
bottom of the screen (1 quart capacity). The slurry is 
allowed to tiow from the funnel through the chute and 
number of seconds required to drain the funnel is 
recorded. Time measured is the viscosity. 

Shear strength 0.03 psf to 0 2  psf (1.4 to 10 Shearometer - The iniPial strength is determined by filling a container 
N/m2) about 3 inches In diameter to the bottom line on a 

scale with freely agitated duny. The scale Is 
vertically mounted in the container. A thin metal tube 
iskweredoverthescaleandreleased. Thetubeis 
allowed to settle for 1 minute and the shear strength 
recorded on the scale reading at the top of tube . 
The lOminute gel strength is determined in a similar 
manner except that 10 minutes is allowed to pass 
before the tube Is lowered wer the scale. 

pH 9.5 to 12 lndi ior paper - A pH eledric meter of pH paper may be used. - .= 
Sand 2 36 maximum by volume APl method - - A spedfied amount of sluny is mixed in a marked 

tube. The content rnbdwe is vigonn~~ly shaken, and 
all of It is then poured through a No. 200 mesh 
screen so that sand partides are retained on the 
suwn. The sand partides are washed into a 
marked tube by Wng 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 dear measuring tube and water 
sprayed from a wash bottle on the screen. The 
percent vdume of sand is read from the marked 
measuring tube after the sand has settled. 

transducers and accelerometers installed near the top of the 
yr shaft or embedded in the concrete at some location in the 

- length of the shaft. Access tubes may also be installed in the 
shaft for down-hole instrumentation to investigate the 
concrete between access tubes. Refer to FHWA-HI-88-042 
for further information. - 

p (a) The PDA procedure as discussed for driven piles may 
also be used for drilled shafts, even though it cannot be 

- considered a routine test for NDT. The force-time and 
velocity-time traces of 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 fiom some specified 
height can be analyzed by the PDA procedure and 
CAPWAPC method tomdetermine the ultimate bearing 
capacity and load-displacement behavior. 
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(c) Vibration h m  a hammer blow measured with 
embedded velocity tmuduce~~ (geophones) can confirm any 
possible irregularities in the signal and shaft defects. The 
transducers are inexpensive and any number can be readily 
installed and sealed 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 requitement for signal processing. 

(d) Forced vibmtiom induced by an electrodynamic 
vibrator over a load cell can be monitomd by four 
accelerometers iastalled near the shaft head (Preiss, Weber, 
and Caiserman 1978). The curve of v0&, where vo is the 
maximum velocity at the head of the drilled shaft and Fois 
the applied force, is plotted. An experienced operator can 
determine the quality of the concrete such as discontinuities 
and major hdts  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 htened to the rebar cage. Various 
hfmments can be lowemi down the access tubes to generate 
and m i v e  signals to investigate the quality of the concrete. 

(a) 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. 

@) An acoustic transmitter can be inserted in a fluid- 
filled tube installed in a drilled shaft and a receiver inserted 
to the same depth in an adjacent tube. This test can also be 
performed on a drilled shaft with only a single tube using a 
probe that contains the receiver separated by an acoustic 
isolator. A single tube can be used to check-the quality of 
concrete around the tube. 

(c) A gamma-ray 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 quality 
of the concrete. Drilling is to make a hole into the shaft 
without obtaining a sample. Coring is boring and removal of 
concrete sample. W i n g  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 misleading. The diction 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 drilliig is done correctly and on time. 

(a) 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 caliper 
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 
soil or slurry. Compression tests can be performed to 
determine the strength of the concrete samples. The cores can 
also 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 also be packed to perform a fluid 
pressure test to check for leaks 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 sides of a 
rock socket are smeared with remolded and weak material. 
Coring can also detect defects that appear to be sevexe but are 
actually minor. For example, coring can indicate weak 
concrete or poor material, or poor contact with the ead 
bearing soil or rock in the region of the core, 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. Replaciing 
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 
economically feasible such as for large projects. Results of 
load tests can be used to reduce the FS from 3 to 2 and can 
increase the economy of the foundation when performed 
during design. 

(2) Preload. An alternative 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 verifil capacity calculations and structural integrity 
using static equations and soil parameters. Soil parameters 
can be determined by laboratory and in situ tests, wave 
equation and pile driving analysis, and fiom previous 
e m e n c e .  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 i n W  
instrumentation, and tests conducted to failure with 
instrumentation. 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. 

6. Limitations ofproof 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 detemhe 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. F'roof tests are not adequate when the soil strength 
may deteriorate with time such as fiom fiequent cyclic loads 
in some soils. Coral sands, for example, can cause 
cementation that can degrade 6.om cyclic loads. 

c Selecting and timing load tests. Load tests are always 
technically desirable, but not always 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: 

(I) Significance of structure. The type and significance 
of a structure could offset the added cost of load tests for a 
complex foundation when the consequences of failure would 
be catastrophic. 

El 02C097 
30 Sep 96 

(2) Soil condition. Some subfllrface investigations may 
indicate unusual or highly variable soils that are dZZicult to 
define. 

(3) Availabiity of test site. Testing should not interfere 
with constmction. Load tests should be conducted early after 
the site is prepared and made accessible. The contractor must 
wait for results befoxe methods and equipment can be 
determined and materials can be ordered. Advantages of 
comple$hg the testing program prior to construction include 
discovery of potential and resolution of problems, 
determination of the optimum installation p d u r e ,  
determination of the appropriate type, length and size of the 
piles. Disadvantages include i n ~ e d  design time to allow 
for load tests and testing conditions and data extrated from a 
test site used in the design may not simulate actual 
consbruction conditions such as excavation, groundwater, and 
fill. Problems may also occur if different contractors and/or 
equipment are used during construction. 

(4) Laxition. Test piles should be located near soil test 
brings and installed piezometers. 

