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ix

PREFACE

In 1987, the Task Committee on Turbine Foundations of the Fossil Power 
Committee and the Nuclear Energy Committee of the Energy Division of 
the American Society of Civil Engineers (ASCE) published the first guide 
for the design of large steam turbine generator foundations.

Since the guide’s publication, there have been significant changes in 
design codes, advances in computer analysis, and increased industry pres-
sure to refine foundation designs. A new task committee was formed in 
April 2014, under the leadership of the ASCE Energy Division chaired by 
J. G. (Greg) Soules, to address the wide variation of analysis, design, and 
construction practice that have been applied throughout the industry for 
turbine generator foundation designs over the past 30 years in the United 
States.

Designing a turbine generator foundation requires not only advanced 
technical expertise in structural and soil dynamics, but also close collabora-
tion with machine manufacturers and other disciplines (mechanical, elec-
trical, and plant design). Different manufacturer requirements, and code 
provisions that are subjected to interpretations when applied to such foun-
dations, present additional challenges to the design engineers.

This document was prepared by the task committee to provide practi-
cal guidance in the analysis, design, and construction of turbine generator 
foundations. It is a result of significant collaborative efforts from all com-
mittee members, as well as contributions from other industry experts and 
professionals.

The intended audience for this document includes structural design engi-
neers, operating company personnel responsible for establishing structural 
design criteria and construction standards, and local building officials.

For more than three years, a number of key individuals dedicated sig-
nificant amounts of time and effort to formulating, originating, and review-
ing in detail, either the whole document or specific sections thereof. Those 
members are identified in the Acknowledgments.

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

L
a 

T
ro

be
 U

ni
ve

rs
ity

 o
n 

05
/0

2/
18

. C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



This page intentionally left blank

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

L
a 

T
ro

be
 U

ni
ve

rs
ity

 o
n 

05
/0

2/
18

. C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



xi

ACKNOWLEDGMENTS

Task Committee on Turbine Generator Foundations

Chair Vice-Chair
Hongchun Liu, P.E.
Bechtel Infrastructure & Power Corp.

Abbas Mokhtar-zadeh, Ph.D., 
P.E., PMP
Westinghouse

Members
Henning Almstedt Siemens AG Power and Gas Division
Jaya Brata Bose, P.E. Bechtel Infrastructure & Power Corp.
Carlos Coronado, Ph.D., P.E. Bechtel Oil, Gas & Chemicals Corp.
Julie Drozd Gennaro, MSCE AECOM
Jaime Guamán Cabrera, MSc.
Kyle Harris, P.E. Kiewit
Ping (Philip) Jiang, P.E. WorleyParsons Group Inc.
David Kerins, P.E. ExxonMobil Research and 

Engineering Company
Hoan-Kee Kim, Ph.D., P.E. ENERCON
John (Zhong) Liu, Ph.D., P.E., S.E. Kiewit
Gerald Miller GE Power
Hesham El Naggar, Ph.D., P.E. Western University, Canada
Peter Nawrotzki, Ph.D. GERB Vibration Control Systems
Daniel Predmore GE Power
Stephan De Roo Siemens AG Power and Gas Division
Vincenzo Sofia, P.E. GE Power
Mansour Tabatabaie, Ph.D., P.E. MTR & Associates, Inc.
Frederick Tajirian, Ph.D., P.E. Chevron Energy Technology Company
Xuan Wang, Ph.D., P.E. Sargent & Lundy LLC.
F. Alan Wiley, P.E. Black & Veatch Corp.
Derek Winkler, P.E. AECOM

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

L
a 

T
ro

be
 U

ni
ve

rs
ity

 o
n 

05
/0

2/
18

. C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



xii	 Acknowledgments

Contributors

The following individuals are recognized for their reviews and other con-
tributions in the preparation of this book:

Siddhartha Bhattacharya, P.E. Bechtel India Pvt. Ltd.
Rami Said, P.E. Siemens Energy Inc.
Victor Salcedo GERB Vibration Control Systems
Yasser Salem, Ph.D., S.E. California State Polytechnic University
Shen Wang, Ph.D., P.E. TerraPower LLC.

Blue Ribbon Review Panel

A Blue Ribbon Review Panel, consisting of seven independent reviewers 
and formed per the ASCE requirements on publishing Manuals and Reports 
on Engineering Practice (MOPs), has reviewed this book.

William Bounds, P.E. Fluor Corp.
Mukti Das, Ph.D., P.E., F.ASCE MLD Engineering
Shu-Jin Fang, Ph.D., P.E., S.E. Sargent & Lundy LLC.
George M. Ghaly, M​.Sc., P.E. Westinghouse
Luis Moreschi, Ph.D., P.E. Bechtel National, Security &  

Environmental Corp.
Farhang Ostadan, Ph.D., P.E. Bechtel National, Security &  

Environmental Corp.
Norman Rennalls, P.E. Shell Corp.

The task committee would like to thank the following ASCE 7 committee 
members for their contributions:

Robert E. Bachman, P.E.
Thomas F. Heausler, P.E., S.E.
Dominic J. Kelly, P.E., S.E.
Sanjeev R. Malushte, Ph.D., P.E., S.E.

The task committee also thanks Robert (Bruce) Dongarra for drafting 
numerous sketches for this work.

Finally, the task committee thanks the ASCE Energy Division Executive 
Committee, Jay Snyder and Barbara Whitten, technical managers at ASCE, 
and Betsy Kulamer, Director of Books at ASCE, for their continuous sup-
port during the preparation of this book.

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

L
a 

T
ro

be
 U

ni
ve

rs
ity

 o
n 

05
/0

2/
18

. C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



1

CHAPTER 1

INTRODUCTION

1.1  BACKGROUND

In 1987, the Task Committee on Turbine Foundations of the Fossil Power 
Committee and the Nuclear Energy Committee of the Energy Division of 
the American Society of Civil Engineers published the first guide for the 
design of large steam turbine generator foundations (ASCE Task Commit-
tee on Turbine Foundations 1987). This initial report attempted to organize 
into a single document all the criteria necessary to analyze and design large 
steam turbine-generator (STG) foundations.

Since the guide’s publication, there have been significant changes in 
design codes, advances in computer analysis, and increased industry pres-
sure to refine the design of turbine generator (TG) foundations. A new ASCE 
task committee on TG foundations was formed within the energy division 
of ASCE in 2014 to review the industry changes and their impact on the 
design of these large concrete structures.

The new ASCE Task Committee on Turbine Foundations has revised the 
1987 guide to address current industry practices and to expand content to 
include information on these topics:

•	 Design of combustion turbine generator (CTG) foundations, in addi-
tion to steam turbine generator (STG) foundations.

•	 Development of finite element (FE) analytical models.
•	 Development of dynamic stiffness and damping for dynamic analy-

ses of soil- and pile-supported STG and CTG foundations.
•	 Design of embedded items.
•	 Construction considerations specific to TG foundations.
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2	 CONCRETE FOUNDATIONS FOR TURBINE GENERATORS

The Steel Foundations chapter of the 1987 guide is not in the scope of 
this book, because a vast majority of TG foundations are constructed using 
reinforced concrete.

The new task committee members are representatives from leading engi-
neering firms involved in the design of power plants, major turbine generator 
manufacturers, manufacturers of vibration isolation systems, and universi-
ties. The diversity of this committee is intended to provide expertise on all 
aspects of TG foundation design.

1.2  PURPOSE

This book is intended as a state of practice guide for practicing engineers 
and designers responsible for the analysis and design of gas and steam tur-
bine generator foundations. Recommendations for the design, analysis, 
construction, and other aspects of TG foundations are provided as deemed 
adequate by the committee. The responsibility for satisfying the manufac-
turer’s criteria for a particular installation is left to the responsible engineers.

This report is not intended to supersede any manufacturer’s criteria.

1.3  SCOPE AND LIMITATIONS

The scope of this book is limited to the design of the following concrete 
TG foundations:

•	 Block Foundation—pedestals, piers, and blocks supported on a com-
mon basemat.

•	 Elevated Space-Frame Pedestal Foundation—tabletop and columns 
supported on a basemat.

•	 Vibration Isolated Foundation—equipment or structural elements 
supported on vibration isolation systems.

This manual of practice does not address steel foundations.
This book is organized into eleven chapters with three appendixes. A 

brief summary of each chapter is provided as follows.

Chapter 2: Turbine Generator Equipment.  In Chapter 2, the main com-
ponents of TG systems are described, including combustion turbines (CT), 
steam turbines (ST), condensers, and generators. Typical TG system layout 
configurations are discussed and illustrated. An overview of foundation 
design, installation, and operation is also presented.

Chapter 3: Preliminary Turbine Generator Foundation Layout and 
Sizing.  The objective of Chapter 3 is to provide guidance for preparing the 
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	 Introduction	 3

overall foundation layout and initial sizing of the foundation’s structural 
elements. Guidance is also given on the data and documents required to 
develop the preliminary design and for performing the analyses described 
in subsequent chapters.

Chapter 4: Foundation Loads and Load Combinations.  In Chapter 4, 
the load cases that must be considered for the analysis and design of TG 
foundations are discussed with information on development of these loads 
and how to apply them. Recommendations for developing the load com-
binations for the foundation strength design are also provided.

Chapter 5: Modeling of the Soil and Pile Response to Dynamic 
Loads.  One major challenge in TG foundation design is to ensure that the 
foundation’s dynamic responses do not impose adverse impacts on the nor-
mal operation of the machine. The stiffness and damping (i.e., dynamic 
impedance) of the combined foundation and soil or pile system plays an 
important role in this regard. From a structural engineer’s perspective, 
Chapter 5 provides guidance on how to appropriately consider dynamic 
impedances of soil or pile when performing the dynamic analysis of the TG 
foundation. Practical discussions on its applicability and limitations are also 
provided.

Chapter 6: Finite Element Modeling.  The objective of Chapter 6 is to 
provide technical guidance to develop an appropriate FE model that can 
sufficiently capture the structural characteristics of a TG foundation. Vari-
ous types of elements used in FE models are discussed, along with other 
modeling considerations for TG foundations.

Chapter 7: Serviceability Analysis and Acceptance Criteria.  Chapter 7 
describes typical serviceability analysis and acceptance criteria required 
by equipment manufacturers for the design of TG foundations. Infor-
mation on both dynamic and static serviceability requirements is pro-
vided, including applicable loads, load combinations, and acceptance 
criteria.

Chapter 8: Strength and Stability Design.  Chapter 8 covers strength 
design of TG foundations, including seismic load and ductile design con-
siderations, reinforcement requirements unique to TG foundations, guid-
ance for pile capacity, and soil-bearing pressure checks. Special design 
considerations and detailing requirements are also provided.

Chapter 9: Embedded Items.  Chapter 9 describes the function, arrange-
ment, and design of various embedded items used in TG foundations. These 
include anchor bolts, jacking posts, shear lugs (keys), embedded plates, 
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4	 CONCRETE FOUNDATIONS FOR TURBINE GENERATORS

and other items used to support electrical and piping components. The 
selection of suitable grout material for TG foundations is also discussed.

Chapter 10: Vibration Isolated Foundations.  Chapter 10 describes the 
design properties of the spring elements and viscous dampers constituting 
the vibration isolation system (VIS), which, if properly used, allow the TG 
machine to operate independently from the substructure and dynamic sub-
soil conditions. This chapter provides guidance in the design of TG founda-
tions supported on VIS. Typical layouts of VIS are given and advantages 
of using VIS are also discussed.

Chapter 11: Construction Considerations.  Chapter 11 provides guid-
ance on addressing construction issues unique to TG foundations: construc-
tion joints to allow multiple concrete pours; headed reinforcement to reduce 
rebar congestion; suitable concrete mix to eliminate placement issues; rebar 
modularization for ease of installation; and other considerations. Industry 
best practices are highlighted and innovative ideas are explored, which 
may help reduce costs and accelerate construction schedules.

Appendixes A, B, and C: Supplemental Information on Foundation 
Dynamic Impedances and Calculation Examples.  These appendixes pro-
vide valuable supplemental information to the contents in Chapter 5 on both 
soil and pile dynamic impedances. Calculation examples are provided to 
illustrate the process of determining these important design parameters.

1.4  ABBREVIATIONS AND ACRONYMS

CT 	 Combustion Turbine
CTG 	 Combustion Turbine Generator, a.k.a. Gas Turbine 

Generator (GTG)
DAF 	 Dynamic Amplification Factor
FE 	 Finite Element
FEA 	 Finite Element Analysis
FEM 	 Finite Element Model
GA 	 General Arrangement
GTG 	 Gas Turbine Generator, a.k.a. Combustion Turbine 

Generator (CTG)
HP 	 High-Pressure
HRSG 	 Heat Recovery Steam Generator
IP 	 Intermediate-Pressure
LP 	 Low-Pressure
MPF 	 Mass Participation Factor
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	 Introduction	 5

RPM 	 Revolutions per Minute
SDC 	 Seismic Design Category
SSI 	 Soil-Structure Interaction
ST 	 Steam Turbine
STG 	 Steam Turbine Generator
TG 	 Turbine Generator
VIS 	 Vibration Isolation System

1.5  FOUNDATION TERMS

It is recognized that various parts of a foundation are referred to by 
many different names. The following nomenclature has been adopted for 
this manual of practice:

Basemat (or Mat Foundation)—the part of the TG concrete foundation 
supported on soil, rock, or piles, consisting of a continuous concrete slab 
extending in both directions, reinforced and supporting an array of col-
umns, piers, and/or walls. It is also called a pile cap when the basemat 
is supported by a group of piles.

Block Foundation—a concrete foundation that has individual pedestals, 
piers, and blocks, sharing a common basemat.

Column—a vertical structural element, used primarily to support axial 
compressive loads, but can also resist moment, shear, or torsion, with a 
height-to-least-lateral-dimension ratio exceeding 3.0.

Critical Speed—the theoretical angular velocity that excites the natural 
frequency of a rotating object, such as a shaft, propeller, leadscrew, or 
gear.

Dynamic Stiffness—in structure dynamics, it refers to the ratio of the 
change of force to the change of displacement under dynamic condi-
tions, or the ratio of input force to output displacement. In soil dynam-
ics, it refers to the real part of the dynamic impedance formulated by a 
spring-dashpot analog.

Elevated Space-Frame Pedestal Foundation—a concrete space-frame 
structure that has a tabletop supported by vertical structural elements 
such as columns, pedestals, and walls, which are supported on a com-
mon basemat.

Longitudinal Girders—large horizontal beams that serve as the main 
structural members supporting the TG set, parallel to the axis of the 
machine.

Machine Foundation—a system of structural elements, including tabletop, 
columns, pedestals, walls, and basemat, which transmits loads from the 
machine to the supporting soil.
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6	 CONCRETE FOUNDATIONS FOR TURBINE GENERATORS

Pedestal—a vertical structural element with a height-to-least-lateral-
dimension ratio not exceeding 3.0. Used primarily to support axial com-
pressive loads.

Rebar—reinforcement bars.
Soil—a generic term for unconsolidated natural surface material above 

bedrock.
Superstructure—the part of the foundation above the basemat, consisting 

of the pedestals, columns, walls, and tabletop.
Tabletop—the uppermost portion of the foundation, consisting of longitu-

dinal girders, transverse beams, and slabs.
Transverse Beams—structural members subjected primarily to flexure that 

support the turbine-generator set, transverse to the axis of the machine.
Vibration Isolated Machine Foundation—a foundation that has the equip-

ment or structural elements supported on a vibration isolation system.
Wall—a vertical structural element used to primarily transfer axial com-

pressive load and lateral loads to the basemat.

REFERENCES

ASCE Task Committee on Turbine Foundations. (1987). Design of large steam 
turbine-generator foundations, February 1987.

ACI (American Concrete Institute). (2011). “Foundations for dynamic 
equipment.” ACI 351.3R-04, Farmington Hills, MI. Reapproved 2011.
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7

CHAPTER 2

TURBINE GENERATOR EQUIPMENT

2.1  INTRODUCTION

In a modern power plant, both STG and CTG systems generate electric-
ity by converting thermal energy to other forms of energy. The fundamen-
tal difference between the two systems is how the energy used to rotate 
the generator shaft is produced. An STG system utilizes high-temperature 
pressurized steam that expands through turbine section(s) to do the mechan-
ical work, whereas a CTG system utilizes combustion of air and natural 
gas fuel to generate a high-temperature pressurized gas flow that expands 
to do the same.

STG and CTG machines are arranged in a variety of configurations. All 
TG sets include at least one turbine and one electrical generator connected 
by a coupled rotor shaft, among other additional components.

2.2  MAIN COMPONENTS

2.2.1  Combustion Turbines

Combustion turbines are typically comprised of a number of sections: inlet, 
compressor, combustion turbine, and exhaust. The turbine section is where 
the energy of the compressed, heated air and combustion of gas is extracted.

2.2.2  Steam Turbines

Steam turbines are typically comprised of one or more turbine sec-
tions, classified as high-pressure (HP), intermediate-pressure (IP), and 
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8	 CONCRETE FOUNDATIONS FOR TURBINE GENERATORS

low-pressure (LP), in which the steam expands from high to low pressure 
with the low-pressure turbine eventually exhausting to one or more con-
densers. In some multisection configurations, after the steam is expanded 
in one section, it is routed externally for reheating and moisture removal 
before returning to the next section for further expansion.

A reliable heat source is required to produce a sufficient quantity of 
inlet steam for steam turbines. In combined-cycle configurations, exhaust 
heat from the combustion turbine is used for steam production using the 
heat recovery steam generator (HRSG). In geothermal steam turbines, the 
steam is taken directly from underground sources. Other heat sources for 
steam turbines are coal combustion, solar fields, and nuclear reactors.

Turbine rotors (comprised of a shaft and blades, as shown in Fig. 2-1) 
within the turbine sections are supported on rotor bearings.

2.2.3  Condensers

In an STG configuration, a condenser is usually required to cool the 
exhaust steam, which is then returned to the steam supply system in the 

Fig. 2-1.  A turbine rotor without casing
Source: Courtesy of Siemens AG; reproduced with permission.
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	 Turbine Generator Equipment	 9

form of condensate liquid water. A vacuum is formed inside the condenser 
from the pressure reduction, concurrent with temperature reduction occur-
ring as the steam changes from a vapor to a liquid state. A condenser is typi-
cally arranged in-line with the turbine centerline or normal to the turbine 
centerline and can be located above, below, or off to the side of the turbine.

Depending on how the steam is cooled, condensers are categorized as 
one of two types: water-cooled or air-cooled. Water-cooled condensers cool 
by circulating cooling water through thin-wall tubes within the condenser 
shell to enhance heat transfer without contacting or mixing with the conden-
sate. Air-cooled condensers cool by circulating ambient air around finned 
tubes containing the condensate. Water-cooled condensers are smaller than 
air-cooled condensers from the higher cooling capacity of water over air, 
but require a reliable source of cooling water. In locations where cooling 
water is not available, air-cooled condensers are used.

2.2.4  Generators

Generators are comprised of a stator, a rotor, and an exciter. The stator 
is a circular frame with armature coils arranged in slots in its inner circum-
ference. The rotor has field coils wound on its external circumference. The 
exciter is a device that energizes the field coils on the generator rotor with 
direct electrical current. Exciters may be mounted directly on the founda-
tion or on the generator stator frame. Some exciters include an additional 
rotor shaft coupled to the generator rotor.

During operation, the coupled TG rotor is driven to rotate by the expan-
sion of the working flow in the turbine sections. The energized, rotating 
field coils on the generator rotor produce an electromagnetic field that 
induces an alternating electric current in the generator stator armature.

2.3  LAYOUT CONFIGURATIONS

TGs are classified as having either a single-shaft or a multi-shaft configu-
ration. In single-shaft configurations, turbine sections and the generator 
are arranged in series along a single rotor shaft. In multi-shaft configura-
tions, turbine sections are arranged on two or more separate shafts, with 
an independent generator for each shaft. The separate shafts rotate inde-
pendently. The rotors within a given shaft are connected to each other by 
couplings.

TG rotors are supported by bearings in bearing support structures. 
These support structures can be integral with the turbine or generator sta-
tor casings or separate bearing housings. Some designs use two bearings per 
rotor, one at each end, while other designs share single bearings between 
major components.
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10	 CONCRETE FOUNDATIONS FOR TURBINE GENERATORS

Fig. 2-2.  STG arrangement: HP-IP-LP-LP with bottom exhaust
Source: Courtesy of Siemens AG; reproduced with permission.

Fig. 2-3.  STG arrangement: HP/IP-LP with side exhaust
Source: Courtesy of Siemens AG; reproduced with permission.

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

L
a 

T
ro

be
 U

ni
ve

rs
ity

 o
n 

05
/0

2/
18

. C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



	 Turbine Generator Equipment	 11

Fig. 2-4.  STG arrangement: HP-IP/LP with axial exhaust
Source: Courtesy of Siemens AG; reproduced with permission.

Fig. 2-5.  STG arrangement: HP/IP-LP in single shaft with side exhaust
Source: Courtesy of Siemens AG; reproduced with permission.

An individual turbine section may be classified as axial-flow or opposed-
flow. In axial-flow sections, the working flow expands in one axial direc-
tion. In opposed-flow sections, the working flow enters at or near the center 
of the section and expands in opposite axial directions. The staging in an 
opposed-flow section may or may not be symmetrical.

As a result of customized designs and applications, there are a large 
variety of TG layout arrangements in modern power plants. Figs. 2-2 to 2-7 
show several sample layout arrangements for STG and CTG equipment.

For bottom or down exhaust condenser arrangements, there are three 
major methods of support for the condenser (Fig. 2-8).
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12	 CONCRETE FOUNDATIONS FOR TURBINE GENERATORS

	 1.	� The bottom of the condenser is mounted on rigid supports, and an 
expansion joint is placed between the condenser and the turbine 
exhaust nozzle to relieve thermal forces and variations in the con-
denser load. This method is widely used in the United States.

	 2.	� The bottom of the condenser is mounted on springs, while the top is 
connected rigidly to the turbine exhaust nozzle. The springs can be 

Fig. 2-6.  A combustion turbine on a mat foundation
Source: Courtesy and copyright of General Electric Company; all rights reserved.

Fig. 2-7.  A combustion turbine on a pedestal foundation
Source: Courtesy and copyright of General Electric Company; all rights reserved.
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	 Turbine Generator Equipment	 13

adjusted to transfer specified maximum and minimum loads to the 
turbine exhaust nozzle. They can also be adjusted to compensate for 
load eccentricity, such as from the circulating water pressure load. 
This method is used worldwide except in the United States.

	 3.	� The bottom of the condenser is mounted on rigid supports, while the 
top is connected rigidly to the turbine exhaust nozzle. To relieve ther-
mal forces and variations in condenser loads, expansion-bellows are 
used at locations where turbine components intersect with the tur-
bine exhaust nozzle. The condenser loading is predominantly trans-
ferred to the foundation basemat at the bottom of the condenser.

Fig. 2-8.  Methods of supporting a condenser
Source: Courtesy of Siemens AG; reproduced with permission.
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14	 CONCRETE FOUNDATIONS FOR TURBINE GENERATORS

2.4  FOUNDATION DESIGN INFORMATION

The design and configuration of foundations for STGs and CTGs are 
based on subsurface properties of the construction site, as well as the data 
and criteria provided on the TG and condenser drawings supplied by the 
manufacturer to the designer at the time of foundation layout design. The 
manufacturer’s drawings provide important information on machine out-
line and arrangement, foundation loadings, limiting foundation dimensions, 
piping and penetrations, allowable movements, equipment details, laydown 
requirements and soleplate, anchor bolt, and embedded plate locations.

2.5  INSTALLATION

The main components of TGs are mounted on soleplates, which are 
grouted and anchored by bolts to the foundation. The components are 
designed to slide on these fixed soleplates to minimize thermal stress 
from expansion and contraction. Guides and/or keys are installed at the 
component/soleplate interfaces to prevent misalignment of the compo-
nents from thermal movement.

Each rotor should be aligned and balanced to ensure low vibration dur-
ing operation. Misalignment of the rotors may result in serious vibration 
problems and damage to the unit.

2.6  OPERATION

Operating speeds of STGs and CTGs are typically 3,000 or 3,600 revolu-
tions per minute (rpm) for 50 Hz and 60 Hz electrical grids, respectively, 
except for nuclear STGs. Nuclear STGs typically operate at half speed (1,500 
or 1,800 rpm), primarily to reduce the erosions of rotating turbine blades 
from water droplets, which are more prevalent in a typical nuclear steam 
cycle. During startup, the machine speed is increased slowly and held at 
lower speeds to pre-warm the stator shell and to maintain sufficient clear-
ances between the rotor and the stationary components.

Various instruments are provided to continuously monitor unit opera-
tion. These instruments can include rotor vibration sensors, differential 
deflection measurement sensors, and thermocouples. Alarm and trip limits 
are established for these instruments. Should any of the measurements 
exceed a limit, the unit will alarm to warn operators or trip the unit to pre-
vent damage to the machine or danger to personnel. The limits may vary 
significantly for different units, configurations, and manufacturers.
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CHAPTER 3

PRELIMINARY TURBINE GENERATOR 
FOUNDATION LAYOUT AND SIZING

3.1  INTRODUCTION

This chapter presents general descriptions and criteria for the layout and 
preliminary sizing of STG and CTG concrete foundations, including founda-
tion types, and general design information required, as well as initial sizing 
guidelines for the tabletop, columns, walls, mezzanine levels, and basemat.

3.2 � FOUNDATION TYPES AND GENERAL  
DESIGN INFORMATION

3.2.1  Foundation Types

Many STG and CTG foundations are heavy concrete structures, whose 
layouts are primarily determined by the machine manufacturer’s founda-
tion interface requirements.

For STG foundations, depending on how the condenser is positioned 
with respect to the LP turbine, the layout can be categorized as one of two 
foundation types, for the purpose of this chapter:

•	 Elevated Space-Frame Pedestal Foundation: This arrangement is used 
with the bottom-exhaust STG layout, for which the foundation has to 
be elevated to accommodate the height requirement of the condenser. 
Columns and/or walls are required to support the tabletop where 
the STG equipment is mounted. The columns and/or walls have a 
common basemat. Vertical structural elements are sized to meet the 
stiffness requirements of the tabletop. In many cases, the machine cen-
terline can be as high as 60 ft above the basemat (Fig. 3-1).
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16	 CONCRETE FOUNDATIONS FOR TURBINE GENERATORS

•	 Block Foundation: This arrangement is used with either a side-exhaust 
or axial-exhaust STG layout. The condenser is either on the side of 
the LP turbine, or aligned with the TG axial shaft. Individual con-
crete pedestals, piers, and blocks with a common basemat support 
the STG equipment. The machine centerline is usually 10 to 20 ft 
above top of basemat (Fig. 3-2). It should be noted that many low-
profile STG-CTG foundations may also have tabletop-type layouts 
(Figs. 2-3 to 2-5) but can be treated as block foundations when sizing 
foundation components.

Foundations supporting CTG equipment are also typically block founda-
tions as described previously. In many layouts, the steel columns that sup-
port the inlet duct are also supported on the CTG foundation basemat, which 
results in a larger basemat footprint area. The decision regarding an inte-
grated or isolated foundation basemat for the CTG and inlet duct support 
columns shall be made through close coordination between civil, plant 
design, and mechanical disciplines. One important factor to consider in mak-
ing such a decision is the acceptable vibration levels for the duct support 
columns.

40
 - 

60
 �

Machine Sha�

Condenser 

Fig. 3-1.  Elevated space-frame pedestal foundation

10
 - 

30
 �

 

Machine Sha� 

Fig. 3-2.  Block foundation
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	 Preliminary Foundation Layout and Sizing	 17

3.2.2  General Foundation Design Information

When initiating the foundation design process, the foundation design 
engineer should coordinate with other disciplines (e.g., plant design, mechan-
ical, electrical) to collect, review, and understand the following information:

Project Civil/Structural Design Criteria.  The Civil/Structural Design 
Criteria for the project lists the building codes and other design codes 
required under project contractual agreements.

Seismic design parameters, such as seismic design category (SDC) and 
spectral accelerations (SDS and SD1) as defined in ASCE 7, should be retrieved 
from the design criteria. Site-specific seismic studies, if performed, shall be 
used as the seismic design inputs for the foundation design.

If the foundation is not housed by a turbine building, wind load and 
snow load design parameters in the design criteria should also be collected.

Machine Manufacturer’s Drawings and Documents.  The following 
information, as a minimum, must be provided by the machine manufac-
turer for the foundation design:

•	 Machine-foundation interface drawings showing overall foundation 
and tabletop dimensions, openings, pipe penetrations, grout pockets, 
anchor bolts, jacking posts, and special embedments.

•	 Turbine, generator, exciter/collector, and gearbox mechanical outline 
drawings, which include turbine and generator rotor weights, critical 
speeds, mass moment of inertia, overall assembly weights, and center 
of gravity locations.

•	 Loading documents or drawings showing all applicable design loads 
from the machine to the foundation, including the dynamic unbalance 
loads at each bearing, which is the essential design information required 
to check the foundation vibration level during normal operations.

Fig. 3-3.  Tabletop layout with a narrower width at generator side
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18	 CONCRETE FOUNDATIONS FOR TURBINE GENERATORS

•	 For STG foundations, the condenser general arrangement and foun-
dation interface drawings showing condenser layout, foundation 
interface (anchor bolts and embeds), weights (dry, water test, opera-
tional), and applicable loads to the foundation.

•	 Vendor-specific foundation design and serviceability criteria specify-
ing the unique requirements for the foundation design, such as 
acceptable vibration amplitudes during normal operation, static and 
dynamic stiffness requirements, local deflection or misalignment 
requirements, frequency exclusion requirements, and overall founda-
tion settlement limits.

When reviewing these drawings and documents, the design engineer 
should perform independent checks to verify that the information pro-
vided is complete and reasonable. Following is a recommended list of 
actions the engineer can take for this purpose:

•	 Sum up the component weights in the loading table and compare 
with the total weights presented on the drawings.

•	 Add up seismic loads at each location to see if the sum matches the 
total seismic load.

•	 Use rotor weights to estimate machine normal unbalance forces for 
both turbine and generator, with appropriate balance grade per 
ISO1940-1, and compare estimated values with those given in the 
loading table.

•	 Review notes on vendor drawings to ensure scopes of supply for 
anchor bolts and other embed items agree with project contractual 
agreements.

•	 Review foundation dimension callouts to ensure there are no missing 
or conflicting dimensions.

•	 Review condenser layout drawing to ensure sufficient space is avail-
able for installation.

Top of basemat 

Condenser 

(a) (b)

Condensate  
drain line 

Trench required to  
accommodate drain line 

Top of basemat 

Condenser 

Condensate  
drain line 

Condenser pier 

Fig. 3-4.  Layout of condenser piers to avoid trench in basemat: (a) Trench in 
basemat to accommodate drain lines; (b) Concrete piers supporting condenser, 
eliminating trench in basemat
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	 Preliminary Foundation Layout and Sizing	 19

Geotechnical Report (Soil or Pile Information).  The design engineer 
should obtain the following site-specific information from the project geo-
technical report:

•	 If supported on soil, the soil allowable bearing capacity, subgrade 
reaction, density, dynamic and static (i.e., low strain and high strain) 
Young’s modulus, and Poisson’s ratio for each soil layer underneath 
the foundation, up to a depth equal to the longer dimension of the 
proposed foundation basemat.

•	 If supported by piles, the pile type, size, length, carrying capacity 
(with pile spacing reduction factors), and dynamic and static (i.e., low 
strain and high strain) stiffness values for the piles.

3.3  PRELIMINARY DESIGN: INITIAL FOUNDATION SIZING

When the majority of the information identified in Section 3.2.2 is avail-
able and has been reviewed, the design engineer can start working on the 
preliminary sizing of the foundation. For elevated space-frame pedestal 
foundations, these include initial sizing of the tabletop geometry and 
thickness within the manufacturer’s boundary limitations, column height, 
basemat footprint and thickness, and condenser pier sizes. For block 

Fig. 3-5.  Condenser to LP turbine interface, and minimum space between con-
denser and columns
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20	 CONCRETE FOUNDATIONS FOR TURBINE GENERATORS

foundations, these include the pier and block sizes as well as basemat 
footprint and thickness.

Though every foundation is unique, previous design experiences with 
similar foundations supporting comparable equipment are helpful during 
this preliminary foundation sizing phase.

Because of the massive nature of STG and CTG foundations, it is rare 
that the overall foundation drifts and local deflections become a design 
concern. Nevertheless, it is desirable to isolate the foundation, at all levels, 
from surrounding structures and other foundations with a minimum 1 in. 
expansion joint to avoid possible vibration transmissions. For high seismic 
zones, the overall drifts and local deflections should be looked at when 
sizing the required gap. The gap can be filled with a compressible material 
at the floor levels.

3.3.1  Elevated Space-Frame Pedestal Foundations

3.3.1.1  Tabletop Geometry.  The tabletop geometry is primarily deter-
mined by the machine manufacturer’s mechanical outline drawings and 
foundation interface drawings. These drawings define the interface between 
the machine and the foundation, such as openings, piers, trenches, pockets, 
anchor bolts, jacking posts, embedded plates, and special embedments. 
Except for machine layouts where a gearbox is present to change a higher 
turbine speed to a lower generator speed, the tabletop should be sym-
metric about the machine longitudinal shaft axis. The design engineer 
should thoroughly review these drawings to ensure all the aforementioned 
information is present on the drawings.

The manufacturer’s foundation drawing often shows a suggested table-
top thickness. However, if not given, a trial thickness of 6 ft (for power 
output less than 100 MW) and up to 11 ft (for power output of more than 
800 MW) can be used. Unless specifically required by the manufacturer, 
the bottom of the tabletop should be maintained at the same elevation to 
simplify the geometry and facilitate construction.

Some STG manufacturers require individual piers on top of the tabletop 
to support the equipment. These piers are usually sized by the manufac-
turer and are shown on the manufacturer’s drawings.

Segregated by openings and supporting columns and/or walls, most 
tabletop structural members are considered “deep beams” per ACI 318 
definitions. The members running parallel to the machine shaft are called 
“longitudinal girders,” whereas the members running transverse to the 
machine shaft are called “transverse beams.” The clear span-to-depth 
ratios for all these members are in the range of 1.5 to 3.5 but should not 
be larger than 4.0. The member depth-to-width ratios are in the range of 
1.0 to 2.0.
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	 Preliminary Foundation Layout and Sizing	 21

For some machine designs, the generator equipment is much narrower 
than the turbine equipment. If this is the case, the width of the tabletop 
in the area of the generator may be reduced for economic considerations. 
The transition from the wider turbine tabletop to the narrower generator 
tabletop can either be a 45-degree taper (preferred) or a 90-degree turn 
(see Fig. 3-3).

The perimeter of the tabletop may have a minimum 4 in. overhang from 
faces of the columns to simplify reinforcement placement (i.e., to avoid 
interference between column vertical reinforcement and tabletop side face 
reinforcement).

3.3.1.2  Columns, Wall, and Condenser Piers.  Depending on the size 
of the STG equipment, there may be six or more columns supporting the 
tabletop. For a layout with two LP turbines, with one condenser under 
each, a transverse wall separating the two condensers is often required to 
provide sufficient stiffness for the tabletop to resist large vacuum loads. 
The columns and wall should have a common basemat.

The required clear height of the columns, between top of basemat and 
bottom of tabletop, should be determined by the condenser dimensions 
and required construction clearances. The foundation design engineer 
should review the condenser general arrangement (GA) drawings, along 
with the STG manufacturer foundation drawings, and coordinate closely 
with other disciplines, STG manufacturer, and condenser manufacturer 
to determine the required height of the tabletop foundation. The overall 
layout of the vertical structural elements should be symmetric about the 
machine shaft axis.

If possible, columns should be located underneath intersections of table-
top girders and beams. However, column locations can be adjusted to 
allow for sufficient space for the condenser or other equipment and pipe 
routings. The clear space between adjacent columns and an installed con-
denser should be at least 4 in. (see Fig. 3-5). For cases where there is a wall 
separating two condensers, the wall thickness is limited by the minimum 
required clearance as well, though a thicker wall might be more structur-
ally desirable.

Most columns should have a square or rectangular shape. Some may 
have an “L” shape if the tabletop layout has a transition from a wider tur-
bine tabletop to a narrower generator tabletop, as described in Section 
3.3.1.1. Based on surveys of past large STG pedestal foundations, the sizes 
of the columns are always governed by stiffness requirements and dynamic 
performance considerations rather than strength requirements. The actual 
sizes of columns vary, depending on the weight and size of the equipment 
they support. Typical columns have a shorter dimension of 5 to 6 ft and can 
be up to 12 to 14 ft in the longer dimension. When preliminarily sizing 
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22	 CONCRETE FOUNDATIONS FOR TURBINE GENERATORS

column cross sections, it is desirable to have similar compressive stress 
levels resulting from dead load only at the base of each column to minimize 
the differential settlement of the foundation.

If the condenser is set at the top of the foundation basemat, a trench in 
the basemat will be required to accommodate the condensate drain lines 
that exit the bottom of the condenser [Fig. 3-4(a)]. Such a trench compli-
cates the basemat design by interrupting reinforcement and compromis-
ing strength. It also complicates formwork and excavation planning. A 
preferable alternative is to set the condenser on piers to allow for the 
condensate drain lines to pass above top of basemat [Fig. 3-4(b)]. How-
ever, coordination with construction is necessary before choosing this 
alternative, as rolling-in of the condenser may not be possible if the piers 
are too high.

The location of the large diameter circulating cooling water pipes must 
also be examined. In many cases, the pipes penetrate below grade eleva-
tion adjacent to the basemat. Depending on the location of the penetra-
tion, the basemat may have to be notched to accommodate the vertical 
pipe. Such notches complicate reinforcing and formwork. This item should 
be reviewed with the mechanical and plant design disciplines early in 
the design phase, so that measures may be taken to avoid notches in the 
basemat.

The interface between the LP exhaust hood and the condenser neck 
requires special attention. This interface often has an expansion joint. If the 
interface falls within the depth of the tabletop transverse and longitudinal 
beams under the LP turbine, the interior bottom edge of these beams may 
have to be notched to accommodate the installation, visual inspection, and 
maintenance activities for the expansion joints. Such notches complicate 
formwork and the beam reinforcing steel arrangement. To remedy this situ-
ation, a blank piece of duct may be added between the LP flange and the 
expansion joint to lower the elevation of the expansion joint to below the 
bottom of the tabletop concrete (Fig. 3-5).

3.3.1.3  Mezzanine Platforms and Beams.  Some foundation designs 
require a mezzanine level platform to provide access and for laying out 
small, miscellaneous equipment, particularly under the HP turbine and 
generator. To support the mezzanine level, either steel beams with grat-
ing or concrete beams with a concrete slab may be used. Concrete beams 
spanning between the columns may have section depths ranging from 
3 to 5 ft.

3.3.1.4  Condenser Piers.  As discussed in Section 3.3.1.2, condenser 
piers may be required to avoid a trench in the basemat. Some condenser 
manufacturers may also require piers. Condenser piers should be sized 
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per condenser manufacturer’s interface requirements. When cast-in-place 
bolts are used, the anchor bolt locations, along with the condenser instal-
lation procedures, should be reviewed to ensure that the bolts will not 
block the installation of the condenser. As an alternative, anchor bolts 
with couplers can be used to help reduce interferences during condenser 
installation.

3.3.1.5  Basemat.  Once the overall tabletop dimensions and the col-
umn locations and their initial sizes are determined, the footprint of the 
basemat can be sized. A rectangular shaped basemat is recommended, and 
the edges of the basemat should extend 1 to 3 ft from the faces of the 
columns.

The basemat footprint dimensions must be sufficient to provide support 
for the turbine pedestal columns and satisfy all stability and soil bearing 
or pile requirements. The horizontal eccentricity, in either direction, between 
the center of gravity of the machine-foundation system and the centroid of 
the foundation basemat, should not exceed 5% of the corresponding base-
mat dimension. This is to reduce the number of possible complex coupled 
mode shapes of a foundation, as well as to minimize potential foundation 
differential settlement.

The basemat is typically 5 to 8 ft thick, but can be up to 12 ft thick for 
heavier STG equipment with an output of more than 800 MW. However, 
the thickness should not be less than 1/5 of the largest clear span between 
the columns in the longitudinal direction. The basemat should be symmetric 
about the machine shaft axis.

Isolation of the basemat from the surrounding turbine building founda-
tion is preferred, and may be required by the machine manufacturer. How-
ever, for sites with high seismic loads, a combined foundation may be 
required for resisting lateral loads and minimizing horizontal displacements. 
In cases where turbine building columns are located on the STG pedestal 
basemat, vertical bracing should not be framed into the base of these col-
umns. This helps reduce possible transmission of machine vibration to the 
turbine building structure. If vibration of the building columns becomes a 
concern, a vibration isolation system (VIS) may be used.

In addition to the load transfer and frequency control, the basemat must 
be sufficiently stiff to minimize differential displacements of the founda-
tion. If differential settlement is a potential problem, a vibration isolation 
system for the tabletop is a possible solution. Information on spring-mounted 
foundations is provided in Chapter 10 of this book.

Basemat should be embedded in soil, rather than sitting on top of 
grade or being surface-mounted. Frost depth requirement should be con-
sidered when determining the embedment depth. The soil embedment 
will help reduce the dynamic responses of the foundation because of 
increased soil damping effects. The effectiveness of the surrounding soil 
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24	 CONCRETE FOUNDATIONS FOR TURBINE GENERATORS

is contingent on suitable engineering compaction practices. The top 6 to 
12 in. portion of the backfill soil may be loose and should not be consid-
ered as effective confinement. In addition, cohesive backfills may experi-
ence separation from the embedded basemat resulting from consolidation 
and desiccation. In such cases, a reduction of embedment should be 
considered.

3.3.1.6  Rules of Thumb for Preliminary Elevated Space-Frame Ped-
estal Foundation Sizing.  Once the preliminary geometries of the table-
top, columns, walls, and basemat are determined, the following 
additional rules of thumb are useful with respect to the overall founda-
tion sizing. These empirical rules and the guidelines provided in this 
chapter offer a good starting point for the foundation design. However, 
it is up to the design engineer’s engineering judgment to decide whether 
to meet some or all these rules for a given foundation, and these prelimi-
nary sizes are subject to change per detailed analysis and design. Ade-
quate foundation performance can be achieved with designs that deviate 
from these rules. See Fig. 3-6 for a graphical summary.

	 1.	� The tabletop concrete weight should not be less than the total machine 
weight.

	 2.	� W/A ≈ 60 to 90 psi
where
W = Combined machine and tabletop weight
A = Cross-sectional area of vertical structural elements (columns and 
walls) that support the tabletop.

	 3.	� The self-weight of all vertical structural elements (columns and walls) 
supporting the tabletop should be 40 to 60% of the combined weight 
of the machine and tabletop.

	 4.	� The basemat weight should not be less than the combined machine 
and tabletop weight.

	 5.	� The total foundation concrete weight (tabletop + columns/walls + 
basemat) should not be less than 3.5 times the machine weight.

	 6.	� The maximum “h/r” ratio of the columns should not be larger than 
22, the limiting value given in ACI 318 when the P-delta effect has to 
be accounted for. “h” is the clear height between top of basemat and 
bottom of tabletop and “r” is the least gyration radius of the columns. 
For rectangular columns, the gyration radius is equal to 0.29 times 
the least dimension of the column cross section.

	 7.	� The basemat thickness should not be less than (L/30) plus 2 ft, where 
“L” is the length (in ft) of the basemat, or not less than 1/5 of the 
largest clear span between the columns in the longitudinal direction.

	 8.	� The basemat width (B) should not be less than the vertical distance 
from the bottom of basemat to machine shaft centerline.
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	 9.	� The average soil bearing pressure, or pile compression, should not 
exceed 3/4 of that allowable under self-weight plus normal dynamic 
loads.

	 10.	� If the foundation is pile-supported, the pile distance between the 
outer rows in the transverse direction should not be less than the 
height measured from bottom of basemat to machine centerline.

3.3.2  Block Foundations

3.3.2.1  General Discussions.  Concrete block foundations are typical 
for axial-exhaust and side-exhaust STGs and CTGs. They are composed of 
a common thick basemat with individual piers and blocks supporting the 
machine components.

Axial-Exhaust STG Foundation: The foundation for an axial-exhaust STG 
layout requires a low-profile block foundation rather than an elevated 
space-frame pedestal foundation. Consideration needs to be given to the 
turbine condenser connection. The first support pier for the air-cooled con-
denser may be subject to a large vacuum load, which makes an isolated 
pier difficult to design. Therefore, it is common practice to integrate this first 
support pier with the STG block foundation. If an isolated pier foundation is 
used, close coordination with the condenser supplier is required to ensure 
the deflection owing to the large vacuum load during normal operations 
is appropriately addressed.

Side-Exhaust STG Foundation: Similar to the axial-exhaust STG founda-
tion, a low-profile block foundation is required for the side-exhaust STG. 
The side-exhaust STG foundation is slightly taller than the axial-exhaust 
configuration. The mat for the condenser foundation can be integrated 
with the STG foundation basemat to minimize possible differential settle-
ment issues. Based on the turbine condenser connection, a large vacuum 
load may also be a major foundation design consideration, similar to the 
axial-exhaust configuration.

CTG Block Foundation: A CTG foundation is a block foundation con-
sisting of a massive concrete basemat and low-profile piers and blocks. 
In some designs, the footprint of the basemat is enlarged to include the 
steel inlet duct support columns and the first supports of the exhaust 
duct.

3.3.2.2  Preliminary Block Foundation Design Guidelines.  In general, 
the following guidelines can be followed for preliminary sizing of STG and 
CTG block foundations:

	 1.	� Machine manufacturer’s recommendations for the foundation should 
be followed.
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	 2.	� The foundation width should be at least 1.2 times the vertical distance 
from bottom of basemat to the machine centerline.

	 3.	� The total concrete self-weight should be at least 2.5 times the total 
equipment weight.

