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(9) Density
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(kgm) (kgm)
(h) Temperature
Fahrenheit temperature (°F) ‘ 5/9(°F- 32) | Celsius temperature (°C) | Celsius temperature (°C) ‘ 9/5(°C)+ 32 | Fahrenheit temperature (°F)

Notes:
1) The primary metric (SI) units used in civil engineering are meter (m), kilogram (kg), second (s), Newton (N), and Pascal (Pa=N/m).
2) In a "soft" conversion, an English measurement is mathematically converted to its exact metric equivalent.

3) In a "hard" conversion, a new rounded metric number is created that is convenient to work with and remember.



PREFACE

The purpose of this manual is to provide updated, state-of-the-practice information
for the design and construction of driven pile foundations in accordance with the
Load and Resistance Factor Design (LRFD) platform. Engineers and contractors
have been designing and installing pile foundations for many years. During the past
three decades, the industry has experienced several major improvements including
newer and more accurate methods of predicting and measuring geotechnical
resistance, vast improvements in design software, highly specialized and
sophisticated equipment for pile driving, and improved methods of construction
control. Previous editions of the FHWA Design and Construction of Driven Pile
Foundations manual were published 1985, 1996, and 2006 and chronical the many
changes in design and construction practice over the past 30 years. This two
volume edition, GEC-12, serves as the FHWA reference document for highway
projects involving driven pile foundations.

Volume |, FHWA-NHI-16-009, covers the foundation selection process, site
characterization, geotechnical design parameters and reporting, selection of pile
type, geotechnical aspects of limit state design, and structural aspects of limits state
design. Volume II, FHWA-NHI-16-010, addresses static load tests, dynamic testing
and signal matching, rapid load testing, wave equation analysis, dynamic formulas,
contract documents, pile driving equipment, pile accessories, driving criteria, and
construction monitoring. Comprehensive design examples are presented in
publication FHWA-NHI-16-064.

Throughout this manual, numerous references will be made to the names of
software or technology that are proprietary to a specific manufacturer or vendor.
Please note that the FHWA does not endorse or approve commercially available
products, and is very sensitive to the perceptions of endorsement or preferred
approval of commercially available products used in transportation applications. Our
goal with this development is to provide recommended technical guidance for the
safe design and construction of driven pile foundations that reflects the current state
of practice and provides information on advances and innovations in the industry.
To accomplish this, it is necessary to illustrate methods and procedures for design
and construction of driven pile foundations. Where proprietary products are
described in text or figures, it is only for this purpose.



The primary audience for this document is: agency and consulting engineers
specialized in geotechnical and structural design of highway structures; engineering
geologists and consulting engineers providing technical reviews, or who are
engaged in the design, procurement, and construction of driven pile foundations
This document is also intended for management, specification and contracting
specialists, as well as for construction engineers interested in design and contracting
aspects of driven pile systems.

This document draws material from the three earlier FHWA publications in this field;
FHWA-DP-66-1 by Vanikar (1985), FHWA HI 97-013 and FHWA HI 97-014 by
Hannigan et al. (1998), and FHWA NHI-05-042 and FHWA NHI-05-043 by Hannigan
et al. (2006). Photographs without specific acknowledgement in this two volume
document are from these previous editions, their associated training courses, or
from the consulting practice of GRL Engineers, Inc.

The following individuals were part of the Ryan R. Berg & Associates internal peer
review team and are acknowledged for their technical advice and contributions to
this version of the document:

Mr. Jerry DiMaggio - Applied Research Associates, Inc.

Mr. Van E. Komurka — Wagner Komurka Geotechnical Group, Inc.
Mr. Billy Camp — S&ME, Inc.

Dr. Brian Anderson — Auburn University
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H, - Initial soil layer thickness.

h - Ram stroke.
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h,, - Height of water (pressure head) for calculation of pore water pressure.
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Q4 - Dead or sustained load on a pile.

Qmax - Maximum axial compressive force in the pile.
q - Surcharge.

qu - Unconfined compressive strength.

R, - Nominal resistance.

Rpar - Nominal driving resistance.

Ryg - Nominal resistance of pile group.

R - Nominal toe resistance.
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Factored resistance.

Resistance loss from relaxation.

Factored resistance of the pile group.

Nominal shaft resistance.

Resistance loss from scour.

Nominal uplift resistance of the pile group.
Settlement.

Differential settlement of the foundation.

Settlement from primary consolidation.

Horizontal abutment movement.

Undrained shear strength.