(5) T i .  Load tests of driven piles should be 
performed after 1 or more days have elapsed to allow 
dissipation of pore water pressures and consideration of 
b z e  or relaxation. 

d Axail load tests. Axial compressive load tests should 
be conducted and recorded according to ASTM D 1 143. 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 p d u r e .  However, neither the standard test 
nor the quick test will measure all of the consolidation 
settlement h e  cyclic load test will indicate the potential for 
deterioration in strength with time fiom 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 constant 
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 inchmour but not longer than 
2 hours. Additional load increments are applied until twice 
the design load is reached. The load is then removed in 
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decrements of 50,100 and 200 percent of the design load for 
rebound measurements. This is a proof test if no further 
testing is performed. A p r e f d  option of the standard load 
test is to reload the pile in increments of 5 0  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 
fhilure or the capacity of the equipment is reached. This 
option is recommended to evaluate the ultimate pile capacity. 

(3) Repeated load test The standard load test is initially 
pedbrmed up to 150 percent of the design load, allowing 
20 minutes between load increments. Loads are removed in 
decrements equal to the load increments after 1 hour at the 
maximum applied load. Load is reapplied in increments of 
50 percent of the design load allowing 20 minutes between 
increments until the previous maximum load is reached 
Additional load is then applied and removed as described in 
ASTM D 1 143. This test is useful to determine deterioration 
in pile capacity and displacements from cyclic loads. 

(4) Tension test. 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 instahtion 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 ngxemy so 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. 

(a) Unlike the Quick Load ASTM test method which 
applies the 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 slightly less than the diameter of the shaft The 
cell 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 p i p  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 dial gauge 2 attached to the top of the inner pipe 

above the point where it emerges h m  the outer pipe through 
the hydraulic seal. 

@) After drilling the shaft, the OSteX'berg cell is welded 
to the bottom of the reinforcing cage, lifted by crane, and 
ioserted carefully into the hole. After proper btallation and 
testin& 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, conmte is pumped to fill the hole to the desired level 
and the casing is pulled. After concrete has reached the 
desired sttength, the cell is pressurized internally 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 and/or adhesion mobilized 
between the surface concrete and the mund ing  soil. 

(c) The dial gauges are usually attached to a reference 
beam supported by two posts driven into the ground a 
sufiicient distance apart (i.e., 10 feet or two shaft diameters, 
whichever is larger) (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 at any pressure level 
xepresents the elastic compression of the concrete. The load 
downwarddeflection curve in end bearing and the load 
upward- movement curve in skin fiiction can be plotted h m  
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.& 
constructed as large as 4 feet in diameter to carry a load 
equivalent to 6,000 tons of & 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 a range of Q, from 320 to 467 kips 
for the same test data. 

(7) Effects of 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 Ioad test: This test is used to verify the 
stiffness used in design. The cyclic reduction factor used in 
design can be verified if the test pile is loaded for 
approximately 100 cycles. Some aspects of the lateral load 
test are: 
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(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) Lateral load tests may be conducted by jacking one 
pile against another, thus testing two adjacent piles. Loads 
should be carried to Mure. 

(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 

rof orooco 

prommuro 

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 Erom zero loading to the load level 
of the cyclic load test, This p d u r e  should be repeated for 
the required number of cycles. Dial gauge teadings of lateral 
deflection of the pile head 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 failure can be 
superimposed on the initial loading cycle to determine the 
lateral loaddeflection curve of the pile to failure. 

Figure 6-4. Typical Osterberg cell load test (from Osterberg 1995) - 
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Table 6-4 
Methods of Estimating Ultimate Pile Capadty from Load Test Data - h 

fithod Ptoodura D i  yrra 
L. 

APPLlED LOAD Q, KlPS 

Limit Value 

1. Dtm l ine  tangant 
t O f b . - a t t h .  
origin 

2. Drm amther lina 
tangant to th. cunTa 
at th. point om tha - w i t h  slope 
oquivalout to 1 inch 
Lor 40 kip. 02 load 

3. Ultimata baa* 
capaclty is the Load 
a t  tha intersection 
of the kro tangant 
Line6 

1. Drm a l ina with 
slop. 

B = pilm d i m t a r ,  
inchma; E; = 
Yorny's p i l e  
modulu.. 
kips./lnchl; L = 
pi le  len&th, 
inchas 

Draw a l ine  paral le l  
with th. f i r a t  l ina  
s tu t i r lg  a t  a 
displacaumt of 
0.15 + 81120 inch a t  
+*to load 

U l t h t a  bearing 
Capacity i 6  the load 
a t  tha intarsett ion 
of the load 
-displacement curve with 
the l ina of .tap 2 

' ~ ~ " ' ~ ~ ~ ~ " " " " . ' . . ~ ~ " ' ~ ~  

APPLIED LOAD Q, KlPS 

L. 

(Continued) 
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Table 6 4  (Concluded) 

110 Parcant 1. Plot load tmst 
CH8a8.a resul ts  as 
1063 4 ~ 1 Q  *.- P 

2. Drnr s t ra ight  l i a m  I I 
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2- 
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APPLIED LOAD Q, KIPS 
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CHsnsm mach Load Q o 
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plot vs. Q on thm 
chart with thm load 
tmst data of Q 
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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 s h  of pipe piles. The 
source of this infqrmation is Pile Buck, Inc. (1988) or 
FHWA-DP-66-1 (Revision I), "Manual on Design and 
Construction of Driven Piles Fomdations."' Data h m  this 

- table are used for analysis of design stresses in steel piles, 
Chapter 2, in applications of tubular members. For reference 

* 

to a particular member, use designation PPB, x t, where Be is 
the outside diameter in inches and t, is the wall thickness in - 
inches. I is the moment of inertia, inches4, and determined by 
I = A& A = x t, (B. - t, ), the cross-sectional area of the 
tube, inch&. S is the elastic section modulus, incheg, and r 
is the d u s  of &on, inches. The External Collapse Index 
in the last column is a nondimensional function of the 
diameter to the wall thickness ratio and is for general 
guidance only. The higher the number, the greater is the 
resi&mce to collapse. Refer to ASTM A 252 for material 
specificatiom. 