	 4.	� The basemat thickness should not be less than 3.5 ft, preferably 4 to 
6 ft, depending on the weight of the equipment. Similar to basemat 
for an elevated space-frame pedestal foundation, it should be embed-
ded in soil (see Section 3.3.1.5).

	 5.	� To be considered a rigid block, the basemat thickness should not be 
less than 1/5 of the least foundation dimension or 1/10 of the largest 
foundation dimension. Foundation basemats not meeting this crite-
rion should be treated as flexible in the dynamic analysis. Note that the 
rigidity of a basemat also depends on soil stiffness and machine excita-
tion frequencies. A detailed finite element analysis may be required to 
confirm such a “rigidity” assumption.

	 6.	� The center of mass of the foundation-machine system should coin-
cide with the centroid of the soil or pile resistance. The horizontal 
eccentricity should be limited to 5% of the corresponding foundation 
dimension.

	 7.	� To avoid local resonance, the fundamental natural frequencies of indi-
vidual piers, calculated assuming fixed base condition, should be 
checked to ensure they are higher than the machine operating frequency 
by at least 40%. The uncracked section properties should be used in 
such frequency analysis, since the stress level is expected to be very low.

3.4  PILE LAYOUT

Because of the heavy downward loads on large TG foundations, a high 
allowable soil bearing capacity, usually 4,000 psf or higher, is required. For 
site subsurface conditions that do not meet this requirement, or for other 
geotechnical considerations (e.g., uniform settlement control or possible 
soil liquefaction in high seismic regions), the geotechnical report may rec-
ommend a pile-supported deep foundation.

There are various types of piles that are used in practice, such as pre
fabricated concrete piles, cast-in-place or auger-cast concrete piles/caissons, 
and steel H-shape or pipe piles. With respect to pile working mechanisms, 
piles can be categorized as

•	 Friction piles that rely on friction capacity between pile skin and 
soils;

•	 Bearing piles that rely on direct end bearing capacity on bedrock or 
the stiff soil below the pile tip; and

•	 Piles that rely on both friction and direct end bearing mechanisms.
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The connection between the piles and the basemat is categorized as 
either “fixed-head” or “free-head.” Whereas the pile connection has little 
effect on the pile compression and tension capacity, “fixed-head” piles will 
have a higher lateral capacity than “free-head” piles. For cases where lateral 
loading demands (e.g., owing to seismic loads) are high, a “fixed-head” pile 
may be required.

The pile lateral capacity reduces for center-to-center pile spacings of 
less than 6D, where D is the width or diameter of the pile. The geotech-
nical engineer should provide different reduced pile lateral capacities 
for spacings ranging from 3D to 6D. For a specified lateral movement, 
piles in the leading row of a pile group with 3D spacing can experience 
a reduction of 10 to 15% in allowable lateral load, whereas the corre-
sponding reduction for piles in trailing rows can be 35 to 45%. Usually, 
no reduction in lateral capacity for pile spacings over 6D is required. 
Conversely, the pile axial capacity is usually not affected by pile spac-
ing. For purely friction piles, however, the potential danger is that the 
piles may fail as a group rather than individually if they are too closely 
spaced (less than 3D). The foundation design engineer should consult 
the geotechnical engineer for using appropriate pile capacity reduction 
factors.

For TG foundations, the allowable lateral pile load usually governs the 
number of piles required and the pile layout. When determining the pile 
layout, a uniform layout pattern, either rectangular or staggered, is pre-
ferred, with a minimum 4D center-to-center pile spacing.

A calculation assuming a rigid basemat/pilecap may be performed to 
estimate the average demands (compression, tension, and shear) on the 
piles. The loads should include dead loads, machine emergency or acci-
dental loads, and seismic loads. For elevated space-frame pedestal founda-
tions, the total seismic lateral loading demand on piles can be calculated 
as the square root of the sum of the squares (SRSS) value of the superstruc-
ture seismic base shear and the basemat seismic shear (ASCE 2011, Section 
5.3.5).
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CHAPTER 4

FOUNDATION LOADS AND LOAD 
COMBINATIONS

4.1  INTRODUCTION

TG foundations must be designed to have adequate structural integrity 
to withstand all the loads imposed during the service life of the equipment, 
from both strength and serviceability (deflection) standpoints. Such loads 
are produced not only by the operating turbine and generator, but also 
from pipes, valves, enclosures, other associated equipment, and environ-
mental forces such as earthquake and wind. Actual loads on a TG founda-
tion vary from machine to machine. This chapter aims at defining the types 
of loads generally considered in the design of a TG foundation and not 
specific to any manufacturer’s machine.

The TG foundation loads can be divided into three categories:

	 1.	� Foundation Self-weight and Equipment Loads—Equipment loads 
produced by the TG, including machine weights, normal operation 
loads, emergency operation loads, and catastrophic equipment loads 
(such as loss of turbine blade).

	 2.	� Environmental Loads—These loads include seismic, wind, and snow 
loads.

	 3.	� Installation and Maintenance Loads—These loads include equipment 
laydown and rotor removal loads, as well as live loads on the tabletop 
and basemat.

Building codes (e.g., ASCE 7) stipulate the load combinations for struc-
tural design using categories such as dead load and live load, for which 
different load factors shall be used. TG foundation design loads falling 
within categories 1 and 3 as listed can be further categorized into either 
dead or live loads as appropriate for structural design purposes. See 
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32	 CONCRETE FOUNDATIONS FOR TURBINE GENERATORS

Section 4.9 for details on strength design load combination considerations. 
Serviceability load combinations are covered in Chapter 7.

4.2 � FOUNDATION AND EQUIPMENT SELF-WEIGHTS  
(DEAD LOADS)

The foundation dead load includes the self-weight of all supporting 
structural members of the foundation.

The machine dead load is the static load at each TG support based on 
the final installed weight of the TG. Machine manufacturers provide this 
load as reactions on the foundation in a loading table.

4.3  EQUIPMENT LOADS DURING NORMAL OPERATION

 Normal operation loads are produced by the TG during normal operating 
conditions. Continuous operation of the TG at normal operating load levels 
should have no adverse effect on the machine life and performance. The 
foundation system needs to be designed so that any degeneration of the 
foundation resulting from operational loads does not have long-term detri-
mental effects on the equipment. These loads are provided by the machine 
manufacturer.

Sections 4.3.1 to 4.3.8 describe general operational loads produced by 
the TG equipment.

4.3.1  Normal Operational Torque Load

Fluid or magnetic coupling between the rotor and stator can produce a 
torque oriented about the turbine generator rotor axis (Fig. 4-1). The nor-
mal operational torque load is based on the highest expected output of the 
turbine generator or the maximum generator rating. For both steam and 
gas turbines, the normal operational torque load is oriented in the opposite 
direction from the unit rotation. For the generator, the normal operational 
torque load is oriented in the same direction as the unit rotation. When 
looking in the direction of gas flow, the gas turbine rotates counterclock-
wise. For single-shaft applications, the direction of rotation for the steam 
turbine must be the same as that of the combustion turbine.

4.3.2  Normal Machine Unbalance Load

In practice, it is impossible to balance the TG rotor to eliminate all unbalance 
forces during rotation; therefore, some unbalance will always exist. The mag-
nitude of the machine unbalance forces depends on factors determined by 
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design, manufacturing, installation, and maintenance procedures. These 
factors may include an axis of rotation that does not pass through the cen-
ter of mass of the rotor, deflection of the shaft owing to gravity, uneven 
thermal expansion, misalignment during installation or corrosion, and 
wear of moving parts. The cumulative effect of these factors results in the 
presence of unbalance forces that are synchronous with the shaft rotational 
speed. These forces are transmitted to the foundation through the shaft 
bearings.

Dynamic Forcing Function.  For the purpose of defining the normal 
machine unbalance dynamic load, the TG rotor is approximated as a multi-
supported shaft with a rotating disk corresponding to each of the turbine 
stages and the generator as shown in Figs. 4-2 and 4-3. The forcing function 
F(t) corresponding to each of the turbine stages and the generator is

	
Fi(t) = Mi

GΩ2

ω
sin(Ωt + α i)

	 (4-1)

where

Mi = the mass of the rotating mass i;
G = eω, balance grade, a measure of the balance quality grade of 

the rotor;

Gas Turbine
Axial Exhaust

Steam Turbine
Axial Exhaust

Generator

GT Exhaust
(To HRSG)

ST Exhaust
(To Condenser)

Fig. 4-1.  Normal operational torque direction for a single shaft STG/CTG 
arrangement
Source: Courtesy of GE Power; reproduced with permission.
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34	 CONCRETE FOUNDATIONS FOR TURBINE GENERATORS

e = the rotating mass eccentricity, which equals the distance between 
the center of rotation and the mass center of gravity of the rotating mass 
(Fig. 4-3);

ω = the machine design operating speed in radians/second;
Ω = the rotational speed in radians/second for which the unbalance 

force is being computed;
αi = the relative phase angle of the unbalance for rotating mass i;
t = time.

Center of rota�on

Mass center 
of gravity

Rota�on at angular 
velocity (Ω)

Rota�ng mass (Mi)

Fig. 4-3.  Rotating eccentric mass

m1

m2

m3e2

e3

e1

F1(t) = m1 e1 ω2

F2(t) = m2 e2 ω2

F3(t) = m3 e3 ω2

ω

Fig. 4-2.  Unbalance forces along shaft with multiple supports
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For TG sets, the balance quality grade per ISO 1940-1 is G2.5. This cor-
responds to a G value (or eω product) of 0.1 in./s (2.5 mm/s). The relative 
phase angle αi of the unbalance forcing function, corresponding to each 
stage of the turbine and generator, is random and is unknown at the design 
stage. However, its random nature should be considered in the determina-
tion of the probable maximum response of the TG foundation system. The 
TG manufacturer may perform a specific rotor dynamic analysis of the 
power train and provide the unbalance loads that can be used in lieu of 
Eq. (4-1). Section 7.2 discusses how to combine unbalance loads at differ-
ent bearings to produce the probable maximum responses for design 
purposes.

The 0.1 in./s (2.5 mm/s) G value corresponds to a minimum operating 
unbalance, and the actual operating unbalance varies and is likely to be 
larger over time depending on machine wear and maintenance schedule. 
The design unbalance should be specified by the TG manufacturer. A G 
value of 0.25 in./s (6.3 mm/s) may be used when the manufacturer’s infor-
mation is not provided.

4.3.3  Axial Emergency Thrust or Pressure Differential Load

This load has two components: the axial load from flow momentum 
change through the gas turbine, and the axial load from the pressure dif-
ferential between the gas turbine inlet and exhaust, as shown in Fig. 4-4. This 
foundation load may be provided by the manufacturer as a static operational 
load corresponding to turbine operation with a normal level of exhaust back 
pressure, or as a static emergency load corresponding to turbine operation 
with an emergency shutdown level of exhaust back pressure.

Fig. 4-4.  Axial emergency thrust or pressure differential load
Source: Courtesy of GE Power; reproduced with permission.
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4.3.4  Axial Thrust Flex Coupling

This is an axial load that may exist in rotor trains that include a flex-
coupling or clutch, as shown in Fig. 4-5. The flex-coupling load may differ 
in magnitude and direction between the cold-set and operating state due 
to installation pretensioning or compression and subsequent rotor move-
ment to the hot operating state. The flex coupling load will not impart a 
net resultant load to the foundation, since the load transmitted to the thrust 
bearing and foundation on each side of the flex coupling is equal and 
opposite. However, there may be a net flex-coupling force across a specific 
foundation element. The TG foundation load tables provided by the manu-
facturer should include this flex-coupling load when applicable. Depend-
ing on the location of the thrust bearing and type of unit, the flex-coupling 
load may either counteract or be additive to other axial forces such as jet 
thrust, condenser vacuum, shutdown level backpressure, and axial seismic 
accelerations affecting the rotor mass.

4.3.5  Thermal Loads

Temperature changes in the turbine and in the generator cause expansions 
and contractions of machine parts to occur, forcing various parts to slide. 
As the machine heats up, the entire shaft expands. This expansion does not 

Fig. 4-5.  Flex coupling or clutch force (flex coupling or clutch in compression—
operating state)
Source: Courtesy of GE Power; reproduced with permission.
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impart any load on the foundation, since the entire shaft system is fixed 
longitudinally by a single thrust bearing and the shaft slides freely across 
the well lubricated journal bearings.

However, unlike the expansion of the shaft, the heat buildup in the cas-
ings can impose thermal loading on the foundation. The HP and IP turbine 
casings are supported on soleplates located on the top of the STG tabletop 
transverse beams. The LP turbine casings, the generator casing, and the 
exciter are supported on soleplates located on the longitudinal and trans-
verse beams of the STG tabletop. An example of where the casings are 
anchored to the foundation in the longitudinal and transverse directions 
and their corresponding thermal loading is shown in Figs. 4-6 and 4-7.

The TG foundation may also be subjected to thermal loads resulting 
from ambient environmental temperature variations. The design engineer 
should work with the manufacturer when determining what type of ther-
mal effects should be considered in a foundation design.

Thermal Friction.  Thermal friction loads can be developed at the tur-
bine generator supports from static frictional resistance to thermal move-
ment of the turbine generator. Thermal friction loads normally originate at 
the weight-bearing turbine generator supports and impart corresponding 
reaction loads on the supports that maintain the horizontal alignment of 
the turbine generator, for example, anchor supports and centerline guides. 
The turbine generator thermal friction loads will not impart a net resultant 
load on the foundation, since the load at one support is balanced by an 

Fig. 4-6.  Thermal friction loads at tabletop (transverse)
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38	 CONCRETE FOUNDATIONS FOR TURBINE GENERATORS

equal and opposite load at another support. The tabulated thermal friction 
loads provided by the manufacturer are the design loads for each specific 
support location, and are not intended to be collectively applied to the 
foundation as tabulated. The thermal friction loads for each load case must 
be applied not to impart a net resultant load on the foundation in order to 
be a valid load case. There can be a thermal friction force across a specific 
foundation element as depicted in Figs. 4-6 and 4-7, but any system of 
thermal friction loads applied to the equipment interface must be in equi-
librium and not produce a resultant shear or overturning moment acting 
on the foundation.

Thermal Expansion.  Thermal expansion loads are the loads that can 
be developed at the turbine generator supports from mechanical resistance 
to the thermal movement of the turbine generator. Examples include steam 
turbine flex leg supports, which deflect to accommodate thermal move-
ment of the turbine. Thermal expansion loads are similar to thermal friction 
loads, with the fundamental difference that a thermal friction load ceases 
to exist once the turbine generator moves (i.e., the static resistance force is 
overcome), whereas a thermal expansion load is always present once the 
turbine generator moves from the unrestrained position. Similar to thermal 
friction loads, the thermal expansion load taken collectively at all the tur-
bine generator supports will not impart a net resultant load on the founda-
tion, though a thermal expansion force can exist across a specific foundation 
element as described for thermal friction loads.

Fig. 4-7.  Thermal friction loads at tabletop (longitudinal)
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During the startup condition, the direction of the transverse expansion 
loads acting on the tabletop will be outward from the centerline of the 
turbine, while during the shutdown condition the loads will act inward to 
the centerline of the turbine. In the case of the longitudinal expansion loads, 
an assumption may be made as to the direction of forces on the soleplate, and 
any unbalance forces between the two adjacent anchorages that prevent 
longitudinal movement of the turbine may be applied as a concentrated load 
at the anchorage points.

The total thermal loading is a vectorial sum of the longitudinal expan-
sion loads parallel to the shaft axis and the transverse expansion loads 
perpendicular to the shaft axis (i.e., vectorial sum of the loads indicated in 
Figs. 4-6 and 4-7).

The magnitude of the thermal loading under any soleplate is provided 
by the machine manufacturer.

Thermal Gradient in Foundation from Operation.  The stresses and 
deflections caused by the thermal gradient within the foundation caused 
by the elevated temperatures of surfaces near the equipment are generally 
not considered in the design of the foundation, unless explicitly required 
by the manufacturers. The additional deflections from thermal expansion 
of the foundation may be significant; however, quantitative evaluations of 
these deflections are not typically made, in part because the results of 
calculated stresses and deflections caused by thermal gradients yield incon-
sistent results. These results are primarily influenced by the following 
factors:

•	 Cement type (I, II, III, IV);
•	 Coarse aggregate type;
•	 Boundary condition restraint;
•	 Heat dissipation through mass concrete;
•	 Linear coefficient of expansion of the foundation materials;
•	 Thermal conductivity of the foundation materials;
•	 Specific heat of the foundation materials;
•	 Concrete density; and
•	 Element geometry of the foundation model.

The expected thermal deflection at various bearings is estimated by the 
manufacturer, based on past field measurements on existing units. The 
machine erector can then compensate for the expected deflections during 
initial alignment. Successful past performance of turbine generator founda-
tions provides ample justification for such an approach.

Environmental Thermal Effects.  The stresses and deflections caused 
by thermal loading of the foundation from environmental effects should 
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be considered in the design. Applicable situations include, but are not lim-
ited to, the following:

•	 Outdoor units in which there is a large temperature change between 
day and night or between seasons.

•	 Outdoor units in which a temperature differential exists as a result of 
the sun shining on only one side or part of the foundation.

•	 Outdoor units with CT protected by an enclosure where the interior 
concrete foundation is in contact with high and uneven air tempera-
tures caused by inadequate design or malfunctioning heating ventila-
tion system.

•	 Indoor units in which there are temperature gradients on the foun-
dation resulting from cold or hot air blowing over parts of the 
foundation.

Some turbines develop greater than normal thermal conditions, with 
concrete surface temperatures exceeding 150°F (66°C) around and within 
the foundation. This is especially true for outdoor units when a combustion 
turbine is located and protected by an acoustical enclosure. The air space 
in the enclosure can be overheated when ventilation is not designed or 
functioning properly. The engineer should address the effects of these ther-
mal conditions in the design phase per the turbine manufacturer’s require-
ments. Inadequate consideration of the thermal effects can lead to early 
cracking of the foundation, which can be intensified by dynamic effects. 
Calculation of thermally induced bending requires proper determination 
of the heat distribution through the thickness of the foundation. ACI 307 
provides certain guidance that can be extrapolated to hot equipment. ACI 
349.1R also provides methodologies that may be transferable to certain 
machine foundations. When a high temperature (250–400oF) is specified 
for operating conditions by the turbine manufacturer, cracked section 
properties may need to be used to reflect the expected cracking under such 
a temperature, as required.

Methods for mitigation of the thermal effects include

•	 Providing sufficient insulation between the hot equipment and the 
concrete;

•	 Providing sufficient cover to the reinforcement so that thermally 
induced cracking neither degrades the bond of the reinforcement nor 
increases the exposure of the reinforcement to corrosives;

•	 Providing sufficient reinforcement to control the growth of thermal 
induced cracks;

•	 Providing high-temperature resistant concrete by selecting suitable 
materials such as aggregate, cement, and admixture; epoxy-coated 
rebar and epoxy-based grout should not be used for high-temperature 
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conditions (over 120oF), as the epoxy may not function properly in 
high temperatures; and

•	 Improving the CT enclosure mechanical system design so that the 
enclosure and concrete temperature can be lowered to less than 
200oF.

4.3.6  Condenser Vacuum Load

When an expansion joint is provided between the condenser and the 
turbine exhaust nozzle, the difference between the atmospheric pressure 
on the casing of the turbine and the vacuum pressure inside the condenser 
results in a force on the turbine. This vacuum load can be as large as several 
times the weight of the condenser. Typically, one condenser unit is pro-
vided for each LP turbine, and its vacuum load is transmitted to the foun-
dation through the turbine soleplates. The vacuum in the condenser applies 
a force on the turbine, pulling it toward the condenser. The condenser 
vacuum loads are normally based on zero absolute pressure, with a flexible 
connection to the condenser. The exact distribution of this loading is pro-
vided by the turbine manufacturer. For the case where the condenser is 
rigidly attached to the turbine exhaust nozzle, no vacuum load is transmit-
ted to the STG foundation. Fig. 2-8 illustrates the common methods of 
supporting a down exhaust condenser and Fig. 4-8 illustrates a typical 
condenser vacuum loading scenario for a side exhaust arrangement.

4.3.7  Condenser Operational Dead Load

When the bottom of the condenser is mounted on rigid supports, the dead 
weight of the condenser is transmitted to the basemat of the STG foundation. 
When the condenser is welded to the exhaust nozzle and supported on 
springs, the proportion of the condenser dead load distributed between the 
foundation tabletop and basemat depends upon the stiffness and initial set-
ting of the springs supporting the condenser. The loading is provided by the 
turbine and/or condenser manufacturer. Additional information on spring-
mounted condensers is provided in Chapter 10.

4.3.8  Piping and Valve Reactions

Pipe forces result from pipe weight, wind acting on the pipes, water 
hammer caused by rapid valve closure, cold springing, fluid dynamics, 
seismic forces, and thermal expansion.

Turbine Casing Pipe Forces.  Piping connected to the turbine casing 
may be cold sprung into position so that, when high-temperature steam 
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heats the system, the stresses will be relieved. Loads created by the con-
nections should be investigated to determine whether they are signifi-
cant. This may be accomplished by applying the maximum permissible 
forces and moments that the TG manufacturer specifies. The maximum 
allowable loads are specified by the TG manufacturer to prevent distor-
tion or overturning of the turbine components. The turbine casing may 
be assumed to be rigid and the forces then calculated at the support 
points on the foundation. The types of piping that generate the majority 
of the loads are

•	 Main steam inlet piping;
•	 Reheat steam piping (hot and cold); and
•	 Extraction steam piping.

Pipe Loading from Equipment Attached to the Foundation.  The TG 
foundation may support assemblies such as the turbine or control valves, 
interceptor valve, and turbine steam chest. Positioning and aligning the pip-

Fig. 4-8.  LP hood—condenser vacuum load
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ing for this equipment create restraining forces. The turbine manufacturer’s 
piping is then fitted and welded and the assembly is anchored to the foun-
dation. The remaining steam inlet pipes are then welded to the assembly 
inlet connections. Different forces are created by thermal expansion during 
operation. Erection forces and static and dynamic operating forces should 
be investigated to determine whether they are significant. One significant 
loading to consider is the loading caused by quick closing of the stop valve 
attached to the foundation.

The TG manufacturer’s piping forces are used whenever specified. 
These loads are the maximum allowable loads on the sole plates. The direc-
tion and point of application of these loads are provided by the manufac-
turer. However, if actual loads are known from the plant design discipline, 
they should be used. The actual load shall not exceed the maximum load 
specified by the manufacturer.

If the turbine manufacturer does not supply piping forces at the sole-
plates, the designer should obtain the turbine manufacturer’s maximum 
allowable forces at the pipe connections and then calculate forces at sup-
port points to determine whether they are significant enough to be consid-
ered in the foundation design.

4.4  EMERGENCY OPERATION LOADS

Emergency operation loads result from an abnormal transient event 
that may occur more than once, though infrequently, during the life of 
the turbine generator. Operational integrity of the turbine generator 
without any damage to the foundation system is expected after such an 
event.

For turbines, abnormal emergency torque loads can be developed from 
unexpected operating incidents.

4.4.1  Nonsliding Emergency Load (Nonsliding Standard Load)

Many front- and mid-standards on steam turbines have a sliding inter-
face at one or more locations between the base of the machine and the 
associated foundation baseplate. This interface allows for thermal movement 
of the steam turbine. In the unlikely event that this sliding movement is 
hindered, significant forces can be developed on the steam turbine sup-
ports. Similar to thermal friction loads, the nonsliding load will not impart 
a net resultant load on the foundation, though a nonsliding load can exist 
across a specific foundation element as described for thermal friction 
loads. This would be considered an emergency load. Nonsliding loads 
are provided by the manufacturer.
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4.5  CATASTROPHIC EQUIPMENT LOADS

Catastrophic equipment loads result from an abnormal transient event 
that has a low probability of occurrence during the life of the machine, and 
for which operational integrity of the turbine generator is not specifically 
required after occurrence.

The foundation design philosophy for such loads should be that, after 
an occurrence of catastrophic equipment loads, some inelastic deformation 
and foundation damage may be tolerated, but not to the level of cata-
strophic structural failure.

4.5.1  Turbine Loss of Blade

A turbine rotor must be balanced dynamically within practical limits in 
order to ensure satisfactory turbine operation and cause no adverse effects 
on the turbine equipment and/or foundation. However, a more severe 
unbalance can occur while the unit is in operation. This emergency unbal-
ance condition is predicated on the unlikely event that a last-row blade in 
a low-pressure rotor breaks loose from the rotor. The loss of this blade, 
which can range in size from about 20 in. (500 mm) to over 40 in. (1,000 mm) 
in length, could cause a significant unbalance in the rotor; consequently, 
a large dynamic force would be imposed on the rotor/bearing/foundation 
system. The magnitude of this unbalance is a function of the blade weight, its 
center of gravity with respect to the rotor, and the square of the rotational 
speed of the rotor. This force is transferred to the foundation through the 
rotor bearing system (Fig. 4-9).

The magnitude and location of the forces caused by loss or breakage 
of a last-row blade are supplied by the turbine manufacturer. The load-
ing can be provided in the form of a sinusoidal forcing function for a 
dynamic analysis, or equivalent static loads for strength design of the 
foundation.

4.5.2  Bowed Rotor

An unusually severe packing rub or water induction can cause a bowed 
rotor in the steam turbine HP or IP section. The resulting force will rotate 
with the rotor, with a magnitude that varies as a square of the turbine 
speed, and a duration that is dependent on the shutdown speed of the 
turbine.

A bowed rotor can impose large dynamic forces on the TG foundation. 
The bowed condition of the rotor will create unbalance forces that are 
transmitted through the machine bearings to the soleplates. The magnitude 
of the forces will vary with the square of the speed, the weight of the rotor, 
and the amount of eccentricity in the rotor.
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A bowed rotor can occur in any turbine section and can be the result of 
the following conditions:

•	 Unusually severe packing rub;
•	 Water induction; and/or
•	 Failure to put the rotor on a turning gear when the machine is shut 

down.

The first condition induces a differential temperature in the rotor, which 
causes the rotor to bend, resulting in the unbalance. In the second condi-
tion, water induction occurs when a slug of water enters the turbine, caus-
ing a differential temperature and bending of the rotor shaft. The third 
condition is caused by improper operation or system failure and not plac-
ing the rotor on turning gear operation while cooling down.

The largest bowed rotor load occurs at the first critical speed for the 
rotor, which is typically lower than the rated speed. The length of time for 
the turbine rotor to pass through the critical speed is relatively short while 
going online. However, the time is much longer when the machine is being 
taken off line and the rotor coasts through the resonant speed.

The magnitude and location of the forces from a bowed rotor are sup-
plied by the manufacturer of the turbine and will be based on assumptions 

Centerline 
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Fig. 4-9.  Load due to a missing rotor blade
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46	 CONCRETE FOUNDATIONS FOR TURBINE GENERATORS

made by that manufacturer. The loading will be provided in the form of 
equivalent static loads for the foundation strength design.

Note that some turbine manufacturers assume that a bowed rotor is the 
worst case of turbine emergency for the high- and intermediate-pressure 
sections. Other turbine manufacturers assume that the loss of turbine blade 
(see Section 4.5.1) is the worst turbine emergency and do not consider a 
bowed rotor emergency load in their foundation design loads for the 
turbine.

4.5.3  Generator Emergency Torque (Short Circuit Load)

Various short-circuit faults can occur, but a line-to-line short circuit at 
the generator terminals causes one of the most severe loadings on the TG 
foundation. Such a fault occurs when any two of the three generator phase 
terminals are shorted.

The load caused by generator short circuits is provided by the TG manu-
facturer either as a forcing function for a dynamic analysis, or as equivalent 
static vertical coupled forces at the soleplate locations where the generator 
is mounted on the foundation.

Note that some manufacturers treat the short circuit load as an emer-
gency operation load (Section 4.4), and thus suggest a load factor consis-
tent with live load in foundation reinforcement design. The foundation 
design engineer should consult the manufacturer to understand how this 
load is estimated, and follow the manufacturer’s recommendation as 
appropriate.

4.6  ENVIRONMENTAL LOADS

Environmental loads are defined by the applicable building codes listed 
in the civil/structural design criteria document for the project. These loads 
are specific to a given site location. Turbine manufacturers may provide 
loads according to site-specific conditions, or maximum loads the TG set 
can resist, which require scaling down by the design engineer for site-specific 
conditions.

4.6.1  Seismic Load

For the seismic design of the TG foundation, TG manufacturers usually 
follow a static force design procedure, and provide machine seismic loads 
at the supports, assuming that the machine is a nonstructural component 
(e.g., ASCE 7, Chapter 13). For sites where an appreciable level of seismic 
activity is possible, the seismic design loads may be significant, especially 
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for the supports that maintain the horizontal alignment of the turbine 
generator. The design engineer should verify the assumptions associated 
with the manufacturer-provided seismic loads, as it may be necessary to 
convert the seismic load that manufacturer applied at the machine center-
line to equivalent shears and force-couples at the base plates.

To determine the seismic loads of the TG foundations, the design engi-
neer should follow the applicable building codes. An equivalent lateral 
force approach is generally used to determine the total seismic base shear 
for the TG pedestal. See Section 8.3 for additional discussions on seismic 
design considerations for TG foundations.

4.6.2  Wind Load

Because of the size of concrete TG foundations, for outdoor applications 
wind loads are not significant in comparison to machine catastrophic loads 
and/or foundation seismic loads, and therefore usually do not govern the 
foundation design. However, for CTG configurations with large air inlet 
duct components, the projected area of the equipment may result in a large 
wind load. In such cases, the design engineer should calculate the wind 
load and compare it with the foundation seismic load and/or machine 
catastrophic loads.

4.6.3  Snow Load

For TG foundations located outdoors, an assumed level of snow accu-
mulation on the turbine generator creates a static load on the turbine 
generator supports. The design engineer should follow applicable build-
ing codes to determine the snow loads, as required. The turbine manu-
facturer may provide site-specific snow loads for the equipment. The 
design engineer should work with the TG manufacturer to obtain such 
loads.

4.7  INSTALLATION AND MAINTENANCE LOADS

Installation and maintenance loads are not concurrent with machine 
operational loads, but should be considered in the foundation design by 
the design engineer.

4.7.1  Laydown Load

Certain parts of the turbine generator and associated equipment such 
as enclosure roof panels may need to be temporarily stored on the turbine 
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48	 CONCRETE FOUNDATIONS FOR TURBINE GENERATORS

generator foundation during periods of maintenance on the turbine gen-
erator. The foundation designer should consider the potential for such lay-
down loads in the design of the turbine generator foundation.

For foundation design purposes, a 250 psf to 400 psf laydown load 
should be considered on top of an elevated tabletop, as well as on top of 
the foundation basemat, depending on equipment maintenance weights 
and associated miscellaneous live loads.

4.7.2  Jacking Post Load

Jacking posts are fabricated or rolled steel shapes that are often embedded 
in the foundation, against which a jacking device such as a hydraulic cylin-
der can be placed to move the turbine generator horizontally during instal-
lation and maintenance realignments (also see Section 9.2.3). The jacking 
post design load is dependent on the turbine generator weight, and is 
provided by the TG manufacturer. This is not an operating load affecting 
the overall performance of the foundation, but a local maintenance load 
affecting the area of the embedment (also see Section 9.3.3).

4.7.3  Rotor Removal Load

Temporary loads may be placed on the foundation from jacking devices 
or other tools used to remove turbine-generator rotors. An example is the 
jacking devices that are placed underneath the gas turbine casing to pre-
vent ovalization of the lower-half casing when the upper-half casing is 
removed. This is not an operating load affecting the overall performance 
of the foundation, but a local maintenance load affecting only the immedi-
ate area of its application.

4.8  CONCRETE SHRINKAGE AND CREEP EFFECTS

In reinforced concrete foundations, the time-dependent deflection at 
bearing locations caused by creep and shrinkage can be two or more times 
the elastic deformation upon application of the load. However, these addi-
tional deflections are generally not considered in the design for the follow-
ing reasons:

•	 The initial machine alignment may occur up to 2 years after foundation 
construction. By this time, most of the basic creep and shrinkage have 
already taken place. Also, the rate of creep and shrinkage deforma-
tion at the time of alignment is well under the initial rate; with a 3- to 
5-year period between successive shaft alignments, the incremental 
values are insignificant.

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

L
a 

T
ro

be
 U

ni
ve

rs
ity

 o
n 

05
/0

2/
18

. C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



	 Foundation Loads and Load Combinations	 49

•	 The foundation proportions are such that, regardless of the absolute 
values of the deflections, the differential deflections between bearings 
are small.

Successful past performance of TG foundations provides ample validity 
to the previous arguments. Therefore, it is acceptable not to consider the 
concrete shrinkage and creep effects, unless the machine manufacturer 
requires such effects to be included in the foundation design.

4.9  LOAD COMBINATION CONSIDERATIONS

The foundation designer is responsible for the selection of the load com-
binations for the design of the turbine generator foundation based on the 
applicable building codes listed in the civil/structural design criteria docu-
ment for the project. To account for foundation loads unique to turbine 
generators, the following are recommendations for developing load com-
binations for the turbine generator foundation strength design. The appro-
priate loads and load combinations for serviceability checks are described 
in Chapter 7.

4.9.1  Foundation, Machine, and Attachment Self-Weights

Foundation, machine, and attachment self-weights are treated as dead 
loads per applicable design codes.

4.9.2  Normal Operation Loads

Normal operation loads are defined in Section 4.3. Normal operation 
loads should be treated as live loads and included in all load combina-
tions that include live loads, with the following additional notes and 
exceptions:

	 1.	� Normal operation loads in some cases can reduce the overall design 
load. In such cases, it may be appropriate to exclude such loads from 
certain load combinations. For example, the gas turbine axial thrust 
load may counteract the seismic force acting in a certain direction, 
and thus should be excluded from that load combination.

	 2.	� Normal operation loads should be included in the load combina-
tions for turbine generator emergency operation or catastrophic 
loads, except when some normal operation loads are superseded by 
the specific emergency operation or catastrophic load (see also items 
5 and 6).

	 3.	� In some cases, building codes may allow a reduced load factor for 
certain types of live loads. For turbine generator normal operational 
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50	 CONCRETE FOUNDATIONS FOR TURBINE GENERATORS

loads, the most conservative load factor applicable to live loads, that 
is, the largest in magnitude, should be used.

	 4.	� Since thermal friction loads are transitory, thermal friction loads are 
normally not included in load combinations for low-probability, tran-
sient events such as seismic loads, turbine generator emergency loads, 
and turbine generator catastrophic loads. On the other hand, since 
thermal expansion loads are not transitory, they should be considered 
in all such load combinations.

	 5.	� The normal operational torque load is superseded by emergency 
torque load, and therefore the two are not included in the same load 
combinations.

	 6.	� The gas turbine axial thrust pressure differential foundation load may 
be specified at two load states: normal operating conditions and an 
emergency shutdown level. Since the latter supersedes the former, 
the two should not be included in the same load combinations.

	 7.	� Since the magnitude of steam turbine condenser vacuum load can be 
accurately predicted, the vacuum loads should be treated as dead 
load.

4.9.3  Emergency Operation Loads

Emergency operation loads are defined in Section 4.4. Unique load com-
binations need to be developed for emergency operation loads. Emer-
gency operation loads should be treated as live loads, with the following 
considerations:

	 1.	� When developing load combinations for emergency operation loads, 
it is not necessary to consider emergency operation loads acting con-
currently with seismic, wind, or other emergency loads and machine 
catastrophic loads.

	 2.	� When developing load combinations for emergency operation 
loads, it is assumed that the emergency operation loads act con-
currently with the turbine generator normal operation loads, except 
in  those cases where the emergency operation load supersedes 
the  normal operation load. For example, the emergency torque 
foundation load supersedes the normal operation torque load, and 
therefore the two loads should not be included in the same load 
combination.

4.9.4  Catastrophic Equipment Loads

Catastrophic loads are defined in Section 4.5. Unique load combina-
tions  need to be developed for catastrophic loads, with the following 
considerations:
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	 1.	� Catastrophic loads are assigned a load factor of 1.0, unless specifically 
required or suggested by the TG manufacturer.

	 2.	� Catastrophic loads need not be combined with seismic or wind loads.
	 3.	� For steam turbine dual-flow LP exhaust hoods, it is assumed that the 

loss-of-blade load acts at either end of the exhaust hood, but not at 
both ends simultaneously.

	 4.	� It is assumed that the gas turbine loss of compressor blade load and 
loss of turbine blade load do not act simultaneously.

	 5.	� Although generator short-circuit loads are accidental, unlike other acci-
dental loads, some TG manufacturers expect the machine and founda-
tion to be fully functional after such a load, and thus may recommend 
a load factor of 1.6 that is consistent with live loads, in lieu of a load 
factor of 1.0 associated with a catastrophic type loading scenario (also 
see Sections 4.4 and 4.5.3).

4.9.5  Environmental Loads

Environmental loads are defined in Section 4.6. For TG foundations, 
snow and wind loads are usually not significant in comparison to seismic 
loads, unless the foundation is to be designed for extreme wind or snow 
environments for a particular project. Load combinations for seismic loads 
are dictated by the project-specific building code. Seismic loads should be 
considered as follows:

	 1.	� The seismic loads resulting from the horizontal seismic design accel-
eration should be assumed in two directions (one aligning with and 
one perpendicular to the turbine generator shaft centerline axis). The 
orthogonal combination effects should be considered per project-
specific building code requirements.

	 2.	� The seismic loads resulting from the vertical seismic design acceleration 
should be assumed to act concurrently with the seismic loads resulting 
from the horizontal seismic design acceleration, unless the project-
specific building code grants relief based on the level of seismic risk.

4.9.6  Installation and Maintenance Loads

Installation and maintenance loads are defined in Section 4.7. These 
loads should be treated as live loads in applicable load combinations.

4.9.7 � Example Load Combinations for Turbine Generator 
Foundation Loads

The following is an example for developing load combinations to account 
for the foundation loads that are unique to a turbine generator foundation. 
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This example is based on a strength design approach, as stated in ASCE 7. 
It is also based upon a strength-level limit for wind and earthquake loads 
rather than an equivalent wind and earthquake loading used with allow-
able stress design (see Tables 4-1 and 4-2).

These load combinations are not intended for static deflection or 
dynamic analysis, or for soil pressures or pile reactions. Load cases may 
need to be expanded for reversing emergency loads, for catastrophic forces 
acting horizontally and vertically, and loss-of-blade (LBT) or loss-of-com-
pressor-blade (LBC) acting separately (for a gas turbine). For design of 
embedments such as anchor bolts, the load combinations using 0.9D when 
dead load opposes the effects of applied machine loads are critical. How-
ever, for the design of members in which the anchor bolts are embedded, 
the load combinations using 1.2D when dead load is additive to the effects 
of machine loads are critical. For single-shaft applications, catastrophic 
loads for generators, gas turbines, and steam turbines need not be applied 
simultaneously.

In addition to the load combinations per applicable building code(s), 
specific load combinations recommended by machine manufacturers, 
which may be different from or supplement to code requirements, should 
be considered in the foundation design.

4.9.7.1  Example Load Combinations Developed for Gas Turbine. 
A— Non-Operating Loads 

1.4D
1.2D + 1.6 (jacking post, maintenance, laydown, rotor removal)

B— Normal Operation (including Environmental) 

1.2D + 1.6(TF + NTQ + NTH + ATH + L) + 0.5S
1.2D + 1.0(TF + NTQ + NTH + ATH + L) + 1.6S
1.2D + 0.5W + 1.6S

Table 4-1.  ASCE 7 Load Combinations

1.4D
1.2D + 1.6L + 0.5(Lr or S or R)
1.2D + 1.6(Lr or S or R) + (L or 0.5W)
1.2D + 1.0W + L + 0.5(Lr or S or R)
1.2D + 1.0E + L + 0.2S
0.9D + 1.0W
0.9D + 1.0E

Note: L = Live; W = Wind; E = Seismic; S = Snow; and Lr = Roof Live Load.
Source: ASCE 7.
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Table 4-2.  Load Key and Applicability

Type Gas Turbine Steam Turbine Generator

Non-operating L, D, Jacking Post, Maintenance, Laydown, Rotor 
Removal

Environmental W, S, E
Normal 
operation

D, TF, NTQ, 
NTH

D, TF, TE, NTQ, 
CV, ATH, CO

D, TF, NTQ

Emergency ETH NSS
Catastrophic LBC, LBT BR, LBT ETQ

Key:
D: Dead
L: Live
W: Wind
E: Earthquake
S: Snow
CV: Condenser Vacuum
TF: Thermal Friction
TE: Thermal Expansion
NTQ: Normal Operating Torque
NTH: Normal Thrust / Normal Pressure Differential
ATH: Axial Thrust / Flex Coupling
ETQ: Emergency Torque (Short Circuit)
ETH: Axial Emergency Thrust / Shutdown Pressure Differential
LBC: Loss of Compressor Blade For Gas Turbine
LBT: Loss of Blade
BR: Bowed Rotor
NSS: Nonsliding Standard (Nonsliding Emergency Load)
CO: Condenser Operation
COTF: Condenser Operation Thermal Friction

Notes:
1. Piping/valve trip loads not considered.
2. Earthquake and wind are strength-level loads.
3. The magnitudes of live load should be appropriately reduced during normal 
operation.
4. W and S are applicable depending on exposure of equipment.
5. Special seismic loading combinations as required by ASCE 7 not shown.

Source: Courtesy of GE Power; reproduced with permission.
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1.2D + 1.0E + 1.0(TF + NTQ + NTH + ATH + L) + 0.2S
1.2D + 1.0W + 1.0(TF + NTQ + NTH + ATH + L) + 0.5S
0.9D + 1.0W
0.9D + 1.0E

C— Emergency Operation 

νD + 1.6(TF + NTH + ATH + L) + 0.5S
νD + 1.0(TF + NTQ + ETH + ATH + L) + 1.6S

where ν = 1.2 when D is additive to ETH, and ν = 0.9 when D counteracts 
the effects of ETH.

D— Catastrophic Event 
D + (LBC or LBT or ETQ) + (TF + NTQ + NTH + ATH + L) + S

Note: Some machine manufacturers may consider ETQ an emergency 
operational event.

4.9.7.2  Example Load Combinations Developed for Steam Turbine. 
​A- Non-Operating 
1.4D + (jacking post, maintenance, laydown, rotor removal)

B— Normal Operation (including Environmental) 

1.2(D + CV) + 1.6(TF + TE + NTQ + ATH + L + CO + COTF) + 0.5S
1.2(D + CV) + 1.0(TF + TE + NTQ + ATH + L + CO + COTF) + 1.6S
1.2(D + CV) + 0.5W + 1.6S
1.2(D + CV) + 1.0W + 1.0(TF + TE + NTQ + ATH + L + CO + COTF) + 0.2S
1.2(D + CV) + 1.0E + 1.0(TF + TE + NTQ + ATH + L+ CO + COTF) + 0.5S
0.9(D + CV) + 1.0E
0.9(D + CV) + 1.0W

C— Emergency Operation 

ν(D + CV) + 1.6(TF + TE + ATH + L + CO) + 0.5S
ν(D + CV) + 1.0(TF + TE + NTQ + NSS + L+ CO) + 1.6S

where ν = 1.2 when D is additive to ETH, and ν = 0.9 when D counteracts 
the effects of ETH.

D— Catastrophic Event 
(D + CV) + (BR or LBT or ETQ) + (TF + TE + NTQ + NTH + ATH + L) + S

Note: Some machine manufacturers may consider ETQ an emergency 
operational event.
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4.9.7.3  Example Load Combinations Developed for Generator. 
​A— Non-Operating 
1.4D + (jacking post, maintenance, laydown, rotor removal)

B— Normal Operation (including Environmental) 

1.2D + 1.6(TF + NTQ + L) + 0.5S
1.2D + 1.0(TF + NTQ + L) + 1.6S
1.2D + 0.5W + 1.6S
1.2D + 1.0W + 1.0(TF + NTQ + L) + 0.5S
1.2D + 1.0E + 1.0(TF + NTQ + L) + 0.2S
0.9D + 1.0W
0.9D + 1.0E

C— Emergency Operation 

νD + 1.0(TF + ETQ + L) + 0.5S
νD + 1.0(TF + ETQ + L) + 1.6S

where ν = 1.2 when D is additive to TF and L, and ν = 0.9 when D coun-
teracts the effects of TF and L.

D— Catastrophic Event 
D + (LBC or LBT or ETQ) + (TF + NTQ + NTH + L) + S

Note: Some machine manufacturers may consider ETQ an emergency 
operational event.
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CHAPTER 5

MODELING OF THE SOIL AND PILE 
RESPONSE TO DYNAMIC LOADS

5.1  INTRODUCTION

In practice, subgrade and pile impedances are used for modeling the soil 
and pile response of a given foundation under applied loads. For instance, 
the response of a rigid foundation to static or dynamic load (P) arises solely 
from the deformation (U) of the supporting soil. Therefore, the static soil 
stiffness K, defined as K = P/U, is the only parameter needed to model the 
soil response to static loads acting on a rigid foundation. In an analogous 
manner, the dynamic impedance of the subgrade K(Ω), defined as K(Ω) = 
P(t)/U(t), is used to model the soil response of a rigid foundation under 
dynamic loads (e.g., from machinery operation). In particular, six sub-
grade dynamic impedances are required—three translational and three 
rotational—to formulate the dynamic equilibrium equations of a rigid 
foundation supported on the soil/subgrade surface, such as that shown 
in Fig. 5-1. Additional impedances (i.e., “cross-coupling” horizontal rock-
ing impedances) are required when the rigid foundation is embedded or 
pile supported. Furthermore, a large coupled dynamic impedance matrix 
is required for modeling the soil response of flexible foundations. In any 
case, these dynamic impedances are a function of the foundation geometry, 
the soil properties (which are strain-dependent), and the vibration fre-
quency of the machine (  f, Ω), which varies during the machine startup and 
shutdown. In general, subgrade and pile impedances are computed using 
analytical, numerical, or experimental methods, as discussed later.