Pipe pile wall thickness.

Thickness of pile cap (8.9).

Flange thickness of pile section (8.2) (8.5).

Thickness of compressible soil beneath neutral plane.
Web thickness of pile section.

Nominal shear resistance (structural).

Factored shear resistance (structural).

Factored shear load (structural).

Ram weight.

Estimated weight of pile cap.

Effective weight of the pile/soil block including pile cap weight.
Estimated weight of soil above pile cap.

Moisture content.

Distance along x-axis from the center of the column to each pile
center.

Pile head deflection.

Distance along y-axis from the center of the column to each pile center.
Length of pile group .

Elastic deformation of pile.

Change of strain.

Change of stress.

Strain.

Strain at one half the maximum principal stress.

Pile group efficiency.

Total unit weight of soil.

Buoyant unit weight of soil.

Dead Load Factor.

Unit weight of embankment fill.
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Unit weight of soil strata for calculation of in-situ stress.

Load factor for force effect due to live loads.

Load factor for force effect due to permanent loads.

Unit weight of water.

Normal stress (pressure) on plane of failure, stress.

Effective normal stress (pressure) on plane of failure (o — u).
Vertical effective stress at the center of depth increment d.
Driving stress.

Effective stress prior to stress increase.

Preconsolidation pressure or stress.

Reference stress for settlement with Janbu Tangent Modulus.
Vertical effective stress.

Vertical effective stress at the sample depth.

Effective stress after stress increase.

Resistance factor, statistically based multiplier on nominal resistance.
Effective Stress Friction Angle.

Resistance factor (pile structural resistance in compression).
Resistance factor (pile structural resistance during driving).
Resistance factor (based on the construction control method).
Resistance factor (pile structural resistance in flexure).
Resistance factor (based on the static analysis method).
Resistance factor for group uplift (based on the uplift analysis method).
Resistance factor (based on the uplift analysis method).
Resistance factor (pile structural resistance in shear).
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LIST OF ACRONYMNS

AASHTO - American Association of State Highway and Transportation Officials
ASTM - American Society for Testing and Materials
BOR - Beginning of Restrike

CED - Closed End Diesel hammer

CEP - Closed End Pipe

CFA - Continuous Flight Auger

DA - Design Angular Distortion

DD - Downdrag

DF - Drag Force

DLT - Dynamic Load Test

EOD - End of Drive

ER - SPT hammer efficiency as determined by energy measurements
FHWA - Federal Highway Administration

I.D. - Inner diameter

NHI - National Highway Institute

O.D. - Outer Diameter

OEP - Open Ended Pipe

SA - Static Analysis

SPT - Standard Penetration Test

SLT - Static Load Test

WE - Wave Equation

WEAP - Wave Equation Analysis Program
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APPENDIX D
COMPREHENSIVE DESIGN EXAMPLES

This appendix presents comprehensive design examples for a driven pile foundation
project. The worked design examples supplement the material presented in
publications FHWA-NHI-16-009 and FHWA-NHI-16-010, the primary FHWA
guidance documents on driven pile foundations. The worked LRFD design
examples address strength, service, and extreme limit state considerations for a
bridge structure in highly variable subsurface conditions. Worked design examples
in cohesionless, cohesive, and layered soil profiles are presented as well as pile
design on hard rock. All limit states considerations are addressed as applicable in
the worked design examples.

The bridge dimensions and superstructure loads were provided by a transportation
agency, while the bridge structure is supported at two abutments and a pier. The
soil profile for the worked design examples was developed to illustrate use of the
manual’s design methods and procedures in a variety of subsurface conditions.
Each substructure location presents a different subsurface condition. A
cohesionless soil profile is presented at the North Abutment. At the pier, worked
examples in a layered subsurface profile are presented. At the South Abutment,
worked examples for a cohesive soil profile underlain by a hard bedrock are
presented. Strength, service, and extreme limit states are addressed at each
substructure location as appropriate. An economic evaluation of candidate pile
types is also included at each substructure location.

The worked design examples follow the step by step design and construction
process outlined in Chapter 2 of FHWA-NHI-16-009. The design process flow chart
introduced in Chapter 2 is followed in the worked design examples and is presented
herein as Figure D-1.
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Figure D-1 Design process flow chart.
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Figure D-1 Design process flow chart (continued).
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Figure D-1 Design process flow chart (continued).
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Figure D-1 Design process flow chart (continued).
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Figure D-1 Design process flow chart (continued).
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D.1 Block 1: Establish Global Pr