'~eferences are listed in Appendix A. 
* -. 
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Table 5 1  
Dimendons and Properties for Deslgn of Pipe Piles (Continued) n p 

Designation I I Inside 

in. in. in? Ib in.' in? in. *Kt in? ydS/ft a 

PP10 .I09 339 11.51 41.4 8.28 3.50 262 75.2 .0193 62 

-120 3.- 1266 45.5 9.09 3.49 262 74.8 .0102 83 

.I34 4.1 5 14.12 50.5 10.1 3.49 262 74.4 .0191 116 

.I 41 4.37 14.85 1 10.6 3.49 262 74.2 .Of91 '135 

and Weight 
Outside Wall Area Per 
Diameter Thickness A Foot 

Note: Metric properties of pipe piles are available from the American Institute of Steel Construction. 1 E. Wacker Drive, Chicago, IL 60601. - 
(Sheet 1 of 4) 

Area of Cross- External 
Exterior Sectional Inside Collapse 
Surface Area Volume Index n 

Section Properties 

I S r 
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-344 13.4 45.58 258 40.5 4.39 3.34 114 .0294 848 

375 14.6 49.56 279 43.8 4.38 3.34 113 .0291 1,010 
.406 15.7 53.52 300 47.1 4.37 3.34 112 .0288 1,170 
-438 16.9 57.59 321 50.4 4.36 3.34 111 .0285 1.350 
.500 19.2 * 65.42 362 56.7 4.33 3.34 108 .0279 1,760 

(Sheet 2 of 4) 
C 

Table B-1 (Continued) 

Designation 
and Weight 
Outside Wall Area Per 
Diameter Thickness A Foot 

In. In. In? Ib In.' in? in. ft2/ft In? ycPm 

PP12 .I34 5.00 16.98 87.9 14.7 4.20 3.14 108 .0278 67 

.I41 525 17.86 02.4 15.4 4.19 3.14 108 .0277 78 

Inside 
Area of Cross- Ejdemal 
Exterior Sectional Inside Collapse 
Surface Area Volume Index 

Section Properties 

I S r 
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2 1  9 10.9 36.91 338 42.3 5.58 4.19 190 .W89 124 - 
.230 11.4 38.74 354 44.3 5.58 4.19 190 . W E  144 - 
.250 12.4 42.05 384 48.0 5.57 4.19 189 .0485 185 

.281 13.9 47.17 429 53.6 5.56 4.19 187 .0481 264 

.312 15.4 52.27 473 592 5.55 4.19 186 .0478 362 
II. 

(Sheet 3 of 4) - 

Table 5 1  (Continued) 

Designation 
end Weight 
Outside Wall Area Per 
Diameter Thickness A Foot - 
In. in. in? Ib in.' In? in. ft2/H in? ydsm 

PP14 .I34 5.84 19.84 140 20.0 4.90 3.67 148 -0381 42 

Inside - - F  

Section Properties Area of Cross- External 

I 
Exterior Sectional Inside Collapse 

S r Surface Area Volume Index 
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(Sheet 4 of 4) 

Table 5 1  (Concluded) 

Designation 
and Weight 
Outside Wall Area Per 
Diameter Thickness A Foot 

in. in. In.2 Ib in? in. V/ft in? yd'm 

PP16 .344 16.9 57.52 519 64.8 5.54 4.19 184 .0474 487 

(oont'd) .375 18.4 62.58 562 70.3 5.53 4.19 1 83 .0470 61 7 

.438 21.4 72.80 649 81.1 5.50 4.19 180 .0462 874 

.469 22.9 77.79 691 86.3 5.49 4.19 178 .0458 1.m 

.500 24.3 82.n 732 91.5 5.48 4.19 1n .0455. 1.130 

Inside 
Area of Cross- External 
Exterior Sectional Inside Collapse 
Surface Area Volume Index 

Section Properties 

I S r 
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- - Appendix C 
Computer Program Axiltr 

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 
calculated applied loads at the top (butt) to converge within 
10 percent of the input load applied at the top of the shaft. 

C-1 . Organization - 
Program AXILTR, AXIal Load-Transfer, consists of a main 

- routine and two subroutines. The main routine feeds in the 
-.- input data, calculates the effective overburden stress, and 

determines whether the load is axial downdhcted, pullout, 
or if upliftJdowndrag forces develop from selling or - consolidating soil. The main routine also prints out the 

a. Input &ta. Input data am illustrated in Table C-1 
with descriptions given in Table C-2. 

A Table GI 
Input Data (Continued) 

n 

Une Input Parameters Format Statement 

TITLE 

NMAT NEL OX GWL LO M IJ 

E50 (Omitted unless K = 2. 5, 9) 

MAT GS EO WO PS CS CC C PHI AK PM 
(Unes 5 repeated for each material M = 1 ,NMAT) 

ALPHA (Omitted unless I = 6) 
(a input for each material MAT = 1 ,NMAT) 

M IE(M) 
(Line 8 repeated for each element M and number of soil 
IE(M). Start with 1. The last line is NEL NMAT) 

RFF GG 
(Omitted unless K = 7.8,Q) 

(Omitted unless K = 3.4.5.6) 
NCA ( 4 2 )  
T(M,l) ... T(M.11) (input for each curve M = 1 ,NCA 
S(M) (Input on new line for each 
M = 2.1 1; S(l) input in program as 0.00) 

10 
10a 
lob 
loc 

11 
l l a  
l l b  

(Omitted unless 1 = 5) 
NCC ( 4 2 )  
FS(N) ZEPP(N) NCUR 
(Input on new line for each N = 1,NCC) 

(Omitted unless J = 0) 
NC (>I )  
EP(M) ZEP(M) 
(input on new line for each M = 1 .NC; at least a top and bottom 
term required) 
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Table GI (Concluded) 

Une Input Parameters Format Statement 

R(M) S(M) 
(Omitted unless K = 6; repeat on new line for each M = 1 .IJ) 

STRUL SOlLP XA 

NON 
(Omitted unless XA < 0.0) 

Table 6 2  
Description of lnput Parameters (Continued) 

Une Parameter Description. 