In practice, structural engineers are mostly concerned with the use of 
the subgrade and pile impedances, for modeling the soil behavior and 
calculating the dynamic response of a given foundation. On the other hand, 
geotechnical engineers typically face the task of calculating the subject of 
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58	 CONCRETE FOUNDATIONS FOR TURBINE GENERATORS

dynamic impedances. While the calculation of dynamic impedances is one 
of the first and most important steps for the dynamic analysis of a machine 
foundation, this section begins by showing the use of these dynamic 
impedances in structural engineering practice. A rigid foundation is used 
to keep the analysis simple and illustrate the general approach for calculat-
ing the dynamic response of machine foundations to dynamic loads, which 
can be summarized as follows:

	 1.	� Determine subgrade or pile impedances for the operating frequency 
of the machine (Ωo), and any other frequencies (Ω) of interest during 
the machine startup and shutdown. The procedures used for these 
calculations are discussed later.

	 2.	� Determine the forcing functions acting on the machine foundation, 
as described in Chapter 4.

	 3.	� Use Newton’s second law and elasticity theory to formulate a mathe
matical model of the soil-foundation system. In practice, this step is 
typically done using specialized finite element codes as described in 
Chapter 6.

	 4.	� Solve the system of equations resulting from step 3, for each frequency 
of interest. This step is typically done by the computer code used for 
modeling the foundation.

	 5.	� Report the displacement, velocity, and acceleration amplitudes at loca-
tions of interest, for instance, at the machine supports and/or bearing 
locations.

The design decisions associated with the results obtained from the cal-
culations described here are discussed in Chapter 7, which provides detailed 
serviceability requirements and acceptance criteria. Additionally, it must be 
noted that step 4 here requires the selection of an adequate dynamic analysis 

Fig. 5-1.  Degrees of freedom of a rigid foundation block resting on a layered 
half-space
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method, whether in the time domain or in the frequency domain. For instance, 
modal analysis can cause errors when the impedance functions are strongly 
frequency dependent. However, this is not the case if the direct integration 
method in the time domain or the frequency response method in the fre-
quency domain are used.

5.1.1  Vertical Response of a Rigid Foundation

Consider the foundation shown in Fig. 5-2, which has a radius R, thickness 
t, and a foundation mass mf. The operating frequency of the machine is f0 (Ωo 
= 2πf0), the machine mass is mm, the rotating mass is mr, and the mass eccen-
tricity is er, which results in an unbalanced load Fz(t), as described in Chapter 
4. On the other hand, the dynamic impedance of the layered subgrade soil for 
vibration in the vertical direction is Kz(Ω), where it must be noted that the 
subgrade impedance is typically provided by the geotechnical engineer as a 
function of the machine frequency (Ω = 2πf  ). Additionally, it is important to 
emphasize that Ω = 2πf is different from Ωo = 2πfo; the former corresponds to 
the vibration frequency of the machine during startup or shutdown, while 
the latter corresponds to the operating frequency of the machine.

The generic foundation shown in Fig. 5-2 (Gazetas 1991a) is used to 
illustrate the degrees of freedom (i.e., vibration mode) considered while 
deriving the equation of motion. For this simple foundation, the horizontal 

Fig. 5-2.  Analysis of dynamic equilibrium of a vertically vibrating foundation 
block
Source: Adapted from Gazetas (1991b).
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eccentricity between the center of gravity (CG) of the machine-foundation 
system and the center of soil pressures or resistance (CR) is assumed to be 
zero; otherwise coupling between rocking and vertical vibration will need 
to be considered. Furthermore, the foundation is under a vertical harmonic 
force Fz(t) acting along the CG; therefore the only displacement experi-
enced by the foundation is uz(t).

A detailed derivation of the equation of motion for the foundation 
depicted in Fig. 5-2 can be found elsewhere (e.g., Gazetas 1991a). In sum-
mary, the dynamic equilibrium equation of the block foundation is

	 Pz(t) + müz(t) = Fz(t)	 (5-1)

The soil resistance, acting at the CR, is provided by Pz(Ω) = Kz(Ω)uz(t), 
where Kz(Ω) is the dynamic impedance of the subgrade for vertical vibra-
tion, which can be modeled as a frequency-dependent spring and dash-
pot as follows: Kz(Ω ) = kz(Ω )+ iΩCz(Ω ),  where i = −1 . Therefore, the 
equation of motion can be rewritten as follows:

	

Kz(Ω )uz(t)+m!!uz(t) = Fz(t)
(kz(Ω )+ iωCz(Ω ))uz(t)+m!!uz(t) = Fz(t) 	 (5-2)

Eq. (5-2) can be transformed into an algebraic equation, given that the load-
ing from the rotating machine is harmonic (Fz(t) = F0e  iΩt), and therefore the 
response of the foundation is harmonic as well (uz(t) = u0e i(Ωt+�)). In particular, 
after Fz(t) and uz(t) are replaced in Eq. (5-2), the displacement of the foundation 
can be obtained by algebraic manipulation. It must be noted that uz(Ω) and 
Kz(Ω) are complex functions of the rotation frequency of the machine (Ω = 2πf  ):

	
uz(Ω ) =

F0

Kz(Ω )−Ω 2m 	
(5-3)

Eq. (5-3) can be evaluated using complex algebra procedures or standard 
computer codes for mathematical computations, as illustrated in Appendix 
C, Section C.1.

5.1.2  Horizontal and Rocking Response of a Rigid Foundation

Fig. 5-3 is used to illustrate the degrees of freedom and forces considered 
while deriving the equation of motion of a generic foundation under har-
monic lateral load. For this type of loading, the horizontal and rocking 
vibrations of the soil-foundation-machine system are coupled, since 
the lines of action of the different horizontal forces are offset, as shown 
in Fig. 5-3. Therefore, the mass (m) and mass moment of inertia about the 
x-axis (I0x) of the combined machine-foundation system are required to 
formulate the motion equation. The horizontal unbalanced load Fy(t) pro-
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duces a rocking moment Mx(t) = Fy(t)zr, where zr is the vertical distance 
from the CG of the machine-foundation system to the point of application 
of horizontal load (i.e., the rotor location).

A detailed derivation of the equation of motion for the foundation 
depicted in Fig. 5-3 can be found elsewhere (e.g., Gazetas 1991a). In sum-
mary, the dynamic equilibrium equation of the block foundation is given 
by Eqs. (5-4) and (5-5), where the summation of forces and moments is 
done with respect to the foundation CG. The soil resistance acts at the 
center of resistance (CR) and is provided by Py(t) and Tx(t), which are given 
by Eqs. (5-6) and (5-7), where Ky, Krx, Kyrx are respectively the horizontal, 
rocking, and cross-coupling horizontal-rocking dynamic impedances of the 
subgrade supporting the foundation. Therefore, after substitution of Eqs. 
(5-6) and (5-7) in (5-4) and (5-5), the equation of motion can be rewritten as 
shown in Eqs. (5-8) and (5-9), where the time variable has been dropped 
for the sake of brevity and clarity.

	 Py(t) + müy(t) = Fy(t)	 (5-4)

	
Tx(t) – Py(t) ⋅ zc +  I0x

!!θx(t) = Mx(t) 	
(5-5)

	 Py(t) = Ky(uy(t) − zcθx(t)) + Kyrxθx(t)	 (5-6)

	 Tx(t) = Krxθx(t) + Kyrx(uy(t) − zcθx(t))	 (5-7)

	 Ky(uy − zcθx) + Kyrxθx − Ω2 muy = Fy	 (5-8)

	 Krxθx + Kyrx(uy − zcθx) − [Ky(uy − zcθx) + Kyrxθx]zc − Ω2I0xθx = Mx	 (5-9)

Given that the dynamic impedances are complex-valued functions of 
the vibration frequency, these simultaneous equations can be solved for 

Fig. 5-3.  Analysis of dynamic equilibrium of a horizontally vibrating foundation 
block
Source: Adapted from Gazetas (1991b).
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harmonic loading using complex algebra procedures or standard computer 
codes for mathematical computations. Such procedures are illustrated in 
Appendix C, Section C.2.

5.1.3  Chapter Scope

The remainder of this chapter is devoted to describing the main pro-
cedures used for calculating the dynamic impedance of subgrade and pile-
supported foundations. In practice, these impedances are calculated using 
specialized computer codes in all but the simplest cases. In its simplest 
form, a dynamic impedance is provided as a frequency dependent com-
plex function (K(Ω ) = k (Ω )+ iΩC(Ω ))  or as a spring-dashpot system, with 
the spring becoming negative for certain frequencies; therefore, often this 
“spring” cannot be directly used in standard structural analysis computer 
codes. Thus, the practical use and application of dynamic impedances 
require a clear understanding of the theory behind their calculation, along 
with several principles of soil dynamics, which are not covered in the 
regular curriculum of structural engineering programs. This chapter aims 
to fill this gap by providing structural engineers with the basic tools for 
understanding the calculation and use of foundation impedance func-
tions. Conversely, this chapter does not aim to provide detailed proce-
dures for calculation of foundation dynamic impedances other than for 
the simplest/benchmark cases, which can be used for validation of the 
specialized computer codes used in practice for the calculation of the sub-
ject impedances.

5.2  DYNAMIC IMPEDANCE DEFINITION

For a linear dynamic system excited by a harmonic force (or moment) 
P(t) = PoeiΩ t, the response (e.g., displacement or rotation) is known to be 
harmonic U(t) = uoei(Ω t−ϕ). By definition [see Eq. (5-10)], the dynamic imped-
ance of such a system is the ratio of the load P(t) acting on the system to its 
corresponding displacement response U(t); therefore, it has stiffness units 
(i.e., force per unit length or torque per radian). The displacement response 
depends on the forcing frequency (Ω) and typically lags the loading; in 
other words, the load and the response are not in phase. Therefore, for 
mathematical convenience, traditionally complex notation is used to rep-
resent the dynamic impedance of a foundation, given that complex num-
bers encapsulate magnitude and phase information in a single entity/
number, as shown in Eq. (5-10).

	
K(Ω ) = P(t)

u(t)
=

Poe
iΩt

uoe
i(Ωt−φ)

=
Po
uo
eiφ

	
(5-10)
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In most soil dynamics publications, dynamic impedances are expressed 
per Eq. (5-11), as originally proposed by Lysmer (1965) (see Fig. 5-4); 
where both K  and C are functions of the forcing frequency Ω. The real 
component, K ,  is called the dynamic stiffness and reflects the stiffness 
and inertia of the supporting soil. Since soil properties are practically 
frequency independent, the variation of the dynamic stiffness with fre-
quency results from the inertial response of the soil, as shown in Section 
5.2.2 for a single degree of freedom (SDOF) system. The imaginary com-
ponent, ΩC, is expressed as the product of the circular frequency Ω times 
the “dashpot coefficient,” C. The latter reflects the hysteric/material 
damping of the soil and the radiation damping from energy carried by 
waves spreading away from the foundation. Eq. (5-11) is widely used in 
soil dynamics practice because it allows an analogy between the actual 
foundation-soil system and an equivalent system consisting of the 
same foundation, supported by an analogue spring and dashpot with 
properties equal to K  and C, respectively.

	 K(Ω ) = K + iΩC 	 (5-11)

In the previous discussion, it must be emphasized that the loading and 
response (vibration amplitude) of a machine foundation are always real; 
complex numbers are used just for mathematical convenience given that 
they greatly simplify calculations involving harmonic functions, such as 
the loading from rotating machines. Before dealing with the dynamic 
impedance of soils and piles, the definition is clarified in the following 
sections by calculating the dynamic impedance of simple mechanical 
systems of practical importance for the dynamic analysis of machine 
foundations.

Fig. 5-4.  Spring dashpot system
Source: Adapted from Lysmer (1965).

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

L
a 

T
ro

be
 U

ni
ve

rs
ity

 o
n 

05
/0

2/
18

. C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.
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5.2.1  Dynamic Impedance of a Spring Dashpot System

Consider the system shown in Fig. 5-4, which is of interest since its dynamic 
displacement function closely matches that of a massless foundation resting 
on homogeneous soil, as shown by Lysmer (1965). This system has only one 
degree of freedom (DOF) and its motion equation is as follows:

	 C !uz + Kzuz = Poe
iΩt

	 (5-12)

Substitution of the displacement response uz(t) = uoei(Ωt−ϕ) and algebraic 
manipulations yield the dynamic impedance given in Eq. (5-14).

	 (Kz + CΩi)uoei(Ωt−ϕ) = PoeiΩt	 (5-13)

	
K(Ω ) =

Fz(t)
uz(t)

= 
Poe

iΩt

uoe
i(Ωt−φ)

= Kz +CΩi
	

(5-14)

Here the real part is equal to the static stiffness of the system and the 
imaginary part is frequency-dependent and related to the damping of the 
system. Lysmer (1965) shows that the vertical displacement function of this 
system closely matches that of a massless foundation resting on homoge-
neous soil. The subject displacement function can be obtained by algebraic 
manipulation of Eq. (5-13) as illustrated next:

	

uoe
− iφ = uo = 

Po
Kz +CΩi

= 
Po
Kz

1

1+ C
Kz

Ωi
= 

Po
Kz

1
1+ a0i

= 
Po
Kz

F

	

(5-15)

	
F =  

1
1+ a0i

   a0 = 
C
Kz

Ω
	

(5-16)

	
F1 =

1
1+ a0

2
	

(5-17)

	
F2 =

−a0

1+ a0
2

	
(5-18)

In these equations, F is called the displacement function and a0 is a 
dimensionless parameter called the dimensionless frequency ratio. The real 
and imaginary parts of Eq. (5-16) are respectively given by Eqs. (5-17) and 
(5-18), which are plotted in Fig. 5-5. Lysmer (1965) showed that such 
displacement functions closely match those of a rigid massless founda-
tion resting on the surface of a homogeneous soil profile (elastic half-
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space). Such similarity was used by Lysmer (1965) to introduce the idea 
that the vertical response of a rigid footing can be represented by a 
SDOF system with constant stiffness and damping, in other words fre-
quency independent subgrade parameters. This simplified approach is 
typically referred to as Lysmer’s analogy and was further extended to 
other vibration modes, using fictitious masses, as discussed by Richart et 
al. (1970). However, the range of applications for the subject frequency 
independent analogy is rather limited and typically not used in practical 
applications, particularly for high-frequency machines such as turbine 
generators.

5.2.2  Dynamic Impedance of a Single Degree of Freedom System

Consider the SDOF system shown in Fig. 5-6, which is of interest since 
it can be used to demonstrate that a linear dynamic system, such as a 
linear elastic subgrade, can be modeled as a frequency dependent dynamic 
spring and dashpot system. Furthermore, the dynamic impedance of a 
SDOF is used to formulate the important concept of added mass, which in 
practice is used for modeling negative dynamic soil springs. The equation of 
motion for this dynamic system is as follows:

	 m!!uz +C !uz + Kzuz = Poe
iΩt

	 (5-19)

Fig. 5-5.  Comparison of vertical displacement functions for a spring dashpot sys-
tem (K1 = 1, C1 = 0.85) and a rigid footing on uniform soil
Source: Adapted from Lysmer (1965).
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Substitution of the displacement U(t) = uoei(Ωt−ϕ) and algebraic manipu-
lations yield the dynamic impedance of the system given by Eq. (5-21), 
with the real part Re(K(Ω )) = K(Ω ) = Kz −mΩ 2  and the imaginary part 
Im(K(Ω)) = CΩ. Similarly, the impedance magnitude and phase angle are 
respectively given by Eqs. (5-22) and (5-23). As already mentioned, the 
dynamic impedance has a unit of stiffness (force per unit length); therefore, 
in practice the real part is associated/modeled by a spring (or dynamic 
stiffness). Similarly, the imaginary part is normalized by the frequency of 
the forcing function, and associated to a viscous dashpot C = Im(K(Ω))/Ω, 
as shown in Fig. 5-6(b). Nevertheless, it is very important to notice that the 
so-called spring is made of the actual static stiffness of the system (Kz) and 
the system inertia (mΩ 2). Therefore, this special spring has very interesting 
characteristics, as discussed next.

	 (Kz + CΩi − mΩ 2)uoei(Ωt−ϕ) = PoeiΩt	 (5-20)

	
K(Ω ) =

Fz(t)
uz(t)

=
Poe

iΩt

uoe
i(Ωt−φ)

=|K(Ω )|eiφ = Kz − mΩ 2 + CΩi
	

(5-21)

	
|K(Ω )|= (Kz − mΩ 2 )2 + (CΩ )2

	
(5-22)

	
tan φ = CΩ

Kz −mΩ 2
	

(5-23)

Following the previous discussion, it is instructive to study the behavior 
of the dynamic impedance of the subject SDOF system. For this purpose, 
Eq. (5-21) is normalized by the static stiffness Kz as shown in Eq. (5-24), 

(a) Single degree of freedom system (b) Equivalent/analogue system 

Ω

Fig. 5-6.  Single degree of freedom system under a vertical forcing function;  
(a) single degree of freedom system; (b) equivalent analogue system
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where ω = Kz/m   is the natural frequency of the SDOF system and 

ξ = C/2 Kzm  is the corresponding damping ratio. The real and imaginary 
parts of Eq. (5-24) are plotted in Fig. 5-7.

	
k = K(Ω )

Kz

=  1− Ω
ω

⎛
⎝⎜

⎞
⎠⎟

2

+2ξ Ω
ω

⎛
⎝⎜

⎞
⎠⎟ i

	
(5-24)

As can be seen in Fig. 5-7, the imaginary part is linearly proportional to 
the excitation frequency, while the real part has a parabolic variation and 
becomes zero for ω = Ω, when the system reaches/approaches the resonant 
condition. At resonance, the system experiences the maximum displace-
ment response and therefore the dynamic impedance magnitude reaches 
a minimum as illustrated in Fig. 5-8(a). In fact, at resonance most of the 
forcing/unbalance force is resisted by the system damping. Additionally, 
for forcing frequencies (Ω) greater than the natural frequency of the system 
(i.e., for Ω/ω > 1), the dynamic stiffness term becomes negative. In other 
words, for Kz < mΩ 2 the forcing function and the displacement of the mass 
are out of phase; their motion is in opposite directions, φ ~ 180o, as shown 
in the Fig. 5-8(b) plot of Eq. (5-23). In other words, for Ω < ω the static stiff-
ness term dominates (i.e., Kz > mΩ 2), whereas for Ω > ω the inertial term 
dominates (i.e., Kz < mΩ 2).

5.3  DYNAMIC IMPEDANCE OF RIGID FOUNDATIONS

In general, six dynamic impedances are required—three translational 
and three rotational—to formulate the dynamic equilibrium equations of 
a rigid foundation supported on the soil/subgrade surface, such as that 

Fig. 5-7.  Single degree of freedom system under a vertical forcing function
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shown in Fig. 5-1. Additional impedances (i.e., “cross-coupling” horizon-
tal-rocking impedances) are required when the rigid foundation is embed-
ded or pile-supported. For mathematical convenience, these impedances 
can be represented in matrix form as shown by Eq. (5-25), called the dynamic 
impedance matrix of a rigid foundation.

	

K(Ω) =

Kx 0 0 0 Kxry 0

0 Ky 0 Kyrx 0 0

0 0 Kz 0 0 0

0 Kyrx 0 Krx 0 0

Kxry 0 0 0 Kry 0

0 0 0 0 0 Krz

⎡

⎣

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥

	

(5-25)

Each element (impedance) of this matrix is a function of the foundation 
geometry (e.g., circular, rectangular, strip), foundation type (soil- versus 
pile-supported), degree of embedment (e.g., surface, partially embedded, 
fully embedded), the foundation stiffness (rigid versus flexible), the prop-
erties of the soil profile (e.g., homogeneous versus layered), the vibration 
frequency (Ω) and the vibration mode (e.g., vertical Kz, lateral Kx, Ky, rock-
ing Krx, Kry, or torsion Krz). Given their massive dimensions, block founda-
tions are typically approximated as rigid, which simplifies their analytical 
treatment. Conversely, typical STG foundations cannot be modeled as 
rigid, given the high operation frequency (Ω

°
) of these machines and the 

Fig. 5-8.  Variation of dynamic impedance magnitude and phase angle (φ) of a 
SDOF system
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length to thickness ratio (l/h > 10) of the mat foundations, which renders 
them flexible. In practice, a foundation can be assumed as rigid if its first 
flexural/bending vibration frequency is 20% greater than the maximum 
operating frequency of the machine.

As previously mentioned, subgrade and pile impedances are computed 
using analytical, numerical, semi-analytical, or experimental methods. 
Nevertheless, independently of the method used for their computation, the 
following steps are used for calculating the dynamic impedance of a rigid 
foundation:

	 1.	� The foundation is modeled as massless and infinitely rigid; therefore, 
only the geometry of the area in contact with the soil is required. 
The use of a massless foundation is important since it avoids the 
need for recalculating the dynamic impedance every time that the 
foundation mass is modified, which often happens during the design 
process.

	 2.	� For each vibration mode, j, a harmonic force or torque of frequency 
Ω of unit magnitude is applied to the rigid foundation (e.g., Pj(t) = 
P0eiΩt or Mj(t) = M0eiΩt), as shown in Fig. 5-9. Such force or torque 
generates stress waves that propagate into the underlying soil, which 

Fig. 5-9.  Downward and upward wave propagation for surface disk in layered 
half-space
Source: Adapted from Wolf (2004).
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is modeled as a viscoelastic material. Therefore, the following proper-
ties are required for each soil layer: thickness (h), modulus of elastic-
ity (Es) or shear wave velocity (Vs), Poisson’s ratio (ν) or p-wave 
velocity (Vp), mass density (ρ), and material damping ( β ).

	 3.	� The steady state displacement response [(Uj(t) =Uje
iΩt−iφ or θ j(t)] =θ je

iΩt−iφ )
[(Uj(t) =Uje

iΩt−iφ or θ j(t)] =θ je
iΩt−iφ ) of the foundation (under the harmonic force or torque) is 

obtained by keeping track of the reflections and refractions that take 
place every time the stress waves reach a soil layer boundary. This is 
achieved by finding the different wave paths shown in Fig. 5-9.

	 4.	� The dynamic impedance Kj(Ω) for vibration mode j is calculated as 
the ratio between the harmonic force or torque acting on the founda-
tion and its displacement response as shown in Eq. (5-26). Again, it 
must be noted that this is a frequency-dependent complex quantity, 
i = −1.

	
Kj(Ω ) =

Pj(t)

Uj(t)
=

Pje
iΩt

U je
iΩt−iφ =

Pj
U j

eiφ  Kj(Ω ) =
Mj(t)

θ j(t)
=
Mje

iΩt

θ je
iΩt−iφ =

Mj

θ j

eiφ

	  
� (5-26)

	 5.	� Following soil dynamics tradition, it is customary to express the com-
plex dynamic impedance as shown in Eq. (5-27). In addition, the real 
and imaginary parts of the dynamic impedance are associated, by 
analogy, with a dynamic (frequency dependent) spring and dashpot as 
shown in Eq. (5-28).

	
Kj(Ω ) = Kj(Ω )+ iΩCj(Ω )

	
(5-27)

	
Kj(Ω ) = Re Kj(Ω )( )Cj(Ω ) =

Im(Kj(Ω ))

Ω
.
	

(5-28)

	 6.	� Steps 2 through 5 are repeated for each frequency Ω of interest, until 
the range of vibration frequencies of the machine is covered.

In practice, the selection of an appropriate method for implementing 
these steps depends on the size and economics of the project, along with 
the availability of suitable computer codes and the level of expertise/
experience in the application of computational methods for solving elas-
todynamics problems. In any case, the selected method should properly 
simulate the actual foundation geometry, underlying soil conditions, and 
vibration characteristics. Thus, the level of effort required to obtain a few 
useful impedance results may be significant, unless specialized computer 
codes or readily available solutions are used.
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Given the extension of the topic, the discussion of computational meth-
ods and corresponding computer codes used for the calculation of dynamic 
impedances is outside the scope of this book; for this purpose, the reader 
is referred to Lysmer (1981), Wolf and Song (1996), and Wolf and Deeks 
(2004).

In this book, to keep the number of parameters to a minimum, the pre-
sentation is limited to simple dynamic impedance formulas and graphs 
covering foundations resting on or partially embedded on an elastic half-
space. However, it must be noted that only deep homogeneous soil 
deposits can be modeled as a homogeneous half-space. Extensive com-
pilations of foundation impedances can be found elsewhere, for instance 
Sieffert and Cevaer (1992) and Gazetas (1991b). However, given the 
variability of natural soil deposits it is very difficult to find published 
solutions that fit practical situations. Therefore, the main usefulness of 
published dynamic impedance functions, such as those discussed in Sec-
tion 5.3.1 and Appendix A, is for the validation of elastodynamics com-
puter codes, preliminary machine foundation design, and/or parametric 
analyses of machine foundations.

5.3.1 � Dynamic Impedance Formulas for Rigid Foundations Resting 
on an Elastic Subgrade

Appendix A presents various formulas for calculating the dynamic imped-
ance of rigid foundations. The information is in the form of simple algebraic 
expressions and dimensionless graphs pertaining to all possible (translational 
and rotational) modes of vibration and covering a wide range of foundation 
geometries on an elastic subgrade. These soil impedances are calculated and 
must be applied at the center of resistance (CR) of the foundation base. They 
can be used to determine the vibration amplitudes of block foundations 
under the forcing functions induced by the machine. Specific details regard-
ing the subject formulas are provided in Appendix A, while application 
examples are given in Appendix C. Again, it is important to emphasize that 
the benchmark cases presented in Appendix A can be used for validating the 
computer codes used in practice for the calculation of the dynamic impedance 
of machine foundations. Additionally, the subject formulas can also be used 
for the preliminary design of flexible STG foundations.

Appendix A also introduces an approximated computational proce-
dure, the “cone method,” for the solution of elastodynamics problems. This 
method has a good balance of accuracy and computational effort for calculat-
ing the dynamic impedance of rigid foundations on layered soils, and unlike 
published solutions it is not constrained to specific soil profiles. Therefore, 
its range of application is only constrained by the requirement of rigid foun-
dation behavior. For specific details of the method, including its implementa-
tion and validation, the reader is referred to Wolf and Deeks (2004).
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5.3.2 � Modeling of Negative Dynamic Stiffness Using Added  
Mass/Inertia

As discussed in previous sections, the dynamic impedance of soil- and 
pile-supported foundations is typically modeled using the analogue spring-
dashpot system shown in Fig. 5-6(b), where the “spring” is equal to the real 
part of the dynamic impedance (i.e., the dynamic stiffness). However, the 
“spring” becomes negative for certain frequencies, as shown in Fig. 5-7 and 
Appendixes A and B. This results from the inertial response of the soil, as 
discussed in Sections 5.2 and 5.2.2. Typical structural analysis codes cannot 
model negative “springs” directly. Nevertheless, the negative spring sign 
cannot be ignored; otherwise erroneous results may be obtained. Therefore, 
a modified analogue/modeling approach is required in practice, to model 
these negative “springs.” For translational DOF a mass, and for rotational 
DOF a mass moment of inertia are respectively added to the spring-dash-
pot system. For this purpose, by analogy with the SDOF system studied in 
Section 5.2.2, the dynamic stiffness of the subgrade for DOF j is rewritten 
as shown in Eq. (5-29), where Kj0 = Re (Kj (0)) is the static stiffness and mj is 
the added inertia used to simulate the negative dynamic “spring” for vibra-
tion frequency Ω. In general, the added inertia varies with frequency, as 
shown by Eq. (5-30). Therefore, multiple analyses are required to cover 
the range of frequencies having negative dynamic stiffness. Additional 
details regarding the concept of added mass/inertia and analogues to 
model frequency dependent impedance functions can be found in Appen-
dix C, Section C.6, and Wolf (1994). In any case, it is important to point out 
that the approach discussed here is only applicable to single rigid foun-
dations. For flexible foundations and multiple rigid foundations, it is rec-
ommended to explicitly include the soil (using solid elements) in the 
structural model or to use specialized SSI codes that can incorporate/
model flexible foundations:

	
Re Kj(Ω )( ) = Kj(Ω ) = Kj0 −mjΩ 2  

	
(5-29)

	
mj =

Kj0 −Re(K(Ω ))

Ω 2
=
Kj0 −Kj(Ω )

Ω 2
 
	

(5-30)

5.4  DYNAMIC IMPEDANCE OF FLEXIBLE FOUNDATIONS

The dynamic impedance matrix is used in the dynamic analysis of 
machine foundations to mathematically represent the soil response. In the 
case of rigid foundations, this is a 6 by 6 matrix corresponding to the maxi-
mum number of DOFs required to characterize the motion of a rigid body, 
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as shown in Section 5.3. In the case of flexible foundations, additional DOFs 
are required to characterize the dynamic response of the foundation and 
subgrade soil; therefore, significant effort is required for computing the 
dynamic impedance matrix of these foundations. In any case, indepen-
dently of the method used for their computation (e.g., analytical, numeri-
cal, or experimental), these steps can be followed for calculating of the 
dynamic impedance matrix of the subgrade for flexible foundations:

	 1.	� Divide the soil-foundation system into structure and subgrade. Fur-
thermore, identify the nodes and DOFs shared among them as shown 

Unbounded soil half space

Structure

Structure DOFs

Interface DOFs

Fig. 5-10.  Division of soil-foundation system substructures

Fig. 5-11.  Calculation of dynamic flexibility coefficients

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

L
a 

T
ro

be
 U

ni
ve

rs
ity

 o
n 

05
/0

2/
18

. C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.
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in Figs. 5-10 and 5-11, where the interface nodes are shown as hollow 
circles.

	 2.	� Calculate the dynamic flexibility coefficients of the subgrade. As 
shown in Fig. 5-11, the flexibility coefficient Fij is defined as the real 
and imaginary parts of the displacement in the direction of DOF i 
from a unit load of frequency Ω applied in the direction of DOF j.

	 3.	� Arrange the flexibility coefficients in matrix form as shown in Eq. (5-31), 
where column j is equal to the complex displacements of each inter-
face node DOF i from a unit harmonic force acting in DOF j. This 
matrix is called the dynamic flexibility matrix (F ).

	 4.	� Invert the dynamic flexibility matrix to obtain the dynamic imped-
ance matrix (K) of the subgrade, Eq. (5-32).

	 5.	� Repeat steps 2 through 4 for each frequency Ω of interest, until the 
full range of machine frequencies is covered.

It must be emphasized that the flexibility coefficients are nothing more 
than the complex displacements (frequency response) of the interface DOF 
from a unit force of frequency Ω. Therefore, in theory, these displacements 
can be easily calculated using numerical (e.g., general finite or boundary 
element analysis codes) or analytical tools (e.g., Green’s functions or inte-
gral transforms) of elastodynamics. Nevertheless, in practice, given the 
complexities of modeling the soil, the level of effort required to obtain a 
few useful impedance matrices may be significant unless specialized com-
puter codes are used (e.g., Lysmer 1981). Furthermore, calculating the 
impedance matrix of the subgrade only solves half the problem, since this 
matrix must be added to the structural model of the foundation to calcu-
late the complete response of the soil-foundation system. Therefore, to 
calculate the response of flexible foundations using elastodynamics the-
ory, the only efficient approach is to use or develop specialized computer 
codes/subroutines.

	

[F(Ω )] =

F11 … … F
1n

… … … …
… Fij … …

Fn1 … … Fnn

⎛

⎝

⎜
⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟
⎟

	

(5-31)

	 [K(Ω)] = [F(Ω)]−1	 (5-32)

As implied here, in practice serious difficulties are faced when trying to 
conduct the dynamic analysis of flexible machine foundations using elas-
todynamics theory. One of the main issues is the lack of widely available 
off-the-shelf computer codes capable of solving dynamic soil structure 
interaction problems accounting for flexibility of the foundation mat. In the 
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United States, the code best known with such capabilities is SASSI (Lysmer 
1981), which is widely used for the seismic analysis of nuclear power plants 
(NPP) but has not found its way to the design of machine foundations, 
other than for STGs of NPP and critical machinery in petrochemical and 
liquid natural gas (LNG) facilities. Therefore, when selecting the overall 
geometry of STG and CTG foundations, most practitioners rely on experi-
ence and rules of thumb (e.g., those provided in Chapter 3) along with the 
dynamic analysis of the foundation using approximated methods for mod-
eling the subgrade. Some of these approximated methods are listed in the 
following, in the order of increasing degree of complexity:

	 1.	� In the case of tabletop STG foundations, a common practice is to 
ignore the soil response altogether and conduct a fixed base analysis 
of the tabletop with modal damping in the range from 2% to 5%; in 
other words, ignoring the beneficial effect of radiation damping.

	 2.	� Another approach used for tabletop STG foundations is to model 
the basemat as rigid in the structural model (e.g., using rigid con-
straints) and use the dynamic impedances of a rigid foundation 
for modeling the soil response. Additionally, in many cases, the 
frequency dependence of the subject impedances is ignored and the 
combined damping of the soil-foundation system is capped/limited 
in the range of 10% to 50%, depending on the engineer or company 
practice.

	 3.	� A modification to the previous method is to model the basemat of the 
machine foundation as flexible in the structural model (e.g., using 
shell or brick elements). Nevertheless, the dynamic impedances of 
the subgrade are calculated assuming that the foundation is rigid. 
These rigid impedances are then distributed among the translational 
degrees of freedom of the foundation mat based on tributary areas, 
the number of foundation nodes, or similar procedures (e.g., NIST 
2012). Additionally, the combined damping of the soil foundation 
system is capped/limited in the range of 10% to 50%, depending on 
the engineer or company practice.

The simplifications discussed here seem to yield conservative founda-
tion designs, when combined with previous experience. However, they are 
not bulletproof, given the complex behavior of flexible foundations, espe-
cially those supported on layered soils. In particular, they cannot properly 
capture the subgrade response of flexible foundations under vertical and 
rocking vibration. Therefore, the recommended approach for dynamic 
analysis of flexible STG and CTG foundations is to use the dynamic imped-
ance matrix of the subgrade, considering the foundation as flexible. Nev-
ertheless, it is recognized that simplified methods, as those described 
earlier, result in adequate STG and CTG foundation designs when used by 
experienced practitioners.
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5.5  PILE-SUPPORTED FOUNDATIONS

The dynamic stiffness and damping of a pile group are affected by both 
the soil-pile and soil-pile cap interaction in addition to the interaction 
among individual piles (pile-soil-pile interaction or group effect). As a first 
approximation, ignoring the pile cap effect, the calculation of the stiffness 
for a group of identical piles may be performed in two steps. In the first step, 
the stiffness of the single pile is calculated considering the interaction between 
the pile and the surrounding soil. In the second step, the group effect is 
accounted for using “interaction factors” and the superposition principle.

5.5.1  Dynamic Impedance Definition for Single Piles

The dynamic impedance matrix of a single pile is calculated following 
procedures similar to those described for surface foundations. This matrix 
can be constructed using classical stiffness or flexibility methods. Here the 
stiffness method is used; for this purpose, consider the forces required to 
produce the pile head displacements shown in Fig. 5-12; the lateral force 
(H), bending moment (M), and axial force (V) from the combined effect of 
these displacements are given by the following expressions:

	 H = Huu + Hϕϕ	 (5-33)

	 M = Muu + Mϕϕ	 (5-34)

	 V = Vww	 (5-35)

(a) Unit horizontal displacement (b) Unit rotation (c) Unit vertical displacement

Fig. 5-12.  Unit pile head displacements used for calculating dynamic stiffness 
matrix of a single pile; (a) unit horizontal development; (b) unit rotation; (c) unit 
vertical displacement
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The pile head impedances are directly defined from these equations. In 
particular, Kxx = Hu; Kxϕ = Kϕx = H� = Mu; Kϕϕ = Mϕ, and Kzz = Vw; where Kxx 
is the horizontal force required to produce a unit displacement of the pile 
head while the pile head is kept fixed against rotation, and similar defini-
tions apply to Kϕϕ and Kzz. Therefore, the dynamic impedance matrix for a 
single pile is as follows:

	

K(Ω ) =

Kxx Kxϕ 0

Kxϕ Kϕϕ 0

0 0 Kzz

⎡

⎣

⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥

	

(5-36)

These definitions apply equally for static and dynamic loads. For 
the dynamic case, the forces are harmonic with frequency Ω (i.e., Pj(t) = 
P0eiΩt or Mj(t) = M0eiΩt); the dynamic displacements are also harmonic 
and typically complex, given that the force and displacement in gen-
eral are not in phase (i.e., Uj(t) =Uje

iΩt−iφ  or  θ j(t) =θ je
iΩt−iφ). Using expo-

nential notation, the coefficients of the dynamic impedance matrix are 
complex. The physical interpretation of these complex coefficients (real 
and imaginary) is as discussed for surface foundations in Sections 5.2.2 
and 5.3.

Similar to the case for surface foundations, pile impedances are com-
puted using analytical, numerical, semi-analytical, or experimental meth-
ods; the selection of the method depends on the economics of the project 
and the availability of appropriate computer codes. Appendix B summa-
rizes some of the solutions available in the literature.

5.5.2  Impedance Functions of Single Piles

The pile length, bending and axial stiffness, mass, tip and head condi-
tions, batter, and surrounding soil properties and their variation with depth 
and layering affect the dynamic impedance of a single pile, which in general 
can be described as

	
Kj(a0) = kj(a0)+ iΩcj(a0)

	
(5-37)

where kj  and cj are the frequency-dependent dynamic stiffness and the 
equivalent viscous damping coefficients for individual motions of the pile 
head. These coefficients are presented in Appendix B for a single pile embed-
ded in uniform and parabolic soil profiles. The information is in the form 
of simple algebraic expressions, dimensionless graphs, and tables pertain-
ing to all possible modes of vibration (translational and rotational). These 
pile impedances are calculated and must be applied at the pile head and 
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can be used to determine the dynamic response of machine foundation 
systems for each frequency of interest.

5.5.3  Pile-Soil-Pile Interaction

When piles in a group are closely spaced, they interact with each other 
because the displacement of one pile contributes to the displacement 
of others. To obtain an accurate analysis of dynamic behavior of pile 
groups, it is necessary to use a suitable computer program. However, a 
simplified approximate analysis can be formulated based on interaction 
factors, aij, introduced by Poulos (1971) for static analysis and extended 
to the dynamic case by Kaynia and Kausel (1982). In this book, the inter-
action factors are defined and calculated as follows (Dobry and Gazetas 
1988).

	
α ij =

Additional displacement of pile i caused by pile j
Displacement of pile i under own dynamic load 	

(5-38)

To calculate the dynamic stiffness of a pile group using the interaction 
factors approach, the impedance functions of the single piles and their 
corresponding interaction factors are calculated first, then the group 
impedance functions are computed for each vibration frequency of 
the  machine, as described in Appendix B and shown in Appendix C, 
Section C.4.

5.5.4  Pile Cap Effects

For the analysis of pile groups, it is important to determine whether 
the pile cap or mat provides vertical and/or lateral resistance in combi-
nation with the piles; in other words, whether contact between the soil 
and surface foundation elements might be expected. This will depend 
on the construction method and whether the long-term settlement of the 
soil under the pile cap is expected to be greater than the pile settlement. 
Loss of contact might be expected for foundations supported by end-
bearing piles on soft soils, especially if surface fills are present. In such 
a case, no connection should be modeled between the pile cap and sur-
rounding soil. On the other hand, for floating piles on sandy soil, pile and 
soil settlements can be expected to be the same. In this case, the pile cap 
might be considered “glued/welded” to the soil when calculating the pile 
group impedance. In any case, sensitivity studies considering “welded” 
and unconnected pile cap conditions are recommended, as described by 
Padrón et al. (2009).
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5.6  EVALUATION OF SOIL PARAMETERS

The soil parameters required for the dynamic analysis of machine foun-
dations include the shear modulus, G, the material damping ratio, β, 
Poisson’s ratio, ν, and mass density, ρ. Some of the procedures that can be 
used to evaluate these parameters are given in the following sections.

5.6.1  Shear Modulus

The shear strains developed in the supporting soil medium caused by 
the dynamic loading from machine foundations are usually of a much 
smaller magnitude than the strains produced by static loading. The value 
of the soil shear modulus at smaller strains (Gmax) is much higher than its 
corresponding value at larger strains. Therefore, the soil shear modulus 
used for the computation of the foundation impedances should be evalu-
ated from small strain field tests (e.g., seismic cross-hole test, multi-channel 
spectral analysis of surface waves, MASW, seismic cone penetration test, 
SCPT, seismic refraction, SR, refraction of microtremors, ReMi, etc.) or from 
laboratory tests of undisturbed samples (e.g., resonant column test and 
bender element test). In the absence of measured values, there are empirical 
correlations with common field test measurements (e.g., standard pene-
tration test, SPT, and cone penetration test, CPT), which can be used to 
preliminarily evaluate the shear modulus.

It must be noted that because of the inherent variations of in situ soils, 
it is necessary to complete more than one dynamic foundation analysis to 
bound the expected response. Therefore, the geotechnical engineer typically 
recommends a best estimate (BE), lower bound (LB), and upper bound (UB) 
for the small strain shear modulus (Gmax). If not provided, the UB and LB 
values of the shear modulus can be determined from the BE shear modulus 
per Eq. (5-39), where COV is the coefficient of variation. As a minimum, it 
is recommended to take the COV as 0.3 for well investigated sites and at 
least 0.5 for sites that are not well investigated (i.e., lacking the required 
number of borings and geophysical tests per the applicable jurisdiction).

	

GLB =
GBE

1+COV
GUB =GBE(1+COV)

	
(5-39)

In addition to these considerations, it must be noted that the shear mod-
ulus of the soil is also affected by the additional weight of the foundation. 
Gmax increases with the mean effective confining stress. Procedures for 
accounting for such variation are presented by NIST (2012). Nevertheless, 
for typical TG foundations such effect is deemed covered by using lower 
bound and upper bound soil properties.
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5.6.2  Material Damping Ratio

Soil material damping is a measure of energy lost from friction between 
soil particles during the dynamic loading. The material damping ratio can 
be obtained from resonant column testing, the spectral analysis of seismic 
waves procedure (SASW) or multi-channel analysis of surface waves 
(MASW). The soil material damping, at low strain, is typically 2% to 3% 
for sand and saturated clay.

5.6.3  Poisson’s Ratio and Soil Density

The dynamic behavior of foundations is less sensitive to the values of ν 
and ρ. However, the dynamic impedance becomes highly frequency depen-
dent for Poisson’s ratios near 0.5. Additionally, it must be noted that the 
soil mass density should always be calculated from the total unit weight 
rather than the submerged unit weight. Total weights are used in dynamic 
problems because both solid and liquid phases vibrate.
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CHAPTER 6

FINITE ELEMENT MODELING

6.1  INTRODUCTION

Finite element analysis (FEA) methods are numerical procedures 
for solving solid and continuum mechanics problems. Advanced and 
powerful commercial structural analysis programs using finite element 
method (FEM) are widely used in the modeling, analysis, and design 
of various types of structures, including TG foundations. This chapter 
provides general guidelines for developing FE models for TG founda-
tions. Given the unique geometries and structural characteristics of TG 
foundations, emphasis is placed on selection of appropriate element type, 
mesh size, modeling of machine mass, and soil or pile boundary condi-
tions. Topics on soil-structure interaction effects are provided in Chapter 
5 and Appendixes A through C.

It is essential to understand that the quality (accuracy) of an analysis 
depends largely on the user’s knowledge on FEA theory and modeling 
features available in the computer program chosen. It should be noted that 
this chapter does not cover fundamental FEA and basic modeling features 
in various computer programs.

TG foundations are typically analyzed by using 3D FE models rather 
than 2D models because of their complex configurations. It should be noted 
that this chapter focuses on 3D FE models, but the guidelines apply to 2D 
models as well.
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6.2  GENERAL MODELING CONSIDERATIONS

The first step for developing a structural model is to create a finite element 
model representing appropriate structural geometry based on the founda-
tion’s preliminary layout described in Chapter 3. This structural model 
contains a series of nodes (points), members (lines), and various types of 
elements (i.e., beam, shell, and solid elements) to represent the geometry of 
the actual structure. In practice, it is useful to create a geometry model based 
on the centerline of the structural members and/or elements.

When analyzing a TG foundation system, several key components 
should be considered as listed here (see Fig. 6-1 for an example).

•	 Vibrating machinery;
•	 Machine-foundation interface;
•	 Foundation-ground media interface;
•	 Soil/ground medium.

The following generic guidelines should be considered during the 
development of an FE model for the analysis and design of a TG concrete 
foundation structure:

	 1.	� The finite element mesh should be dominated by quadrilateral and 
hexahedral elements with aspect ratios less than or equal to 2 and 
without edge, angular, or parallel distortions or warping.

	 2.	� The constant strain plane triangular element and the constant 
strain solid tetrahedral element are not recommended. However, 
the six-node plane triangular element and the ten-node solid tetra-
hedral element, shown in Fig. 6-2, are accurate and numerically 
efficient.

Fig. 6-1.  An elevated space-frame pedestal foundation
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	 3.	� The interior corner angles of a plate/shell/solid finite element (2D or 
3D) should not be less than 30 degrees or greater than 150 degrees to 
minimize distortion effects.

	 4.	� The maximum warping angle, defined as an angle between the two 
normal vectors that are perpendicular to the planes that pass through 
two different three-node sets of a quadrilateral element, should be 
less than 10 degrees. Some 2D plate/shell element formulations are 
based on flat planar geometry and they should lie in a flat surface with-
out warping (see Fig. 6-3).

	 5.	� Stress singularities and concentrations exist at the following 
locations:

•	 corners of openings;
•	 any sudden geometrical changes in the FE mesh;
•	 locations of concentrated loads; and
•	 areas close to supports and boundary conditions.

A very fine mesh solution would indicate very large stresses, and 
further mesh refinement would produce higher stresses. However, 
as a result of concrete cracking, these high stresses are actually much 

Fig. 6-2.  High order triangular and tetrahedral elements

Fig. 6-3.  Sample schematic presentation of warping condition in a 2D element
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lower. Hence, the FE model should predict the overall behavior of the 
concrete structure, while stress concentrations can be addressed at 
the design level by providing diagonal reinforcement at opening cor-
ners, or by modeling the concentrated loads uniformly over the area 
of application.

	 6.	� Shear deformation needs to be considered for thick walls, slabs, and 
mat foundations used in TG foundations. Therefore, as a minimum, 
shell elements based on first-order shear deformation theory (i.e., 
thick plates) should be used for such structures.

	 7.	� Some FE programs report element outputs only at the integration 
Gaussian points and/or the element centroid. Therefore, the mesh 
should be tuned for reporting results at desired critical design 
locations (e.g., support faces, middle of the span, at “d” distance 
from the support, where “d” is a member’s effective depth). Alter-
natively, stress contours and interpolation/extrapolation may be 
used to evaluate stress resultants at desired critical locations. For 
detailed information on the transformation of output for solid ele-
ments, refer to Foster et al. (2003) or Hoogenboom and de Boer 
(2010).

	 8.	� The design engineer should understand the general characteristics, 
applicability, and limitations of finite elements used in modeling TG 
foundations, and pay special attention when connecting different 
types of elements, such as at transition zones between beam elements, 
shell elements, and solid elements, to ensure a consistent and compat-
ible FE model. Along any common edge or face of the adjacent ele-
ments, there should be one-to-one correspondence between common 
nodes and their corresponding degrees of freedom. Ensuring proper 
compatibilities between common nodes, edges, and faces of adjacent 
elements helps create an integral FE model.

Detailed information on various formulations and modeling of finite 
element method can also be found in Wilson (1998), Bathe (1996), and Zien-
kiewicz and Taylor (2000a, b).

6.3  ELEMENT SELECTION

The selection of the element type is an important decision the design 
engineer needs to make. Selecting a particular element type implicitly 
means accepting the element interpolation functions and the assumptions 
used to derive the differential equations and element matrices. TG founda-
tions are usually modeled using beam, shell, and solid elements, depending 
on their geometric characteristics and the purpose of an analysis.
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6.3.1  Beam Elements

The beam element is a two-node, one-dimensional line element, which 
is the most common element used in the analysis of frame structures. It can 
be used for modeling pedestals, beams, girders, and columns. In a 3D FE 
model, a beam element has six degrees of freedom (DOF) at each node 
(three translational DOFs and three rotational DOFs). The following sec-
tional properties are required as input data for a computer model:

•	 Cross-sectional area;
•	 Moments of inertia about two principal local axes of the cross 

section;
•	 Shear areas; and
•	 Polar (torsional) moment of inertia.

Elevated TG tabletops have deep sections and short spans where 
shear deformation cannot be ignored. If beam elements are chosen to 
model tabletop members, the design engineer should specify the shear 
areas to include the shear deformation effects. Otherwise, the results, 
particularly the deflections, may not be accurate since the shear defor-
mation is ignored.

Rotational and/or translational degrees of freedom at the end nodes of 
a beam element can be released to simulate appropriate compatibilities 
with adjacent elements as required.

6.3.2  Two-Dimensional Plate/Shell Elements

There are several theories for the analysis of deflection and stresses 
of shell elements. Plate theories are traditionally divided into “thin” 
(Kirchhoff-Love) and “thick” (first-order shear deformation theory or 
Mindlin-Reissner) plate theories. For TG foundations, thick plate for-
mulations are recommended, since shear deformation needs to be consid-
ered. Shear deformation tends to be important when shell thickness is 
greater than approximately 1/10 of the span of plate-bending curvature.

Plate/shell elements are generally defined as quadrilateral (4 nodes or 
8 nodes) or triangular (3 nodes or 6 nodes) two-dimensional elements 
with five to six degrees of freedom per node. These elements are com-
monly used for modeling walls and mat foundations. They can represent 
out-of-plane bending and in-plane membrane behaviors. However, in-
plane rotational (or drilling) stiffness is typically not considered or only 
approximately modeled. Some programs automatically add a small in-
plane rotational stiffness; others use variational principles to approximate 
such stiffness. The design engineer should understand such limitations 
when using shell elements or connecting shell elements to the other types 
of elements.
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6.3.3  Three-Dimensional Solid Elements

Three-dimensional (3D) solid elements are the most generic type of 
finite elements used to model a linear/nonlinear continuum.

They can be used to account for shear deformation effects and nonuniform 
distribution of thermal gradients across thick walls. The required number 
of layers of solid elements across the thickness of structural components 
depends on the order and compatibility of the elements and loading types.

The basic outputs of these elements are stresses and displacements at 
the integration points of the elements. Many commercial FE programs also 
calculate resultant forces at element centroids, nodes, or along a cut through 
multiple elements. The design engineer can investigate the distributions 
of principal stresses to understand or verify the load transfers between dif-
ferent structural components. The sectional forces and moments required 
for reinforcement design can be computed by performing stress integration 
across the member thickness. For detailed information on the transformation 
of output for solid elements, refer to Foster et al. (2003) or Hoogenboom 
and de Boer (2010).

6.3.4  Spring/Damper Elements

Spring elements are 2-node elements with spring constants or coefficients 
in the desired directions for static and dynamic analyses. Similarly, damper 
elements (for dynamic analysis) are 2-node elements with damping con-
stants or coefficients in the desired directions. Thus, for dynamic analyses, 
combined spring-damper elements or independent spring or damper ele-
ments can be used for simulating the stiffness and damping of foundation 
boundary interfaces, such as soil-supported, pile-supported, or vibration 
isolated (Chapter 10) TG foundations. Usually, these elements are attached 
to nodal points of the mat foundation. Spring element output, in the form 
of internal forces, moments, and displacements, can be used for calculating 
soil pressures and foundation settlements. In some FE programs, spring or 
damping characteristics may be modeled directly at the nodal boundary 
without additional spring elements.

TG foundations have large structural components such as pedestals, 
columns, and tabletops supported on very thick mat foundations. There-
fore, the spring elements under the mat foundation usually do not experi-
ence uplift conditions. In practice, there is no need to perform nonlinear 
analysis for such foundations using compression-only springs.

6.3.5  Rigid Link Elements

When beams, columns, walls, and mat foundations are modeled using 
beam and shell elements, the joint intersection sizes should be modeled 
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using rigid links. This is necessary to account for the effect of “short span 
and large joint size” (Fig. 6-4).

Rigid links can be modeled using beam elements with a much larger 
Young’s modulus than other elements in the model (e.g., 100 times stiffer 
than the elements they link). Rigid links can also be used in transferring 
loads at machine shaft level to tabletop, or from tabletop surface to beam 
element centerline (Fig. 6-5).

If 3D solid elements are used to model a tabletop, it may be necessary 
to define rigid surfaces as well (i.e., constrain equation or rigid surface 
feature in some FE programs) for the areas covered by soleplates, in order 
to capture the restraint effects induced by the machine anchorage. Fig. 6-6 
is an example of such rigid surfaces. This modeling technique can be used 
to avoid singularity-type deflections at just a few individual nodes where 
loads are applied.

When using a computer program to automatically calculate the struc-
ture masses from element properties, rigid link material properties must 
be carefully selected to reflect the actual structure mass distributions. For 

Fig. 6-4.  Example of rigid links (beam elements) in a TG FE model
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Fig. 6-5.  Beam element modeled with and without rigid links

Fig. 6-6.  Rigid surfaces to model soleplates
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example, at member intersections, multiple-counting of masses from each 
interconnected member should be avoided.

6.3.6  Element Selection Recommendations for TG Foundations

For elevated space-frame pedestal foundations, it is recommended to 
use beam and/or shell elements to model the whole structure for 
strength design purposes, since it is efficient to design reinforcement 
based on approximate, conservative member forces and moments. Fig. 
6-7 is an example of this type of analytical model. However, for dynamic 
and static deflection performance analyses, it is recommended to use 3D 
solid elements to model the entire structure, or at least the tabletop portion, 
while columns, walls, and mat foundation can be modeled using beam and 
shell elements. Fig. 6-8 is an example of this type of analytical model.

For TG block foundations, such as gas turbine foundations or side-
exhaust or axial-exhaust steam turbine foundations, 3D solid elements 
should be used to model the entire structure for the dynamic and static 
deflection performance analyses. Fig. 6-9 is an example of this type of FE 
model. For reinforcement design, using a combination of different element 
types (beam, shell, 3D solid elements) is sufficient.

6.4  MESH SENSITIVITY

Finite element analysis results are known to be sensitive to the element 
type (e.g., shell or solid elements), element shape (e.g., quadrilateral, trian-
gular, prism, pyramid, tetrahedral, or hexahedral), and mesh refinement. 
Therefore, mesh sensitivity studies are necessary unless a proper mesh size 
is already known in order to use the FE model for the actual structural 
design. For example, Kim and Moreschi (2013) performed a sensitivity 
study and determined the required finite element mesh sizes to generate 
proper dynamic responses of a concrete structure.

The following general recommendations should be considered for 
selecting proper mesh size for FE models of TG pedestal foundations:

•	 Minimum three layers of “first-order elements” should be used across 
the thickness of any structural components.

•	 For transverse bending in beams, maximum element size should 
range from “span length/6” to “span length/8.”

•	 For transverse bending in columns or walls, a minimum of four ele-
ments should be used across the clear span.

•	 If concentrated loads are important, arrange more elements around 
the concentrated loads to properly calculate the punching shear at the 
critical sections.
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The sensitivity analysis and evaluation in two consecutive refined 
meshes can provide sufficient verification for the adequacy of an FE mesh.

6.5  GEOMETRY MODELING

TG foundations usually have complex geometries. Small geometric 
details such as notches, pockets, and cutouts need not be modeled. How-
ever, large openings, sizable trenches, and masses that can significantly 
affect the structural stiffness and mass distribution of the system need to 
be included in the model.

The dynamic model of a TG foundation should include the effect of the 
TG machine set. Omission of the TG machine set would introduce consid-
erable error in the calculated response of the TG foundation. There are two 
acceptable methods for modeling the TG machine set.

The first method is to use lumped masses at designed soleplate loca-
tions, based on dead weight at each soleplate location provided by the 

Fig. 6-7.  Elevated space-frame STG pedestal foundation FE model using beam and 
shell elements (with rigid links)

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

L
a 

T
ro

be
 U

ni
ve

rs
ity

 o
n 

05
/0

2/
18

. C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



	 Finite Element Modeling	 93

machine manufacturer. Another alternative is to lump machine masses at 
the shaft elevation and connect them to support locations at top of concrete 
using rigid links. Though the dynamic interaction between the TG machine 
set and the foundation is not taken into account, this method is commonly 
used in practice and acceptable to many TG manufacturers.

The second method is to explicitly model both the TG machine set and 
the foundation. This involves modeling the shaft as a lumped mass-beam 
system, modeling the bearing oil film as spring elements with specified 
stiffness and damping characteristics, and modeling the bearing pedestals 
as spring-mass systems, all of which are connected to the FE model of the 
foundation. If TG manufacturers provide the rotor section and mass dis-
tribution details to foundation designers, the rotor train can be modeled 
as beam elements based on the provided details. The stiffness and mass 
distribution of the turbine shell should also be incorporated if information 
is available from the manufacturers. Though a more accurate representation 
of a TG machine-foundation system, this method is seldom implemented 

Fig. 6-8.  Elevated space-frame STG pedestal foundation FE model using 3D 
solid elements
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in practice, because detailed machine design data (stiffness, damping, 
mass) is usually not available to the foundation design engineer, and even 
if such data are available, the extra effort required to do so can make it 
economically unfeasible.

6.6  BOUNDARY CONDITION MODELING

For static analysis purposes, interactions between the mat foundation, 
whether treated as rigid or flexible, and the supporting subgrade or piles 
can be modeled using a system of vertical and horizontal spring elements 
(boundary spring elements). For dynamic analysis purposes, a set of dynamic 
impedances (spring-damper systems) can be used to model the subgrade 
response for rigid foundations (see Section 5.3), whereas a  dynamic 
impedance matrix is required for flexible foundations (see Section 5.4).

6.6.1  Boundary Condition Modeling for Static Analysis

For static analyses of TG foundations, such as overall differential settle-
ment calculations or strength designs, stiffnesses of spring elements can be 
calculated using traditional subgrade reaction or static pile stiffness pro-
vided by the geotechnical engineer, as they are frequency-independent.

Fig. 6-9.  Single shaft STG-CTG block foundation FE model using 3D solid 
elements
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However, for various differential deflection/rotation criteria checks 
(such as MTM. See Section 7.4.2) during normal operational loading con-
ditions, for which the permanent dead loads are usually excluded, the soil 
or piles will probably respond in a much stiffer manner. This is because 
the induced soil strains under such loads are usually very low (less than 
0.005%). Therefore, the deformation is almost linear elastic and can be 
approximately simulated using subgrade modulus based on the “tangent-
at-the-origin” shear modulus, or “dynamic” shear modulus. Therefore, 
the foundation designer should consult a geotechnical engineer for appro-
priate stiffness to be used for these evaluations.

For soil-supported flexible mat foundations, the spring constant at each 
node can be obtained by dividing total stiffnesses (vertical and horizontal) 
by total number of nodes, or using the contributory area of each node 
(Fig. 6-10). Note that the side soil around the mat foundation, that is, the 
foundation embedment effect, is usually ignored.

Besides the translational (vertical and horizontal) stiffnesses, the soil 
also exhibits global rocking (i.e., rotation about the longitudinal and trans-
verse axes) and torsional (i.e., rotation about the vertical axis) behaviors. 
Since the translational springs already contribute to the rocking and tor-
sional stiffness, three rotational stiffness deficits (two rocking, one twisting) 
can be calculated as required.

To capture the effect of this stiffness deficit, the FE model may be sup-
plemented with rotational springs. The total rocking deficit about each 
horizontal axis can be evenly distributed along that axis, while the total 
torsional deficit about the vertical axis can be applied at the geometric 
center of the mat foundation. There are other alternative approaches 
to capture the stiffness deficit effects, for example, using stiffer spring 
elements along boundaries of the mat foundation. Refer to Harden et al. 
(2005) for further discussions on these techniques.

Fig. 6-10.  Soil springs underneath a TG foundation
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For pile-supported mat foundations, the common practice for static anal-
ysis and design is to use three spring elements (two horizontal and one 
vertical) at each pile location. The moment restraints at the pile tip, whether 
fixed-head or free-head, can be ignored.

6.6.2  Boundary Condition Modeling for Dynamic Analysis

For dynamic analyses of TG foundations, determining the proper dynamic 
impedances, including damping, of subgrade or pile can be very challeng-
ing, since such impedances are frequency-dependent in nature. Chapter 5 
discusses how dynamic impedances and damping can be calculated and 
implemented in FE analyses. This section only briefly discusses common 
practices in how to model the dynamic impedances in an FE model. See 
Sections 5.3, 5.4, and 5.5 for more detailed discussions on, for example, 
modeling of soil damping and negative dynamic impedance.

For soil-supported rigid block mat foundations, the calculated dynamic 
impedance (see Chapter 5) can be modeled using six sets of stiffness and 
damping properties, three translational and three rotational, at the geomet-
ric center of bottom of the basemat (Fig. 6-11). In addition, two coupled 
stiffness and damping terms (off-diagonal terms in the stiffness/damping 
matrix) can be specified to account for coupling between global mode 
shapes.

For soil-supported flexible mat foundations, different approaches are 
used in practice for modeling the soil response, as discussed in Section 5.4. 
However, in general, the recommended approach is to use a substructuring 

Fig. 6-11.  Soil springs at bottom geometric center of a rigid TG foundation
Source: Courtesy of WorleyParsons; reproduced with permission.
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method, where the soil response is captured using the dynamic impedance 
matrix of subgrade. Alternatively, the soil can be included explicitly in the 
structural model, for instance, using solid elements. However, the compu-
tational cost of such an approach is usually high, given that the domain of 
the soil mesh must be sufficiently large to avoid boundary effects, unless 
special purpose elements are used at the soil mesh boundaries to prevent 
wave reflections. Specific details of this explicit modeling approach can be 
found in Wilson (1998) and ASCE 4.

The pile or pile group dynamic impedances should be calculated per 
Chapter 5 recommendations.

6.6.3  Boundary Condition Uncertainty

A range of pile or soil stiffness properties, away from nominal values, 
should be investigated to account for the uncertainty or variability of such 
design parameters. The geotechnical engineer should provide reasonable 
upper and lower bound stiffness values to the foundation design engineer. 
In the absence of any geotechnical guidelines, see recommendations in 
Chapter 5. For example, Eq. (5-39) recommends ± 30% for well-investigated 
sites and ± 50% otherwise.

6.7  MASS MODELING

For dynamic analysis, all major masses of the machine-foundation system 
must be accounted for in the FE model.

The mass of each structural element of the TG foundation is calculated 
and lumped at the nodal points by the FE computer program. Element 
dimensions and material properties should, therefore, be selected to reflect 
the actual mass distributions of the structure. Some computer programs 
have features that can either add additional masses or directly define masses 
by using mass elements. The design engineer should check the computed 
mass output against manual calculations to ensure that all masses are 
appropriately captured for the dynamic analysis. The mass of rotating 
machine parts (rotors) can be lumped to nodes distributed along the shaft 
center line at each bearing location. If the tabletop is modeled using 3D solid 
elements, the masses of machine stationary parts can be accounted for by 
adjusting the mass density of the volumes that represent soleplates using 
the equation that follows:

	
ρi = ρc +

Wmi

Vi 	
(6-1)
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where ρi is the density assigned to the contact volume, ρc is the density of 
concrete, and Wmi is the machine mass acting on the contact volume Vi.

6.8  LOAD MODELING

Forces and moments are applied as nodal loads or member loads, or 
distributed to nodes within a volume or on a surface. In cases where forces 
are eccentric to the nodal point, a combination of moments and forces can 
be utilized for proper load transfer.

Dynamic rotor loads can be applied to nodal points along the shaft cen-
terline at each bearing location, which is connected to the tabletop using 
rigid links. Alternatively, they can be applied to the soleplates as equivalent 
force couples, considering the height differences between shaft centerline 
and top of the machine soleplates.

6.9  DAMPING MODELING

Damping reduces response motions of a structural system subjected to 
dynamic loads. It reflects the energy dissipation mechanisms of the system. 
Damping ratio is expressed as the percentage of damping relative to critical 
damping. The critical damping is the amount of damping that will produce 
no system oscillation.

In actual structures, many mechanisms contribute to the dissipation of 
energy. In practice, the damping in actual structures is usually represented 
in a highly idealized manner, such as a linear viscous damper or dashpot. 
The damping coefficient is selected so that the vibrational energy it dissi-
pates is equal to the energy dissipated in all damping mechanisms com-
bined, presented in the actual structure. This idealization is called equivalent 
viscous damping (Chopra 1995).

For steady-state harmonic response of a system, such as a TG foundation 
under operational dynamic loads, it is recommended to specify 2% of criti-
cal damping for each structural mode considered in a dynamic analysis 
(i.e., structural modal damping). This lower than normal damping value 
reflects the fact that concrete TG foundations are, in general, stressed to 
rather low levels under operating cyclic loads. Higher damping values, 
such as 7% for reinforced concrete TG foundations, could be used for sce-
narios like emergency loading to reflect the fact that the foundation may 
be stressed to higher levels than under normal operating conditions, if 
dynamic analysis is required for such conditions.

Inclusion of soil and pile damping effects, if deemed necessary, in an FE 
model for a TG foundation, can be very complicated. See Chapter 5 for 
details.
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6.10  SECTIONAL AND MATERIAL PROPERTIES

Section properties should reflect linear elastic behavior for both static and 
dynamic loads. Large TG concrete foundations should use minimum 4,000 psi 
strength concrete. With improved concrete quality over the years, and because 
the TG foundations are governed by stiffness requirements, the stress levels in 
a TG foundation are usually very low in day-to-day operations, which results 
in minimal concrete cracking. Therefore, it is satisfactory to assume uncracked 
concrete property elements for both dynamic and static analyses.

The modulus of elasticity of concrete depends on the time and rate of load-
ing. The static and dynamic modulus of elasticity can be calculated accord-
ing to applicable design codes and standards (e.g., ACI 318, ASTM C469, 
and ASTM C215). The concrete dynamic modulus of elasticity is always 
greater than the static modulus of elasticity, and it is based on the composite 
nature of concrete, rather than nonlinear behavior of concrete exposed by 
varying strain levels. It is recommended that an increase be considered in 
Young’s modulus (in the range of 10% to 60%) for dynamic analyses only, 
per ACI CRC #43 (Popovics 2008), as well as ACI 351.3R.

6.11  MODEL VERIFICATION

Once the FE model is constructed, it is necessary to perform various veri-
fications to confirm that the model is appropriate for its intended purposes. 
Following are some general guidelines when performing such model 
verifications:

	 1.	� Check for unconnected nodes (i.e., no “floating” nodes).
	 2.	� Check for element connectivity (i.e., no multiple structures).
	 3.	� Verify that dimensional and force/moment units are consistent.
	 4.	� Verify that the total structure weight modeled matches the actual 

weight calculated by hand.
	 5.	� Review equilibrium and displacements around the applied concen-

trated loads, supports, and boundary conditions.
	 6.	� Perform simple static analyses with unit loads at selected nodes/

elements to check the overall deformed shape, and verify that the 
deflections, soil settlements, and reactions match hand calculations.

	 7.	� Refine the model using finer meshes and recheck the results of inter-
est to ensure the mesh sizes are appropriate.

6.12  AVERAGING OF FE RESULTS

Appropriate averaging of FE results for foundation design is a matter 
of engineering judgment. It is the responsibility of the foundation design 
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engineer to determine what methods will be appropriate. Technical manu-
als of FE software usually provide some information on this topic. For 
example, one important design consideration is to determine the design 
strip width for mat foundation design. If the design strip is too large, the 
moments and shears will be averaged over too wide a region, causing an 
unconservative design. On the other hand, if the strip width is too small, 
the moments and shears will be overestimated and the design will be over-
conservative. Generally, there are three methods for determining the design 
strip width:

	 1.	� ACI Strip Method—Per Section 8.4.1 of ACI 318, a column strip is a 
design strip with a width on each side of a column centerline equal 
to 25% of the span length or width, whichever is smaller. A middle 
strip is a design strip bounded by two column strips.

	 2.	� Zero-Shear-Transfer Method—This method is explained in PTI DC20.6-99. 
It uses the shear contours to identify where the shear changes sign. 
Then the design strip width is determined based on the distance 
between points of zero shears. This method should provide a design 
strip similar to that using the ACI strip method. However, since it is 
derived from a theoretical solution, it is more suitable for uneven 
column layouts.

	 3.	� Shear Perimeter Method—The shear perimeter method is discussed in 
NIST GCR 12-917-22. It considers a design width equal to the pedes-
tal width plus a distance of half to one mat thickness on each side. 
This will lead to a more conservative design for flexure than the pre-
ceding two methods. This method is more applicable for cases where 
shear or punching shear failures are a primary concern.

Besides these three methods, a simple rule of thumb practice is to use a 
strip width no more than 3 times the cross-section depth. This usually gives 
a satisfactory design unless further refinement to reduce reinforcement is 
required.
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CHAPTER 7

SERVICEABILITY ANALYSIS  
AND ACCEPTANCE CRITERIA

7.1  INTRODUCTION

This chapter covers the dynamic and static serviceability analyses and 
acceptance criteria required by turbine generator manufacturers for the 
TG foundation design. TG foundations are subjected to various loads, 
some static, some resulting from dynamic conditions, others resulting from 
shrinkage and thermal expansion and contraction as outlined in Chapter 4. 
The purpose of the serviceability analyses is to determine whether a pro-
posed foundation will meet the serviceability acceptance criteria imposed 
by the project design specifications under the application of these loads.

Two types of serviceability criteria shall be satisfied:

	 1.	� Dynamic serviceability criteria shall be met to ensure that the founda-
tion system will not experience resonance or excessively high vibra-
tion amplitudes during normal operations.

	 2.	� Static serviceability criteria shall be met to ensure that the TG bearing 
alignment will be maintained during operation.

It should be noted that serviceability acceptance criteria vary from man-
ufacturer to manufacturer but are in general stringent, causing TG founda-
tions to be larger than required by the strength design criteria imposed by 
the applicable building codes.

7.2  DYNAMIC SERVICEABILITY ANALYSIS

A typical procedure for the dynamic serviceability analysis includes the 
following:
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104	 CONCRETE FOUNDATIONS FOR TURBINE GENERATORS

	 1.	� Collect dynamic design input and acceptance criteria.
	 2.	� Determine dynamic unbalance loads and load combinations.
	 3.	� Calculate dynamic soil or pile impedances.
	 4.	� Create dynamic FE model of TG foundation system.
	 5.	� Perform dynamic serviceability analysis.

7.2.1  Collect Dynamic Design Input and Acceptance Criteria

Three types of design input should be collected for the dynamic service-
ability analysis.

Geotechnical Design Information.  The geotechnical data are used to 
evaluate the soil or pile stiffness and damping coefficients. The soil or pile 
parameters listed in Section 3.2.2 should be collected from geotechnical 
consultants for the dynamic serviceability analysis.

TG Design Information.  The TG machine information listed in Section 
3.2.2 should be collected from the machine manufacturer for dynamic 
serviceability analysis. The dynamic loads and load combinations of TG 
machines will be discussed in the next section.

Different machine manufacturers may have different dynamic design 
requirements for the TG foundation, but these requirements typically 
include an acceptable foundation vibration limit in terms of amplitudes, 
velocity, or accelerations. Some manufacturers provide the TG machine’s 
damped first and second natural critical speeds, and require that the local 
natural vibrating frequencies of the structural members supporting the 
machine are away from these critical speeds.

Initial Foundation Layout.  The preliminary foundation layout consid-
erations, including basemat size, column and wall sizes, and tabletop 
geometries, can be found in Chapter 3. For elevated space-frame pedestal 
foundations, TG manufacturers provide the initial sizes of tabletop mem-
bers and columns, to accommodate machine installation and pipe routing. 
Any changes in size required by the design engineer should be discussed 
with the responsible mechanical engineer and the machine manufacturer.

7.2.2  Determine Dynamic Design Loads and Load Combinations

Chapter 4 provides a list and descriptions of design loads and load com-
binations for the static analysis of TG foundations. This section focuses on 
specific loads and load combinations required for dynamic serviceability 
analysis only. Design loads used for dynamic serviceability analysis are 
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called rotor dynamic unbalance loads. Before a TG system starts its actual 
operation, TG rotors are balanced to low levels of residual unbalance. The 
balance quality grade (G) for gas and steam turbines is G2.5, with an eω 
product of 2.5 mm/s (0.1 in./s) per ISO 1940-1. The unbalance loads at 
each bearing are then determined using F = meω 2 (see Chapter 4, Section 
4.3.2). The forces imposed on the foundation by initial rotor unbalance are 
not significant. However, the unbalance loads may become appreciable 
resulting from long-term degradation of the rotor or transient events such 
as thermal shocks. In some cases, a TG system may operate for an extended 
period of time with a higher rotor unbalance until corrections can be 
made. Many TG manufacturers consider a balance quality grade one 
level higher (G6.3) with an eω product of 6.3 mm/s (0.25 in./s) when 
determining the unbalance loads for the dynamic analysis. The founda-
tion design engineer should check with the TG manufacturer to under-
stand the rotor dynamic unbalance loads provided for the dynamic 
serviceability analysis and the corresponding foundation vibration accep-
tance criteria.

The following are the basic loads to be applied at the shaft bearing loca-
tions of a TG system for dynamic serviceability analysis:

•	 Turbine unbalance loads; and
•	 Generator unbalance loads.

If the TG manufacturer provides only magnitudes of unbalance forces, 
the basic load combinations should include in-phase and out-of-phase 
conditions, or a square root of the sum of the squares (SRSS) combination 
of the foundation responses to the unbalance loads from each rotor/shaft 
portion acting individually. If the TG manufacturer provides unbalance 
forces with specified phase angles at each bearing location, the foundation 
design engineer should use this information in developing the forcing 
functions. Note that a more conservative method is to sum the foundation 
responses from the contribution of each unbalance force; phase differences 
then need not be considered. Load factors used in the load combinations 
for dynamic serviceability analysis should be 1.0, unless the TG manufac-
turer has special requirements.

7.2.3  Calculate Dynamic Soil-Pile Impedance

Dynamic soil or pile impedances are frequency-dependent. Detailed 
information on determining the soil-pile impedance values can be found 
in Chapter 5 of this book and in ACI 351.3R.

The supporting media profile underneath the TG foundation may devi-
ate from those at boring locations because soil properties are subject to 
inherent variations. Therefore, it is difficult to accurately predict the actual 
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dynamic soil-pile impedance for each TG foundation. In order to account 
for this uncertainty, two methods are recommended below:

	 1.	� U.S. practice (Arya et al. 1979) recommends using three sets of soil con-
ditions: best estimate, lower bound, and upper bound. The best estimate 
is the soil or pile spring element properties (stiffness and damping) that 
result from the average soil properties. The upper bound and lower 
bound can be taken as +/− 30% to 50% of the best estimate (See Eq. 5-39. 
Also see ASCE 7, Section 12.13) obtained from direct field and laboratory 
tests and from correlated methods, respectively. The range used between 
the best estimate properties and the upper and lower bound values 
depends on the methods used to calculate the dynamic soil properties.

	 2.	� Instead of varying the spring element properties, an alternative is to 
vary the excitation frequency. European practice (BS EN 1991-3: 2006) 
recommends using a range of +/− 5% of the excitation frequency with 
a constant excitation force. This frequency range corresponds to a varia-
tion of +/− 10% of the overall system stiffness. Some TG manufacturers 
recommend using a range of +/− 10% of the excitation frequency, which 
corresponds to a variation of +/− 20% of the overall system stiffness.

These methods mentioned are generic. For a specific project, the actual 
range of soil or pile properties and excitation frequency should be deter-
mined based on the geotechnical consultant’s recommendations and the 
TG manufacturer’s requirements.

7.2.4  Create Dynamic FE Models of TG Foundation System

Chapter 6 provides details on FE modeling of the TG foundation for the 
dynamic analysis (e.g., selection of element type and sizes, modeling of 
damping, and boundary conditions). This section specifically addresses the 
dynamic forcing functions used in the dynamic FE models. In order to 
simulate excitation forces using dynamic forcing functions, the following 
factors should be included in the dynamic analysis of the TG foundation:

•	 Range of Loading Frequencies. While the dynamic response of the TG 
foundation at the operating speed is of particular interest, machine 
speeds in the frequency range of 80% to 120% of the operating speed, 
which encompass the startup and shutdown conditions, are also 
important. Thus it is desirable to construct a frequency response 
curve as shown in Fig. 7-1 for design quantities (e.g., displacements, 
velocities).

•	 Phasing of Unbalance Forces. A set of design values of the rotor unbal-
ance force at the operating frequency should be obtained from the TG 
manufacturer at each bearing of the TG machine set, and the unbal-
ance forces should be assumed to act simultaneously at all bearings.
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The unbalance forces should be arranged to yield the most probable 
maximum response. In general, the arrangement of unbalance forces that 
causes maximum bearing displacement will not be the same as the arrange-
ment that causes maximum bearing reactions. Also, the assumption that 
all the unbalance forces are in phase or aligned may not lead to a maximum 
displacement.

As discussed in Section 7.2.2, if the TG manufacturer only provides 
magnitudes of unbalance forces, the forces can be defined as vertical 
and lateral forces and applied at each bearing point separately. As a 
minimum, the basic load combinations should include in-phase and 
out-of-phase conditions. If the TG manufacturer provides unbalance 
forces with specified phase angles at each bearing location, design engi-
neers can create more realistic forcing functions and apply them at each 
bearing point. In this case, no in-phase and out-of-phase conditions are 
required.

A typical dynamic forcing function can be written as follows:

	 VHi − j (ωt) = Ampi − j × sin (ωt + αi − j)	 (7-1)

where

VH = vertical or horizontal dynamic forcing function with a force unit 
(kN or kips);

i = the ith excitation frequency;
j = the jth TG bearing;
Amp = the maximum unbalance force amplitude with a force unit (kN 

or kips);
ω = operating annular frequency;
t = passing time;
α = phase angle.

Fig. 7-1.  Response spectrum for loads applied to foundation
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Fig. 7-2 shows an example of dynamic forcing functions at four TG bear-
ings based on excitation frequencies and phase angles specified by a TG 
manufacturer. As illustrated in the figure, the excitation force at Bearing 4 
has the smallest amplitude and a phase angle close to excitation force at 
Bearing 3. The excitation force at Bearing 2 is almost completely out of 
phase with excitation force at Bearing 3.

7.2.5  Perform Dynamic Serviceability Analyses

Once the model has been created, a dynamic analysis may be performed 
to determine the vibration displacements and velocities at the TG bearing 
locations. These values are necessary to determine whether the foundation 
will meet the specified dynamic acceptance criteria imposed by the TG 
manufacturer.

The dynamic analysis of a TG foundation system is performed in two 
stages:

	 1.	� Frequency Analysis, a.k.a. “Modal/Eigenvalue Analysis,” to deter-
mine the natural frequencies and mode shapes of the TG machine 
foundation system. Note that a modal or eigenvalue analysis is one 
common way to perform frequency analysis. It can also be performed 
using the frequency sweep analysis shown in Fig. 7-4.

	 2.	� Forced Vibration Analysis to calculate the TG machine foundation 
system responses induced by the dynamic forces for the range of fre-
quencies of interest.

Fig. 7-2.  Example of dynamic forcing functions at four bearings
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In addition to these two previous stages, some TG manufacturers may 
require a member local frequency check for certain structural members 
directly supporting the TG machine set. This prevents local foundation 
resonances with several fundamental TG machine critical speeds, which 
are calculated by the TG manufacturer using in-house rotor dynamic FE 
models.

A frequency analysis will provide the dynamic characteristics of the TG 
system, for example, natural frequencies, mode shapes, and modal partici-
pating mass ratios or “mass participation factors” (MPF). The computed 
natural frequencies can be used for the resonance check of the machine 
foundation system. Most TG manufacturers require that a TG foundation 
have no fundamental or major frequencies within an exclusion range 
of +/− 20% of the operating frequency. The highest calculated frequency 
should be at least 20% higher than the turbine operating frequency.

A TG foundation is a massive and complex structural system that has 
many mode shapes, global and local. The modal shapes and behaviors can 
be used to identify potential global and local foundation vibration issues.

The frequencies and mode shapes can be utilized by the modal super-
position method as the basis to perform forced vibration analysis. In many 
cases, six fundamental frequencies are calculated consistent with six degrees 
of freedom of the overall machine foundation system. Any or all six fre-
quencies may be compared with the excitation frequency when checking 
for resonance conditions.

ACI 351.3R provides additional information and discussions on fre-
quency analysis.

For a TG foundation, even though frequency analysis provides a wide 
spectrum of structural natural frequencies, which can be used to ensure 
that there are no major modes (with large values of MPF) close to the 
machine operating frequency and/or critical speeds, it is usually not suf-
ficient to conclude that the TG foundation will not have excessive vibra-
tions. This is because some frequencies will exist within a close range of 
the operating speed, causing dynamic excitations in the foundation. The 
foundation’s response to such excitations will be overlooked unless a 
detailed forced vibration and/or frequency sweep analysis is performed. 
Moreover, many structural analysis codes calculate MPF on the assump-
tion that the load is a ground motion. Therefore, such MPF are not neces-
sarily meaningful when the load corresponds to forcing functions applied 
at a few locations. For additional details refer to Chopra (1995, Sections 
12.9, 12.10, and 12.11).

A forced vibration analysis (also “harmonic or steady-state analysis”) 
calculates the peak steady-state foundation responses (e.g., displacements, 
velocities, accelerations, forces) for harmonic dynamic unbalance loads 
applied at each forcing frequency. This analysis is a frequency domain analy-
sis. The results can be compared with the defined criteria or recommended 
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allowable values for a specific condition. It is recommended to use a 
steady-state analysis or equivalent periodic time-history analysis for forced 
vibration analysis based on current industry common practices. If the TG 
manufacturer provides only magnitudes of unbalance loads, there are two 
methods to determine the maximum vibration level of TG foundation:

	 1.	� One method that can be used to compute the maximum vibration 
displacements, velocities, and accelerations is to specify a set of load 
combinations including in-phase and out-of-phase conditions. The 
number of load combinations should be determined according to the 
requirements of TG manufacturers.

	 2.	� An alternate method is to analyze for the unbalance force at each bear-
ing of the TG set. A conservative, upper limit of the response for each 
frequency of the unbalance force is the sum of the absolute values from 
each load acting separately. Practically, the maximum response for each 
frequency of the unbalance force can be determined as the square root 
of the sum of the squares of the values for each load acting separately.

Fig. 7-3 shows an example of results from a forced vibration analysis. 
The results plotted are zero-to-peak vibration displacements at each bear-
ing location for a frequency range of 54 to 69 Hz (from −10% to +15% of the 
operating frequency of 60 Hz).

A TG manufacturer may provide the machine damped critical speeds 
or frequencies, and require the TG foundation support system frequencies 
to lie outside the range of these critical speeds. In such cases, it is necessary 
to perform a frequency sweep analysis on selected members to deter-
mine the member’s local resonance frequencies are away from these critical 
speeds.

A frequency sweep analysis is similar to a force vibration analysis in 
that both use harmonic loads over a frequency range. The difference is that 
a forced vibration analysis predicts actual steady-state responses of the 
foundation for each frequency of interest, whereas a frequency sweep 
analysis involves anticipating and selecting local vibration point(s) and 
applying a set of unit sinusoidal forces at that point in an anticipated vibra-
tion direction. The magnitude of this force is a unit constant force, but the 
frequency varies. A dynamic amplification factor (DAF) is calculated for 
each frequency as the response amplitude divided by the static response 
(i.e., at zero frequency). A plot of DAF versus frequency for selected points 
on the foundation can be generated. A peak in the plot indicates a possible 
local resonance in the selected point and the member containing that point 
in the anticipated vibration direction. The frequencies at which the peaks 
occur can be compared with the machine critical speeds to ensure that no 
local member resonances will occur at the machine critical speeds.

Note that finding resonance local frequencies as described previously 
depends on how small a frequency step is used in the sweep analysis. Local 
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peaks could be easily missed if a large frequency interval is used, particu-
larly in lower frequency ranges for structural elements in TG foundations. 
Alternatively, interpolation in the frequency domain can be used to recon-
struct the frequency response function (FRF) of interest. Detailed discus-
sion can be found in Ushijima and Kausel (1981), Lysmer et al. (1999), and 
Fok et al. (1986).

Fig. 7-4 shows an example of a frequency sweep analysis. In this exam-
ple, a local peak occurs at 4 Hz, indicating that a local resonance would 
occur at the selected point (in this case, a point located on a foundation 
tabletop beam member), if a machine component near that member has a 
critical frequency of 4 Hz.

Based on results of the dynamic analyses discussed here, the propor-
tions of the foundation (shape, width, length, and depth), foundation 
embedment depth, and pile arrangement (if applicable) are modified by 
the design engineer and the modified structure is reanalyzed and reevalu-
ated. This process may take a number of iterations until the project specific 
vibration acceptance criteria are completely satisfied.

7.3  STATIC SERVICEABILITY ANALYSIS

The preliminary TG foundation layout should also be evaluated with a 
static serviceability analysis in addition to the dynamic analysis described 
in Section 7.2.

Fig. 7-3.  Example of vibration amplitudes from a forced vibration analysis, 54 
Hz–69 Hz
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A typical procedure for the static serviceability analysis is:

	 1.	� Collect static design input and acceptance criteria;
	 2.	� Determine static design loads and load combinations;
	 3.	� Calculate static soil/pile stiffness;
	 4.	� Create static FE models of TG foundation system; and
	 5.	� Perform static serviceability analysis.

7.3.1  Collect Static Design Input and Acceptance Criteria

Two types of design input should be collected for static serviceability 
analysis: geotechnical design information and TG design information. See 
Chapter 3 for a complete list of information required.

The TG manufacturer will have to provide the static serviceability crite-
ria to the TG foundation designer.

7.3.2  Determine Static Design Loads and Load Combinations

The design loads used for static serviceability analysis are static or 
equivalent static loads. The following list provides typical design loads 
that should be included in a static serviceability analysis when 
applicable:

Note : At each frequency, the dynamic amplification factor is calculated as the ratio 
of the dynamic amplitude due to a unit dynamic excitation, to the static deflection 
due to a unit static load, both applied at a location of interest of a structural member. 
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Fig. 7-4.  Example plot of a frequency sweep analysis
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•	 Normal operating torque load;
•	 Condenser vacuum load;
•	 Thermal expansion/contraction load; and
•	 Piping loading.

Any deflection calculation that intends to safeguard the shaft alignment 
should consider only those loads that are applied to the structure after initial 
alignment is complete. The loads included in the deflection calculation 
should include all post-alignment static normal operating loads. The con-
denser vacuum load and normal torque load can cause appreciable founda-
tion deflection subsequent to the initial alignment. Transient foundation 
loads such as turbine generator thermal friction loads, turbine generator 
emergency loads, and wind and/or seismic loads need not be included in 
the static serviceability analysis. Rotating, time-dependent, and bearing 
unbalance loads need not be considered in the analysis, either. Some TG 
manufacturers may require evaluating the bearing deflections due to emer-
gency loading conditions. In that case, emergency operating loads should 
be included in the analysis.

In addition to these loads, some turbine manufacturers may require the 
following load conditions to be included:

•	 Equivalent static load due to dynamic load;
•	 Normal axial thrust load;
•	 Dead load of machine and foundation; and
•	 Thermal gradient.

It should be noted that dead load is used to calculate long-term founda-
tion settlement and concrete creep. Permanent foundation deflections and 
settlements that occur prior to the turbine generator initial alignment do 
not need to be evaluated in the static serviceability analysis, since these 
deflections and settlements have already been “zeroed out” during the 
initial TG alignment.

The effects of thermal gradients within the foundation owing to heat 
transfer from the equipment and the effects of creep may or may not need 
to be considered, depending on the TG manufacturer’s requirements. Ther-
mal gradients on the TG foundation result from machine operating heat 
transfer or ambient temperature changes. The values of the differential 
temperature are usually provided by the TG manufacturer or the civil/
structural design criteria for the project.

Load factors used in the load combinations for serviceability analysis 
should be 1.0, unless the TG manufacturer has special requirements.

7.3.3  Calculate Static Soil-Pile Stiffness

The difference between static and dynamic soil-pile supports in the ana-
lytical models lies in the spring element properties. Dynamic spring element 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

L
a 

T
ro

be
 U

ni
ve

rs
ity

 o
n 

05
/0

2/
18

. C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



114	 CONCRETE FOUNDATIONS FOR TURBINE GENERATORS

properties include both stiffness and damping while static spring constant 
is only the spring stiffness. In addition, the dynamic soil-pile stiffness is 
frequency-dependent while the static soil-pile stiffness is not. Static soil-pile 
stiffness is important for sizing the mat, evaluating pile layout, and checking 
total and differential settlement. It is not necessary to use a range of stiffness 
values to cover soil uncertainty, as described in Section 7.2.3 for dynamic 
analysis. Using a lower stiffness value yields a conservative result.

Unlike dynamic soil stiffness, static soil stiffness is usually calculated 
using a modulus of soil subgrade reaction multiplied by the foundation 
basemat area. This method generally leads to a conservative static stiffness. 
A more realistic way to calculate the static soil stiffness is to compute the 
soil strain level under the maximum static serviceability load combination. 
The soil shear modulus can be reduced proportionally from the dynamic 
(low-strain) shear modulus based on that strain level. The static soil stiffness 
can then be calculated proportionally from the dynamic soil stiffness.

The static pile stiffness of a single pile (usually provided by the geotech-
nical engineer) is obtained by dividing the pile capacity by the correspond-
ing pile displacement. Pile group stiffness needs to be reduced based on 
the ratio of pile spacing to pile diameter.

7.3.4  Create Static FE Models of TG Foundation System

The static model of the TG foundation system can be created indepen-
dently or by modifying the dynamic model. The static model created can 
be used for both static serviceability analysis and the strength design. The 
various aspects of finite element modeling are covered in Chapter 6.

The static model for strength design may be an integrated FE model 
with foundation basemat and pedestals or two separated FE models: one 
for the superstructure, with columns and walls fixed at the base, and one 
for the foundation basemat. If two separate models are used, the design 
loads are applied to the FE model of the superstructure to determine its 
responses. The computed reactions at the base of the columns and walls 
are then used as input forces on the FE model of the basemat.

For static serviceability analysis, the tabletop, columns, and basemat 
should be incorporated into one single model.

For static analysis, it is recommended that the minimum specified 
design strength of concrete be used, so that calculated deflections are 
conservative.

7.3.5  Perform Static Serviceability Analysis

After the static serviceability model has been constructed, static service-
ability analysis should be performed to calculate the differential displace-
ments of all the bearings, beam/girder rotation, curvature radius, static 
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stiffness/flexibility, maximum crack width, and differential settlement of 
TG foundation, as required per TG manufacturer’s criteria as well as code 
requirements. The static serviceability analysis is similar to the analysis for 
the strength design (Chapter 8) with the following differences:

	 1.	� Accidental loads or extreme environmental loads are not considered 
for static serviceability analysis. Emergency operation loads typically 
are not required, but can be included per the requirements of machine 
manufacturers. The typical loads used for the static serviceability 
analysis include normal torque load, piping load, and thermal load. 
The detailed discussions can be found in Section 7.3.2.

	 2.	� The load factors in the load combinations should be 1.0 or less 
unless the TG manufacturer has special requirements.

	 3.	� The static serviceability analysis is a working-stress level analysis.
	 4.	� The typical output of static serviceability analysis is displacements. 

Resultant moment or stress will be used only for crack width calcula-
tion, if specifically required by the TG manufacturer.

7.4  SERVICEABILITY ACCEPTANCE CRITERIA

The general purposes of TG foundations are

	 1.	� To serve as a stable and secure base for the TG machine set during 
erection and alignment;

	 2.	� To provide a base with adequate rigidity so that the alignment of the 
TG machine set may be maintained during both normal and emer-
gency operating conditions;

	 3.	� To transmit the dead and live loads from the TG machine set to the 
supporting media (soil or piles) in such a way that no detrimental 
effects occur in the machinery, the TG foundation, or the supporting 
media (soil or piles); and

	 4.	� To maintain an acceptable level of vibration and minimize the dynamic 
effects from the machinery that might otherwise cause excessive wear 
and damage to the TG machinery, damage to the TG foundation, or 
discomfort to the operating staff.