1 TITLE Name of problem 

2 NMAT Total number of materials 
NEL Totai 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 loaddisplacement behavior and detailed load distributiondisplacement response along shaft 

length for input top load prior to and following soil distributiondiisplacement response along shaft 
length for lnput top load prior to and following soil movement (load transfer, load. shaft 
compression increment, and shaft movement at given depth 

= 2 Shaft loaddisplacement behavior and load distributiondiisplacement response along shaft length for 
input top load prior to and following soil movement 

= 3 Shaft load-displacement behavior and load distribution-dispiacement response along shaft length for 
input top bad on shaft following soil movement 

Total number of shaft increments (shaft lengthlelement thickness); top of shaft at ground surface 
Number of points for shaft badtisplacement behavior (usually 12, but maximum 19 for PARAMETER 

statement = 40 

Magnitude of reduction factor a applied to total (undrained) or effective (drained) shear strength for skin 
friction resistance 

= 0 a = 1 (usually used for drained strength) 
= 1 a = sin (mc4). x = depth, ft; L = shaft length, ft 
= 2  ar0.6 
= 3 a = 0.45 
= 4  a-0.3 
= 5 a = Permits maximum skin friction input as a function of depth, psf (see line 1 1) 
= 6 a = is input for each material (see line 7) 

Option for elastic shaft modulus 
= 0 shaft modulus input 
= 1 shaft modulus set to near infinity 

(Sheet 1 of 3) 
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- -  Table 6 2  (Continued) 

Line Parameter Description 

Option for load-transfer functions (see Figure 3-22) 

Base 
= O  Consdidation 

Shaff 
Seed and Reese 

11 Vijayverglya SeedandReese 
= 2  Reeseand Wright SeedandReese 
= 3 Consolidation lnput (see r i e  10) 
= 4  Vijayvergl* Input-(see line 10) 
= 5 Reese and Wright Input (see line 10) 
= 6 Input (see line 13) Input (see line 10) 
= 7 Consolidation Kraffi Ray, and Kagawa 
= 8  Vijayve~iya Kraft, Ray, and Kagawa 
= Q  Reeseand Wright Kraffi Ray, and Kagawa 

Pressure on top layer of soil exertad by sunwnding structure, fill, etc., psf 
Oiarneter shaft, ft 
Diameter base. ft 

Strain at 112 &mum deviator stress, Equation 3-34 

LLL Option for type of shear failure at base 
= 0 Local shear failure, Equation 3-24 or N,= 7 
= 1 General shear failure, Equatlon 3-10 or N,= Q 

MAT 
GS 
EO 
WO 
PS 
CS 
CC 
C 

Number of material 
specific gravity 
Initial void ratio 
Initial water content, percent 
-11 pressure, Psf 
Swell index 
Compression Index 
Cohesion, psf; = undrained strength for total stress analysis; effective cohesion c' or zero for effective 

stress analysis 
Angle of shearing redstance @; = 0 for total stress analysis 
Coeffident of lateral earth pressure 
Maximum past pressure, psf (program sets PM = PS If PM input < PS) 

PHI 
AK 
PM 

ALPHA Redudlon factor a, for each material MAT, Equations 3-26, Table 3-5, Table 3-9.; used when option 
I t 6 ,  Une3 

Number of element 
Matelial number of soil, MAT 

RFF 
GG 

Hyperbolic redudion factor R for Kraft, Ray, and Kagawa model. Equation 3-35; use 1.0 if not known 
Shear modulus G. psf. Equation 3-35 

Input data for shaft load-transfer curves (k = 3.4,s. 6) 
Total number of shaft load-transfer curves to input, < 12 
SMn frictlon ratio of developed shear strengthlmaximwn 

mobilized shear stmgth of each shaft load-transfer cum; 11 values required for each load-transfer 
curve, the first value T(1,l) = 0.0 

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) = 0.0 In code; If S(M) In the code is okay (0.0,0.05,0.1,0.15,02,0.23,0.3,0.45,0.75, 1.05, 
1.5 inches) 

10 
10a 
lob 

NCA 
T(M.1) ... 
..T(M,ll) 

(Sheet 2 of 3) 
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11 
NCC 

l l a  FS(N) 
l l b  ZEPP(N) 
l l c  NCUR 

lnput data for maximum skin friction as a function of depth 
Total number of maximum skin friction terms to input, 42; program interpolates maximum skin friction 

between depths 
Maxhnum skin W o n  f-, for point N, psf 
Depth for the maximum skin friction for point N, ft 
Number of the shaft load-transfer cutve input M in line 10; appiiceble to the maximum skin 

fridion for point N (Repeat 1 1 a, 11 b, 11 c for each N = 1 ,NW) 
lnput data for shaft elastic modulus as hnrdlon of depth; program interpolates the elastic modulus between 

depths 
Total number of terms of elastic modulus and depth, > 1 
Elastic modulus of shaft at point M, psf 
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 eta  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 Sbucturai 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 distributionplacement computations 

14a STRUC Sbuctural vertical load on top of shaft, pounds 
14b SOlLP Pressure on top layer on soil exerted by surrounding stmture, fill, etc., psf 
14c XA Depth of the active zone for heave, ft; = 0.01 yields loaddisplacement behavior for zero soil movement; a 

saturated soil profile is assumed when computing soils movement; c 0.0 program goes to line 15 
below 

15 NON Execution stops if 0; program goes to line 1 if > 0 

(Sheet 3 of 3) 

(1) The program is set to consider up to a total of 40 soil (2) Loaddepth data for a given applied load on the pile 
types and 100 soil elements. Figure C-1 provides and top are placed in file LDEP.DAT for plotting by graphic 
example layout of soil types and elements used in AXILTR. software. 

(2) The program can accomm& up to 18 points of the (3) Dilacernentdepth data for a given applied load on 
load-displacement curve. This capacity may be altered by the pile top are placed in file MDEP.DAT for plotting by 
adjusting the PARAMETER statement in the program. graphic software. 

(3) The input data axe placed in a file, "DALTRTXT." 
These data are printed in output file, "LTROUT.TXT," 
illustrated in Table C-3a. 

b. Ouput data. Results of the computations by AXILTR 
are printed in LTR0UT.W illustrated in Table C-3b. 
Table C-3c provides a description of calculations illustrated 
in Table C-3b. 

(1) Load-displacement data are placed in file 
LDCOM.DAT for plotting by graphic software. 

C-2. Application 

The pullout, uplift, and downdrag capabilities of AXlLTR 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 uplifr. Table C-4 illustrated input data 
required to determine performance of a Zfeet-diameter 
drilled shaft 50 feet long constructed in an expansive clay soil 
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of two layers, NMAT = 2. The shaft is underdreamed 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. The alpha skin friction and local 
shear base capacity models are selected. Option to input the 
reduction factor a (I = 6) was used. The selected a's for the 
two soils is 0.9. A high a was selected because expansive 
soil in- pressure against the shaft, which may raise the 
skin friction. 