To meet these objectives, appropriate foundation performance accep-
tance criteria, for both dynamic and static considerations, should be estab-
lished for the design of the TG foundation.

7.4.1  Dynamic Acceptance Criteria

Historically, the dynamic coupling between the turbine generator and 
the foundation has not been a serious consideration for the TG foundation 
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design engineer. The traditionally massive and rigid conventional concrete 
foundations resulted in limited interaction between the foundation and 
the power-generating equipment. Consequently, dynamic response criteria 
were not required, and the turbine design engineer and the TG foundation 
design engineer could work without regard to the dynamic characteris-
tics of the other’s design.

Turbine generators have grown in rating and size. Coupled with a trend 
toward more flexible foundations, increased attention has been given to 
the dynamic characteristics of the turbine generator foundation system. The 
concerns of the turbine manufacturer are related to the reliability of the 
machine and the impact of the unit on the TG foundation. Small amounts 
of inherent unbalance in the turbine generator can be amplified through 
resonance with the foundation to produce excessively large bearing 
forces. Large relative bearing displacements could also produce large 
bearing forces and high rotor bending stresses. These adverse conditions 
could affect the operability of the unit or lead to a forced outage. In addi-
tion, excessive TG foundation response could be judged uncomfortable 
for humans, leading to unsatisfied clients. For more information on human 
tolerance vibration levels, refer to ACI 351.3R.

In order to ensure satisfactory and reliable operation of the turbine 
generator and to provide a working environment around the unit, TG man-
ufacturers specify dynamic response characteristics. These characteristics 
have taken the form of a maximum TG foundation response under normal 
conditions or maximum levels of other vibratory characteristics.

One vibratory characteristic that has been suggested by ISO 20816-2 for 
describing the vibratory state of a machine is known as the “vibration sever-
ity.” The vibration severity is defined as the root-mean-square value of the 
vibration velocity.

The following are generic dynamic acceptance criteria, which provide 
readers a general vision of what to look for in the dynamic analysis for a 
TG foundation:

	 1.	� Frequency Resonance Exclusion Criteria—The natural frequencies of 
the foundation system should be situated such as to avoid resonance 
with the machine operating speed. Per ACI 351.3R, a typical require-
ment is that the natural frequency be 20% to 33% away from the 
operating speed. However, the frequency criteria for a TG foundation 
should be based on the project specifications and the turbine manu-
facturer’s requirements.

	 2.	� Forced Vibrating Response Criteria—The amplitudes of the foun-
dation response at the bearing housing or pedestal locations must 
satisfy the requirement of ISO 20816-2, Table A.1, Zone Boundary 
A/B for new units operating under normal operation. For evalua-
tion of TG foundation vibration response on existing units or for 
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emergency conditions of new units, less stringent criteria may be 
used.

	 3.	� Other Dynamic Criteria—Some TG manufacturers may also have 
foundation dynamic stiffness/flexibility criteria. Different from a tra-
ditional structural static stiffness, a structural dynamic stiffness is not 
only a function of the location and direction where the stiffness is 
measured, but also a function of the dynamic forcing frequency.

If required, a foundation dynamic stiffness should be calculated, at each 
location (bearings or at machine foundation interfaces) and in each direc-
tion stipulated by the machine manufacturer, one at a time, as follows:

	 1.	� Apply a unit concentrated load (“F”) at the location in the direction 
of interest. The load should be a dynamic excitation at the frequency 
of interest.

	 2.	� Obtain the peak vibration amplitude (“d”) at the loading point in the 
same direction where the unit load is applied.

	 3.	� Calculate the dynamic stiffness as “F/d” for the excitation frequency.

7.4.2  Static Acceptance Criteria

Turbine generator foundation design engineers use foundation design 
criteria based on static deflections of the foundation under a specifically 
identified set of loading conditions. In the design of TG foundations, deflec-
tions are first and foremost a functional requirement. TG manufacturers have 
many reasons to limit the deflection of the TG foundation to stipulated 
limits.

A typical shaft is supported by a number of bearings. Excessive differ-
ential deflections between adjacent bearings can induce large stresses in 
the shaft. In addition to large shaft stresses, differential deflection between 
adjacent bearings may result in overloading some of the bearings while 
other bearings are underloaded. Since each bearing is specifically designed 
for a range of minimum and maximum loads to optimize the bearing per-
formance, TG manufacturers recommend that the integrity of the bearings 
not be jeopardized by over- or underloading any bearing beyond an accept-
able margin.

For all normal operating conditions, the minimum running clearances 
between the stationary and rotating elements of the machine must be main-
tained in the turbine interstage and shaft gland steam seals and in the 
generator hydrogen seals. One way to achieve smooth operation of a 
machine is to limit the total deflection, and in turn the differential deflec-
tion, of various structural components of the TG foundation.

In order to achieve these desired objectives, the TG manufacturers 
may use a variety of methods to specify the deflection limits of TG 
foundations.
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TG manufacturers can produce TG machine sets that can have output 
of more than 1,000 MW. The foundation that supports large TG machinery 
becomes increasingly complex, not only in geometries, but also in more 
stringent design requirements that do not exist for smaller TG machine sets 
(<50 MW). To properly control the deflections of foundations supporting 
large modern TG sets (>50 MW), TG manufacturers impose foundation 
deflection limits.

Misalignment Tolerance Matrix (MTM) Criteria.  One such criterion 
is the misalignment tolerance matrix (MTM) method. The MTM defines 
the percentage of available misalignment that is consumed at a given bear-
ing due to displacement at another bearing. It can be described as an influ-
ence coefficient approach.

This criterion involves defining the amount of misalignment that a tur-
bine generator rotor system can withstand without imposing unacceptable 
loads on the rotor bearings or unacceptable bending stresses in the rotor 
system.

The TG foundation design engineer calculates the deflections that may 
result from various loads that are applied to the foundation after the initial 
turbine alignment. The design engineer then uses the influence coefficients 
provided by the TG manufacturer to determine whether the TG founda-
tion’s response is likely to adversely affect the turbine generator operation 
or reliability.

The influence coefficient is the factor by which a deflection is multiplied 
in order to obtain the response at a specific location. The response may be 
the load at a bearing support point, the bending stress in the shaft, or a 
normalized general force. These responses are compared against a given 
set of allowables (minimum and/or maximum bearing load, maximum 
stress, etc.) to ensure that the deflection of the TG foundation does not 
adversely affect the operation and reliability of the TG machine.

As an example, consider the single-span, propped cantilever beam 
shown in Fig. 7-5. If the beam is straight and has no initial support deflec-
tion, the response at each of the locations shown in Fig. 7-5 is R′1, R ′2, and 
R ′3. These responses could be beam member forces, support reactions, 
beam deflections, or stresses. Due to support settlement or an initial tem-
perature deflection, the three points will displace vertically upward (+y) or 
downward (−y). These deflections are labeled y1, y2, and y3. These responses 
of the beam system are a function of the beam geometry, support stiffness, 
and distances between points of interest. The particular response due to a 
displacement can be expressed in terms of a series of influence coefficients 
(C), which are unique for a specific beam and a particular response. For 
example, for a given beam, there is a unique set of three coefficients to 
describe the bending stress at Location 2 due to a deflection at each of the 
three locations. This can be expressed for Location 2 as
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	 R2 = R′2 + C21y1 + C22 y2 + C23 y3	 (7-2)

where

R′2 = the initial response at Location 2,
C2j = the change in response at Location 2 per unit of vertical deflection 

of Location j, and
yi = the vertical deflection of Location i from the initial position.

This response may be a deflection, beam bending or shearing stress, 
support reactions, or beam member forces (moment, shear), depending on 
the response of interest. The position of the point of interest as well as the 
required response will determine the sign of the quantity, C21, C22, or C23.

A specific example of the influence coefficient approach for turbine gen-
erator foundation design follows. Fig. 7-6 shows a simplified line drawing 
of the first two casings of a turbine generator with a shaft system supported 
by four bearings. The rotors are precisely aligned with one another in the 
cold condition, and the couplings are bolted together. The loadings on 
the four bearings in Fig. 7-6 would be P1′, P2′, P3′, and P4′, provided the 
machine could run with undisturbed shaft alignment. During normal 
operation, however, all the bearings are displaced vertically upward (+y) 
or downward (−y) due to TG foundation deflections. The various amounts 
by which the bearings are loaded and unloaded as a result of such shaft 

Fig. 7-5.  Propped cantilever beam

Fig. 7-6.  Four-bearing turbine shaft system
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misalignment depend upon the design of the bearings, the configuration 
of the shaft system, and the distances between the bearings. The influence 
coefficients indicate the amount by which the loading on a bearing changes 
per inch (mm) of bearing support displacement. The load on Bearing 2 as 
a result of shaft misalignment is

	 P2 = P2′ + (−C21)y1 + (+C22)y2 + (−C23)y3 + (+C24)y4	 (7-3)

where

P2′ = calculated loading of Bearing 2 with correctly aligned shaft 
system in psi (kN/m2),

C2j = change in loading on Bearing 2 per inch of vertical deflection of 
Bearing j in psi/in. (kN/m2/mm), and

yi = vertical deflection of Bearing i from the position of initial correct 
shaft alignment in in. (mm).

The influence factor C22 will be positive and have the largest value, 
reflecting the fact that an upward displacement of Bearing 2 strongly 
increases the load on the same bearing, whereas a downward displace-
ment results in a correspondingly large decrease in load. The negative 
factors C21 and C23 denote that upward displacement of Bearings 1 and 3 
tends to unload Bearing 2. The value of C23 will, of course, be consider-
ably larger than C21 because of its proximity to Bearing 2. The effect of 
other bearing displacements on the loading of Bearing 2 becomes smaller 
with increasing distance from Bearing 2, so that the factor C24 will have 
the smallest value.

The vertical and horizontal coefficients at each of the bearings are 
required from the TG manufacturer. After the results of MTM analysis are 
obtained, the responses are compared to the allowable values given by the 
TG manufacturer. The units as well as the locations of the required dis-
placements are specified by the TG manufacturer.

Some forms of shaft misalignment can have an adverse effect on the 
bearing loadings but not increase the bending stresses in the shaft system. 
It is equally possible for some shaft systems to be vulnerable at particular 
locations to high bending stresses that do not result in any substantial alter-
ation of the loads on individual shaft bearings. When the combined effect 
of the foundation deflections is found to exceed the allowable response at 
a particular point, it should be recognized that a design change at another 
location can be a feasible solution.

Some TG manufacturers provide one set of influence coefficients to 
determine the effects of foundation displacement on the bearing loads 
and a different set of coefficients to investigate the effects on the shaft bend-
ing stresses. Other manufacturers combine the effects of bearing loads and 
shaft stresses into a single set of coefficients. In either case, the static ser-
viceability analysis by the foundation design engineer is the same.
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Other Static Serviceability Deflection Criteria.  TG manufacturers may 
also impose other deflection criteria as follows:

	 1.	� Differential radial displacement between adjacent bearings;
	 2.	� Foundation basemat differential settlements;
	 3.	� Relative top surface rotation of specific piers;
	 4.	� Relative displacements of any three adjacent foundation supports; and
	 5.	� Concrete crack width of top deck girders.

Note that the design of TG foundations is typically governed by stiffness 
criteria; as such, stress levels in concrete sections and reinforcement are 
relatively low compared to those in building and other types of structures. 
Therefore, fatigue from cyclic loading in TG foundations is usually not a 
concern.

It is essential that the TG foundation design engineer have a correct 
understanding of all the serviceability criteria, both static and dynamic, 
imposed by the TG manufacturers. Coordination with the TG manufactur-
ers is the key to a successful design if the foundation design engineer has 
difficulties meeting certain criteria.
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CHAPTER 8

STRENGTH AND STABILITY DESIGN

8.1  INTRODUCTION

The strength design of TG foundations should follow requirements of 
the building codes specified in the project design criteria, as well as appli-
cable ACI requirements. However, TG foundations have some unique 
structural characteristics that require special considerations and details in 
strength design.

This chapter presents the strength design criteria and procedures for the 
design of concrete TG foundations. The stability design considerations are 
also discussed.

8.2  LOAD COMBINATIONS FOR STRENGTH DESIGN

The strength design method should be used to design all structural com-
ponents of reinforced concrete TG foundations.

Factored load combinations for strength design should follow the appli-
cable building codes. In addition to the general load combinations, special 
load combinations required or recommended by the TG machine manu-
facturer should be considered. Loads to be used in load combinations are 
described in Chapter 4. Section 4.9 discusses load combination consider-
ations for TG foundation designs.

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

L
a 

T
ro

be
 U

ni
ve

rs
ity

 o
n 

05
/0

2/
18

. C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.
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8.3 � SEISMIC LOAD AND DUCTILE DESIGN  
CONSIDERATIONS

Seismic loads are defined by the building code specified in the project 
civil/structural design criteria. Key seismic design parameters, such as SDS, 
SD1, soil type, and seismic design category (SDC), are usually provided in 
this document.

According to Section 11.7 of ASCE 7, TG foundations assigned to SDC 
A need only comply with the requirements of ASCE 7 Section 1.4. TG 
equipment systems in SDC A are exempt from seismic design require-
ments. For TG foundations in SDC B to F, the equivalent lateral force analy-
sis procedure is permitted. The seismic response coefficient Cs and the 
response modification factor R can be determined based on the following 
design considerations.

For a rigid TG foundation system with a fundamental period less than 
0.06 seconds, it is acceptable to use Cs = 0.3 SDS Ie per Section 15.4.2 of ASCE 
7. Note that SDS is the site design response acceleration as determined from 
Section 11.4.4 of ASCE 7, while Ie is 1.25 for Risk Category III and 1.5 for 
Risk Category IV, respectively. Some low-profile CTG, axial exhaust, or side 
exhaust STG with higher soil or pile stiffness may be qualified as rigid 
foundations for the fundamental horizontal modes.

For TG foundations with a fundamental period not less than 0.06 sec-
onds, the seismic response coefficient Cs can be determined per Sections 
12.8.1 and 15.4.1 of ASCE 7. In these procedures, the design engineer needs 
to select the response modification factor R for the TG foundation, which 
reflects the capabilities of the structure to absorb and dissipate earthquake 
energy during such an event.

However, the current practice in selecting an appropriate R-value for 
seismic design of TG foundations varies, depending on how the structure 
type classification per ASCE 7 is interpreted, seismic severity, and past 
experiences of the TG foundation design engineer.

Some practitioners classify the elevated space-frame TG foundations 
as “nonbuilding structures similar to buildings.” The corresponding seis-
mic coefficients, with their usage applicability and limitations, are listed 
in Table 15.4-1 of ASCE 7. Accordingly, the design engineer can select an 
R-value of 0.8 from Table 15.4-1, classifying the TG pedestal as an ordi-
nary reinforced concrete moment frame (OMF), to avoid ductile detailing 
requirements stipulated in ACI 318. However, using an R-value of 0.8 will 
inevitably result in higher seismic demands on the foundation, which may 
not necessarily cause reinforcement issues in the superstructure, but will 
very likely cause lateral pile capacity issues for pile-supported foundations, 
or soil-bearing capacity issues for soil-supported foundations, or even 
excessive sliding under high seismic loading. For pile-supported founda-
tions, increasing the number of piles alone may not increase the total lateral 
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capacity sufficiently, because individual pile lateral capacity becomes lower 
as piles are spaced more closely together. As a result, additional piles with 
a larger basemat footprint may be required, possibly leading to new inter-
face issues with nearby structures.

To avoid issues described previously, alternatively, the design engineer 
more intends to select an R-value of 3.0, and follow ACI 318 to meet the 
seismic detailing requirements for intermediate moment frames (IMF). 
Note that per ASCE 7, for the OMF and IMF, the structural height limit is 
NL (no limit) for SDC B and C, and 50 ft for SDC D to F, respectively. How-
ever, it is the opinion of this task committee that the 50-ft height limitation 
is too restrictive for a TG pedestal foundation, whose design is more governed 
by stiffness and vibration criteria than by seismic strength requirements. If a 
foundation is proportioned per the rules of thumb on weight ratios, column 
axial compressive stress range, and h/r ratio, as recommended in Chapter 3, 
the 50-ft height limitation, can be 60 ft for SDC D to F.

Contrary to the previous practice, other practitioners treat TG foundations 
as “nonbuilding structures not similar to buildings.” Then, per Table 15.4-2 
of ASCE 7, an R-value of 1.25 can be selected for “all other self-supporting 
structures, tanks, or vessels not covered above or by reference standards 
that are similar to buildings.” Or, an R-value of 2.0 can be selected if ele-
vated space-frame TG foundations are treated as “inverted pendulum type 
structures.” A survey of major engineering design firms shows that, in vari-
ous practices, R-values of 1.0, 1.25, and 2.0 have been used without provid-
ing seismic detailing required by ACI 318. Among considerations, one major 
defense argument for doing so has been that TG foundation designs are 
governed by stiffness and vibration limits, not by seismic strength require-
ments. As a result, a TG pedestal foundation is usually oversized, such that 
its structural responses under seismic loads are more or less elastic than 
plastic. Therefore the detailing requirements may not be necessary for these 
oversized structural components.

While acknowledging the fact that different R-values have been used in 
current practice, this task committee recommends using either R = 0.8 or 
R = 3.0, and following the appropriate detailing requirements of ACI 318, 
since there has not been enough research and evidence to substantiate other 
R-values. A decision to use other values should be based on careful consid-
erations of specific project engineering requirements, as well as close coordi-
nation with local building officials, as required. In this regard, this Committee 
expects that future ASCE 7 updates will provide clearer provision(s) on 
nonbuilding foundation structures for large vibrating equipment.

Besides the superstructure, the seismic inertia effect of the TG basemat 
supporting the superstructure should also be considered. Section 12.2.3.2 of 
ASCE 7 provides the details for two-stage analysis procedure. A typical TG 
basemat may be considered as a rigid structure for this purpose, regardless 
of whether it is above or below grade. ASCE 7 recommends Cs = 0.3 SDS Ie 
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as the lateral seismic coefficient for rigid structures. For the purpose of 
strength design, both soil-supported and pile-supported foundation mats 
are treated as rigid structures under the effect of horizontal seismic excita-
tion. In the latter case, the interaction effects between the pile and sur-
rounding soil medium are ignored.

The seismic loads of the TG machines should be determined treating the 
machines as an integral part of the foundation. TG manufacturers may 
provide machine seismic loads, which design engineers should verify.

For machine anchorage designs, the design engineer should follow 
ASCE 7, Chapter 13.

8.4 � REDUNDANCY FACTOR (ρ) AND OVERSTRENGTH  
FACTOR (Ωο)

In accordance with ASCE 7, Section 12.4, redundancy and overstrength 
factors must be used to create a new set of design load combinations for all 
structural members. These provisions are applicable for buildings and non-
building structures per ASCE 7, Sections 15.4.1, 15.5.1, and 15.6.

Per ASCE 7, Section 12.3.4, the value of the redundancy factor (ρ) for TG 
foundations can be taken as 1.0. TG foundations are “nonbuilding struc-
tures that are not similar to buildings” for block type foundations, or meet 
the requirements for moment frames described in ASCE 7, Table 12.3-3, for 
elevated space frame type foundations.

ASCE 7 indicates that where specifically required, seismic load effects 
shall be modified to account for system overstrength, as set forth in Section 
12.4.3. Per Section 18.3.3 of ACI 318, the overstrength factor Ωο should be 
used in the shear reinforcement design of OMF columns. Per Section 18.4 
of ACI 318, the Ωο factor should be used for the shear reinforcement design 
of IMF columns while a constant factor of 2 should be used for the shear 
reinforcement design of IMF beams. The Ωο factor is not required for the 
axial, flexural, and torsional design. As indicated in Section 18.4 of ACI 318, 
the objective of the requirements in 18.4.2.3 and 18.4.3.1 is to reduce the 
risk of failure in shear in beams and columns during an earthquake. For 
anchorage design, ASCE 7 provides a revised version that gives Ωο factors 
for all components in Chapter 13.

8.5  ACCIDENTAL TORSION

ASCE 7, Section 12.8.4.2, requires an accidental torsion to be considered 
for diaphragms that are not flexible. This requirement accounts for the 
possible difference between the actual mass locations and those considered 
in the design.
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While the tabletop of an elevated space-frame pedestal foundation may 
be considered a diaphragm that is not flexible, for a TG foundation all the 
major masses (e.g., machine weights) are already precisely defined and can 
be accounted for in a finite element model used for the strength design. 
Therefore, the accidental torsion defined in ASCE 7 need not be included 
in the design of TG foundations.

8.6  FE RESULTS FOR STRENGTH DESIGN

TG structural members are sized to satisfy dynamic vibration and static 
deflection criteria. Therefore, a minimal amount of reinforcement often 
satisfies the strength requirements. Demands because of load combinations 
involving seismic loads and/or catastrophic equipment loads govern the 
reinforcement design of a TG foundation.

Using the static FE model, as described in Chapters 6 and 7, with all 
applicable design loads and load combinations per building codes as well 
as the TG machine manufacturer’s requirements, the design engineer can 
perform a static analysis to obtain the design forces for all structural com-
ponents in a TG foundation.

If beam elements are used to model tabletop members and columns, FE 
member force outputs (axial force, shear force, moment, and torsion) can 
be directly used for member designs per ACI 318.

If shell elements are used to model walls and basemat, outputs are usu-
ally given in a “per unit length” format (e.g., 300 kip-ft/ft for bending 
moment in a wall). The design engineer will need to post-process the out-
puts to obtain the resultant forces along a selected length for reinforcement 
design. Some computer programs may have tools that help calculate resul-
tant forces at user-defined section cut locations. Also see Section 6.12 for 
guidelines on averaging FE results.

If solid elements are used to model the whole foundation structure, the 
outputs are usually stresses, not forces and moments that can be readily used 
for design. In such cases, the design engineer may have to post-process the 
stress outputs by doing integrations across the sections of interest to obtain 
the resultant forces and moments at those sections.

To simplify the design process, enveloping resultant forces and moments 
can be used for reinforcement design, so long as such an approach does not 
result in too congested reinforcement arrangements.

8.7  BASEMAT REINFORCEMENT DESIGN

TG foundations have thicker basemats compared to other equipment 
foundations. The reinforcement design of basemats should follow the 
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applicable ACI requirements. If finite element analysis results are available, 
the design engineer can obtain the maximum bending moments in both 
directions, and add the maximum absolute value of the torsional moments 
to them to determine the required flexural capacity in each direction. The 
axial force, either tension or compression, in the basemat is typically very 
small and can be ignored. Some design engineers may add additional rein-
forcements to resist axial tension.

A simplified approach to design of the basemat is to treat it as a slab 
supported by the columns and walls, then to use the maximum soil-bear-
ing pressure or maximum pile reactions as input loads to perform hand 
calculations and determine the maximum moments in the basemat. The 
flexural reinforcement is provided accordingly.

Typically, no shear reinforcement is necessary in the basemat. Because 
of its thickness, the basemat concrete provides sufficient shear capacity, 
larger than the maximum shear demands on the basemat.

A punching shear check should be performed for areas surrounding the 
columns and piles per ACI 318 provisions.

In foundations thicker than 4 ft (1.2 m), the design engineer may use the 
minimum reinforcement suggested in ACI 207.2R for mass concrete. Also, 
Section 7.12.2 of ACI 350 provides an alternative criterion, which states that 
concrete sections that are at least 24 in. thick may have the minimum 
shrinkage and temperature reinforcement based on a 12-in. concrete layer 
at each face. Using this alternative, a typical basemat top (or bottom) rein-
forcement is 0.5% of the assumed cross section depth (24 in.) in each direc-
tion. To minimize concrete cracking in mass concrete, additional minimum 
spatial steel reinforcement per unit volume of concrete may be required 
by some turbine manufacturers. More discussion is given in Section 8.11.

8.8 � COLUMN, BLOCK, PIER, AND WALL  
REINFORCEMENT DESIGN

Columns, pedestals, and walls in space-frame pedestal foundations 
should be designed per the applicable ACI requirements.

The minimum column longitudinal reinforcement should be 0.5% of 
gross concrete area. Though Section 10.6.1 of ACI 318 requires the mini-
mum longitudinal column reinforcement to be 1% of the gross concrete 
area, Section 10.3.1 allows the use of a reduction in effective area of up 
to 50% for the calculation of minimum reinforcement. Therefore, the 
minimum reinforcement may be as low as 0.5% of the gross area. If the 
reduced effective area is used for strength calculations and minimum 
reinforcement, the full gross area should still be used for column stiffness 
calculations.
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The column tie sets should be minimum No. 5 bars with a maximum 
spacing of 18 in. (450 mm). Tie sets need not go into the tabletop joint for 
low to moderate seismic zones. For higher seismic zones, ACI 318 seismic 
detailing requirements should be followed. Note that OMFs do not have 
special seismic detailing requirements if an R-value of 0.8, 1.25, or 2.0 is 
used.

All longitudinal bars should be laterally supported by ties unless they 
are 12 in. (300 mm) or closer along the tie to the next laterally supported bar. 
Lateral support is provided by the corner of a tie with an included angle of 
not more than 135 degrees.

As an additional check for columns, it is a good practice to ensure that 
the amount of reinforcement provides a section moment capacity greater 
than 1.2 Mcr, where Mcr is the cracking moment capacity based on the con-
crete modulus of rupture ( fr). This ensures some levels of ductility within 
the structure.

8.9  TABLETOP REINFORCEMENT DESIGN

Tabletop members should be designed as “beams” per the applicable 
ACI requirements.

8.9.1  Shear and Torsion

Flexural members of a TG foundation may be subjected to substantial 
shear and torsion forces. The longitudinal beams supporting the generator 
stator and the low-pressure turbine exhaust hoods are usually short and 
heavily loaded, principally along one edge, resulting in relatively high 
torsion forces. Combined shear and torsion strength of these members 
should be evaluated by the procedures of ACI 318, taking into account the 
effects on strength of simultaneous bending moments and axial forces at 
the section under investigation.

For beams loaded along their top surface, design sections for shear 
and torsion are taken at a distance “d” from the face of the support 
unless the shear at the face of the support is substantially different, as in 
the case where a heavy load or beam reaction is applied within this dis-
tance. In this case, the design section should be taken at the face of the 
support. The distance “d” is defined as the dimension from the compres-
sion face of the concrete to the centroid of the tension reinforcement. Shear 
reinforcement and torsional reinforcement must meet the requirements 
of ACI 318. The torsional reinforcement should be in the form of closed 
stirrups.
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8.9.2  Deep Beam and Strut-and-Tie Model Method

The beams and girders of a TG foundation tabletop are typically 
designed as deep beams. Per ACI 318, strain in reinforcement and concrete 
shall be assumed directly proportional to the distance from the neutral axis, 
except that, for deep beams, an analysis that considers a nonlinear distribu-
tion of strain shall be used. Alternatively, use of the strut-and-tie method 
(DIN4024-1 1988; Reineck and Novak 2010) is permitted.

If solid elements are used in a static analysis for strength design, the 
nonlinear distributions of strain in the deep beams will be appropriately 
accounted for. Therefore, per Section 9.9.1.2 of ACI 318, it is not necessary 
to use the strut-and-tie method to design such deep members. If beam ele-
ments are utilized to obtain the forces and moments for tabletop deep 
members, the strut-and-tie method should be used. Design engineers can 
use the traditional beam design method for the initial design of deep 
beams, and then use the strut-and-tie method to check the reinforcement 
configurations.

8.9.3  Additional Considerations

The typical minimum reinforcement at beam top and bottom surface 
should be 0.25% (each) of gross sectional area, and 0.1% (each) at side faces. 
The typical stirrup configuration is No. 5 closed stirrups minimum, with 
maximum spacing of 1/5 beam depth but not to exceed 18 in. (450 mm). 
The minimum tension reinforcement on each face for flexural members is 
typically controlled by providing at least 1/3 greater than that required by 
analysis for flexure.

Similar to the column design mentioned in Section 8.8, it is good practice 
to provide sufficient flexural reinforcement to provide a flexural capacity 
larger than 1.2 Mcr.

Some tabletop layouts may have trenches and block-outs, which make 
main reinforcement arrangements difficult without bends and cuts. For 
such layouts, it is recommended to place all main reinforcements beneath 
the deepest major trench so that they can have a more uniform and regu-
lar mesh, making construction much easier. Doing so will reduce the 
effective moment arm for tabletop member design. However, the flexural 
strength reductions do not necessarily result in additional reinforcement 
requirements, since the tabletop member sizes are controlled by stiffness 
requirements, not by strength requirements. Even if the tabletop layout 
is uniform (i.e., no large trenches or block-outs), it may still be a good 
practice to place main reinforcement at least 6 in. below top of concrete, 
in order to avoid rebar cutting during installation of expansion or epoxy 
anchors. Note that in this case, secondary reinforcement should be used to 
minimize the concrete cracking near the surface.
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8.10  ADDITIONAL REINFORCEMENT REQUIREMENTS

Following are common practices with respect to reinforcement in TG 
foundations. Fig. 8-1 shows a typical reinforcement example for a column 
and a tabletop beam.

•	 All faces of concrete members should be reinforced with bars spaced 
not more than 12 in. (300 mm) on center.

•	 A maximum bar size of No. 11 is preferable. In some cases, No. 14 
or No. 18 bars in conjunction with mechanical splicing may be 
used.

•	 The clear distance between parallel bars in a layer should be 6 in. 
(150 mm) or more, unless lateral reinforcement sufficient to prevent 
bond splitting is provided.

•	 Splices should be located in compression zones, where possible.
•	 Careful attention must be given to anchorage and development details 

because of large reinforcement bar diameters.

8.11  VOLUMETRIC REINFORCEMENTS

While not required by most U.S. codes, some turbine manufacturers or 
power plant owners require volumetric reinforcement to be provided in 
TG pedestal foundations per old European practice such as DIN 4024 and 
CP 2012-1, although these two standards are inactive now.

Closed ties

Access area

Fig. 8-1.  Example of a column tie reinforcing arrangement to allow access inside 
the rebar cage (left); example of a tabletop beam torsion tie reinforcing (right)
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132	 CONCRETE FOUNDATIONS FOR TURBINE GENERATORS

DIN 4024-1 (1988) is an old German standard for machine founda-
tions. It requires that the mass of reinforcement by base volume should 
be at least 30 kg/m3 (or 1.87 lb/ft3), and part of the reinforcement should 
be arranged in a spatial configuration. For TG foundations, some design 
engineers use a minimum reinforcing of 3.1 lb/ft3 (50 kg/m3 or 0.64% by 
volume) for pedestals (no columns) and 1.9 lb/ft3 (30 kg/m3 or 0.38% by 
volume) for foundation basemats. CP 2012-1 is an old British standard 
for machine foundations. Some machine manufacturers require the use 
of multiple layers of reinforcing steel spaced in all three directions per 
CP 2012-1.

Even though the requirements on volumetric reinforcement vary depend-
ing on the building code to be followed and/or machine manufacturer 
requirements, it is generally considered not necessary for TG foundations 
in the United States, since the foundation stresses are usually very low during 
normal operations. However, mass pours should be considered with the 
possible addition of reinforcement as a solution for the thermal issue. Sec-
tion 6.4 of ACI 207.2R provides the requirements on the minimum rein-
forcement for mass concrete. The design engineer should collaborate with 
the machine manufacturer and/or local building officials to make appro-
priate decisions on specifying volumetric reinforcement.

8.12  PILE CAPACITY CHECK

If a TG foundation sits on piles, the pile group should be laid out and 
checked by the design engineer to ensure that the maximum demands on 
the piles are within the pile lateral and axial (tension and compression) 
capacities provided by the geotechnical engineer.

When checking the pile lateral capacity, the maximum demands come 
from either seismic lateral loads or catastrophic equipment loads. When 
determining the seismic lateral demands on the piles, the seismic inertia 
force of the basemat should be considered, and combined with the super-
structure seismic base shear appropriately. The 2011 ASCE Report, “Guide-
lines for Seismic Evaluation and Design of Petrochemical Facilities,” Section 
5.3.5.5, provides practical guidelines on how to combine the two seismic 
shear demands for pile design purposes.

Lateral pile capacities are based on an assumed head deflection that 
should be checked against project design criteria. Lateral pile capacities 
provided by the geotechnical engineer have different values for leading 
and trailing piles, depending on pile-to-pile spacing. It is acceptable to use 
a weighted average pile lateral capacity when comparing it with the maxi-
mum lateral demands on the piles. This is a reasonable estimate, since the 
pile cap (basemat) is stiff enough to redistribute the forces between indi-
vidual piles.
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The load combinations used for pile capacity checks are the service load 
combinations, since the typical capacities provided by the geotechnical 
engineer are allowable capacities.

8.13  SOIL-BEARING PRESSURE CHECK

For TG foundations, the supporting soil typically has a bearing capacity 
of 4,000psf or higher in order to control foundation settlements. The actual 
design bearing capacity shall be determined by geotechnical engineers.

Similar to the pile capacity check, the load combinations used for the soil-
bearing capacity check are service load combinations. A simple hand calcula-
tion or FE analysis can be used to determine the maximum bearing pressure 
under normal operational loads, emergency operation or catastrophic equip-
ment loads, and seismic loads. For emergency operation or catastrophic 
equipment and seismic loading scenarios, the soil-bearing capacity can be 
increased by 33%, upon approval by the geotechnical engineer.

Because of the massive nature of the TG foundation, there is typically 
no net tension (i.e., uplifting) underneath the basemat. However, for 
very high seismic zones, uplift needs to be considered. An FE nonlinear 
analysis may become necessary to determine the maximum soil pressure 
in such cases.

8.14  STABILITY EVALUATION

TG foundations have large basemat footprints and are very heavy 
compared to other power plant concrete foundations. Therefore, sliding, 
overturning, and buoyancy are usually not an issue. However, for TG 
foundations located in high seismic zones, the foundations may slide 
because large horizontal seismic forces. The design engineer can estimate 
the sliding using the energy balance method (ASCE 4, 1998) to ensure suf-
ficient gap/separation is provided between the TG foundations and other 
surrounding structures. Note that the seismic lateral force of basemat is 
typically not required to be included in the stability check for soil-supported 
foundations.
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CHAPTER 9

EMBEDDED ITEMS

9.1  INTRODUCTION

To properly install and secure the turbine generator equipment and its 
auxiliaries to the foundation, embedded items, such as anchor bolts, jack-
ing posts, embedded plates, and shear keys, are required. This chapter 
addresses the function, arrangement, installation, and design of various 
types of embedded items in turbine generator foundations.

This chapter highlights a number of design issues related to the design 
of large diameter anchor bolts in TG foundations. For more general infor-
mation on anchorage, see ASCE (2012), Anchorage Design for Petrochemical 
Facilities.

9.2 � TYPES OF EMBEDDED ITEMS IN TURBINE  
GENERATOR FOUNDATIONS

9.2.1  Anchor Bolts and Sleeves

Anchor bolts used in TG foundations are partially threaded rods, with 
heavy nuts at the bottom, either cast-in-place or through-bolts, or grouted 
in pockets. Hooked bolts (L-bolt and J-bolt) should not be used in TG foun-
dations (ACI 349), as they do not provide satisfactory performance in 
securing dynamic equipment.

Anchor bolt sleeves can be provided to allow for pretensioning and 
small adjustments in the field as required. Partial sleeves are made of poly-
ethylene, either smooth or corrugated, while full length sleeves are steel 
pipes. The anchor sleeve diameter should be at least 1.0 in. (25 mm) larger 
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than the anchor bolt nominal diameter. During concrete placement, the 
sleeves should be shielded or plugged to prevent the entry of concrete. 
Fig. 9-1 depicts examples of cast-in-place anchor bolts and sleeves.

Anchor bolt sleeves provide three advantages:

	 1.	� They allow for minor repositioning of anchor bolts to match the 
installed equipment position. Note that bolts larger than 1.5 in. in 
diameter become too stiff to move even with a sleeve and cannot be 
repositioned.

	 2.	� For anchor bolts with a significant preload, sleeves will prevent bond-
ing to the concrete and allow for free stretching or elongation of the 
anchor bolts.

	 3.	� Sleeves for through-bolts facilitate the tightening of bolts from 
underneath.

Anchor bolts that are required to have a significant preload in the final 
installed condition should be installed in sleeves, or the shank of the anchor 
bolt must be coated or covered with a bond breaker to allow for bolt elon-
gation after pretensioning.

While the information on anchor bolt type, size, number, location, eleva-
tion, and preload is provided by the TG manufacturers, it is usually the TG 
foundation design engineer’s responsibility to determine the overall length 
of the anchor bolts.

(a) (b)

(c)

Fig. 9-1.  Anchor with partial sleeve (a), anchor bolt with full-length sleeve (b), 
and anchor bolt with full-length sleeve for through-bolt (c)
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Fully grouted anchor bolts were sometimes proposed by overseas 
machine vendors. Normally, the process requires casting a pocket in the 
foundation first, then dropping the bolt and filling out the pocket with 
grout. However, determining the bolt capacities for this scenario may not 
be found in building codes. Some practitioners choose to treat the grout as 
concrete when doing so. Sometimes building officials may request testing 
to justify such an approach.

9.2.2 � Embedded Plates and Shear Keys at TG Equipment  
Foundation Interfaces

Besides anchor bolts, which are primarily for transferring tensile forces 
from the TG equipment to the foundation, other important structural ele-
ments are embedded plates and shear keys that primarily transfer shear 
forces from the equipment to the foundation.

Embedded plates, with shear keys and/or headed bolts, can be used as 
the foundation connections for the TG axial stop blocks, anchor support 
plates, exhaust hood anchors, and centerline guides. Fig. 9-2 shows how 
the equipment base is connected to the embedment plate through an 
anchor pin and a centerline guide (or an axial stop block).

Shear keys (or lugs) in TG foundations are steel elements such as 
heavy steel plates (2 in. to 4 in. thick), W-shapes, or tubes that are welded 
to the underside of the equipment support embedded plates, and either 
cast in place with concrete or grouted in pockets. They provide a shear 
loading transfer path through direct bearing with concrete or grout, 
transferring large shear forces, such as those resulting from thermal 
expansion and accidental scenarios, from the TG equipment into the con-
crete foundation.

Plate shear keys underneath an embedment plate can be arranged to 
transfer shear forces from two directions. The same plate can also have 
welded studs or bolts that transfer axial forces into the foundation. Fig. 9-3 
provides example details of an embedment plate with shear keys and 
headed bolts.

The TG manufacturer may provide a suggested shear key design and 
layout, but it is the design engineer’s responsibility to ensure that the shear 
keys and the surrounding concrete are structurally adequate to transfer the 
shear loading into the foundation.

9.2.3  Horizontal Adjustable Device—Jacking Posts

Jacking posts are temporary (or reusable) devices made of rolled steel 
shapes or built-up sections for horizontal alignment of TG equipment. 
The TG equipment position may be adjusted by placing a jack against the 
jacking posts. Jacking posts are usually located alongside the equipment 
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for transverse adjustments perpendicular to the turbine generator shaft 
centerline. Jacking posts may also be used to aid in axial adjustments, 
along the rotor. Fig. 9-4 depicts a typical layout of jacking posts on a CTG 
foundation.

Jacking posts can be either cast-in-place with concrete, and flame-cut 
to be flush with the top of concrete after use, or be placed in a sleeve or 
anchored to the side of the foundation, thus becoming reusable. The location, 
projection over the top of the foundation, and number of jacking posts 
required are provided by the TG manufacturer.

Fig. 9-5(a) illustrates a wide flange jacking post that is partially 
embedded in concrete with its top 12 in. (305 mm) projecting over the 
top of concrete. After the installation alignment is complete, the jacking 
post will be cut flush with concrete. Fig. 9-5(b) provides an example of a 
jacking screw that may be attached to the top of a jacking post. The jack-
ing screw is only suitable for equipment with a gross weight less than 
200 kips (890 kN).

For large jacking forces (>100 kips), additional reinforcement may be 
required to help transfer the load into the foundation. Fig. 9-6 illustrates 

Weld

Centerline guide

Embedment

Anchor pin

Equipment base

Weld

Embedment

Fig. 9-2.  Embedment plate connection to equipment base

Fig. 9-3.  Example embedded plates with shear keys and headed bolts
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additional horizontal weldable steel reinforcement used for transferring 
large jacking post forces.

Jacking posts may also be designed as a removable attachment to 
the foundation. Fig. 9-7 shows a jacking post attached to the side of a TG 
foundation. Fig. 9-8 shows a jacking post that can be placed in a sleeve 
embedded in concrete. The jacking posts in both configurations are 
reusable.

Load 
Gear

Gas Turbine

Jacking post Axial jacking post 
(optional)

Fig. 9-4.  Jacking posts on a CTG foundation

(a)

Jacking post Jacking screw

(b)

Fig. 9-5.  Jacking post cast in concrete
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The TG manufacturer may provide a suggested jacking post design and 
layout, but it is the design engineer’s responsibility to ensure that the jack-
ing posts and the surrounding concrete are structurally adequate to trans-
fer the jacking forces during the equipment installation or maintenance 
into the TG foundation.

The interference between jacking posts and TG foundation reinforce-
ment should be carefully accounted for in the design. Sometimes pre-
drilled holes in the jacking posts may be necessary to allow reinforcing 
rebars to pass through rather than terminating rebars at the jacking 
posts.

9.2.4  Special Embedded Items

Some TG manufacturers require customized embedded items that are 
designed to accommodate large bolt pretension, or special connections 
between the TG equipment bolts and sole plates and the foundation.

For example, the embedded anchor box shown in Fig. 9-9 is designed 
to be able to resist large bolt pretension. Large diameter high strength (1¾ 
in. diameter, ASTM A615, 75 ksi) threaded rods are used to meet the pre-

Jacking force

Rebars

Weld

Fig. 9-6.  Additional reinforcement at embedded jacking post
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tension requirements. Special ball nuts and conical washers are in the box 
to help distribute the pretension into the concrete. Close coordination 
between the TG foundation designer and the TG manufacturer is essen-
tial for successful design and fabrication of these types of embedment.

9.2.5  Miscellaneous Embedded Plates

Besides supporting the turbine and generator through anchor bolts 
and embedded plates with shear keys, the TG foundation also provides 
support and restraint for miscellaneous pipes, ductworks, electrical cable 
trays, and conduits routed within and around the perimeter of the TG 
foundation. These miscellaneous components are typically supported by 
embedded plates, cast-in-place inserts, and post-installed anchors. For 
post-installed anchors, both mechanical and adhesive anchors can be 
used.

Figs. 9-10 through 9-13 show samples of miscellaneous embedded 
plates in a TG foundation. Locations of these embedded plates should be 
clearly identified and addressed in the structural calculations and prop-
erly detailed to maintain their structural integrity. Reinforcing around 
these elements should be planned and considered in the development of 
construction drawings.

PLAN ELEVATION

Fig. 9-7.  Jacking post at side of foundation
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9.3  STRUCTURAL DESIGN FOR EMBEDDED ITEMS

9.3.1  Cast-in-Place Anchor Bolt Design Considerations

In a TG foundation, anchor bolts are often designed to resist tensile load-
ing only, while the shear loading is transferred to the TG foundation 
through embedded plates and shear keys. This design concept simplifies 
the anchorage design.

The general design philosophy in concrete anchorage design is to have 
a ductile design, or to design the anchorage as a ductile connection to 
the concrete. A ductile connection is controlled by the yielding of steel 
elements, including the anchor and reinforcement, with large deflection, 
redistribution of loads, and absorption of energy, rather than a sudden loss 
of capacity of anchorage resulting from a brittle failure of the concrete. 
ACI 318 provides the requirements for ductile anchorage designs. Some 
types of nonbuilding structures may use the foundation anchor bolt as a 
yield mechanism to provide structural ductility. For example, ASCE 7, 

JACKING POST JACKING POST SLEEVE JACKING POST IN 
JACKING POST SLEEVE

CAP PLATE

TUBE SLEEVE

Fig. 9-8.  Example jacking post sleeve embedded in concrete
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Section 15.7.5, requires tanks and vessels to be intentionally designed to 
create a plastic mechanism of tensile yielding in the anchors.

Most anchor bolts in TG foundations are large diameter bolts (1.5 in. to 
4 in.). When bolt preloading is specified by the TG manufacturer, it is very 
likely that the bolts are oversized for the actual design load combinations. 
To design a concrete anchorage for oversized bolts and to have a concrete 
anchorage capacity not less than the tensile strength of the bolts is extremely 
difficult, if not impossible, to achieve in a TG foundation.

Fig. 9-9.  Example special embedded anchor box

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

L
a 

T
ro

be
 U

ni
ve

rs
ity

 o
n 

05
/0

2/
18

. C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



144	 CONCRETE FOUNDATIONS FOR TURBINE GENERATORS

H
P

LP
G

EN
ER

AT
O

R
EX

C
IT

ER

EM
B

ED
D

ED
 

PI
PE

 S
LE

EV
E

EM
B

ED
D

ED
 

PL
AT

ES

Fi
g.

 9
-1

0.
 P

la
n 

vi
ew

: m
is

ce
lla

ne
ou

s 
em

be
dd

ed
 p

la
te

s 
at

 u
nd

er
si

de
 o

f a
n 

ST
G

 ta
bl

et
op

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

L
a 

T
ro

be
 U

ni
ve

rs
ity

 o
n 

05
/0

2/
18

. C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



	 Embedded Items	 145
EX

H
A

U
ST

 
H

O
O

D
G

EN
ER

AT
O

R

EM
B

ED
D

ED
 

PL
AT

ES

Fi
g.

 9
-1

1.
 E

le
va

ti
on

 v
ie

w
: m

is
ce

lla
ne

ou
s 

em
be

dd
ed

 p
la

te
s 

on
 c

ol
um

ns
 a

nd
 s

id
e 

fa
ce

s 
of

 a
n 

ST
G

 fo
un

da
ti

on

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

L
a 

T
ro

be
 U

ni
ve

rs
ity

 o
n 

05
/0

2/
18

. C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



146	 CONCRETE FOUNDATIONS FOR TURBINE GENERATORS

On the subject of ductile anchorage design, the ASCE Task Committee 
on Anchorage Design (2012), Section 3.4 states, “If the anchor reinforcement 
is properly designed and developed to prevent concrete failure, the result-
ing connection can be considered as ductile. This philosophy is consistent 
with reinforced concrete design principles.” This Committee shares the 

Fig. 9-12.  Pipes attached to embedded plates on column
Source: Courtesy of Kiewit Engineering Group; reproduced with permission.

Fig. 9-13.  Attachments at side of tabletop
Source: Courtesy of Kiewit Engineering Group; reproduced with permission.
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same opinion for anchorage design for TG foundations. Proper anchor 
reinforcement design means appropriately applying the overstrength factor 
(Ω0) to the design loading, and checking the concrete for breakout, anchor 
pullout, and side-face failure modes. If the concrete itself cannot provide 
sufficient strength, reinforcement must be provided and properly detailed 
around the anchor bolts to prevent nonductile concrete failure.

The ductile yield mechanism may be achieved by an additional anchor 
reinforcement for concrete breakout, either shear or tension or both.

Seismic design per ACI 318 includes subsections 17.2.3.1 through 17.2.3.7 
and provides four options for determining the required anchor or attach-
ment strength to protect against non-ductile tensile failures. Option (d) 
states, “The anchor or group of anchors shall be designed for the maxi-
mum tension obtained from design load combinations that include E, 
with E increased by Ω0. The anchor design tensile strength shall satisfy the 
tensile strength requirements of 17.2.3.4.4.” For this option, the seismic 
loads are increased by the Ω0 factor and the anchor strength is reduced 
from their nominal tensile strengths by an additional reduction factor of 
0.75. This option can be used for the large anchor bolt anchorage design in 
TG foundations.

9.3.1.1  Anchor Bolt Reinforcement Design.  Steel reinforcement may 
be used as anchorage reinforcement to cross a potential breakout concrete 
cone to provide the required anchorage capacity. Anchor reinforcement can 
be designed as supplementary reinforcement or to transfer the full design 
loads into the concrete as follows:

	 1.	� Supplementary reinforcement acts to restrain the potential concrete 
breakout but is not designed to transfer the full design load from the 
anchors into the structural member. ACI 318 requires the use of a 
reduction factor ϕ for concrete failure modes except for pullout and 
pryout strengths.

	 2.	� Anchor reinforcement is used to transfer the full design load from 
anchors into the structural member, when the factored tensile loading 
demand exceeds the concrete breakout strength. Anchor reinforce-
ment is required per ACI 318, Chapter 17, for anchors with diameter 
greater than 4 in. for concrete shear breakout, or anchors with embed-
ment length larger than 25 in. for concrete tensile breakout.

	 3.	� Anchor reinforcement has to be designed to fully develop its strength 
on both sides of the cracking planes it passes through.

Anchor reinforcement may also be designed using the strut-and-tie con-
cept per ACI 318, Chapter 23.

9.3.1.2  Tensile Failure Cases for Anchor Bolt Design in TG Foundations. ​
Various types of steel and concrete failure modes for anchors are shown in 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

L
a 

T
ro

be
 U

ni
ve

rs
ity

 o
n 

05
/0

2/
18

. C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



148	 CONCRETE FOUNDATIONS FOR TURBINE GENERATORS

ACI 318, Fig. R.17.3.1. Specifically, the following three types of tensile fail-
ure cases should be considered in a TG foundation.

	 1.	� Concrete Breakout: Concrete breakout, under either tensile or shear 
loading, occurs when a volume of concrete surrounding the anchor 
or group of anchors separates from the foundation or structural 
element. The potential separating surface is expected to occur at a 
35-degree angle from the horizontal plane for tension or the vertical 
plane for shear. The capacity of concrete breakout can be calculated 
per ACI 318, Chapter 17. When the tensile loading exceeds the con-
crete breakout capacity, anchor reinforcement should be provided 
and developed for the applicable tensile loading.

	 2.	� Side-face Blowout: Anchors with minimal edge distance and deep 
embedment or thin side cover may be subject to a side-face blowout 
failure, where the concrete face around the anchor head spalls while 
the concrete near the top of anchor experiences no breakout. Side-face 
blowout strength may be calculated per ACI 318, Section 17.4.4. 
Anchor reinforcement should be provided when the concrete side-
face blowout strength capacity is exceeded.

Side-face blowout for a single anchor is calculated per ACI 318, 
Eqs. 17.4.4.1 and 17.4.4.2. If ties or spirals are used to prevent side-face 
blowout, the rebar should be placed close to the anchor. Spirals are 
better than ties for resisting side-face blowout. Research shows that 
“transverse reinforcement (ties) do not increase the side-face blowout 
capacity and a larger amount of transverse reinforcement installed 
near the anchor head only increases the magnitude of load that is 
maintained after the side-face blowout failure has occurred (that is, 
ductility is increased)” (ACI 318, Section 3.5.2, f). Therefore, the TG 
design engineer should consider increasing concrete edge distance 
and/or using a large bearing plate before adding supplemental rein-
forcement to prevent side-face blowout.

	 3.	� Anchor Pullout: Per ACI 318, pullout failure corresponds to the anchor 
device or a major component of the device sliding out from the 
concrete without breaking out a substantial portion of surrounding 
concrete. Based on ACI 318, Eq. 17.4.3.1, pullout strength depends 
on the size of the headed stud or bolt, and strength of concrete. 
Anchor reinforcement may not improve the pullout capacity in this 
case.

9.3.1.3  Preloading.  Preloading, or clamping force, is developed by 
tensioning the anchor. Sufficient clamping force can maintain the critical 
alignment of the machine. The clamping force is intended to allow smooth 
transmission of unbalanced machine forces into the foundation such that 
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the machine and foundation can act as an integrated system. The preten-
sioned anchors provide both moment and axial capacity at the interface. 
In addition, a calculation can be done to determine how much pre-com-
pressed stress is required at the edge of baseplate from tensioning anchor 
bolts to balance an unbalanced vibrated machine force. However, to sim-
plify the design, ACI 351.3R suggests a minimum anchor clamping force 
of 15% of the anchor material yield strength when specific values are not 
provided by TG machine manufacturer.

Anchor bolt preload can be used to provide horizontal capacity of the 
anchor system as given by the following equation:

	
Tmin =

Fr
µ
−Wa

	
(9-1)

where

Tmin = minimum required anchor tension;
Fr = maximum horizontal dynamic force;
μ = coefficient of friction;
Wa = equipment weight at anchorage location.

This equation ensures that the tie-down force is large enough to resist 
the maximum horizontal dynamic force after friction is considered. (Note 
that the strength reduction factor should be ϕ = 0.75.)

9.3.2  Post-Installed Grouted Anchor Rods

Anchor rods for attaching turbines and generators to their foundations 
are sometimes post-installed by installing a headed anchor in an oversized 
pocket in the foundation and grouting the anchor in place with cementi-
tious grout. Although the design of these anchors has yet to be codified in 
the United States, references are available for their design (Miltenberger 
2001; Subramanian and Cook 2004). The design approach for these anchors 
is similar to a combination of the concrete capacity design (CCD) method 
(Fuchs et al. 1995) and the Uniform Bond Stress model (Cook et al. 1998). 
The CCD method is the basis of provisions for cast-in-place headed 
anchors within ACI 318, and the uniform bond stress model combined 
with the CCD method is the basis for design provisions for adhesive 
anchors in ACI 318.

9.3.3  Jacking Post Design

For jacking post design, the loading can be estimated as the machine 
weight at installation multiplied by the coefficient of friction between the 
jacking post and the machine (steel on steel). For a jacking post embedded 
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in the TG foundation (Figs. 9-5 and 9-6), a conservative design approach 
is to use PCI, Eq. (6-75), for steel haunches. The nominal strength of the 
jacking post is as follows.

	

Vc =
0.85 ′fc bLe
1+ 3.6e

Le 	

(9-2)

where

Vc = nominal strength of the section controlled by concrete;
Le = embedment length;
b = effective width of compression, which is generally the flange 

width;
f’c = concrete compressive strength;
e = a + Le /2 (eccentricity of force to half embedment length).

The equation assumes that the jacking post is supported by two com-
pression regions of concrete (Marcakis and Mitchell 1980). See Fig. 9-14.

Additional reinforcement, as shown in Fig. 9-6, may be checked per PCI, 
Eq. (6-76):

	

Vr =
2As fy

1+
6e/Le

4.8s/Le − 1 	

(9-3)

where

Vr = nominal shear strength provided by reinforcement;
fy = yield strength of reinforcement;
s = spacing of reinforcement;
As = cross area of reinforcement.

Then Vn = Vc +Vr and Vu ≤ �Vn, where strength reduction factor � = 0.85.
Alan H. Mattock and G. H. Gaafar (1982) developed different equations 

as follows:

	
Vn = 0.85 fc′β1bLe

0.58 − 0.22β1

0.88 + a/Le

⎛

⎝⎜
⎞

⎠⎟
.
	

(9-4)

The maximum moment of post is given by

	
Mnmax =Vn a +

Vn

1.7 ′fc b
⎛

⎝⎜
⎞

⎠⎟
.
	

(9-5)
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where β1 is a factor relating depth of equivalent rectangular compres-
sive stress block to neutral axis depth as specified in Section 10.2.7 of 
ACI 318.

Jacking posts attached to the side of the foundation (Fig. 9-15) can be 
analyzed as a cantilever beam. The end of the jacking post bears against 
the concrete, while the anchor bolts provide tension resistance for the jack-
ing load. Using ACI 318 reinforced concrete assumptions for bending and 
compression, the following equations may be used to determine the nomi-
nal strength of the jacking post:

(b) Stresses Distribution

N.A.

Vc

αfc’

bxb

0.85fc’

b 1xf

VcLe

xb

N.A.

0.003
xf

(a) Strain Distribution

Fig. 9-14.  Equations and assumptions of steel haunches

Le

x
β1x

a

d

e s
T

Vn

Concrete

Cf

e max = 
0.003

Fig. 9-15.  Side jacking post design
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Strain can be calculated from the maximum concrete strain and plane-
remains-plane assumption as

	
ε s = 0.003

Le − x − d
x 	

(9-6)

	 1.	� The tension force in the anchor is

	 T = Es εs As	 (9-7)

	 2.	� The compression force on the concrete surface is

	
Cf = 0.85 ′fc bβ1x 	

(9-8)

	 3.	� The equilibrium equations are

	 T = Vn + Cf	 (9-9)

	
Mmax =Vn(a+d) = Cf (Le −d −

1
2
β1x).

	
(9-10)

where

Cf = total concrete force of equivalent rectangular stress block;
d = distance from center of anchors to concrete surface;
x = concrete strain region, to be solved from these equations;
As = total cross area of anchor bolts.

The “x” value can then be solved for from the five equations (Eqs. 9-6 to 
9-10). Then the nominal strength of the jacking post can be calculated. The 
anchor bolt size, embedment, and additional reinforcement (if required) 
should be designed to resist the tensile force T  (Eq. 9-7) per ACI 318, Chap-
ter 17.

9.3.4  Shear Key Design

Frictional resistance and shear capacity of anchors typically are consid-
ered a part of the shear transfer mechanism. However, for turbine genera-
tor foundations, shear lugs provide a more effective mechanism to transfer 
large shear loads and satisfy ductile anchorage design requirements. Shear 
lugs can be assumed to resist all shear loadings. The shear lugs may be 
designed per ACI 349 or AISC Steel Design Guide for Base Plates and Anchor 
Bolts Design. The failure shear planes initiated from a shear key as per ACI 
349 are assumed to have a 45-degree spreading angle from the horizontal 
plane, different from the 35-degree angle assumed in ACI 318. The portion 
of the key bearing against the grout over the top of concrete should not be 
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included in the design calculation. Although the actual bearing load against 
the shear key is probably higher near the top of concrete and reduce toward 
the bottom of the lug, the AISC Steel Design Guide for Base Plates and 
Anchor Bolts Design assumes the bearing is uniform for the purpose of 
design.

Where multiple shear keys are used, there is an additional design 
requirement. The shear strength of shear lugs by bearing should not exceed 
the shear strength between shear keys as defined by a shear plane between 
the shear lugs, shown in RD.11.1 of ACI 349.

Additional reinforcement, such as hairpins and tiebacks, for shear break-
out per ACI 318, Chapter 17.5, may be used in combination with shear lugs 
to allow shear loads to be adequately transferred from the attachment to 
the grout and then to the concrete TG foundation.

9.3.5  Embedded Plate Design

Miscellaneous embedded plates are designed with headed studs, anchor 
bolts, or shear lugs to transfer loads to the concrete TG foundation.

Some embedded plates may be prescribed by the TG machine manufac-
turer, while others are required by mechanical/electrical engineers who 
need supports off the turbine generator foundation for their commodities. 
Close coordination between all disciplines is important to avoid clash and 
rebar congestion during construction.

Meeting the ductile design requirements for embedded plates may be 
difficult given the short, closely spaced headed stud anchors. The attach-
ment should be designed to yield first, or the anchor design strength 
reduced to minimize the possibility of a brittle failure per ACI 318. Alter-
natively, longer welded rebar may be used to replace welded studs to avoid 
brittle failure of the concrete. Similar to anchor bolt design, use of strength 
reduction or overstrength factor, Ω0, may be more practical.

9.4  GROUT POCKETS, GROUT DAMS, AND GROUT

9.4.1  Grout Pockets

Grout pockets (Fig. 9-16) are recesses in TG foundations that are reserved 
for future grouting after the machine is aligned and finally positioned in 
place. Grout pockets are required for shear keys or grout pins, Fixators, 
and adjusting bolts. The TG manufacturer usually depicts the required 
pocket locations and sizes on their foundation requirement drawings. 
When sizing or modifying the grout pockets, if required, the following 
should be accounted for:
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154	 CONCRETE FOUNDATIONS FOR TURBINE GENERATORS

	 1.	� Grout pockets generally have a depth varying from 1.0 in. (25 mm) 
to 4.0 in. (102 mm) unless specified to accommodate grout pads or 
adjustable support devices, such as Fixators (see Figs. 11-8 to 11-11).

	 2.	� Installation methods may require additional depth to be added to the 
grout pocket.

	 3.	� The grout pocket must be sufficiently deep to accommodate shear 
keys or grout pins.

	 4.	� The concrete quality at the bottom of the grout pocket may be 
impaired by an accumulation of water and fine aggregate. There-
fore, it is recommended to chip off ½ in. (12 mm) concrete at the 
pocket bottom to ensure sound bonding between grout and concrete 
(see Fig. 9-16).

	 5.	� The grout pocket should be sized to provide a minimum clearance of 
2.0 in. (50 mm) between the side of the grout pocket and the edge of 
the TG foundation baseplates. Additional clearance should be pro-
vided on the side where the grout placement will be made. If adjust-
able support devices are used, additional clearance will be needed 
where wrench access is required.

	 6.	� The grout pocket may need to be contoured to accommodate adjacent 
hardware such as jacking posts and conduit stub-ups.

9.4.2  Grout Dams

Grout dams are light steel hardware that are used along a free concrete 
edge in order to form a grout pocket when the pocket is close to the edge 
of the TG foundation (see Fig. 9-17). Grout dams help contain the grout 
during grout placement. When the grout dam is in close proximity to 

Fig. 9-16.  Typical grout pocket
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equipment, the dams should be affixed such that there are no projections 
beyond the face of the grout dam.

9.4.3  Grout

The grout is a construction material to be placed between equipment 
sole plates and the concrete TG foundation. The selection of a grout type is 
determined by the design engineer or the turbine generator manufacturer.

Cementitious grouts can have compressive strengths as high as 15,000 
psi (48.5 MPa) and cost less than epoxy grouts. Flowable nonshrink 
cementitious grout has been widely used for turbine generator foundations 
for its successful service history, wide availability, temperature capability, 
and workability.

Epoxy grouts have better vibration resistance and chemical resistance 
to process fluids and oils than cementitious grouts. In addition, they are 
formulated with better physical properties than cementitious grouts, offer-
ing higher compressive, tensile, and flexural strengths, as well as increased 
adhesion and shear capacity. However, epoxy grouts have temperature 
limitations on working temperature, and since they have different thermal 
expansion coefficients from concrete, creep and shrinkage cracking may 
be more likely to develop than for cementitious grouts. Due to such 
temperature considerations and limitations, nonshrink cementitious grout, 
complying with ASTM C 1107 requirements, are still recommended by 
many TG manufacturers.

Fig. 9-17.  Grout dam at a concrete free edge
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Turbine dynamic loads constantly produce horizontal, vertical uplifting, 
and downward forces on the sole plates and the grout. During operation, a 
steam turbine foundation can be subjected to high ambient temperatures 
generated by the machine components. Epoxy grouts can perform at base 
plate temperatures under 130°F (55°C), whereas cementitious grout can 
operate at temperatures up to 400°F (200°C). When specifying a grout for 
a specific dynamic loading system, severity of the shock loads, tempera-
ture requirements, ease of placements and other considerations should be 
closely examined. Grout selection should also consider tests, such as the 
performance and flow evaluation test, specified in ACI 351.1R, or prior 
experience with the grout in similar situations. Once a grout type is 
selected, the mixing, placement, and curing should be per the manufac-
turer’s instructions.

The grout should fully occupy the space between the sole plates and 
the concrete TG foundation. Large sole plates or skids may cause problems 
as the grout may not fully flow into all the spaces. Grout air holes in sole 
plates can be used to help the grout fully occupy the space beneath the 
plates.

ACI 351.1R, “Report on Grouting between Foundations and Bases for 
Support of Equipment and Machinery,” provides additional information 
on grouting.
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CHAPTER 10

VIBRATION ISOLATED FOUNDATIONS

10.1  INTRODUCTION

For the purpose of this chapter, the vibration isolated TG foundations 
refer to TG tabletop structures that are supported by a vibration isolation 
system (VIS). This system is composed of springs and dampers, aiming at 
“isolating” operational machine vibrations at tabletop level from the sup-
port pedestals beneath them.

The first large turbine generator set on a spring-supported foundation 
was installed in the late 1960s. Nowadays, this kind of foundation can be 
found predominantly in Europe as well as in Asia. There is design and 
operating experience of numerous installations of turbine generator sets 
with capacities up to 1,600 MW. Most VIS-supported foundations consist 
of reinforced concrete frames or blocks that directly support the high-, 
intermediate-, and low-pressure turbines, generator, and related machine 
components on the tabletop. The substructure beneath the elastic support 
system may consist of reinforced concrete or structural steel.

While meeting the requirements of the TG manufacturer’s design guide-
lines, a VIS-supported TG tabletop achieves operation performance levels 
similar to a “rigidly” supported tabletop, and in some aspects may improve 
its behavior and/or characteristics. Compared to rigid support structures 
with the same tabletop dimensions, foundation systems consisting of a 
VIS-supported TG tabletop may possess technical advantages based on the 
following aspects:

•	 The operational behavior of the TG set is independent of the substruc-
ture and dynamic subsoil conditions (dynamic decoupling). The sub-
structure/subsoil needs only to resist the corresponding static loading.
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160	 CONCRETE FOUNDATIONS FOR TURBINE GENERATORS

•	 The elastic support system for turbine foundations provides vibration 
isolation with efficiencies higher than 98%. Adjacent structures and 
equipment are not affected by vibration or structure-borne noise.

•	 VIS provides “soft effects” resulting from differential settlement of 
the substructure and creep and shrinkage effects. Spring elements 
react smoothly when support conditions change.

•	 Seismic control effects can be achieved by frequency reduction of 
the foundation system and energy dissipation effects of dampers. 
Machine acceleration, relative movement, and stress or strain distri-
bution in the structures can be reduced by a suitable choice of spring 
and damper characteristics.

•	 In the seismic case, the tabletop is not part of the lateral force resisting 
system, as it is connected to the substructure by springs and dampers 
only.

•	 The substructure may be designed according to regular building codes, 
that is, also taking into consideration cracking and plastic zones, 
which are generally not allowed in machine foundations.

•	 VIS is adjustable if system conditions are modified or updated, for 
instance, when seismic loading is increased as a result of modified 
code requirements.

•	 As a result of reduced seismic or dynamic loads, the dimensions of 
the elevated space frame pedestal foundation can be optimized (e.g., 
using slender columns). In this case, additional space would be avail-
able for pipework systems and/or placement of required equipment.

•	 The design of a TG tabletop may be standardized as the substructure 
and the subsoil do not influence the operational behavior of the table-
top. Modifications in the seismic input may simply result in the modi-
fication of the spring and damper design or layout.

•	 VIS enables straightforward renovation or retrofit of existing machine 
foundations.

To achieve some or all of the described advantages, however, the design 
engineer must have a full understanding of the behavior of all structural 
elements and their interactions under every possible loading condition. 
Besides properties of conventional steel or concrete members, the design 
engineer must have background information about stiffness, load, dis-
placement, and velocity conditions of spring elements and dampers. Sim-
plified static analysis procedures for such a TG tabletop would not predict 
real performance; hence, more sophisticated dynamic analysis procedures 
should be used for design of such foundations. The foundation design may 
become more complex compared with a traditional design without VIS.

When VIS is used, schedule and overall cost benefits for the execution 
and operation of the power plant are possible, especially when the TG 
substructure is integrated with adjacent building structures. The number 
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and sizes of pedestals supporting the tabletop could also be reduced. How-
ever, if the TG pedestal foundation is integrated with the turbine building, 
close coordination between the TG foundation designer and the turbine 
building designer becomes necessary. This may add complexity to a proj-
ect’s execution, since the TG pedestal foundation and the turbine building 
may be designed by different contractors.

The following sections provide specific properties of suitable elements 
of VIS as well as their influence on the characteristics and behavior of the 
TG tabletop and its substructure under operational, emergency, and seis-
mic loading conditions.

10.2 � DESIGN PROPERTIES OF SPRING ELEMENTS  
AND VISCOUS DAMPERS

The performance of the TG set mainly depends on the properties of the 
foundation tabletop in combination with its supporting spring elements 
and columns, if present. Spring elements are flexible in both vertical and 
horizontal directions. The vertical stiffness of the springs is much lower in 
comparison to the vertical stiffness of supporting columns. The horizontal 
stiffness of the spring elements depends on the intended foundation behav-
ior under seismic conditions.

For the design of spring-supported TG tabletops, the stiffness of the 
spring elements [Fig. 10-1(a)] can be described with two parameters, the 
spring constants kv and kh for the vertical and horizontal direction, respec-
tively. Bearing capacities of a single spring element may reach nominal 
loads up to 1,000 kips (4,500 kN). Typically, the vertical load is achieved 
within the linear range, which is important when all the significant load 
cases are applied in the design (Fsv = kv * sv, where sv is the vertical relative 

Fig. 10-1.  Typical spring element, damper, and spring-damper combinations for 
TG foundations
Source: Courtesy of GERB Vibration Control Systems; reproduced with permission.
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162	 CONCRETE FOUNDATIONS FOR TURBINE GENERATORS

displacement). For details, see also Table 10-1. For ultimate limit state 
analysis, the spring element typically possesses margins of at least 50% 
until the rigid height of the spring element (block height) is reached. In 
the block position, the vertical downward load may increase without 
further relative displacement of the element. The linear working range of 
the spring is, in most cases, sufficient for the analysis of spring-supported 
structures. Modeling beyond design loads may be important, for instance, 
in nuclear applications. For these cases the load-displacement curve may 
be modeled according to Fig. 10-2, where the vertical downward load 
increases with high stiffness beyond the block position. The working range 
for VIS elements used in TG foundations is typically sop = ¾ in. – 1¼ in. 
(19–32 mm) and the block displacement sbl = 1⅞ in. – 2⅛ in. (48–55 mm). 
More specific requirements or other load conditions should be discussed 
with the manufacturers of such systems.

In combination with the spring elements, viscous dampers may be used 
as well. Viscous dampers are dashpot elements filled with fluid of high 
viscosity, and are connected to the supporting component. A piston is 

Fig. 10-2.  Vertical load-displacement curve of a spring element
Source: Courtesy of GERB Vibration Control Systems; reproduced with permission.

Table 10-1.  Basic Design Properties for VIS

Spring elements: Fsx = kx * sx Fsy = ky * sy Fsz = kz * sz
Damper elements: Fdx = cx * vx Fdy = cy * vy Fdz = cz * vz

Note: x, y, z = directions; Fs/Fd = spring / damping force in kip (kN); k = stiffness 
value in kip/in. (kN/mm); s = relative displacement in in. (mm); c = damping value 
in kip*s/in. (kNs/m); and v = relative velocity in in./s (m/s).
Source: Courtesy of GERB Vibration Control Systems; reproduced with 
permission.
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immersed in the fluid from the top and damper forces are introduced by 
faster relative movement between the top and bottom of the damper [Fig. 
10-1(b)]. It is obvious that the damper cannot take any dead load. Some-
times the viscous damper is integrated into the spring element (“spring-
damper combination”). In this case, the fixing of the damper becomes 
much easier, since piston and housing are connected to the top and bottom 
shell of the spring element [Fig. 10-1(c)].

For design of the TG tabletop, the viscous dampers are typically repre-
sented by two constant viscous damping coefficients cv and ch for the verti-
cal and horizontal direction, respectively. Damping forces are introduced 
by relative velocities between the upper and lower parts of the device, 
for example, Fdh = ch * vh, where vh is the horizontal relative velocity (for 
details see also Table 10-1). The relative displacements of these dampers 
are restricted by the distance of the piston and the housing in the horizontal 
and vertical directions. Typical values for clearance are about 30–50 mm 
for operating condition. Special requirements for loading and relative dis-
placements should be discussed with manufacturers of such systems.

For numerical modeling of spring elements, it is essential to use repre-
sentative elements that do not introduce artificial effects into the model. 
Spring elements transfer vertical and lateral loads only. When the effect of 
dampers must be included, it is important to use an FE program that can 
appropriately model velocity-proportional dampers, or even more com-
plex viscoelastic dampers.

Fh and Fv can be used to design the bolted connections at the VIS-sub-
structure interface, as required (Fig. 10-3; note that α * Fh represents the force 
couple converted from the horizontal damper force, Fh). Spring elements 

Fig. 10-3.  Horizontal and vertical damper forces for design of connection bolts
Source: Courtesy of GERB Vibration Control Systems; reproduced with permission.
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and viscous dampers have a very small effect on rotation (rotational or 
torsional stiffness or damping), and can be ignored.

10.3  TYPICAL LAYOUT OF VIS FOR LARGE STG FOUNDATIONS

In a down exhaust TG arrangement, the condenser sits beneath the LP 
turbine, leading to a pedestal-tabletop type of foundation. Fig. 10-4(b) 
shows a possible layout for a VIS-supported STG foundation in compari-
son with a traditional STG pedestal foundation [Fig. 10-4(a)]. A tradi-
tional STG pedestal foundation is physically isolated from adjacent 
foundations to avoid vibration transmissions, whereas for a VIS-supported 
STG foundation the basemat can be integrated with other adjacent founda-
tion mats, which may offer significant advantages in areas with groundwater 
influence.

The spatial distribution of the spring elements is chosen in such a way 
that the vertical spring displacement is almost constant in every element 
under operating loading conditions. The layout of the substructure plays 
an important role here, especially the supporting columns and beams. A 
typical structural layout of the substructure is given in Fig. 10-5.

10.4 � DYNAMIC CHARACTERISTICS OF ELASTICALLY 
SUPPORTED TG FOUNDATIONS

Foundation systems consisting of VIS-supported TG tabletops exhibit 
different characteristics in natural frequencies, mode shapes, and damp-
ing ratios from traditional TG foundations. Independent of the supporting 

Fig. 10-4.  Typical cross section of machine buildings, without and with VIS; 
(a) traditional pedestal foundation layout; (b) spring-supported foundation layout
Source: Courtesy of GERB Vibration Control Systems; reproduced with permission.
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columns, there are six natural frequencies in the range between 1 Hz (hori-
zontal) and 5 Hz (vertical), which correspond to the six rigid body modes 
of the TG tabletop itself. Depending on the flexibility of the supporting 
columns, the machine-foundation system frequencies in horizontal direc-
tions will be further decreased, since the column lateral stiffnesses may be 
in the same order of magnitude as those of the springs (Fig. 10-6). However, 
there is insignificant change in the vertical frequencies, because the vertical 
stiffnesses of the supporting columns are much higher than those of the 
springs. The combined stiffness of the machine foundation system can be 
calculated from the stiffness of the spring system in series with the stiffness 
of the supporting column system, which may consist of reinforced concrete 
or structural steel.

Dampers provide local damping effects, and are usually placed next 
to spring elements. The overall damping ratio for the foundation system 
may be significant, as the spring systems represent the most flexible part 
of the support system. Typical damping ratios of the rigid body modes 

Fig. 10-5.  Typical analytical model for spring-supported STG tabletop with 
attached condenser
Source: Courtesy of GERB Vibration Control Systems; reproduced with permission.

Fig. 10-6.  Typical rigid body mode in the longitudinal direction (tabletop)
Source: Courtesy of GERB Vibration Control Systems; reproduced with permission.
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(first six natural frequencies) are usually in a range between 5% and 
30% of the critical damping value. For low/moderate seismic zones, the 
damping ratios can be designed to lower values, while in high seismic 
zones, the desired damping ratio may reach 30%, especially in horizontal 
directions.

Primary bending and torsional frequencies of TG tabletops are usually 
in the range between 4 Hz and 8 Hz, depending on the mass (distribution) 
of the tabletop and machinery, as well as on dimensions and the stiffness 
(distribution) of the tabletop itself (Fig. 10-7). The spring elements and their 
positioning, as well as the properties of the substructure, have only minor 
influence on such frequencies.

Tabletop modal frequencies close to operating speed (Fig. 10-8) usually 
have very low energy contents (i.e., these modes have very low mass par-
ticipation factors, for example, less than 0.1% or even less), thus the foun-
dation “resonance effects” at operating speed will be minimal. Damping 
ratios for these modes usually correspond to the damping of the founda-
tion material, which is 2% for reinforced concrete foundations.

Table 10-2 shows typical frequency ranges for a spring-supported STG 
tabletop with operating frequency of 30 Hz.

10.5  OPERATIONAL BEHAVIOR

Because the fundamental frequencies for spring-supported STG table-
tops (i.e., rigid body modes) are far from machine operational excitation 
frequency at 25 Hz, 30 Hz, 50 Hz, or even 60Hz, there should not be any 
danger of vibration amplifications in the operating speed range for an 
appropriately designed STG tabletop supported by a VIS. There are only 
limited effects from the natural frequencies (and corresponding mode 
shapes) close to the excitation frequency because of their low energy con-
tents (Fig. 10-8).

Fig. 10-7.  Primary bending and torsional modes of spring-supported STG table-
tops (frequency range II). See Table 10-2
Source: Courtesy of GERB Vibration Control Systems; reproduced with permission.
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Some typical results of a forced vibration analysis are shown in Fig. 10-9. 
Certain natural frequencies near the operating speed (30 Hz) may contrib-
ute to the peaks shown in the frequency range of interest. The vertical and 
horizontal stiffness of the VIS does not have a significant influence on the 
amplitudes at operating speed. The frequencies of rigid body motion 
(around 1 Hz–​5 Hz) are clearly out of the avoidance range, which is 30 
Hz +/− 5 Hz in the given example. The effects of dampers at operating 
speed can also be neglected and the structural damping is assumed to be 
2% for concrete foundations. Typical amplitude limits of machine manu-
facturers or international standards can be achieved. For example, per 
ISO 20816-2, the bearing vibration amplitude limit (0 to peak) for new 

Fig. 10-8.  Higher modes close to operating speed (frequency range III)
Source: Courtesy of GERB Vibration Control Systems; reproduced with permission.

Table 10-2.  Typical Frequency Ranges of Spring-supported STG 
Tabletops with Operating Speed of 30 Hz

Range Mode Order Frequency Description

I 1–6 1–5 Hz Rigid body modes
II 7–x 4–27 Hz Bending and 

torsional modes 
below operating 
speed range

III (x + 1) − y 27–33 Hz Higher bending 
and torsional 
modes in the 
operating speed 
range

IV y + 1 >33 Hz Modes beyond 
operating speed 
range

Source: Courtesy of GERB Vibration Control Systems; reproduced with permission.
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168	 CONCRETE FOUNDATIONS FOR TURBINE GENERATORS

STG machinery is 17.1 µm at 50 Hz [(3.8 mm/sec) / (2*3.14*50) * 1.414)]. 
Additional details in regard to the analysis of vibration isolated TG decks 
is given in Hüffmann et al. (2008).

During startup or shutdown of the turbine set, there are many resonance 
peaks in between (Fig. 10-10) due to machine speeds temporarily matching 
foundation natural frequencies along the way. However, the unbalance 
forces at low frequencies are small and thus, even in the area of the low 
speed resonances, the expected amplitudes are acceptable. Damping effects 
of the viscous dampers also help reduce the amplitude levels, especially 
for the rigid body frequencies (during startup or shutdown), and can be 
combined with material damping (“composite modal damping”) in the 
analyses.

For the proper operation of the shaft system, a certain dynamic stiffness 
value in the bearings has to be provided in the range of the operating 
speed. Typical minimum values are between 2 MN/mm and 4 MN/mm. 
Some of the machine manufacturers have specific requirements. A typical 
plot of expected stiffness in the frequency domain of interest (operating 
speed 30 +/− 5 Hz) is given in Fig. 10-11. These curves are derived from 
steady state response analyses in the corresponding frequency domain. The 
bearing stiffness of TG foundations with VIS is typically well higher than 
the required values.
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Fig. 10-9.  Expected 0-peak vibration amplitudes at 10 bearings at operating speed 
30 Hz
Source: Courtesy of GERB Vibration Control Systems; reproduced with permission.
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Fig. 10-10.  Typical startup or shutdown amplitudes of a 1,000 MW STG machinery 
at operating speed 30 Hz
Source: Courtesy of GERB Vibration Control Systems; reproduced with permission.

Fig. 10-11.  Typical dynamic bearing stiffness around operating speed 30 Hz
Source: Courtesy of GERB Vibration Control Systems; reproduced with permission.
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10.6  EMERGENCY CONDITIONS

Spring-supported STG tabletops “appear” quite flexible due to the char-
acteristics of the springs. However, such tabletops do have significant stiff-
ness and mass; thus the deflection for an appropriately designed tabletop 
would be very small. For instance, assume a STG tabletop with a total mass 
of 8,000 metric tons, including machinery. The vertical stiffness of VIS is 
usually designed to deform no more than one inch (25.4 mm) under this 
self-weight (Kv = 8,000 * 9.81/25.4 mm = 3,139 kN/mm), and the horizon-
tal stiffness of the VIS is usually designed as 50% of the vertical stiffness 
(3,139/2 = 1570 kN/mm). This means that a 1570 kN static force would be 
required to move the tabletop by just 1 mm in the horizontal direction.

With the previous discussion in mind, it is recognizable that even emer-
gency conditions of the machinery will not impose severe damage to the 
system. As an illustration, a time history dynamic analysis for a generator 
short circuit load is performed, and the relative displacements at the bear-
ings are shown in Fig. 10-12. The peak vibration is 1.1 mm. For extreme 
cases, 2.0 mm can be expected. 1–2 mm can also be expected as additional 
relative displacement in the VIS. This level of displacement is well within 
the safety margins of the system. Note that there is no uplift of the springs 
in the vertical direction, as the tabletop and machinery self-weight is large 
enough to overcome the short-circuit uplift effects.

10.7  SEISMIC CONSIDERATIONS

In areas of medium to high seismicity, the overall frequency and damp-
ing behavior as well as the corresponding mode shapes play very impor-
tant roles for the performance of a spring-supported tabletop. By varying 
the properties of the VIS, it is possible to effectively control the founda-
tion’s seismic responses. In high seismic areas, it is common to choose 
horizontally flexible spring elements with dampers with a higher viscous 
damping coefficient. Such tunings to gain better seismic control have no 
effect on the operational behaviors of the TG, and only limited influence 
on emergency conditions of the machinery.

For configurations with springs according to Fig. 10-4, typical foundation 
fundamental frequencies are 0.7 Hz to 1.0 Hz in the horizontal direction. 
Meanwhile, the damping ratio for the relevant mode(s) may reach 20% of 
critical damping. Therefore, it is expected that the amplification of seismi-
cally induced acceleration will be quite low, and in some cases complete 
“isolation effects” can be achieved. This can be illustrated in a typical response 
plot of peak acceleration along the height of the foundation without and 
with a suitable VIS. As shown in Fig. 10-13, the seismic acceleration ampli-
fication can be at the peak for a rigidly connected STG tabletop structure, 
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while a VIS-supported STG tabletop can lead to significantly lower levels 
of acceleration, especially at the turbine level. The left side of Fig. 10-13 
shows the corresponding plot of peak displacements along the height of a 
TG foundation. Typical cases for a peak ground acceleration (PGA) of 0.3g 
lead to relative displacements in the VIS of about 25–50 mm (1 in.–2 in.). 
The actual amplitude depends on given seismic conditions as well as on 
the substructure and stiffness/damping properties of the VIS. More infor-
mation of an executed project is given in Nawrotzki et al. (2010).

Fig. 10-12.  Horizontal (left) and vertical (right) displacements at a generator 
bearing by generator short circuit
Source: Courtesy of GERB Vibration Control Systems; reproduced with permission.

Fig. 10-13.  Seismic response of TG foundation (without and with VIS); peak 
displacements and acceleration along height
Source: Courtesy of GERB Vibration Control Systems; reproduced with permission.
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172	 CONCRETE FOUNDATIONS FOR TURBINE GENERATORS

The substructure of the spring-supported STG tabletop may also be inte-
grated into the machine building consisting of steel or concrete (Fig. 10-14). 
The layout of the machine building is not restrained by any interaction 
effects, as vibration and noise are suppressed by the VIS. Column rows 
may be eliminated as the columns supporting the TG tabletop may also 
carry the loads from adjacent floors. The space beneath the TG tabletop 
becomes more open, which has significant advantages for the arrangement 
of equipment, as well as for the installation of piping.

In configurations similar to Fig. 10-14, the design of the machine build-
ing structure has to take into account the parameters of the STG tabletop, 
including VIS. The spring-supported mass is significantly high, and hence 
the STG tabletop possesses a measurable influence on the seismic behav-
ior of the machine building. Since the tabletop is connected flexibly and 
damped to the rest of the structure, the effects of the tabletop (“mass damper 
effects”) reduce the seismically induced motion of the machine building. 
Further characteristics of an integrated structure are

•	 reduction of induced machine acceleration;
•	 reduction of relative movement between substructure and machine 

building (Fig. 10-14); and
•	 reduction of structural stresses in substructure and machine building.

These effects are described in more detail in Basu et al. (2011) for a 660 
MW project.

Spring elements and dampers can be classified as “structural elements,” 
since they are vertical and horizontal load bearing components, and in 
most cases are integrated with the structural steel or reinforced concrete 
surroundings. The foundation designer should clearly identify load trans-
fers between the structure and springs/dampers at the top and bottom of 

Fig. 10-14.  Spring-supported STG tabletop integrated in a machine building
Source: Courtesy of GERB Vibration Control Systems; reproduced with permission.
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the VIS. The proof of stiffness and strength of the connections according to 
actual building codes is the responsibility of the foundation design engineer. 
Manufacturers of the VIS may provide assistance in the corresponding 
design approaches.

It is recommended that the response modification coefficient R, as given 
in ASCE 7, Chapter 15, for a VIS-supported concrete tabletop structure, be 
taken as 1.0 or 1.25, to minimize plastic zones and cracks in concrete that 
may lead to malfunction of the machinery or the VIS connections to the 
substructure. Consequently, the same R-value should also be used for the 
design of the spring elements, as these elements should behave elastically 
up to the seismic design displacements. Damping may reduce the demands 
in terms of relative displacements in the devices as well as stresses and 
strains in the adjacent structures, and should be included in the seismic 
analysis and design.

ASCE 7, Sections 12.2.3.1 and 12.2.3.2, can be used to determine the seis-
mic design parameters for a TG foundation with VIS, as applicable. Use of 
an R-value higher than 1.25 can be allowed for the strength design of the 
substructure beneath the VIS.

In general, however, ASCE 7, Chapter 17, is not applicable for VIS-sup-
ported TG tabletop structures in the scope of this chapter, since an elasti-
cally supported STG tabletop is not a “horizontally flexible and vertically 
stiff structural element.” The structural design of the tabletop should fol-
low ASCE 7, Chapter 15, and other general code provisions, as well as the 
STG manufacturer’s special requirements.

The elastic support devices and the load transfer mechanism (connec-
tion between VIS and structures) have to be designed to withstand load 
and displacement combinations according to all applicable requirements.

Prequalification of elastic support devices as well as quality control 
requirements must be discussed for each specific project. The fulfillment of 
environmental conditions, creep, shrinkage, and temperature effects must 
be addressed for every application, as applicable. The possibility for 
inspection, maintenance, and replacement must also be discussed with the 
general contractor and owner(s).

10.8  SPRING-MOUNTED CONDENSERS

For steam turbines, different condenser arrangement in the LP turbine 
area may impose different loading pattern onto the foundation. In most cases 
(>100 MW), the condenser sits beneath the LP turbine leading to a tabletop 
type foundation (see Chapter 3). One possible design could be that the 
condenser is welded to the LP turbine nozzle with a smaller part of the 
condenser weight, typically 20%–30%, hanging at the LP turbine (Fig. 10-15, 
left side), while the remainder of the condenser dead load is supported by 
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174	 CONCRETE FOUNDATIONS FOR TURBINE GENERATORS

springs, which allows heat expansion of the condenser downward, as the 
condenser springs are much softer than the spring system supporting 
the STG tabletop. The advantage of this arrangement is the elimination of 
the vacuum pull (vacuum load, see Chapter 4), which represents a potential 
danger in regard to the leveling of the shaft system. The vacuum pull 
becomes an internal force in the condenser shell in the case of a spring-
supported configuration. In this case, only the hanging part of the con-
denser has to be considered in the foundation design.

In an alternative arrangement, the condenser is fixed at the bottom 
with a bellow between the condenser and the LP turbine nozzle to allow 
heat expansion upwards (Fig. 10-15, right side). In this case, neither dead 
load nor heat expansion will be part of the foundation analysis. How-
ever, the vacuum pull becomes an external load to the foundation. This 
configuration may require a stiffer spring system in the vertical direction 
to satisfy the static stiffness criteria also under full vacuum pull. Typical 
spring stiffness values result in vertical displacements of the TG tabletop 
springs under operational load of about 10 mm to 30 mm ( f = 5 Hz/2.8 Hz). 
For a quick estimation of the vertical rigid body frequency, a simplified for-
mula, f = 5/ s , with the static displacement s in cm, can be used.

10.9  GAS TURBINE FOUNDATIONS

Gas turbine foundations may also be equipped with VIS, especially 
when there is a danger of differential soil settlement or high seismic risk. 
Typical support frequencies can be chosen between 2.5 Hz and 5 Hz. There 
is no deviation of the specification of the machine manufacturer, as all the 

Fig. 10-15.  Typical configurations of spring-supported and rigid condenser
Source: Courtesy of GERB Vibration Control Systems; reproduced with permission.
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requirements can be satisfied also as a spring-mounted foundation. The 
main advantages of VIS given in Section 10.1 are also valid for combustion 
turbine foundations.

10.10  RETROFIT OF TURBINE FOUNDATIONS

Many power plants have been in operation for more than 30 or 40 years. 
In some of these cases, an update of the machinery becomes necessary to 
increase capacity or efficiency or to meet required emission standards. 
Spring elements have been successfully used for the retrofit of existing 
turbine foundations.

One retrofit approach is to remove the whole TG tabletop and parts of 
the columns. On top of the prepared column heads, spring elements are 
installed, which also provide part of the support for the construction of a 
new tabletop. Another approach is to keep the original tabletop and cut out 
suitable parts of the columns (Fig. 10-16). Prestressed spring elements are 
installed in the corresponding vertical clearance, which are then released 
and adjusted (also see Section 10.12).

10.11  SELECTIVE APPLICATION EXAMPLES

There are more than a thousand operating spring-supported TG table-
tops worldwide. The range of capacities varies from 10 MW to 1,600 MW 
and the steam may be generated conventionally or by nuclear technologies. 
One of the first installations was in operation beginning in the 1970s (Stade 
Nuclear Power Plant, Germany). VIS technology has successfully been 
used on turbine tabletops for over 40 years.

Fig. 10-16.  Typical steps for retrofit of a TG tabletop
Source: Courtesy of GERB Vibration Control Systems; reproduced with permission.
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Some details of a 660 MW TG foundation (Jhabua Power Plant, India) 
are given in Fig. 10-17. The spring-supported TG tabletop is sitting on steel 
columns that are integrated in the machine building. The spring elements 
are especially flexible in the horizontal direction and respond at about 2.8 
Hz in the vertical direction. The horizontal damping ratio is quite high to 
accommodate the high seismic risk. Due to the reduced structural frequen-
cies and higher damping, it was possible to reduce the steel cross sections 
for the machine building structure. The integration also allowed for relocat-
ing the horizontal load transfer braces to noncritical or nondisturbing loca-
tions in the plant.

Fig. 10-18 shows spring elements and spring-damper combinations, 
which are covered to protect them against dirt and dust during the con-
struction phase (Ling Ao, Phase II, 2 × 1000 MW, China). The concrete 
columns were designed to also support some beams that are parts of the 
machine building (corbels in Fig. 10-18).

10.12 � SPECIAL CONSIDERATIONS FOR  
TG FOUNDATIONS WITH VIS

Strength Analysis—The foundation designer should bear in mind that 
the springs/dampers are reacting according to real loads, not to (theoreti-
cal) design loading. In some cases (e.g., in high seismic zones), using the 

Fig. 10-17.  660 MW turbine tabletop on VIS integrated into machine building, 
Jhabua, India
Source: Courtesy of GERB Vibration Control Systems; reproduced with permission.
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equivalent static seismic design approach, as well as equivalent static loads 
for machine emergency loads (e.g., generator short circuit), may result in 
unrealistically high spring forces and displacements. In these cases, it may 
be necessary to use more realistic analysis approaches, for example, based 
on dynamic analysis of emergency conditions (in time domain), for the 
design of the substructure, while the tabletop is still designed using the 
equivalent static approach.