(2) Load-transfer models. The Kraft, Ray, and Kagawa 
skin friction and the Vijayvergiya base load-mfer models 
(K = 8) wem selected. Two points for the elastic modulus of 
the shaft concrete were input into the program. 

(3) Results. The results are plotted in FigureC-2 for a 
pullout fom of 300,000 pounds. Results of the computation 
placed in files "LTROUT.?XT' are shown in Table %-5. 

(a) Total and base ultimate bearing capacity is about 
1,200 and 550 kips, respectively (2-211). Base and. 
total capacity is 250 and 600 kips, respectively, if settlement 
is limited to 0.5 inch, which is representative of an FS of 
approximately 2. 

(b) The distribution 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 
(F&lxe c-2c). 

b. Downdrag. Table C-6 illustrates input data requid 
to solve for the performance of the same drilled shaft and soil 
described in the previous example problem, but the soil is 
wetter with a much lower swell pressure. Soil shear strength 
is assumed not to change significantly from the previous 

Figure GI. Schematic diagram of soil and pile elements 
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Table 63 
Output Data (Continued) 

a. Repeat of Input Data (See Tam GI ) 

Line Input Parameters Format Statement 

1 TITLE 20A4 

NMAT= NEL= DX= FT GWG FT 
LO= IQ (SHAFT INC)= IJ (NO.LOADS= 

I= J= K= SOILF'= PSF 
DS= FT -- 
DBt FT 

(If K = 2,5,9) 
E50 

LOCAL SHEAR FAILURE AT BASE - L U  = 0 Or 15 
GENERAL SHEAR FAILURE AT BASE - UL = 1 15 
MAT GS EO WO (%) PS(PSF) CS CC CO(PSF) PHI K PM(PSF) 13,3F62,F7.0,272, 

R.0,2F6.2,F7.0 

(If I = 6) ALPHA = 2(7F10.5) 

ELEMENT NO OF SOIL 15,1OX,15 

(If K = 7,8,9) 
REDUCTION FACTOR= SHEAR MODULUS= 

(If K = 3,4,5,6) 
NO. OF LOAD-TRANSFER CURVES(c12)?= 

For each curve 1 to NCA: 
CURVE 

RATIO SHR D N ,  M=l, 1 1 ARE 
MOVEMENT (IN.) FOR LOAD TRANSFER M= IS INCHES 

(If 1=5 
NO OF SKIN FRICTION-DEPTH TERMS (<12)? ARE 
SKIN FRICTION (PSF) DEPTH(w CURVE NO 

If J = 0) 
E SHAFT (PSF) AND DEPTH(m: 

(If K = 6) 
BASE DISPLACEMENT(IN.), BASE LOAD(LB) > FOR POINTS 

Line Input Parameters Format Statement 

1 BEARING CAPACITY= POUNDS F13.2 

2 DOWNWARD DISPLACEMENT 

(Omitted unless LO = 0,1) 
POINT BEARING(LB)= 

(Sheet 1 of 3) 
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Table W (Continued) 

Une Input Parameters Format Statement 

(Omitted unless LO = 0.1) 
DEPTH LOAD TRANS TOTAL LOAD COM OF INCR TOTAL MOVMT 
FT LB LB INCHES INCHES 5E13.5,15 

TOP LOAD TOP MOVEMENT BASE LOAD BASE MOVEMENT 4E13.5 
LB INCHES LB INCHES 

NEGATIVE UPWARD DISPLACEMENT 

TOP LOAD TOP MOVEMENT BASE LOAD BASE MOVEMENT 
LB INCHES LB INCHES 

STRUC LOAD (LB) SOllP (PSF) ACTIVE DEPTH (FT) 
(Une 14 of Table G2) 

0 BELL RESTRAINT(LB)= F13.2 

(If STRUL c 0.0 See Une 14, Table G2) 
FIRST ESTIMATE OF PULLOUT RESTRAINT(LB)= 

11 LOAD-DISPLACEMENT BEHAVIOR 

(If LO Q) 
EFFECTS OF ADJACENT SOIL 

INiIAL BASE FORCE(LB)= 
(If LO = 0) BASE FORCE(LB)= 

14 DISPLACEMENT (INCHES)= FORCE= POUNDS F8.4,F12.2 

2F15.5 

c. Description of Calculations 

Line Program Prints Description 

1 BEARING CAP... End-bearing capacity, pounds 

2 DOWNWARD DiSPL Loaddkplacernent behavior for zero sdl movement in downwatd direction for IJ points 

3 POINT BEARING Load at bottom of shaft prior to shaft kad-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 Shafladl 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 C4 (Concluded) 

Une Input Parameters Format Statement 

6 NEGATIVE UPWARD Loaddisplacement behavior for zero soil movement In upward direction for IJ 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 sol1 heave, ft 

BELL RESTRAINT Restraining reststance of bell, pounds 

FIRST ESTIMATE lnrtial calculations of pullout resistance pbr  to iterations far structural kads less than zero, 
pounds 

Load-shaft movement distribution for given structural load 

EFFECTS OF ADJ Effects of soil movement considered h M i c e m e n t  behavior 

INITIAL BASE Intial calculation of force at bottom of shaft prior to iteratiom 

DISPLACEMENT 
FORCE= 

Displacement at bottom of shaft after 100 iterations, Inches 
Force at bottom of shaft, pounds after 100 iterations, pounds 

ITERATIONS Total number of iterations to converge to solution 

DEPTH(Fr) 
LOAD(LB) 
SHAFT MVMT(IN.) 
SOIL MVMT(1N.) 

Depth, feet 
Load at given depth, pounds 
Shaft displacement, inches 
Soil movement, Inches 

(Sheet 3 of 3) 

example. This shaft is subject to a 150-kip.load in addition 
to the downdrag forces h m  the settling soil. 

total capacity is about 200 and 500 kips, respectively, if 
settlement is limited to 0.5 inch. The FS is approximately 
1.8 relative to total pile capacity. The program does not add 
the vertical plunging failure liens to the curves in 
Figure G3a, which leaves the calculated displacement load 
relationships nearly linear. 