Static Stiffness Requirements—The static stiffness requirements have to be 
evaluated under a careful choice of load cases and combinations. The 
springs may theoretically react excessively when unjustified operating 
loads are applied; for instance, a simplified static unbalance load may only 
be used for the reinforcement design of the STG tabletop. It should not be 
used to check the spring compression; otherwise it would result in unreal-
istic results.

Installation—There are many possible ways to install the spring elements. 
The installation method should be discussed between VIS supplier, foun-
dation designer, and construction company, and be adjusted to local 
requirements. A standard process described here illustrates some of the 
features of a typical VIS installation (Fig. 10-19).

	 1.	� Prior to the first setting, the spring elements are prestressed to the 
height or load of the intended final situation (hydraulic, at the manu-
facturer or on site). The spring elements are placed in position on top 

Fig. 10-18.  Ling Ao Phase II, 1000 MW turbine tabletop on VIS, China
Source: Courtesy of GERB Vibration Control Systems; reproduced with permission.
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of columns usually using bearing pads as a measure against an 
uneven surface (Fig. 10-19, I).

	 2.	� Height adjustment shims are placed on top of the prestressed 
devices to achieve the intended level of the TG tabletop bottom 
(Fig. 10-19, II).

	 3.	� Struts and shuttering are placed around the VIS elements and the 
openings to the spring elements, covered by bearing pads again as 
well as an anchored steel plate to close the opening in the formwork 
(Fig. 10-19, III).

	 4.	� Placement of reinforcement and concrete may go on as usual (Fig. 
10-19, IV).

Maintenance—Typical spring and damper elements are maintenance-free. 
As the housings consist of steel, it is recommended to check the corrosion 
protection at regular time intervals, for example, every fifth year. If damp-
ers are used, the filling condition of the viscous liquid should be checked; 
the recommended time interval is 5 years.

Leveling—After finishing the concrete installation, hardening of the 
concrete, and installation of all machine parts on top of the foundation, it 

Fig. 10-19.  Installation process of a standard spring system beneath a concrete 
tabletop
Source: Courtesy of GERB Vibration Control Systems; reproduced with permission.
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may be leveled again before the springs are released (Fig. 10-20). The pre-
stressing bolts may be removed or stay in place if they do not disturb the 
operations or seismic movement. Hydraulic equipment can be used to pre-
stress the spring elements further to provide a gap at the top of the element 
in order to increase or reduce the height of the adjustment shims before the 
free springs take over the dead, operational, and all other loads acting on 
the devices according to design.
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Fig. 10-20.  Height adjustment is possible, if required
Source: Courtesy of GERB Vibration Control Systems; reproduced with permission.
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CHAPTER 11

CONSTRUCTION CONSIDERATIONS

11.1  INTRODUCTION

Constructing a reinforced concrete TG foundation is one of the major 
tasks at a power plant construction site. This is so not only because of the 
required amount of concrete and reinforcement compared with other con-
crete structures, but also because of the complexities associated with the 
different types of embedded items and associated interferences with rein-
forcements, equipment installations, and long construction lead times in 
the schedule.

ACI 351.3R, Chapter 5, addresses construction considerations for 
dynamic equipment foundations, including TG foundations in general. 
The contents of ACI 351.3R, Chapter 5, are not repeated here. Only spe-
cific construction issues unique to TG foundations are presented in this 
chapter.

11.2  CONSTRUCTION JOINTS

It is desirable to construct any structure using the largest concrete place-
ments possible with the fewest construction joints. However, consideration 
must be given to the feasibility of such large placements. For TG founda-
tions, construction joints are required between the top of the basemat and 
the columns, walls, piers, and/or blocks, between the top of the columns 
and the tabletop, and sometimes within the basemat as well.

In the basemat, horizontal construction joints at the middle surface of 
the basemat, or vertical construction joints at locations with lower bending 
moments, have been used. For vertical construction joints in the basemat, 
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horizontal dowels can be added across the joints. The design engineer can 
use shear friction provisions in ACI 318 to conservatively determine the 
required dowels to provide a capacity equal to the concrete out-of-plane 
shear capacity. Engineering notes should be added to the drawings to pro-
vide information on the appropriate surface preparation at the joints per 
applicable code requirements. Horizontal construction joints are not rec-
ommended, as they usually require extensive cold joint preparation work 
on too large an area to be economical.

For axial-exhaust TG foundations, construction joints should not be 
allowed within piers and columns where the vacuum load is resisted. 
The large vacuum load may introduce undesired deflections because of 
reduced stiffness at the construction joints if not prepared and constructed 
appropriately.

11.3  CONSTRUCTION TOLERANCES

In addition to the construction tolerance requirements per applicable 
codes (e.g., ACI 318), vendor-specific tolerance requirements on anchor 
bolts and special embedded items should be included on the construction 
drawings. These requirements are critical for successful installation of the 
heavy TG equipment.

Special structural templates are required to secure the embedded items 
during the concrete pour. An example of a structural template is shown in 
Fig. 11-1.

11.4  CONCRETE PLACEMENT

11.4.1  Congestions

Reinforcing bar congestion is a major issue in TG foundations because 
of the large size of the structural members, heavily reinforced sections, and 
the large number of embedded items required by equipment manufactur-
ers. In many instances, the geometry of the members controls the amount 
of reinforcing required. This includes minimum flexural reinforcement as 
well as minimum torsional reinforcement; both hoops and longitudinal 
reinforcing add to congestion. Reinforcement interrupted at embedded 
mechanical or electrical commodities must be accounted for in the design 
and detailing stages.

Headed reinforcement can be utilized to limit congestion at joints in TG 
foundations. The use of headed reinforcing bars eliminates the need for 
hooked bars and reduces the embedment length (Fig. 11-2). Additional 
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Fig. 11-1.  Example of large bolt group template

Fig. 11-2.  Example where headed reinforcement is used in congested joint
Source: Courtesy of Kiewit Engineering Group; reproduced with permission.

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

L
a 

T
ro

be
 U

ni
ve

rs
ity

 o
n 

05
/0

2/
18

. C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



184	 CONCRETE FOUNDATIONS FOR TURBINE GENERATORS

design checks are required when using headed reinforcing bars at member 
edges and should be evaluated by the design engineer. Mechanical rebar 
couplers can also be utilized at congested areas where rebar splices are 
excessive.

Because of reinforcement congestion, it is important that the design 
engineer specify the concrete mix to be used for a TG foundation on the 
construction drawings. Using the right concrete mix will eliminate poten-
tial concrete placement issues such as honeycombs. For TG foundations, the 
congested areas are at the column-tabletop interfaces, beam intersections, 
large embedments, pipe sleeve penetration locations, and machine anchor 
bolt locations. Three-dimensional computer detailing programs are capable 
of modeling and detailing congested areas, resolving and reducing poten-
tial issues prior to construction.

For TG foundations, the design engineer should specify a concrete 
mix with a large slump and smaller coarse aggregates such as pea gravel 
for congested areas. To be economical, different concrete mix types may 
be specified for different concrete elements in a TG foundation. For 
example, the design engineer may specify a lower slump with larger 
aggregate mix for large volume pours such as the basemat, columns, ped-
estals and walls, while specifying a higher slump with smaller aggregate 
mix for more congested elements such as the TG tabletop. When consid-
ering the use of specialty mixes for massive concrete placements, it is 
important to consider the effects of the high heat of hydration. These can 
be addressed by considering the type of aggregate and class of fly ash 
being used.

In hard-to-reach areas and areas where reinforcing congestion cannot be 
reduced, self-consolidating concrete (SCC) can be used. If SCC is used for 
any portion of the TG foundation, additional design provisions need to be 
taken into account when designing the soffit and edge form support.

11.4.2  Mass Concrete Temperature Monitoring

Per ACI 301, placement of structural concrete with a minimum dimen-
sion equal to or greater than 4 ft should be considered mass concrete. Thus, 
TG foundations are typically mass concrete structures. Per ACI 207.2R, “the 
most important characteristic of mass concrete that differentiates its behav-
ior from that of structural concrete is its thermal behavior.” An important 
part of planning for a large mass concrete placement is a properly designed 
concrete mix that takes into account the specific mix temperature rise and 
composition. During the construction stage, a concrete temperature moni-
toring scheme is required to help assess and adjust needed protections 
while curing. A properly placed and protected mass concrete will have 
minimal thermal cracking during curing.
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In placing concrete for TG foundations, it is recommended to monitor 
the concrete temperatures per the following ACI 301 requirements:

	 1.	� The maximum temperature in concrete after placement shall not 
exceed 158oF.

	 2.	� The maximum temperature difference between center and surface of 
placement shall not exceed 35oF.

Maximum temperature is limited to minimize future durability concerns 
because of delayed ettringite formation (DEF) and potential reductions in 
ultimate strength, whereas the maximum temperature difference is limited 
to minimize thermal cracking. Depending on specific mix design, placement 
dimensions, and reinforcement configuration, other temperature limits may 
be possible.

A thermal monitoring scheme should be prepared per ACI 301 require-
ments. A drawing should be issued to Construction to show placement of 
thermocouples. Per ACI 301, a temperature sensor should be placed at the 
center of the mass of placement, and another at a 2 in. depth from the top 
of the concrete surface at the center of the pour. Backup sensors should be 
provided in case other thermocouples fail or are damaged during concrete 
placement.

It may be necessary to consult with a concrete material specialist to plan 
for a successful mass concrete placement.

11.5  MODULARIZATION

Early involvement of the construction contractor in the TG foundation 
design is necessary if modular reinforcement cages are to be used. The 
construction of large reinforcement cages in a fabrication shop or at grade 
allows the construction contractor to install the cages and reduce the amount 
of work at heights. Guidelines for rebar cage safety can be found in Casey 
and Urgessa (2013).

The column rebar cages are an example of a component that can be 
modularized (Fig. 11-3). Rebar cages for tabletop beams, both longitudi-
nal and transverse, can also be pre-tied and placed as modules, which 
requires additional coordination with the construction contractor to detail 
the reinforcement. Individual beams can be modularized, or all four 
beams around a tabletop opening can be tied together and lifted into 
place.

For relatively small to medium size TG foundations, precast concrete 
can be an attractive alternative for columns and tabletop, when shortening 
the construction schedule becomes critical. The columns can be fabri-
cated in segments and then assembled at the site. The bottom portion of 
tabletop can be prefabricated and serve as permanent formwork for top 
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reinforcement. Concrete is then cast in place to complete the tabletop 
structure.

11.6 � POST-INSTALLED ANCHORS AND INTERFERENCE  
WITH REINFORCEMENT

After the STG tabletop concrete is placed and cured, post-installed 
anchor bolts (mechanical or adhesive) are used to secure turbine or genera-
tor enclosures, handrails, and other miscellaneous support items on the 
STG tabletop. The construction contractor typically encounters reinforcing 
bars while installing these anchor bolts. After consultation with the design 
engineer, the contractor may not be allowed to cut certain reinforcing bars. 
For locations where rebar cutting is not allowed, the construction contrac-
tor will need to map existing rebar to determine the locations to drill new 
holes and fill in abandoned holes, and may even have to alter the enclosure 
structure to accommodate the revised bolt plan, causing additional cost and 
schedule implications.

In practice, the machine supplier usually subcontracts the enclosure 
design, fabrication, and delivery to a lower-tier, specialty contractor. This 

Fig. 11-3.  Column rebar cage being flown into place
Source: Courtesy of Kiewit Engineering Group; reproduced with permission.
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contractor may not be engaged early enough for the anchor bolt locations 
to be available for incorporation into the tabletop design drawings, causing 
the interference issues identified previously.

There are options available to minimize or eliminate such issues. The 
construction contractor and design engineer should communicate closely 
before deciding which option to use for a particular project.

11.6.1  Cast-in-Place Option

If the vendor information on these support items is available during the 
design stage, design engineers can specify anchors with coupling nuts as 
shown in Fig. 11-4 to eliminate this issue.

11.6.2  Post-Installed Option

This solution provides the most flexibility to the construction contractor, 
and is considered a better solution than the cast-in-place option for miscel-
laneous smaller anchor bolts (e.g., machine enclosures). Expansion anchors, 
epoxy anchors, or cementitious grout anchors can be used. This may be the 
only option when the information is not available when placing the table-
top concrete.

For this option, at the design stage, the design engineer can specify all 
tabletop main reinforcement (flexural and torsional/shear ties) at least 6 
in. below the tabletop concrete and provide temperature reinforcement 
(e.g., #4@12 in. or #5@12 in.) 1.5 in. to 2 in. below the concrete surface. 
Temperature reinforcements may be cut during the post-installed anchor 
installation, as these reinforcing bars are not required for strength. Placing 

Fig. 11-4.  Typical anchor with coupling nut (coupler)
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the main reinforcement 6 in. or more below top of concrete should not 
cause any design issues, as these structural members are, in general, over-
sized because of stiffness considerations.

11.7  TEMPORARY CONSTRUCTION LOADS

In addition to the permanent loads induced by the machine, there may 
be temporary loads applied to the tabletop because of the construction 
contractor’s preferred method of installation. A gantry system that is 
supported on the tabletop may be used, as shown in Fig. 11-5. Close 
coordination with the rigging contractor is required to identify the location 
and magnitude of these temporary support loads. ASCE 37 can be utilized 
to estimate construction loads as required.

11.8  CONDENSER INSTALLATION

Because of its large size and connection configurations with the low-
pressure (LP) turbine exhaust hood and limited available space, installation 

Fig. 11-5.  Generator installation with gantry system supported off tabletop
Source: Courtesy of Kiewit Engineering Group; reproduced with permission.
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of a bottom exhaust condenser requires close coordination between design 
engineer, condenser manufacturer, TG manufacturer, and construction con-
tractor. See Figs. 11-6 and 11-7 for example illustrations.

The welds between the LP hood and the condenser flange are performed 
from within the condenser. If not, notches or block-outs may be required 
in tabletop concrete members around the LP turbine exhaust. This can be 
avoided by adding a blank piece of duct between the LP hood and con-
denser (see Fig 3-5).

Because of schedule and space constraints, the condenser assembly may 
take place adjacent to the TG foundation and then be rolled into position. 
There are a few methods to roll the condenser into place. One method is to 
construct a working pad next to the TG foundation and utilize a formed or 
cast path to guide the condenser into place. Heavy equipment rollers are 
utilized to roll the equipment, and mechanical means to pull or push the 
equipment into place are used. To allow for the rolling of the condenser 
into place, the condenser anchor bolts should utilize couplers for removal 
during the installation process. Some condenser configurations require a 
middle support pier, prohibiting the condenser from rolling into place. This 
pier can be constructed once the condenser is in its design position. One 
option is to leave embedded plates in the basemat, and construct a steel 
middle support from these plates afterward.

Fig. 11-6.  Condenser installation utilizing air winches and heavy equipment  
rollers (1)
Source: Courtesy of Kiewit Engineering Group; reproduced with permission.
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11.9  ADJUSTABLE VERTICAL SUPPORT DEVICES

Adjustable vertical support devices are precision lifting devices that 
replace shim packs for aligning equipment. These devices include vertical 
alignment devices, jacking bolts, and adjusting bolts.

11.9.1  Vertical Alignment Devices

ACI 351.3R, Chapter 5, discusses the use of shims, wedges, or bolts as 
the interface system between the TG foundation and machine bolts. One 
interface system not discussed is vertical alignment devices, specialty 
anchoring, and aligning products available to aid in the installation of TG 
equipment. These products are a leveling wedge with a spherical washer 
on top to aid in eliminating any equipment issues that may occur with 
shims or traditional leveling wedges. One example of vertical alignment 
devices that is widely used is Fixators (Fig. 11-8). They can be used for lift-
ing as well as alignment, unlike a traditional wedge.

Turbine manufacturers often design large soleplates that are practically 
difficult to grout properly. What seems to help overcome the poor place-
ment across large machine soleplates is the practice of setting soleplates on 
steel Fixators, which transfer the machine weights to the concrete founda-

Fig. 11-7.  Condenser installation utilizing air winches and heavy equipment 
rollers (2)
Source: Courtesy of Kiewit Engineering Group; reproduced with permission.
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tion, while the grout is simply poured around and underneath them after 
the initial alignment is achieved.

Vertical alignment devices can be arranged in grout pockets under major 
equipment baseplates and soleplates. Fig. 11-9 shows a layout of Fixators 
for supporting an equipment base. Figs. 11-10 and 11-11 show multiple 

 
(a) Fixator w/ Big Adjustment Bolt Enclosure  

 
(b) Fixator w/ Big Adjustment Bolt Enclosure
and Enclosed Adjustment Extension 

 
(c) Typical Fixator Fast Track Installation  

 
(d) Typical Fixator Direct Installation  

j

Fig. 11-8.  Fixator examples
Source: Courtesy of UNISORB; reproduced with permission.

Fig. 11-9.  Vertical alignment device (Fixators) layout for equipment base support
Source: Courtesy of Kiewit Engineering Group; reproduced with permission.
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Fig. 11-10.  Vertical alignment devices set up and grouted into place
Source: Courtesy of Robt. L. Rowan & Assoc., Inc.; reproduced with permission.

Fig. 11-11.  Baseplate/soleplate placed on top of vertical alignment devices 
Source: Courtesy of Robt. L. Rowan & Assoc., Inc.; reproduced with permission.
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vertical alignment devices and anchor bolts positioned at the top of a con-
crete pedestal, followed by soleplates placement and grout pour.

Also see Section 9.4 for more discussion on grouting.

11.9.2  Jacking Bolt

A jacking bolt, as shown in Fig. 11-12, is a stud that is threaded into and 
through the equipment soleplate and projects down into the grout pocket. 
The purpose of this hardware is to help adjust the levelness of the sole-
plates prior to grout. When jacking bolts are used, more than one is required 
with a minimum of three being best.

11.9.3  Adjusting Bolts

Adjusting bolts, also referred to as leveling screws, are used to set and 
align soleplates. During the alignment process, the elevation and level 
of the foundation soleplate is set by the use of adjusting bolts. A typical 
configuration will have the adjusting bolts threaded into a nut, which is 
tack-welded to the side of the foundation baseplate and grouted into 
place (Fig. 11-13). Adjusting bolts are used only to level the baseplate or 
soleplate prior to setting the major equipment, since they are not designed 
to support the full weight of the equipment.

11.10  STAY-IN-PLACE FORMWORK

There are benefits to investigating the use of stay-in-place formwork or 
modular formwork support systems (ASCE 2014). Construction work at 

Fig. 11-12.  Jacking bolt example
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heights can be reduced by building modules at grade. Eliminating the need 
for traditional formwork and shoring provides opportunities in optimizing 
construction sequences for other project activities.
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Fig. 11-13.  Adjusting bolts
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This appendix summarizes some of the solutions available in the literature 
for calculating the dynamic impedance of soil supported foundations. These 
solutions are applicable to rigid foundations on homogeneous (Section A.1) 
and layered soils (Section A.2). They can also be used for preliminary anal-
ysis of flexible foundations, such as those typically used for STG and CTG 
machines. Additionally, the dynamic impedances discussed here are helpful 
for gaining physical insight into the behavior of soil-supported foundations 
under dynamic loads.

It must be noted that in practice it is common to cap the damping and 
use a wide range of soil properties to justify the application of the simple 
formulas discussed in this appendix for modeling the dynamic response 
of flexible foundations. In many cases, this practical approach yields con-
servative results. However, it is not bulletproof, given the complex behav-
ior of flexible foundations, especially those supported on layered soils (e.g., 
NIST 2012). Therefore, in this book, the recommended approach is to use 
specialized computer codes that properly model and expedite the dynamic 
analysis of flexible foundations supported on soil.

A.1 � DYNAMIC IMPEDANCE FORMULAS FOR RIGID 
FOUNDATIONS ON HOMOGENEOUS SOIL

The tables and figures included in this section are reported by Gazetas 
(1991). The formulas for calculating the frequency dependent soil “spring” 
and “dashpot” coefficients are presented in Table A-2 and Table A-3. Fig. 
A-1 sketches the soil-foundation systems covered by each table. Specifi-
cally: (a) Table A-2 and the accompanying set of graphs refer to foundations 

APPENDIX A

 DYNAMIC IMPEDANCE OF SOIL-SUPPORTED 
RIGID FOUNDATIONS
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of any solid basemat shape resting on the surface of a homogeneous half-
space; and (b) Table A-3 and the related graphs are for foundations with 
any solid basemat shape partially or fully embedded in a homogeneous 
half-space. The following steps can be used for calculating the dynamic 
impedance of surface foundations using the subject tables and figures.

	 1.	� Verify that the soil profile is, or can be approximated as, homogeneous 
and obtain the best estimate (BE) of the following soil properties:

Gmax: low strain shear modulus
ν: Poisson’s ratio

Fig. A-1.  Soil-foundation systems considered in this section; (a) surface founda-
tion of arbitrary shape (see Table A-2 and Fig. A-2); (b) embedded foundation of 
arbitrary basemat shape (see Table A-3 and Fig. A-3)
Source: Gazetas 1991.

Table A-1.  Geometrical Properties of a Rectangular Footing Having 
Dimensions 2B and 2L, as Shown in Fig. A-1

Area Area moment of inertia Area polar moment of inertia

Ab = 4BL Ibx =
4LB3

3  
and

 
Iby =

4BL3

3
Jb =

4BL(B2 + L2 )
3
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ρ: Total soil density (solid + fluid phase)
β0: �Low strain damping ratio (for most soil ranges between 2% 

and 3%)
Vs = Gmax/ρ :

 
shear wave velocity

Vp =Vs
2(1−ν)
(1− 2ν)

:
 
compressional wave velocity

VLa =
3.4Vs

π(1−ν)
:
 
Lysmer’s analog wave velocity

	 2.	� Calculate the lower bound (LB) and upper bound (UB) values of Gmax, 
Vs, Vp, and VLa.

	 3.	� Calculate the area (Ab), the centroid axes x and y, the area moments 
of inertia about x and y  (Ibx, Iby), and the polar moment of inertia about 
z (Jb) of the actual contact surface between the foundation and sub-
grade, as detailed in Table A-1 for a rectangular foundation.

Fig. A-2.  Dimensionless graphs for determining dynamic stiffness and damping 
coefficients of surface foundations; graphs accompanying Table A-2
Source: Gazetas 1991.
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	 4.	� Obtain the equivalent foundation dimensions, as shown in Fig. A-1, 
in other words, the dimensions B and L of the rectangle circumscrib-
ing the contact surface between the foundation and subgrade.

	 5.	� Calculate the nondimensional frequency a0 = ωB/Vs corresponding to 
the operating frequency of the machine (ω = Ωo) and other frequen-
cies of interest (ω = Ω) taking place during the machine startup and 
shutdown.

	 6.	� Use Table A-2 for calculating the static stiffness Kj corresponding to 
each vibration mode.

	 7.	� Use Table A-2 and Fig. A-2 for calculating the dynamic stiffness Kj 
and the dashpot coefficient Cj, for each frequency and vibration mode 
of interest.

	 8.	� If applicable, use Table A-3 and Fig. A-3 to account for embedment 
effects.

A.2 � IMPEDANCE FUNCTIONS OF RIGID FOUNDATIONS  
USING THE CONE MODEL APPROACH

The steps required for the calculation of the dynamic impedance of rigid 
foundations can be easily implemented and understood using cone models. 
This approach allows simplifying the solution of complex 3D elastodynamics 
problems, given that only one-dimensional wave propagation is 
accounted for. Furthermore, the foundation is assumed to be circular and 
rigid; while the soil is modeled as layered linear elastic media, as shown 
in Fig. 5-9 and Fig. A-4. As a consequence, only approximated solutions 
can be obtained. Nevertheless, such solutions are generally within 20% of 
those obtained from more rigorous and complicated approaches using elas-
todynamics theory, as shown by Wolf and Deeks (2004). However, this loss 
of precision is compensated by the ease of implementation and under-
standing of the method, given that only familiar strength of material con-
cepts are used for its formulation. Furthermore, subroutines based on the 
cone approach can be coded using the algorithms provided by Wolf and 
Deeks (2004). Typical results of the method, for the foundation shown in 
Fig. A-4, are plotted and compared against the “exact” solution in Fig. A-5. 
As can be seen, engineering accuracy, within 20% of the “exact elastody-
namics” solution, is achieved for all the vibration modes throughout the 
complete frequency range.
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Fig. A-3.  Dimensionless graphs for determining dynamic stiffness coefficients 
of fully and partially embedded foundations; graphs accompanying Table A-3
Source: Gazetas 1991.
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Fig. A-4.  Cylindrical foundation embedded in site consisting of two layers over
lying flexible half-space
Source: Wolf and Deeks (2004); reproduced with permission from Elsevier.

Fig. A-5.  Dynamic stiffness coefficients of disk on two layers overlying flexible 
half-space; (a) horizontal; (b) vertical; (c) rocking; (d) torsional
Source: Wolf and Deeks (2004); reproduced with permission from Elsevier.
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This appendix summarizes some of the solutions available in the litera-
ture for calculating the dynamic impedance of pile-supported founda-
tions. These solutions are applicable to single piles embedded in uniform 
or parabolic soil profiles, and to small groups of piles in uniform soil. 
In any case, the subject solutions are very helpful for gaining physical 
insight into the behavior of pile-supported foundations under dynamic 
loads.

It must be noted that in practice it is common to cap the damping and 
use a wide range of soil properties to justify the use of the simple solutions 
discussed herein, for the analysis of pile foundations in layered soils and/
or for large pile groups. In many cases, this practical approach yields con-
servative results. However, it is not recommended for piles embedded in 
soil layers with strongly varying and contrasting soil properties, or for 
foundations on large pile groups, which may exhibit complex behavior. 
Therefore, in this book, the recommended approach is to use specialized 
computer codes that properly model and expedite the dynamic analysis of 
pile-supported foundations.

B.1 � IMPEDANCE FUNCTIONS OF SINGLE PILES ON 
HOMOGENEOUS AND PARABOLIC SOIL PROFILES

For the purposes of this appendix the dynamic impedance of a single pile 
is represented mathematically as

	 Kj (a0) = kj (a0) + iΩcj (a0)	 (B-1)

APPENDIX B 

DYNAMIC IMPEDANCE OF  
PILE-SUPPORTED FOUNDATIONS
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In particular, the dynamic stiffness, kj, and the equivalent viscous damp-
ing, cj, coefficients for individual motions of the pile head suggested by 
Novak (1974) are shown in Table B-1. These coefficients are a function of 
the pile’s elastic modulus, Ep, cross-sectional area, A, and moment of inertia 
and torsional stiffness I and GpJ, respectively. R is the radius of circular 
piles or equivalent radius for noncircular piles. This radius is related to the 
soil reactions; therefore, for noncircular piles, it must be calculated from 
the external pile dimensions such as the width and depth, whereas other 
pile geometry parameters (e.g., A, I, and J) are computed for the actual pile 
cross section. The symbol f1,2 in Table B-1 represents dimensionless stiffness 
and damping functions, whose subscript 1 indicates stiffness and 2 indi-
cates damping. These functions depend on the following parameters: the 
relative stiffness of the pile and soil, Ep/G; the dimensionless frequency, 
a0; the slenderness ratio, L/R, in which L = pile length; the material damp-
ing (C) of both the soil and pile; the mass ratio ρ/ρp, where ρ and ρp are the 
soil and pile mass densities; the variation of soil and pile properties with 
depth; and the tip and head conditions. However, Ep/G, the soil profile 
and, for the vertical direction, the tip condition have the strongest effect 
on the stiffness. Table B-2 lists the horizontal stiffness and damping func-
tions ( f1,2) for a few particular cases, where the superscript p applies to 
pin-headed piles. Similarly, Fig. B-1 shows the vertical stiffness and damp-
ing functions ( fv1,2). Table B-2 and Fig. B-1 functions are calculated with 
material damping ratio D = 0.025 for soil and 0.005 for piles, mass ratio 
ρ/ρp = 1, and a0 = 0.3. For other cases, please refer to Novak and El Shar-
nouby (1983) and NIST (2012).

It must be noted that damping functions fi,2 reported in Table B-2 and 
Fig. B-1 are only valid for excitation frequencies greater than the fundamental 
frequency of the soil layer (i.e., ωsu and ωsv for the horizontal and vertical 
directions). Therefore, damping corrections are required for low excitation 
frequencies (Ω < ωsi), as described by Novak and El Sharnouby (1983). In 
particular, for a homogeneous layer with soil shear wave velocity Vs and 
thickness H overlying a rigid stratum, these fundamental frequencies are 
given by Eq. (B-2).

Table B-1.  Stiffness and Damping Constants for Single Piles

Vertical Horizontal Rocking Coupling Torsion

kz =
EPA
R

fv1 kx =
EPI
R3

fu1 kry =
EPI
R

fϕ1 kxry =
EPI
R2

fc1 krz =
GPJ
Vs

fη1

cz =
EpA

Vs
fv2 cx =

EPI
R2Vs

fu2 cry =
EpI

Vs
fϕ2 cxry =

EPI
RVs

fc2 crz =
GPJ
Vs

fη2
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Horizontal direction:

	
ω su =

πVs
2H 	

(B-2a)

Vertical direction:

	
ω sv =

πVs
2H

2(1−ν)
1− 2ν 	

(B-2b)

Table B-2.  Stiffness and Damping Parameters for Horizontal Response of Piles in 
Homogeneous and Parabolic Soil Profiles (L/R > 25 for homogeneous soil and  

L/R > 30 for parabolic soil profile)

Stiffness parameters Damping parameters

ν Ep /G fψ1 fc1 fu1 f p
u1 fψ2 fc2 fu2 f p

u2

Homogeneous soil profile
0.25 10,000

2,500
1,000

500
250

0.2135
0.2998
0.3741
0.4411
0.5186

−0.0217
−0.0429
−0.0668
−0.0929
−0.1281

0.0042
0.0119
0.0236
0.0395
0.0659

0.0021
0.0061
0.0123
0.0210
0.0358

0.1577
0.2152
0.2598
0.2953
0.3299

−0.0333
−0.0646
−0.0985
−0.1337
−0.1786

0.0107
0.0297
0.0579
0.0953
0.1556

0.0054
0.0154
0.0306
0.0514
0.0864

0.4 10,000
2,500
1,000

500
250

0.2207
0.3097
0.3860
0.4547
0.5336

−0.0232
−0.0459
−0.0714
−0.0991
−0.1365

0.0047
0.0132
0.0261
0.0436
0.0726

0.0024
0.0068
0.0136
0.0231
0.0394

0.1634
0.2224
0.2677
0.3034
0.3377

−0.0358
−0.0692
−0.1052
−0.1425
−0.1896

0.0119
0.0329
0.0641
0.1054
0.1717

0.0060
0.0171
0.0339
0.0570
0.0957

Parabolic soil profile
0.25 10,000

2,500
1,000

500
250

0.1800
0.2452
0.3000
0.3489
0.4049

−0.0144
−0.0267
−0.0400
−0.0543
−0.0734

0.0019
0.0047
0.0086
0.0136
0.0215

0.0008
0.0020
0.0037
0.0059
0.0094

0.1450
0.2025
0.2499
0.2910
0.3361

−0.0252
−0.0484
−0.0737
−0.1008
−0.1370

0.0060
0.0159
0.0303
0.0491
0.0793

0.0028
0.0076
0.0147
0.0241
0.0398

0.4 10,000
2,500
1,000

500
250

0.1857
0.2529
0.3094
0.3596
0.4170

−0.0153
−0.0284
−0.0426
−0.0577
−0.0780

0.0020
0.0051
0.0094
0.0149
0.0236

0.0009
0.0022
0.0041
0.0065
0.0103

0.1508
0.2101
0.2589
0.3009
0.3468

−0.0271
−0.0519
−0.0790
−0.1079
−0.1461

0.0067
0.0177
0.0336
0.0544
0.0880

0.0031
0.0084
0.0163
0.0269
0.0443

Source: Table 1 in Novak and El Sharnouby (1983).
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B.2  DYNAMIC IMPEDANCE OF PILE GROUPS

The behavior of a pile group depends on the distance between individual 
piles and the rigidity of the pile cap. When the distance between individual 
piles is large—20 diameters or more—the piles do not affect each other, and 
the group stiffness and damping are calculated as the summation of the 
contributions from each individual pile. However, for typical pile spacing, 
pile-soil-pile interaction (group effect) significantly influences the stiffness 
and damping of the group and cannot be ignored. The following sections 
address the calculation of pile group effects using a simplified approach 
based on dynamic interaction factors.

B.2.1 � Dynamic Impedance of Rigid Pile Cap Neglecting  
Pile to Pile Interaction

The starting point for the analysis of a group of piles connected by a rigid cap 
is the calculation of the group impedance neglecting pile to pile interaction. 
Subsequently, the group effect can be accounted for by using frequency 

Fig. B-1.  Stiffness and damping parameters fv1 and fv2 for vertical response of end 
bearing and floating piles
Source: Figs. 4 and 5 in Novak and El Sharnouby (1983).
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(a)

(b)

=

=

,

, CG

,

,

= 1

,

= 1

, ,
= 1

Y

yj

XCG

Fig. B-2.  Pile displacements for determination of group stiffness and damping 
constants related to rocking (Ψ) and torsion (η) rotations: (a) rocking vibration; 
(b) torsional vibration
Source: Adapted from Novak (1974).

dependent group factors as discussed by El et al. (1992) and/or the approach 
discussed in Section B.2.2.

Neglecting pile to pile interaction, the stiffness and damping of a pile 
group are determined by summation of the dynamic stiffness and damp-
ing of the individual piles with respect to a reference point, the pile cap 
centroid. In particular, the group stiffness and damping are defined as the 
forces that must be applied at the pile cap centroid to produce a unit displace-
ment or rotation, as shown in Fig. B-2 for rocking and torsional vibration. 
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Table B-3.  Dynamic Impedances of a Rigid Pile Cap Neglecting  
Pile to Pile Interaction

Motion Stiffness Damping

Vertical Kz =
j=1

N

∑kzj Cz =
j=1

N

∑czj

Horizontal Kx =
j=1

N

∑kxj Cx =
j=1

N

∑cxj

Horizontal Ky =
j=1

N

∑kyj Cx =
j=1

N

∑cyj

Rocking about y Kry =
j=1

N

∑kryj + kzjxj
2 + kxjzc

2 −2kxryjzc

      
Kry =

j=1

N

∑kryj + kzjxj
2 + kxjzc

2 −2kxryjzc

Cry =
j=1

N

∑cryj + czjxj
2 + cxjzc

2 −2cxryjzc

      
Cry =

j=1

N

∑cryj + czjxj
2 + cxjzc

2 −2cxryjzc

Rocking about x Krx =
j=1

N

∑krxj + kzjy j
2 + kyjzc

2 −2kyrxjzc
      

Krx =
j=1

N

∑krxj + kzjy j
2 + kyjzc

2 −2kyrxjzc

Crx =
j=1

N

∑crxj + czjy j
2 + cyjzc

2 −2cyrxjzc

      
Crx =

j=1

N

∑crxj + czjy j
2 + cyjzc

2 −2cyrxjzc

Coupling Kxry =
j=1

N

∑kxryΨ j − kxjzc Cxry =
j=1

N

∑cxryj − cxjzc

Coupling Kyrx =
j=1

N

∑kyrxΨ j − kyjzc Cxry =
j=1

N

∑cyrxj − cyjzc

Torsion1 Krz =
j=1

N

∑krzj + kxj(xj
2 + yj

2 ) Crz =
j=1

N

∑crzj + cxj(xj
2 + yj

2 )

1Valid for circular pile cross section (i.e., kx = ky)

From this definition, the stiffness and damping of the pile group, with 
respect to the centroid of the pile cap, are provided in Table B-3. Where 
the pile cap is assumed infinitely rigid, Kj and Cj are the dynamic pile group 
stiffness and damping in the jth vibration mode, N is the number of piles, 
and other terms are defined in Fig. B-2.
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B.2.2  Group Impedance Considering Pile-Soil-Pile Interaction

When piles are in a group, they interact with each other because the dis-
placement of one pile contributes to the displacement of the others. To 
obtain an accurate analysis of dynamic behavior of pile groups, it is nec-
essary to use a suitable computer program. However, a simplified approx-
imate analysis can be formulated on the basis of interaction factors, αij, 
introduced by Poulos (1971) for pile groups under static loads and 
extended to the dynamic case by Kaynia and Kausel (1982). In any case, 
these factors are defined considering the physical interaction between 
two piles (Eq. 5-38), which can be represented mathematically by Eq. (B-3), 
where uij is the head displacement of pile i owing to a unit load applied 
on the head of pile j. Additionally, it must be noted that the respective 

stiffness of piles 1 and 2 are k1 =
1
u11

 and k2 =
1
u22

,  and α12 = α21 further-

more, for identical piles u11 = u22.

	

A =

u11

u11

u12

u11

u21

u22

u22

u22

⎡

⎣

⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥

=
1 α12

α21 1

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

	

(B-3)

To illustrate the derivation of a pile group stiffness, consider two piles 
under a vertical or horizontal load, with their heads rigidly connected. If 
PG is the total load and P1 and P2 are the loads respectively acting on piles 
1 and 2, the pile displacements and forces can be calculated as follows, 
using the given definitions.

	 PG = P1 + P2	 (B-4)

	
u1 = u11P1 + u12P2 = u11(P1 +α12P2 ) = 1

k1

(P1 +α12P2 )
	

(B-5)

	
u2 = u21P1 + u22P2 = u22(α21P1 + P2 ) = 1

k2

(P1 +α21P2 )
	

(B-6)

	 U = K−1 AP  ∴  P = A−1KU	 (B-7)

U =
u1

u2

⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪
P =

P1

P2

⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪
PG = 1 1{ } P1

P2

⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪
= ITP K=  

k1 0

0 k2

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

The group stiffness can be easily calculated using these equations and 
taking into account that for rigidly connected piles u1 = u1 = uG; therefore
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U =
u1

u2

⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪
= 1

1
⎧
⎨
⎩

⎫
⎬
⎭
uG = IuG

	

(B-8)

	 PG = IT P = IT A−1 KIuG	 (B-9)

	 PG = KGuG  ∴  KG = IT A−1 KI	 (B-10)

Eq. (B-10) is easily generalized for a group of n piles, the only difference 
being that all matrices are of order n by n, and the vectors are of order n, 
as shown in Section C.4. Additionally, it is assumed that the interaction coef-
ficients αij and αji among the isolated piles i, j are not affected by the pres-
ence of the other n-2 piles part of the pile group. As already mentioned, 
Eq. (B-10) directly applies for the case of horizontal or vertical loads. How-
ever, for rocking vibrations the displacements of the pile head must be 
expressed as a function of the rocking angle Ψ shown in Fig. B-2. Therefore, 
the unity terms in the vector I must be replaced by the proper distances (yi 
and xi) from the pile cap centroid to the pile head. For additional details 
refer to Section C.4 and El Naggar and Novak (1995a).

The interaction factors in Eqs. (B-3) and (B-10) can be calculated using 
analytical, numerical, and/or experimental methods (e.g., Kaynia and 
Kausel 1982; Dobry and Gazetas 1988; Makris and Gazetas 1992, 1993; Mylo
nakis 1995; Novak and El Sharnouby 1984; El et al. 1992). Here, for the sake 
of simplicity, the presentation is limited to the physically insightful interac-
tion factors proposed by Dobry and Gazetas (1988) for two identical piles in 
a homogeneous half-space. The main assumptions of this approach are

•	 The response of the receiver pile to the oscillations of the source pile 
is assumed to be equal to the response of the free-field soil at the loca-
tion of the receiver pile.

•	 The waves produced by the oscillating pile are assumed to emanate 
simultaneously from all perimeter points along the source pile length 
and wave scattering owing to other piles in the group is ignored (i.e., 
other piles are treated as invisible).

•	 As mentioned, piles in the wave trajectory are treated as invisible to 
the wave. Therefore, it is recommended to limit the minimum wave-
length (λ = 2πVs / Ω) to approximately 6 times the pile diameter (λ > 6d). 
This imposes a limit on the maximum vibration frequency that should 
be analyzed with this method ( fmax < Vs/6d or ao ~ 1.0).

•	 The number of piles in the group is small (e.g., less than 16 piles) and 
the soil is relatively soft, Ep > 300Es, where Ep and Es are the Young’s 
modulus of the pile and soil, respectively.

Based on the given assumptions, the vertical α ij
v  and horizontal α ij

h  inter-
action factors are defined as follows:
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α ij

v = R
S
e−βΩS/Vs  e− iΩS/Vs    

	
(B-11a)

	
α ij

h ≈α ij
h(0o)cos2θ +α ij

h(90o)sin2θ
	

where

	

α ij
h(0o) = R

S
e−βΩS/VLa  e− iΩS/VLa    

α ij
h(90o) = R

S
e−βΩS/Vs  e− iΩS/Vs    

	

(B-11b)

	
VLa =

3.4Vs
π(1−ν) 	

(B-11c)

where α ij
v  and α ij

h  are vertical and horizontal interaction factors, respectively, 
S/ R is the pile spacing to radius ratio between piles i and j, β is the soil 
material damping, θ is the angle between the direction of load action and the 
plane in which piles lie, and VLa is the so-called Lysmer’s analog velocity.

In any case, independently of the approach used for calculating the pile 
interaction factors, the simplified method for calculating the dynamic 
impedance of a pile group discussed here is the same, and can be summa-
rized as follows:

	 1.	� Calculate the impedance functions of each single pile (e.g., Novak 
1974; Makris and Gazetas 1993), as discussed in Section B.1.

	 2.	� Calculate the pile to pile interaction factors (e.g., Dobry and Gazetas 
1988; Mylonakis 1995; El et al. 1992; El Naggar and Novak 1995a).

	 3.	� Calculate the group impedance functions per Eq. (B-10). For additional 
details, refer to Dobry and Gazetas (1988) and El Naggar and Novak 
(1995b).

	 4.	� Repeat steps 1 to 3 for each vibration frequency of the machine, 
including startup and shutdown frequencies.

The application of these steps is illustrated in Appendix C; additional 
details are provided in the references included for each step.
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One of the objectives of this report is to present the methods and 
parameters required for calculating the response of machine foundations 
under dynamic loads. Therefore, this appendix begins (e.g., Sections C.1 
and C.2) by showing the use of the dynamic soil impedances for calculat-
ing the subject response. A rigid foundation is used to keep the analysis 
simple and illustrate the fundamentals of the dynamic impedance 
method for modeling the soil response under dynamic loads (specifically 
harmonic).

The second part of this appendix is dedicated to illustrating the calcula-
tion of dynamic impedances using the procedures presented in Appen-
dixes A and B. As already mentioned, the procedures covered in the subject 
appendixes are valid for modeling the response of rigid foundations. 
For instance, for block foundations and/or tabletop foundations, the foun-
dation mat can be considered rigid, with the mass and mass moment of 
inertia lumped at the foundation center of gravity (CG). For additional 
application examples, the reader is referred to Novak and El Sharnouby 
(1983), Arya et al. (1984), Dobry and Gazetas (1988), Gazetas (1991), and 
Bowles (2007).

C.1  VERTICAL RESPONSE OF A RIGID FOUNDATION

This example illustrates the steps required for calculating the dynamic 
response of the foundation discussed in Section 5.1.1. For this purpose, 
consider the following soil parameters, foundation properties and machine 
load:

APPENDIX C 

DYNAMIC IMPEDANCE 
CALCULATION EXAMPLES
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Description Value

Operating frequency of machine fο = 30 Hz (i.e., Ωο = 60π rad/s)
Mass of foundation mf = 3770 kg (4409 lb)
Mass of machine mm = 2000 kg (4409 lb)
Mass of rotor mr = 500 kg (1102 lb)
Rotor eccentricity er = 1.727 × 10−4 m (5.67 × 10−4 ft)
Mass of machine foundation 

system
m = 5770 kg (12721 lb)

Operational unbalance load from 
rotor eccentricity

F0 = 3.068 kN (0.69 kip)

Vertical impedance at operating 
frequency

Kz(Ωο) = (1.591 + 3.715i) ×  105 kN/m

The motion equation and its corresponding solution are respectively 
given by Eqs. (5-2) and (5-3). After replacing the previous values in Eq. 
(5-3), the vertical displacement of the foundation is 8.196 × 10−6 m as shown 
in the following:

uz(Ω0) =
F0

Kz(Ω)−Ω2m
= 3068N

(1.595 + 3.715i) × 108 N
m

− (60π  rad/s)2(5770 kg)

uz(Ω0) = (−1.005− 8.134i) × 10−6m

uz(Ω0) = 1.0052 + 8.1342 × 10−6 m = 8.196 × 10−6 m

In these equations, it is important to note that the soil impedance is 
calculated at the operating frequency of the machine (i.e., Ωο = 60π rad/s). 
The calculations must be repeated for each vibration frequency of the 
machine, including startup and shutdown frequencies. Additionally, for 
this simple foundation, the horizontal eccentricity between the CG of the 
machine foundation system and center of soil pressures or resistance (CR) 
is assumed to be zero, otherwise coupling between rocking and vertical 
vibration would have to be considered.