(1) Bearing capacity. The alpha skin fiiction 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. 

(b) The distribution of load with depth (Figure C-3 b) is 
representative of downdrag indicated in Figure 3-21. The 
load on the shaft base is neatly 300 kips or double the applied 
load at the ground surface. 

(2) Load-transfer models. The Seed and Reese skin 
fiction and Reese and Wright base load-transfer models were 
selected (K = 2). Two points for the elastic modulus of the 
shaft concrete were input into the program. 

(c) The shaft will settle approximately 1 inch, while the 
soil settles about 2 inches at the ground surface (Figure G3c). 
The soil is heaving near the ground surface, which counters 
the settlement h m  downdrag. Maximum settlement is about 
3.5 inches at 10 feet of depth. 

(3) Results. The results are plotted in Figure G 3  for a 
downward applied load of 150 kips. Results of the 
computation placed in file LTROUT.TXT are illustrated in 
Table C-7. 

(a) Total and base ultimate bearing capacity (Fig- 
ure C-3a) is about 550 and 880 kips, respectively. Base and 
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- Figure 6 2 .  Plotted output for pullout and uplift problems (Continued) 
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Figure G2. (concluded) 
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Figure 63. Plotted output for drowndrag problem (Continued) 
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Figure C-3. (Concluded) 
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Table 05 
Usting of Output for Pullent and Uplift Problem (Continued) 

EXPANSIVE SOILS 

NMAT= 2 NEL= 50 DX= 1.00 FT OWL= 40.00 FT 
LO= 2 IQ (SHAFT INC)= 50 IJ (NO. LOADS)= 16 

I r 6 J = O K t 8  SOILP= 0.00 PSF 
DS= 2.00 FT 
DB= 5.00 FT 

LOCAL SHEAR FAILURE AT BASE - LLLe 0 

MAT GS EO Work) PS(PSF) CS CC CO(PSF) PHI K PM(PSF) 

ELEMENT 
1 
2 

NO OF SOIL 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 

REDUCTION FACTOR = 0.900 SHEAR MODULUS= 0.1 WE- 

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 

0.2401 7E+06 O.l7714E+00 O.l0946E+06 0.99065E-01 
0.34507E+06 0.26781 E m  0.1 3882E- 0.15855E+00 
0.45773E+06 0.37719E+00 0.16817E+06 0.23526E+00 
0.58421 E+06 0.50996E+00 0.1 9753E- 0.331 39E+00 
0.71040E+06 0.66509E+00 0.22688E- 0.4491 5E+00 
0.82982E+06 0.84256E+00 0.25624E- 0.59070E+00 
0.9281 7E+06 0.10432E41 0.28559E- 0.75826E+00 
0.97601 E+06 0.12587E41 0.31494E- 0.95401 E+OO 
0.10054E47 0.14978E41 0.34430E+06 0.1 1801 E 4 1  
0.10347E47 0.1 7694E41 0.37365E- 0.14388E+01 
0.10641E47 0.20758E41 0.40301 E m  0.1 7323E41 
0.10934E47 0.24192E41 0.43236E- 0.20627E41 
0.1 1228E47 0.2801 7E41 0.46172E+06 0.24323E41 
0.1 1521E47 0.32256E41 0.491 07E- 0.28432E41 
0.1 181 5E47 0.36930E41 0.52042E- 0.32977E41 
0.1 2108E47 0.42061 E 4 1  0.54978E- 0.37979E41 

(Sheet 1 of 3) 1 
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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 
-0.31 134E+05 -0.1 6708E-01 0.00000E+00 -0.10000E-01 
-0.689E+05 -029706E-01 0.00000E+00 -0.20000E-01 
-0.68793E+05 -0.55704E-01 0.00000E+00 -0.40000E-01 
-0.1 1899E+06 -0.1 OnOEM0 0.00000E40 -0.80000E-01 
-021806E+06 -021 160E+00 0.00000E+00 -0.1 6000E+00 
-0.38024E+06 -0.41 089E+00 0.00000E+00 -0.32000E+00 
-0.61 240E+06 -0.7891 1 E+00 0.00000E+00 -0.64000E+00 
-0.69610E+06 -0.1 4531 E d 1  0.00000E+00 -0.12800E+01 
-0.69610E+06 -027331 E d 1  0.00000E+00 -025600E+Ol 
-0.6961 OE+06 -0.52031 E d 1  0.00000E+00 -0.51200E+01 
-0.6961OE+06 -0.1041 3E+02 0.00000E+00 -0.10240E+02 
-0.6961 OE+06 -020653E+02 0.00000E+00 -020460E+02 
-0.6961 OE+06 -0.41 133E+02 0.00000E+00 -0.40960E+02 
-0.6961 OE+06 -0.82093E+02 0.00000E+00 -0.81 920E+02 
-0.69610E+06 -0.16401E+03 0.00000E+00 -0.1 6384E+03 

STRUC LOAD(LB) SOILP(PSF) 
-300000. 0.00 

ACTIVE DEPTH(Fr) 
50.00 

I 

BELL RESTRAINT(LB)= 44915.44 

FIRST ESTIMATE OF PUUOUT RESTRAINT(LB)= 541 894.31 - 
LOAD-DISPLACEMENT BEHAVIOR A 

INITIAL BASE FORCE(LBS)= -788275.25 

DISPLACEMENT(INCHES)= -02475 FORCE= -66776819 POUNDS 
- 

DISPLACEMENT(INCHES)= -0.4975 FORCE= -532357.44 POUNDS - - 
DISPLACEMENT(INCHES)= -0.6525 FORCE= -449443.94 POUNDS 

DEPTH(Fr) LOADS(L0) SHAFT MVMT(IN.) SOIL MVMT(IN.) 

0.00 -0.32427E+06 -0.88276 -1 1.9451 4 
1.00 -0.33520E+06 -0.87985 -1 0.67843 
200 -0.3461 3E+06 -0.87685 -9.72980 
3.00 -0.35106E+06 -0.87385 -8.02906 
4.00 -0.36799E+06 -0.87055 -8.22575 
5.00 -0.37892E+06 -0.86726 -7.5951 9 
6.00 -0.38985E+06 -0.86387 -7.02274 
7.00 -0.40078E+06 -0.86039 -6.49865 
8.00 -0.41 171 E+06 -0.85681 -6.01600 
9.00 -0.42264E+06 -0.85313 -5.56958 

10.00 -0.43357E+06 -0.84936 -5.1 5537 
11.00 -0.44450E+06 -0.84549 4.7701 4 
12.00 -0.45543E+06 -0.841 52 -4.41 124 
13.00 -0.46636E+06 -0.83746 -4.07648 
14.00 -0.47729E46 -0.83330 -3.76401 
15.00 -0.48822E+06 -0.82904 -3.47223 
16.00 -0.4991 5E+06 -0.82469 -3.1 9976 
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Table 06 (Concluded) 

DEPM(FT) LOADS(LB) SHAFT MVW(IN.) SOIL MVMT(IN.1 

STRUC LOAD(LB) SOILP(PSF) 
0. 0.00 

ACTIVE DEPTH(FF) 
-1.00 - 
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- 

Table G6 
Llsting of Data Input for Zling Soil 

SRTUNG SOlL 
2 50 1.0 40. 2 50 16 
6 0 2 0.0 2.0 5.00 

0.01 0 
0 

- 
Table 6 7  
Listing of Output for Downdrag Problem (Continued) C. 

SITlUNG SOILS 

NMAT= 2 NELt 50 DX= 1.00 FT GWG 40.00 FT 
LO= 2 IQ (SHAFT INC)= 50 IJ (NO. LOADS)= 16 

I= 6 J= 0 K= 8 SOILP= 0.00 PSF 
DS= 2.00 Fr 
DB= 5.00 FT 

LOCAL SHEAR FAILURE AT BASE - LLL= 0 

MAT GS EO Wq%)  PS(PSF) CS CC CO(PSF) PHI K PM(PSF) 

ELEMENT NO OF SOIL 
1 1 
2 1 

1 

E SHAFT(PSF) AND DEPTH(FT): 
0.433E+09 0.00 0.433E+09 5(X00 
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TaMe 6 7  (Continued) 

BEARING CAPACITY= 549778.69 POUNDS 

DOWNWARD DISPLACEMENT 

TOP LOAD TOP MOVEMENT BASE LOAD BASE MOVEMENT 
POUNDS INCHES POUNDS INCHES 

NEGATIVE UPWARD DISPLACEMENT 

TOP LOAD TOP MOVEMENT BASE LOAD BASE MOVEMENT 
POUNDS INCHES POUNDS INCHES 

-0.1 9877E+05 -0.38437E-02 0.00000E+00 0.00000E+00 
-0.44463E45 -0.1 8937E-01 0.00000E+00 -0.10000E-01 
-0.69052E+05 -0.34038E-01 0.00000E+00 -020000E-01 
-0.1 1821 E+06 -0.64239E-01 0.00000E+00 -0.40000E-01 
-021 272E+06 -0.12447E+00 0.00000E+00 -0.80000E-01 
-0.31 375E+06 -022746E- 0.00000E+00 -0.16OOOE+00 
-0.36937Em -0.40225E+00 0.00000E+00 -0.32OOOE+00 
-0.36937E+06 -0.7m5E+00 0.00000E+00 OO64O0OE+00 
-0.36937E46 -0.1 3623E+01 0.00000E+00 -0.12800E+01 
-0.36937E4.06 -026423E41 0.00000Ei.00 -02!56WE+01 
-0.36937E06 -0.52023E41 0.00000E+00 -0.51200E+01 
-0.36937E+06 -0.1 0322E+02 0.00000E+00 -0.1 0240E+02 
-0.36937E+06 -020562E+02 0.00000E+00 -020480E+02 
-0.36937E+06 -0.41 042E+02 0.00000E+00 -0.40960E+02 
-0.36937E+06 -0.82002E+02 0.00000E+00 -0.81 920E+02 
-0.36937E+06 -0.1 6392E42 0.00000E+00 -0.16384E+03 

STRUC LOAD(LB) SOILP(PSF) 
150000. 0.00 

ACTIVE DEPM(FT) 
50.00 

BELL RESTRAINT(LB)= 4491 5.44 

LOADDISPLACEMENT BEHAVIOR 

POINT BEARING(LB)= 37465.96 

- - -  
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8 4 )  

LOAD TRANS 
POUNDS 

0.3501 8E+04 
0.35181 E+04 
O.S5358E+04 
0.35550E+04 
0.35756E+04 
0.35976E+04 
0.36210E+04 
0.58459E+04 
0.36722E+04 
0.37OOOE+04 
0.32!j24E+04 
0.32804E+04 
0.33096E+04 
0.33400E+04 
0.3371 7E+04 
0.34046E+04 
0.34378E+04 
0.34741 E+04 
0.35107E+04 
0.35487E+04 
0.35879E44 
0.36284E+04 
0.36703E+04 
0.37135E+04 
0.37581 E+04 
0.37857E+04 
0.38093E+04 
0.38337E+04 
0.38588E+04 
0.38845E+04 
0.391 10E+04 
0.39382E+04 
0.39661 E+04 
0.39947E+04 
0.40241 E+04 
0.40542E+04 
0.4065OE+04 
0.41 166E+04 
0.41490E+04 
0.41 821 E+04 
0.421 59E+04 
0.42506E+04 
0.+860E+04 
0.43222Ei-04 
0.43592E+04 
0.43970Ei-04 
0.44355E+04 
0.44749E+04 
0.451 52E+04 
0.45562E+04 

TOTAL LOAD 
POUNDS 

0.40968E+05 
0.44486E+05 
0.48022E45 
0.51 !Z7E+05 
0.551 52E+05 
0.58750E+05 
0.62371 E+05 
0.6601 7E+05 
0.69689E+05 
0.73389E+05 
0.76641 E+05 
0.79921 E 4 5  
0.83231 E 4 5  
0.86571 E+05 
0.89943E+05 
0.93347E+05 
0.96786E+05 
0.10026E+06 
0.1 0377E+06 
0.1 0732E+06 
0.1 1091 E+06 
0.1 1454E+06 
0.1 1821 E+06 
0.12192E+06 
0.1 2568E+06 
0.12946E+06 
0.1 3327EtO6 
0.1371 1E+06 
0.1 4097E+06 
0.1 4485E- 
0.1 4876E+06 
0.1 5270E+06 
0.1 5667E+06 
0.16066E+06 
0.1 6468E+06 
0.16874EM6 
0.17282E+06 
0.17694E+06 
0.18109E+06 
0.1 8527E+06 
0.18949E+06 
0.1 9374E+06 
0.19802E+06 
0.20235E+06 
0.20670E+06 
0.21 1 10E+06 
0.21554E+06 
0.22001E+06 
0.22453E+06 
0.22908E+06 

- -  

COM OF INCR 
INCHES 

0.34571 E-03 
0.37665E-03 
0.40775E-03 
0.43900E-03 
0.47043 E-03 
0.50205E-03 
0.53386E-03 
0.56589E-03 
0.5981 5E-03 
0.63064E-03 
0.66129E-03 
0.69008E-03 
0.71913E-03 
0.74844E-03 
0.77802E-03 
0.80789E-03 
0.83805E-03 
0.86852E-03 
0.89931 E-03 
0.93042E-03 
0.961 88E-03 
0.99369E-03 
0.1 0259E-02 
0.10584E-02 
0.10913E-02 
0.1 1246E-02 
0.1 1581 E-02 
0.1 1918E-02 
0.1 2257E42 
0.1 2598E-02 
0.1 2941 E-02 
0.1 3287E-02 
0.1 3636E-02 
0.1 3987E-02 
0.14340E-02 
0.14696E-02 
0.1 5055E-02 
0.15417E-02 
0.15781 E-02 
0.16148E-02 
0.16518E-02 
0.16891 E-02 
0.1 7268E-02 
0.17647E-02 
0.1803OE-02 
0.1 8416E-02 
0.1 8805E-02 
0.191 98E-02 
0.1 9594E-02 
0.19994E-02 

TOTAL MVMT 
INCHES 

0.82732E-01 
0.83108E-01 
0.83516E-01 
0.83955E-01 
0.84425E-01 
0.84928E-01 
0.85461 E-01 
0.86027EOl 
0.86625E-01 
0.87256E-01 
0.87917E-01 
0.88607E-01 
0.89327E-01 
0.90075E-01 
0.90853E-01 
0.91661E-01 
0.92499E-01 
0.93368E-01 
0.94267E-01 
0.951 97E-01 
0.961 59E-01 
0.971 53E-01 
0.98179E-01 
0.99237E-01 
0.10033E+00 
0.1 0145E+00 
0.1 0261 E+00 
0.1 0380E+00 
0.1 0503E+00 
0.10629E+00 
0.1 0758E+00 
0.1 089'1 E+OO 
0.1 1027E+00 
0.1 1167E+00 
0.13111E+00 
0.1 1458E+00 
0.1 1608E+00 
0.1 1762E+00 
0.1 1920E+00 
0.1 2082E+00 
0.1 2247E+00 
0.12416E+00 
0.1 2588E+00 
0.12765E+00 
0.1 2945E+00 
0.1 3129E+00 
0.1 3317E+00 
0.13509E+00 
0.13705E+00 
0.1 3905E+00 
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Table G7 (Concluded) 

INITIAL BASE FORCE(LB)= 355177.69 

ITERATIONS= 81 

DEPTH(FI) LOADS(LB) SHAFT MVMT(1N.) SOIL MVMT(IN.1 

0.00 0.1 4992E+06 0.98875 2.15238 
1.00 0.1 5721 E+06 0.98740 2.58505 
2.00 0.16451 E+06 0.98598 2.85868 
3.00 0.17108E+06 0.98450 3.05836 
4.00 0.1 7909E+06 0.98295 3.20933 
5.00 0.18638E+06 0.981 34 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 3.51 146 
9.00 0.21 554E+06 0.97425 3.53398 

10.00 0.22283E-1-06 0.97232 3.54040 
11.00 0.2301 3E+06 0.97033 3.53233 
12.00 023742E+06 0.96827 3.51 109 
13.00 0.24471 E+06 0.9661 4 3.47778 
14.00 0.25200E+06 0.96395 3.43333 
15.00 0.25929E+06 0.96170 3.97853 
16.00 026658E+06 0.95938 3.31409 
17.00 027387E+06 0.95700 3.24058 
18.00 0.281 16E+06 0.95455 3.1 5857 
19.00 0.28845E+06 0.95204 3.06850 
20.00 0.29575Ei-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 0.32491 E+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 1.801 57 
30.00 0.36866E+06 0.9201 8 1.64396 
31.00 0.37595Em 0.91 690 1.481 52 
32.00 0.38324E+06 0.91355 1.31441 
33.00 0.3901 9E+06 0.91014 1.1 4278 
34.00 0.39292E+06 0.90669 0.96503 
35.00 0.38861 E+06 0.90325 0.77876 
36.00 0.38207E+06 0.89985 0.58423 
37.00 0.37554E+06 0.89651 0.381 65 
38.00 0.36901 E+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 0.33403Ei.06 0.87771 -0.16181 
44.00 0.32672E+06 0.87480 -0.13064 
45.00 0.31 941 E+06 0.87195 -0.10222 
46.00 0.3121 1 E m  0.86917 -0.07650 
47.00 0.30480E+06 0.86645 -0.05346 
48.00 0.29749E+06 0.86380 -0.03305 
49.00 0.2901 8E+06 0.86121 -0.01 524 
50.00 0.28288E+06 0.85868 0.00000 

STRUC LOAD(LB) SOILP(PSF) 
0. 0.00 

ACTIVE DEPTH(FQ 
-1.00 
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- - Appendix D 
Modification of p-y Curves for Battered 
Piles - 

a. Kubo (1965) and Awoshika and Reese (1971)' inves- 
tigated the effect of batter on the behavior of laterally loaded 

A piles. Kubo used model 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 deem in soil resistance as a 

I function of the angle of batter may be obtained Erom the line 
in Fig- Dl. The "ratio of soil resistancen 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. 

'~eferences are listed in Appendix A. 

b. The correction for batter is made as follows: (1) enter 
Figure Dl 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) vary the strength 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. Ifthe project is large, it could 
be desirable to perform a field test on a pile installed with a 
batter. 
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