C.2 � HORIZONTAL AND ROCKING RESPONSE  
OF A RIGID FOUNDATION

This example illustrates the steps required to calculate the dynamic 
response of the foundation discussed in Section 5.1.2. For this purpose, 
consider the following soil parameters, foundation properties and machine 
load:
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Description Value

Operating frequency of machine fο = 30 Hz (i.e., Ωο = 60π rad/s)
Mass of machine foundation 

system
m = 5770 kg (12721 lb)

Mass moment of inertia of machine 
foundation system

Io = 1600000 kg-m2 (37970000 lb-ft2)

Operational unbalance load from 
rotor eccentricity

F0 = 3.068 kN (0.69 kip)

CR eccentricity with respect to CG zc = 0.3 m (1 ft)
Operational rocking moment from 

unbalance load
M0 = 0.767 kN-m (0.52 kip-ft)

Horizontal impedance at operating 
frequency

Ky(60π) = (1.091 + 1.857i) × 105 kN/m

Rocking impedance at operating 
frequency

Krx(60π) = (9.183 + 6.661i) ×  
104 kN-m/rad

Coupling impedance at operating 
frequency

Kyrx(60π) = 0

The equation of motion for the subject foundation is given by Eqs. 
(5-8) and (5-9), which can be written in matrix form (i.e., [K]{U} = {P}) as 
shown:

Ky − Ω2m Kyrx − Kyzc

Kyrx − Kyzc (Krx − 2Kyrxzc + Kyzc
2 ) − Ω2I0X

⎡

⎣

⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥

uy
θx

⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪
=

Fy
Mx

⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪

This matrix equation can be solved manually using Cramer’s rule as 
illustrated next:

uy =
Fy × K22 − Mx × K12

K11 × K22 − K12 × K21

= (−0.6736 − 1.304i) × 10−5 m

θx =
Mx × K11 − Fy × K12

K11 × K22 − K12 × K21

= (−2.245 + 1.41i) × 10−8 rad

where

K11 = Ky − Ω2m = (−9.591 × 107 + 1.858i × 108) kg/s2

K12 = K21 = Kyrx − Kyzc = (−3.273 − 5.573i) × 107 N
K22 = (Krx − 2Kyrxzc + Kyzc

2 ) − Ω2I0X = (−5.675 × 1010 + 8.333i × 107) N.m

Therefore, the horizontal displacement and rotation of the machine 
foundation system CG are |uy| = 1.467 × 10−5 m and |θx| = 2.651 × 10 −8 rad, 
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which are calculated after replacing the numerical values for K11, K12, K22, 
Fy, and Mx on the equations for uy and θx. Finally, it should be noted that 
these calculations must be repeated for each vibration frequency of the 
machine, including startup and shutdown frequencies.

C.3  DYNAMIC IMPEDANCES OF SURFACE FOUNDATION

This example illustrates the steps required for calculating the dynamic 
impedances of foundations using the tables and figures provided in Appen-
dix A. For this purpose, consider the following soil parameters, foundation 
properties, and machine operating frequency:

Soil Properties

Soil unit weight γs := 110 pcf γ s = 17.3 ⋅ kN
m3

Soil density ρs :=
γ s

g
= 3.4 ⋅ lbf ⋅ s

2

ft4 ρs = 1762.0 ⋅ kg
m3

Poisson’s ratio v := 0.35

Shear wave velocity Vs := 600
ft
s

Vs = 182.9
m
s

Lysmer’s analog wave 
velocity

VLa := 3.4
π ⋅ (1 − v)

⋅Vs = 999.0 ⋅ ft
s VLa = 304.5

m
s

Dynamic shear 
modulus

G :=
γ s
g
⋅Vs

2 = 1230.8 ⋅ ksf G = 58.9 · MPa

Geometric Properties

Length of foundation base 
parallel to x-axis

Le := 16 ft Le = 4.9 m

Width of foundation base 
parallel to y-axis

Be := 10 ft Be = 3.0 m

Circumscribed rectangle length 
2L parallel to x-axis

L :=
Le
2
= 8.0 ⋅ ft L = 2.4 m

Circumscribed rectangle width 
2B parallel to y-axis

B :=
Be
2

= 5.0 ⋅ ft B = 1.5 m

Area of the actual foundation-
soil contact surface

Ab := 4 · L · B = 160.0 · ft2 Ab = 14.9 · m2
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Area moment of inertia about 
longitudinal (x) axis of the 
actual foundation-soil contact 
surface

Ibx := 4
3
L ⋅B3 = 1333.3 ⋅ ft4 Ibx = 11.5 · m4

Area moment of inertia about 
lateral (y) axis of the actual 
foundation-soil contact 
surface

Iby := 4
3
B ⋅L3 = 3413.3 ⋅ ft4 Iby = 29.5 · m4

Polar moment of inertia about (z) 
axis of the actual foundation-
soil contact surface

Jb := Ibx + Iby = 4746.7 · ft4 Jb = 41.0 · m4

Length to width aspect ratio L
B
= 1.6

Actual area Ab to square 
foundation area ratio X :=

Ab

4 ⋅L2
= 0.6

Dynamic Stiffness and Dashpot Coefficients

Operating frequency 
of the machine

fo := 30 Hz

Angular frequency of 
the machine

Ωo := 2π ⋅ fo = 188.5
rad

s
Nondimensional 

frequency
ao :=

B ⋅ Ωo

Vs

= 1.6

Vertical Vibration Mode (z-axis)

Static stiffness  
(Table A-2)

Kz := 2 ⋅G ⋅L
(1− v)

⋅ (0.73 + 1.54 ⋅X0.75) = 54913.1 ⋅ kip
ft

   Kz := 2 ⋅G ⋅L
(1− v)

⋅ (0.73 + 1.54 ⋅X0.75) = 54913.1 ⋅ kip
ft

Kz = 801396.2 ⋅ kN
m

Dynamic stiffness 
coefficient  
(Fig. A-2)

kz := 0.75

Damping coefficient 
(Fig. A-2)

cz := 0.95

Dynamic stiffness 
(Table A-2) Kz := kz ⋅Kz = 41184.8 ⋅ kip

ft
Kz = 601047.1 ⋅ kN

m

Radiation dashpot 
coefficient  
(Table A-2)

Cz := ρs ⋅VLa ⋅Ab ⋅ cz = 519.2 ⋅kip ⋅ s
ft

   Cz := ρs ⋅VLa ⋅Ab ⋅ cz = 519.2 ⋅kip ⋅ s
ft

Cz = 7576.5 ⋅kN ⋅ s
m
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Lateral Vibration Mode (y-axis)
Static stiffness  

(Table A-2)
Ky := 2 ⋅G ⋅L

2 − v
⋅(2 + 2.5 ⋅X0.85) = 43880.9 ⋅ kip

ft
    

Ky := 2 ⋅G ⋅L
2 − v

⋅(2 + 2.5 ⋅X0.85) = 43880.9 ⋅ kip
ft

Ky = 640394.0 ⋅ kN
m

Dynamic stiffness  
coefficient (Fig. A-2)

ky := 0.95

Damping coefficient  
(Fig. A-2)

cy := 0.95

Dynamic stiffness  
(Table A-2)

Ky := ky ⋅Ky = 41686.9 ⋅ kip
ft

Ky = 608374.3 ⋅ kN
m

Radiation dashpot 
coefficient  
(Table A-2)

Cy := ρs ⋅Vs ⋅Ab ⋅cy = 311.8 ⋅kip ⋅ s
ft

  Cy := ρs ⋅Vs ⋅Ab ⋅cy = 311.8 ⋅kip ⋅ s
ft

Cy = 4550.4 ⋅ kN ⋅ s
m

Longitudinal Vibration Mode (x-axis)
Static stiffness  

(Table A-2)
Kx := Ky −

0.2
0.75− v

⋅G ⋅L ⋅ 1 − B
L

⎛
⎝⎜

⎞
⎠⎟ = 42034.7 ⋅ k

J
   Kx := Ky −

0.2
0.75− v

⋅G ⋅L ⋅ 1 − B
L

⎛
⎝⎜

⎞
⎠⎟ = 42034.7 ⋅ k

J

Kx = 613450.6 ⋅ kN
m

Dynamic stiffness 
coefficient (Table A-2)

kx := 1.0

Dynamic stiffness 
(Table A-2) Kx := kx ⋅Kx = 42034.7 ⋅ kip

ft
Kx = 613450.6 ⋅ kN

m
Radiation dashpot 

coefficient  
(Table A-2)

Cx := ρs ⋅Vs ⋅Ab = 328.2 ⋅kip ⋅ s
ft

Cx = 4789.9 ⋅kN ⋅ s
m

Rocking, rx (around longitudinal x-axis)
Static stiffness  

(Table A-2) Krx := G
1− v

⋅ Ibx
0.75 ⋅ L

B
⎛
⎝⎜

⎞
⎠⎟

0.25

⋅ 2.4+ 0.5 ⋅ B
L

⎛
⎝⎜

⎞
⎠⎟ = 1274617.6 ⋅ kip ⋅ ft

rad

  
Krx := G

1− v
⋅ Ibx

0.75 ⋅ L
B

⎛
⎝⎜

⎞
⎠⎟

0.25

⋅ 2.4+ 0.5 ⋅ B
L

⎛
⎝⎜

⎞
⎠⎟ = 1274617.6 ⋅ kip ⋅ ft

rad

  
Krx := G

1− v
⋅ Ibx

0.75 ⋅ L
B

⎛
⎝⎜

⎞
⎠⎟

0.25

⋅ 2.4+ 0.5 ⋅ B
L

⎛
⎝⎜

⎞
⎠⎟ = 1274617.6 ⋅ kip ⋅ ft

rad

Krx = 1728149.4 ⋅ kN ⋅m
rad          

Dynamic stiffness  
coefficient (Table A-2)

krx := (1 − 0.2·ao) = 0.7

Damping coefficient  
(Fig. A-2)

crx := 0.45

Dynamic stiffness  
(Table A-2)

Krx := krx ⋅Krx = 874184.7 ⋅ kip ⋅ ft
rad

Krx = 1185235.3 ⋅ kN ⋅m
rad
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Radiation dashpot 
coefficient  
(Table A-2)

Crx := ρs ⋅VLa ⋅ Ibx ⋅ crx = 2049.3 ⋅ kip ⋅ s ⋅ ft
rad

  
Crx := ρs ⋅VLa ⋅ Ibx ⋅ crx = 2049.3 ⋅ kip ⋅ s ⋅ ft

rad

Crx = 2778.5 ⋅ kN ⋅s ⋅m
rad

 

Rocking, ry (around lateral y-axis)
Static stiffness  

(Table A-2) Kry := G
1− v

⋅ Iby
0.75 ⋅ 3 ⋅ L

B
⎛
⎝⎜

⎞
⎠⎟

0.15⎡

⎣
⎢

⎤

⎦
⎥ = 2722070.7 ⋅ kip ⋅ ft

rad

  
Kry := G

1− v
⋅ Iby

0.75 ⋅ 3 ⋅ L
B

⎛
⎝⎜

⎞
⎠⎟

0.15⎡

⎣
⎢

⎤

⎦
⎥ = 2722070.7 ⋅ kip ⋅ ft

rad

Kry = 3690632.3 ⋅ kN ⋅m
rad

Dynamic stiffness 
coefficient  
(Table A-2)

kry := (1 − 0.3 · ao) = 0.5

Damping coefficient 
(Fig. A-2)

cry := 0.55

Dynamic stiffness 
(Table A-2)

Kry := kry ⋅Kry = 1439325.1⋅ kip ⋅ ft
rad

  
Kry := kry ⋅Kry = 1439325.1⋅ kip ⋅ ft

rad

Kry = 1951462.8 ⋅ kN ⋅m
rad

Radiation dashpot 
coefficient  
(Table A-2)

Cry := ρs ⋅VLa ⋅ Iby ⋅ cry = 6412.0 ⋅ kip ⋅ s ⋅ ft
rad

       
Cry := ρs ⋅VLa ⋅ Iby ⋅ cry = 6412.0 ⋅ kip ⋅ s ⋅ ft

rad

Cry = 8693.5 ⋅ kN ⋅s ⋅m
rad

Torsional
Static stiffness  

(Table A-2) Kt :=G⋅ Jb
0.75 ⋅ 4+11 ⋅ 1− B

L
⎛
⎝⎜

⎞
⎠⎟

10⎡

⎣
⎢

⎤

⎦
⎥ = 2815831.7 ⋅ kip ⋅ ft

rad

   
Kt :=G⋅ Jb

0.75 ⋅ 4+11 ⋅ 1− B
L

⎛
⎝⎜

⎞
⎠⎟

10⎡

⎣
⎢

⎤

⎦
⎥ = 2815831.7 ⋅ kip ⋅ ft

rad

Kt = 3817755.1⋅ kN ⋅m
rad

Dynamic stiffness 
coefficient  
(Table A-2)

kt := (1 −  0.14 · ao) = 0.8

Damping coefficient 
(Fig. A-2)

ct := 0.65

Dynamic stiffness 
(Table A-2)

Kt := kt ⋅Kt = 2196597.9 ⋅ kip ⋅ ft
rad

Kt = 2978186.9 ⋅ kN ⋅m
rad

Radiation dashpot 
coefficient  
(Table A-2)

Ct := ρs ⋅Vs ⋅ Jb ⋅ct = 6329.1⋅ kip ⋅s ⋅ ft
rad

     
Ct := ρs ⋅Vs ⋅ Jb ⋅ct = 6329.1⋅ kip ⋅s ⋅ ft

rad

Ct = 8581.1⋅ kN ⋅s ⋅m
rad

It must be noted that these calculations must be repeated for each vibration 
frequency of the machine, including startup and shutdown frequencies.
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C.4  PILE GROUP EFFECTS

The purpose of this example is to illustrate the calculation of the dynamic 
impedance of a 3 by 3 pile group, as shown in Fig. C-1. The dynamic inter-
action method presented in Section B.2.2 is used for this purpose. In par-
ticular, axial and rocking impedances are calculated; for additional 
examples, the reader is referred to Dobry and Gazetas (1988). The following 
pile, soil, and machine data are used to illustrate the various steps.

2 3

5 6

8 9

1 

4 

7 

Fig. C-1.  Pile group geometry
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Pile Group Properties

Single pile radius R := 1 ft R = 0.3 m

Pile length L := 30 · R := 30 · ft L = 9.14 m

Young’s modulus of 
the pile

Ep := 4400 ksi Ep = 30.34 · GPa

Number of piles in the 
longitudinal and 
lateral directions

nx := 3 ny = 3

Pile spacing in the 
longitudinal 
direction

Sx := 10 · R := 10 · ft Sx= 3.05 m

Pile spacing in the 
lateral direction

Sy := 8 · R := 8 · ft Sy = 2.44 m

Shear wave velocity Vs := 400
ft
s

Vs = 121.92
m
s

Soil density ρ := 120
g

pcf = 3.73 ⋅ lbf ⋅s2

ft4
ρ = 1.92 × 103 ⋅ kg

m3

Poisson’s ratio v := 0.3 VLa = 188.5
m
s

Lysmer’s analog wave 
velocity

VLa :=
3.4 ⋅Vs

π ⋅(1-v)
= 618.43 ⋅ ft

s

Shear modulus of the 
soil

Gs := Vs
2 ⋅ ρ = 596.75 ⋅ksf GS := 28.57 · MPa

Young’s modulus of 
the soil

ES := �GS · 2(1 + v) = 1552 · ksf ES := 74.29 · MPa

Material damping of 
the soil

β := 0.05 Ep

Es

= 408.36

Depth of homogeneous 
stratum

H := 100 ft H := 30.48 m

Operating frequency 
of the machine

fo := 30 Hz

Circular frequency  
of the machine

Ωo := 2π ⋅ fo = 188.5 ⋅
rad

s

Frequency limit  
(see Section B.2.2)

fmax :=
Vs

12 ⋅ R
= 33.33 1

s

fo < fmax, OK
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226	 APPENDIX C

Step 1: Calculate the nondimensional frequency a0 from the machine 
excitation and the fundamental frequencies of the soil layer.

Nondimensional 
frequency

ao :=
2 ⋅R ⋅Ωo

VS

=0.94 a0 < 1, therefore OK

Circular frequency of 
soil stratum in the 
horizontal direction

ω su :=
π ⋅Vs

2 ⋅H
= 6.3 ⋅ rad

s
< Ωo = 188.5 ⋅

rad
s

Circular frequency of 
soil stratum in the 
vertical direction

ω sv :=
π ⋅Vs

2 ⋅H
⋅ 2(1 − ν)
1−2 ⋅ ν

=11.8 ⋅ rad
s

     ω sv :=
π ⋅Vs

2 ⋅H
⋅ 2(1 − ν)
1−2 ⋅ ν

=11.8 ⋅ rad
s

< Ωo = 188.5 ⋅
rad

s

As can be seen the excitation frequency is greater than the frequencies 
of the soil layer; therefore, damping corrections are not required.

Step 2: Use Eq. (B-1), Table B-2, and Fig. B-1(b) to calculate the vertical 
and rocking impedances of a single pile. Note that the piles are pinned, 
thus Krx = Kry = 0.

Dynamic impedance 
for a single pile,  
Eq. (B-1)

Kz(ao) = kz(ao) + iΩcz(ao)

Pile area Ap := π·R2 = 3.14 · ft2 Ap = 0.29 m2

Pile slenderness and 
stiffness ratios λ :=

L
R
= 30

Ep

Gs

= 1061.7

Dimensionless stiff-
ness and damping 
functions, Fig. B-2(b)

fv1 := 0.02 fv2 := 0.055

Vertical stiffness 
coefficient, Table 
B-2

kz :=
Ep ⋅Ap

R
⋅ fv1 = 3.98 × 104 ⋅

kip
ft

   kz :=
Ep ⋅Ap

R
⋅ fv1 = 3.98 × 104 ⋅

kip
ft

kz = 5.81 × 105 ⋅ kN
m

Vertical damping 
coefficient, Table 
B-2

cz :=
Ep⋅Ap

Vs
⋅ fv2 =273.7 ⋅

kip
ft

⋅s
 

cz :=
Ep⋅Ap

Vs
⋅ fv2 =273.7 ⋅

kip
ft

⋅s

cz =3.99×103 ⋅
kN
m

⋅s

Dynamic pile imped-
ance for vertical 
vibration

Kz(Ω) := kz + i · Ω · cz

Kz(Ωo)=(39810+51590i) ⋅ kip
ft

Kz(Ωo)=(39810+51590i) ⋅ kip
ft

KZ(Ωo)=(580987+752905i) ⋅ kN
m

KZ(Ωo)=(580987+752905i) ⋅ kN
m
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Dynamic pile imped-
ance for rocking 
vibration (pinned 
head condition)

Krx := 0 Kry := 0

Step 3: Use Eq. [B-11(a)] to calculate the interaction factors among the 
different piles of the group. For illustration purposes, the following interac-
tion factors are calculated; similar calculations are required for all the piles:

α v =
R
S
⋅e

−β ⋅Ω⋅S
VS ⋅e

− i⋅Ω⋅S
Vs

where

αν = R
S
⋅e

−β ⋅Ω⋅S
VS

or

α v = α v (cos(φ)− i ⋅sin(φ))

where

φ= ΩS
VS

Displacement of pile 1 head from a unit load applied on pile 2 (α12)

S := Sx = 10 · ft S = 3.05 m

α12 := S
R

⎛
⎝⎜

⎞
⎠⎟
−0.5

⋅e(−β ⋅Ωo⋅S)÷Vs ⋅e(− i⋅Ωo⋅S)÷Vs = 0.2498i

Displacement of pile 1 head from a unit load applied on pile 3 (α13)

S := 2Sx = 20 · ft S = 6.1 m

α13 := R
S
⋅ e(−β⋅Ωo⋅S)÷VS ⋅ e(− i⋅Ωo⋅S)÷VS =− 0.1396

Displacement of pile 1 head from a unit load applied on pile 4 (α14)

S := Sy = 8 · ft S = 2.44 m

α14 := S
R

⎛
⎝⎜

⎞
⎠⎟
−0.5

⋅ e(−β⋅Ωo⋅S)÷VS ⋅e(− i⋅Ωo⋅S)÷VS = −0.2369 + 0.1721i

Displacement of pile 1 head from a unit load applied on pile 5 (α15)

S := (Sx )2 + (Sy )2 = 12.81 ⋅ ft S = 3.9 m
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α15 := S
R

⎛
⎝⎜

⎞
⎠⎟
−0.5

⋅ e(− β⋅Ωo⋅S)÷VS ⋅ e(− i⋅Ωo⋅S)÷VS = 0.2003 + 0.0508i

Displacement of pile 1 head from a unit load applied on pile 9 (α19)

S:= (2Sx )2 +(2Sy )2 = 25.61⋅ft S = 7.81 m

α19 := S
R

⎛
⎝⎜

⎞
⎠⎟
−0.5

⋅ e(−β⋅Ωo⋅S)÷VS ⋅ e(− i⋅Ωo⋅S)÷VS = 0.095 + 0.0515i

For illustration purposes, Fig. C-2 shows the variation of the vertical 
interaction factors of pile i from the vibration of pile j (i.e., αvij). As can be 
seen, the dynamic interaction factors of pile i from pile j depend strongly 
on the vibration frequency. In particular, the vibration of pile j can increase, 
reduce, or not affect the displacements of pile i, depending on the frequency 
and distance S between the piles (i.e., positive or negative interference). 
Therefore, dynamic group effect factors can be less or greater than one, 
depending on the frequency, whereas static group effect factors are always 
less than 1. Additionally, the influence of pile j on pile i reduces (it is attenu-
ated) as the spacing and frequency increase. In fact, the subject influence 
becomes negligible for S/d > 30.

Step 4: Assemble the dynamic interactions factors to form the matrix 
(A), as given by Eq. (B-3), and calculate its corresponding inverse.

Real part of the dynamic interaction matrix:

Re(A) =

1 0 −0.1396 −0.2369 0.2003 −0.097 0.053 −0.1271 0.095
0 1 0 0.2003 −0.2369 0.2003 −0.1271 0.053 −0.1271

−0.1396 0 1 −0.097 0.2003 −0.2369 0.095 −0.1271 0.053
−0.2369 0.2003 −0.097 1 0 −0.1396 −0.2369 0.2003 −0.097
0.2003 −0.2369 0.2003 0 1 0 0.2003 −0.2369 0.2003
−0.097 0.2003 −0.2369 −0.1396 0 1 −0.097 0.2003 −0.2369
0.053 −0.1271 0.095 −0.2369 0.2003 −0.097 1 0 −0.1396
−0.1271 0.053 −0.1271 0.2003 −0.2369 0.2003 0 1 0
0.095 −0.1271 0.053 −0.097 0.2003 −0.2369 −0.1396 0 1

⎛

⎝

⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟

Imaginary part of the dynamic interaction matrix:

Im(A) =

0 0.2498 0 0.1721 0.0508 0.0861 −0.1631 −0.0751 0.0515
0.2498 0 0.2498 0.0508 0.1721 0.0508 −0.0751 −0.1631 −0.0751

0 0.2498 0 0.0861 0.0508 0.1721 0.0515 −0.0751 −0.1631
0.1721 0.0508 0.0861 0 0.2498 0 0.1721 0.0508 0.0861
0.0508 0.1721 0.0508 0.2498 0 0.2498 0.0508 0.1721 0.0508
0.0861 0.0508 0.1721 0 0.2498 0 0.0861 0.0508 0.1721
−0.1631 −0.0751 0.0515 0.1721 0.0508 0.0861 0 0.2498 0
−0.0751 −0.1631 −0.0751 0.0508 0.1721 0.0508 0.2498 0 0.2498
0.0515 −0.0751 −0.1631 0.0861 0.0508 0.1721 0 0.2498 0

⎛

⎝

⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
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Real part of the inverse of the dynamic interaction matrix:

Re(A−1) =

1.0637 −0.1822 0.201 0.3069 −0.3565 0.1847 0.0831 −0.0045 0.0398
−0.1822 0.9781 −0.1822 −0.3243 0.2347 −0.3243 −0.0045 0.1201 −0.0045

0.201 −0.1822 1.0637 0.1847 −0.3565 0.3069 0.0398 −0.0045 0.0831
0.3069 −0.3243 0.1847 1.2081 −0.3761 0.3083 0.3069 −0.3243 0.1847
−0.3565 0.2347 −0.3565 −0.3761 1.1828 −0.3761 −0.3565 0.2347 −0.3565
0.1847 −0.3243 0.3069 0.3083 −0.3761 1.2081 0.1847 −0.3243 0.3069
0.0831 −0.0045 0.0398 0.3069 −0.3565 0.1847 1.0637 −0.1822 0.201
−0.0045 0.1201 −0.0045 −0.3243 0.2347 −0.3243 −0.1822 0.9781 −0.1822
0.0398 −0.0045 0.0831 0.1847 −0.3565 0.3069 0.201 −0.1822 1.0637

⎛

⎝

⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟

Re αv( )

0 10 20 30
0.6−

0.4−

0.2−

0

0.2

0.4

0.6
5 Hz
10 Hz
50 Hz

Im αv( )

0 10 20 30
0.4−

0.2−

0

0.2

0.4
5 Hz
10 Hz
50 Hz

S
d

S
d

αv

0 0.167 0.333 0.5 0.667 0.833 1
0

0.083

0.167

0.25

0.333

0.417

0.5
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20d

φ

ao
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Fig. C-2.  Vertical interaction factors as functions of pile spacing and excitation 
frequency
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Imaginary part of the inverse of the dynamic interaction matrix:

Im(A−1) =

0.078 −0.3383 0.0799 0.0108 −0.2718 0.0398 0.0935 0.0386 −0.0534
−0.3383 0.2772 −0.3383 −0.3047 0.2255 −0.3047 0.0386 0.2018 0.0386
0.0799 −0.3383 0.078 0.0398 −0.2718 −0.0108 −0.0534 0.0386 0.0935
−0.0108 −0.3047 0.0398 0.1376 −0.4732 0.1685 −0.0108 −0.3047 0.0398
−0.2718 0.2255 −0.2718 −0.4732 0.5042 −0.4732 −0.2718 0.2255 −0.2718
0.0398 −0.3047 −0.0108 0.1685 −0.4732 0.1376 0.0398 −0.3047 −0.0108
0.0935 0.0386 −0.0534 −0.0108 −0.2718 0.0398 0.078 −0.3383 0.0799
0.0386 0.2018 0.0386 −0.3047 0.2255 −0.3047 −0.3383 0.2772 −0.3383
−0.0534 0.0386 0.0935 0.0398 −0.2718 −0.0108 0.0799 −0.3383 0.078

⎛

⎝

⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟

Step 5: Calculate the terms in the vector I and assemble the matrix K, as 
given by Eq. (B-3).

Pile head displacement under vertical load (Iv):

Iv
T = (1 1 1 1 1 1 1 1 1)

y-coordinate of each pile from the CG of the group (Irx):

Irx
T = (−8 −8 −8 0 0 0 8 8 8) ⋅ ft

Irx
T = (−2.438 −2.438 −2.438 0 0 0 2.438 2.438 2.438) ⋅ma

x-coordinate of each pile from the CG of the group (Iry):

Iry
T = (−10 0 10 −10 0 10 −10 0 10) ⋅ ft

Iry
T = (−3.048 0 3.048 −3.048 0 3.048 −3.048 0 3.048) ⋅m

Pile impedance matrix (K)

K := Kz (Ωo) ⋅ identity(nx ⋅ny )

Kz (Ωo) = (3.98 × 104 + 5.16i × 104 ) ⋅ kip
ft

KZ(Ωo) = (5.81 × 105 + 7.53i × 105 ) ⋅ kN
m

Step 6: Calculate the group impedances per Eq. (B-10).

Vertical impedance of the pile group for Ωo =188.5
1
s

KGV := Iv
T ⋅A−1 ⋅K ⋅ Iv = (5.87 × 105 + 2.38i × 105 ) ⋅ kip

ft

KGV := (8.56 × 106 + 3.47i × 106 ) ⋅ kN
m

Rocking rx impedance of the pile group for Ωo =188.5
1
s
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KGrx := nx ⋅ny ⋅Krx + Irx
T ⋅A−1 ⋅K ⋅ Irx = (2.03 × 107 + 9.95i × 106 ) ⋅ kip ⋅ fit

rad

KGrx = (2.75 × 107 + 1.35i × 107 ) ⋅ kN ⋅m
rad

Rocking ry impedance of the pile group for Ωo = 188.5
1
s

f0 [Hz] f0 [Hz]

K'z Re Kz( ) C
Im Kz( )
Ω

kip
ft

0 20 40 60 80
5− 105×

0

5 105×

1 106×

1.5 106×

2 106×

Eq. B-11
MTR/SASSI

kip s⋅
ft

0 20 40 60 80
0

5 103×

1 104×

1.5 104×

2 104×

K'z Re Kz( ) C
Im Kz( )
Ω

kip
ft 0 1 2 3

5− 105×

0

5 105×

1 106×

1.5 106×

2 106×

kip s⋅
ft

0 1 2 3
0

5 103×

1 104×

1.5 104×

2 104×

ao
Ωd
Vs

ao
Ωd
Vs

Fig. C-3.  Vertical stiffness and damping coefficients for a 3 by 3 pile group
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KGry := nx ⋅ny ⋅Krx + Iry
T ⋅A−1 ⋅K ⋅ Iry = (2.49 × 107 + 3.35i × 107 ) ⋅ kip ⋅ fit

rad

K
Gry

= (3.38 × 107 + 4.54i × 107 ) ⋅ kN ⋅m
rad

Step 7: Repeat steps 1 to 6 for each vibration frequency of the machine, 
including startup and shutdown frequencies.

Fig. C-3 shows the variation with frequency of the vertical stiffness and 
damping coefficients for the subject 3 by 3 pile group. Results calculated 
using MTR/SASSI (2015) are also included for comparison purposes. As 
can be seen, the two sets of results follow similar trends, despite the sim-
plicity and limitations of interaction method, discussed in Section B.2.2. 
Nevertheless, it must be noted that for large pile groups, larger differences 
are expected (see C.5).

C.5  DYNAMIC IMPEDANCE OF A LARGE PILE GROUP

This example illustrates the calculation of the vertical and horizontal 
impedances for a 6 by 6 pile group embedded in a deep layered soil profile. 
The computer codes PILES (Kaynia 1982), MTR/SASSI (2015), and DYNA6 
(El Naggar et al. 2011) are used for this purpose. The pile group properties 
are shown in Fig. C-4. As can be seen, the piles have uniform solid circular 
cross section of diameter d = 0.456 m and embedment length of L = 15 m 
(L/d = 33). The pile spacing is S = 1.2 m center-to-center (S/d = 2.6). The soil 
velocity profile is also shown in Fig. C-4 and detailed in Table C-1. The 
dynamic impedances are calculated in the frequency range from 6 Hz to 
80 Hz. The range of nondimensional frequencies (ao = ω d/Vs) is approxi-
mately from 0.1 to 1.2, where the weighted average shear wave velocity 
along the pile length is used (Vs = 194 m/s). Thus, the nondimensional fre-
quency is within the range deemed acceptable for the dynamic interaction 
factor method used by DYNA6; see Section B.2.2.

To model the dynamic behavior of a pile group in a layered soil profile, 
the computer code PILES uses the dynamic flexibility matrix of the soil 
along with the dynamic stiffness and flexibility matrices of the piles, 
as detailed by Kaynia (1982). The main assumptions of this approach are 
1) the soil layers are modeled as viscoelastic materials, 2) the piles are 
modeled as linear elastic beams, and 3) the bond between the soil and piles 
is perfect (i.e., no slip), although frictional effects from torsion and bending 
are ignored. Overall, the Kaynia (1982) approach is considered highly accu-
rate and is deemed herein as the benchmark for other solutions.

The computer code MTR/SASSI (2015) uses the finite element method 
and ring load solution in layered soil system to model the behavior of pile 
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groups. The methodology is based on derivation of the dynamic compli-
ance matrix for the pile group using traction forces and displacements on 
individual pile shaft and tip calculated from axisymmetric ring load solu-
tion. The fully populated compliance matrix is then inverted to calculate the 
dynamic impedance matrix for the pile group. The impedance matrix is then 
assembled with the finite element model of the pile cap structure system 
and solved in the frequency domain for each vibration frequency. Because 
dynamic group factors are calculated rigorously using the finite element 
method, no interaction factors and/or superposition are required to obtain 
the pile group response. This approach assumes viscoelastic soil behavior, 
linear elastic piles, and full bond between the piles and soil; for additional 
details regarding the subject solution, the reader is referred to Tabatabaie 
(2015, 2017). MTR/SASSI (2015) finite-element model for this foundation 
is shown in Fig. C-5. As can be seen, the pile cap is modeled as rigid. Nev-
ertheless, the approach presented here can handle piles with both rigid or 
flexible pile caps and can be used with any foundation/superstructure 
configuration.

The computer code DYNA6 uses the dynamic interaction factor method 
to calculate the dynamic impedance of pile groups in layered soil profiles, 

Fig. C-4.  Single pile and pile group configuration, including geometric and mate-
rial properties

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

L
a 

T
ro

be
 U

ni
ve

rs
ity

 o
n 

05
/0

2/
18

. C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



234	 APPENDIX C

as described by El Naggar et al. (2011). In this approach, the impedance 
functions of single piles and the interaction factors are calculated first, then 
the group impedance functions are computed. The stiffness and damping 
constants of individual piles are calculated using expressions given by 
Novak (1974). The interaction factors are calculated using the dynamic 
interaction factors reported by Kaynia (1982). The impedance functions for 
a pile group of N piles are then given by the following equations proposed 
by El Naggar and Novak (1995):

	
Kv
G = kv ε ijv

j=1

n

∑
i=1

n

∑

Kh
G = kh ε2i−1,2 j−1

h

j=1

n

∑
i=1

n

∑

Kr
G = kh ε2i , 2 j

h

j=1

n

∑
i=1

n

∑

Kc
G = kh ε2i−1,2 j

h

j=1

n

∑
i=1

n

∑

	

Table C-1.  Soil Profile Properties

Thickness, 
(m)

Shear 
Velocity, 

(m/s)

Mass 
Density, 
(kg/m3)

Shear 
Modulus, 

(Pa)
Damping 

Ratio
Poisson’s 

Ratio

0.25 84 1900 1.340640E+07 0.020 0.320
0.25 84 1900 1.340640E+07 0.020 0.320
0.25 84 1900 1.340640E+07 0.020 0.400
0.25 84 1900 1.340640E+07 0.020 0.400
0.25 75 1900 1.068750E+07 0.020 0.400
0.25 75 1900 1.068750E+07 0.020 0.400
0.25 75 1900 1.068750E+07 0.020 0.400
0.25 75 1900 1.068750E+07 0.020 0.400
0.25 71 1900 9.577900E+06 0.020 0.400
0.25 71 1900 9.577900E+06 0.020 0.400
0.25 71 1900 9.577900E+06 0.020 0.400
0.25 71 1900 9.577900E+06 0.020 0.400
0.50 170 1900 5.491000E+07 0.020 0.380
0.50 170 1900 5.491000E+07 0.020 0.300
1.00 200 1900 7.600000E+07 0.020 0.300
0.50 160 1900 4.864000E+07 0.020 0.300
0.50 160 1900 4.864000E+07 0.020 0.400
1.00 151 1900 4.332190E+07 0.020 0.400
1.00 179 1900 6.087790E+07 0.020 0.400
1.00 172 1900 5.620960E+07 0.020 0.400
1.00 186 1900 6.573240E+07 0.020 0.400
1.00 200 1900 7.600000E+07 0.020 0.400
1.00 365 1900 2.531275E+08 0.020 0.350
2.00 330 1900 2.069100E+08 0.020 0.350
1.00 250 1900 1.187500E+08 0.020 0.350
Half Space 250 1900 1.187500E+08 0.020 0.350
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Kv
G = kv ε ijv

j=1

n

∑
i=1

n

∑

Kh
G = kh ε2i−1,2 j−1

h

j=1

n

∑
i=1

n

∑

Kr
G = kh ε2i , 2 j

h

j=1

n

∑
i=1

n

∑

Kc
G = kh ε2i−1,2 j

h

j=1

n

∑
i=1

n

∑

	

	

Kv
G = kv ε ijv

j=1

n

∑
i=1

n

∑

Kh
G = kh ε2i−1,2 j−1

h

j=1

n

∑
i=1

n

∑

Kr
G = kh ε2i , 2 j

h

j=1

n

∑
i=1

n

∑

Kc
G = kh ε2i−1,2 j

h

j=1

n

∑
i=1

n

∑
	

	

Kv
G = kv ε ijv

j=1

n

∑
i=1

n

∑

Kh
G = kh ε2i−1,2 j−1

h

j=1

n

∑
i=1

n

∑

Kr
G = kh ε2i , 2 j

h

j=1

n

∑
i=1

n

∑

Kc
G = kh ε2i−1,2 j

h

j=1

n

∑
i=1

n

∑
	

where Kv
G,  Kh

G,  Kr
G,  and Kc

G  are the vertical, horizontal, rocking, and cou-
pling group stiffness, respectively. In Eq. (5-14), kv  is the static vertical stiff-
ness of the single pile, [ευ ] = [α ]υ

−1, whereα ij
v = complex interaction factors 

between piles i and j, α ii
v = kv/Kv, and Kv is the complex vertical imped-

ance function of the single pile. Similarly, kh is the static horizontal stiff-
ness of the pile [ε h] = [α ]h

−1 where α ij
h  = complex interaction coefficients for 

the horizontal translations and rotations. The formulation of the [α]h can be 
found in El Naggar and Novak (1995).

Fig. C-5.  Finite element model of the pile group, including soil layers
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Figs. C-6 and C-7 respectively show the dynamic stiffness and damping 
coefficients for horizontal and vertical vibrations of the pile group, as reported 
by the previous computer codes.

C.6  NEGATIVE DYNAMIC IMPEDANCE

This example illustrates the solution of the motion equation when the 
real part (spring coefficient) of the dynamic impedance becomes negative. 
For this purpose, the foundation from Section C.1 is reanalyzed here for a 
soil profile resulting on negative dynamic stiffness values.

Motion Equation

The generic foundation shown in Fig. 5-2 is used to illustrate the 
degrees of freedom considered while deriving the motion equation. It 
must be noticed that the eccentricity between the CG and CR is zero. 
Furthermore, the foundation is under a vertical harmonic force Fz(t) act-
ing along the CG; therefore the only displacement experienced by the 
foundation is uz(t). The soil resistance, acting at the CR, is provided 
by  Pz(t) = Kzuz(t), where Kz is the frequency dependent vertical 
dynamic impedance. The motion equation is given by Eq. (5-2), detailed 
as follows:

Kz(Ω) ⋅ uz(t) + m ⋅ üz(t) = Fz(t)

or considering a spring damper system for the soil resistance

(K′z(Ω) + Ω ⋅ i · Cz(Ω)) ⋅ uz(t) + m · üz(t) = Fz(t)

For harmonic excitation, Fz(t) = FoeiΩ t the above equations reduce to

(Kz(Ω) − Ω2m) · uz(Ω) = Fo

or

(K′z(Ω) + Ω · i · Cz(Ω) − Ω2m) · uz(Ω) = Fo

The displacement is calculated as follows:

uz(Ω) =
Fo

(Kz(Ω) − Ω2m)

or

uz(Ω) =
Fo

( ′Kz(Ω) + Ω ⋅ i ⋅Cz(Ω) − Ω2m)
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Foundation Properties

For the sake of simplicity, a circular block foundation with the following 
dimensions is considered here.

Block foundation radius rf := 1 m
Block foundation thickness along 

z-axis
tf := 0.5 m

CR eccentricity with respect to CG zc := 0.25 m
Embedment depth df  := 0 m
Reinforced concrete density ρc := 2400 kg

m3

Foundation plus machine mass mo := π ⋅ rf2 ⋅t f ⋅ρc +2000 kg=5770 kg

Dynamic Forces Resulting from the Machine

Operating speed of machine f := 30 Hz
Rotating mass me := 500 kg
Rotor eccentricity er := 0.0068 · in
Location of rotor with respect to CG zr := 0.25 m
Circular operating frequency of machine Ωo :=2 ⋅π f =188.496 1s
Unbalance force Fo :=me ⋅er ⋅Ωo

2 =3.068 ⋅kN

Frequency Dependent Load

The unbalance force calculated varies with machine frequency during 
the startup and shutdown operations of the machine. Therefore, the 
frequency dependent load is calculated as follows:

FΩ(Ω) := Ω
Ωo

⎛

⎝⎜
⎞

⎠⎟

2

⋅Fo

FΩ(Ωo) = 3.068 × 103 N

Dynamic Impedances of the Foundation

A realistic layered soil profile is selected for this example to illustrate the 
frequency dependent behavior of the foundation impedances. The varia-
tion of the real and imaginary part of these dynamic impedances is shown 
in Fig. C-8. As can be seen, both impedances are highly frequency depen-
dent. Furthermore, the real part of the dynamic stiffness (spring coefficient) 
becomes negative for certain frequencies.

As discussed in Section 5.3.2, negative dynamic springs coefficients can 
be modeled in standard structural analysis codes using the concept of 
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added mass, which is illustrated next for the frequency dependent spring 
stiffness. Per Eq. (5-29),

K′z = Kzo − Ω2ms

where Kzo is the static stiffness of the foundation (Ω = 0) and ms is the 
frequency dependent added mass. Therefore,

Kzo := ′Kz(0) = 1.391 × 108 ⋅ N
m

and the added mass for K’z < 0 is

′ms(Ω) := if ′Kz(Ω) < 0,
Kzo − ′Kz(Ω)

Ω2 , 0⎛
⎝⎜

⎞
⎠⎟

For instance, for

Ωt := 2 ⋅π ⋅18 Hz = 113.097 ⋅ rad
s

′Kz(Ωt ) = −1.803 × 107 kg
s2

′ms(Ωt ) = 1.229 × 104 kg

Re(Kz)
[N/m]

Im(Kz)
[N/m]

Frequency Hz
(a) Real part of dynamic impedance

Frequency Hz
(b) Imaginary part of dynamic impedance

k′z
(N/m)

Cz
(N·s/m)

Frequency Hz
(c) Dynamic spring coefficient

Frequency Hz
(d) Dashpot coefficient

0 20 40 60 80 100
1− 108×

0

1 108×

2 108×

3 108×

4 108×

0

0 20 40 60 80 100
0

2 108×

4 108×

6 108×

8 108×

1 109×

0 20 40 60 80 100
1− 108×

0

1 108×

2 108×

3 108×

4 108×

0

0 20 40 60 80 100
0

2 106×

4 106×

6 106×

8 106×

1 107×

Fig. C-8.  Foundation impedances
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and the corresponding spring coefficient becomes k’z = Kzo for K’z < 0. 
Therefore,

′kz(Ω) := if ( ′Kz(Ω) < 0, Kzo , ′Kz(Ω))

′kz(Ωt ) = 1.391 × 105 ⋅ kN
m

Fig. C-9 shows the variation of the added mass and corresponding 
spring coefficient using these definitions for m’s and k’z. As can be seen, the 
spring coefficient does not become negative for any frequency.

Solution of the Motion Equation

The inversion of the motion equation can be done directly using com-
plex impedance values or the concept of added mass as illustrated next.

Harmonic displacement calculated using complex impedance:

uz(Ω) :=
FΩ(Ω)

Kz(Ω) − Ω2 ⋅mo

Harmonic displacement calculated using real spring-dashpot coeffi-
cients and added mass:

′uz(Ω) :=
FΩ(Ω)

′kz(Ω) + Ω ⋅ i ⋅Cz(Ω) − Ω2 ⋅ (mo + ′ms(Ω))

Displacements of the Center of Mass

The CG displacements at the machine operating frequency Ωo are cal-
culated next, using the previous equations. Note that the displacement 
amplitude is the quantity of interest.

kʹ z 
(N/m) 

mʹ S 
(kg) 

Frequency Hz 
(a) Equivalent spring coefficient kʹz  

Frequency Hz 
(b) Added mass mʹS

0 20 40 60 80 100
0

1 108×

2 108×

3 108×

4 108×

0 0 20 40 60 80 100
0

1 104×

2 104×

3 104×

Fig. C-9.  Spring and added mass coefficients
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Maximum CG displacement using complex impedance:

| uz(Ωo) | = 8.196 × 10−6 m

Maximum CG displacements using real spring-dashpot coefficients and 
added mass:

| u′z(Ωo) | = 8.196 × 10−6 m

Additionally, the shutdown and startup response of the foundation is 
shown following. This information is helpful to investigate the foundation 
response for the whole range of operating frequencies of the machine, 
and identify critical frequencies (e.g., 11.77 Hz and 48.6 Hz) as shown in 
Fig. C-10.

As shown in this example, the dynamic response of a machine founda-
tion can be calculated using complex dynamic impedances or real spring-
dashpot coefficients and added mass. Both approaches yield identical 
results. However, the added mass approach is easier to implement using 
standard structural analysis programs.
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Fig. C-10.  Startup and shutdown response of rigid block foundation
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INDEX

Page numbers followed by e, f, and t indicate  
equations, figures, and tables, respectively.

acceptance criteria 115–121; dynamic 
115–117; static 117–121, 119–120e, 119f

ACI strip method 100
adjustable vertical support devices: 

adjusting bolts 193, 194f; jacking 
bolts 193, 193f; vertical alignment 
devices 190–193, 191–192f

anchor bolts and sleeves: cast-in-place 
142–143, 146–149, 187, 187f; 
condenser installation and 23; 
post-installed anchors 186–188; 
preloading 149, 149e; reinforcement 
design of 147–148; tensile failure 
cases 148; types of 135–136, 136f

anchor boxes, embedded 141, 143f
anchor rods 149
anchors, post-installed 186–188
averaging of finite element results 

99–100
axial emergency thrust 35, 35f
axial-exhaust foundations: 

construction joints in 182; layout 
configurations of 11, 11f, 25

axial thrust flex-coupling 36, 36f

basemats 12f; construction joints in 
181–182; defined 5; design strip 
width 100; initial sizing of 23–24, 25, 
27; reinforcement design of 127–128; 
trenches in 18f, 22

beams 87; deep beams 20, 130; 
longitudinal girders 5, 20; 
mezzanine platforms and 23; 
transverse 6, 20

bearing piles 27
bearings 9
block foundations: defined 5; initial 

sizing of 25, 27; layout of 16, 16f, 25, 27
bolts: adjusting 193, 194f; hooked 135; 

jacking 193, 193f. See also anchor 
bolts and sleeves

bottom-exhaust foundations 10f, 12–13
boundary condition modeling 94; for 

dynamic analysis 96–97, 96f; for static 
analysis 94–96, 95f; uncertainty in 97

catastrophic equipment loads: bowed 
rotors 44–46; generator emergency 
torque 44–46; load combinations 
50–51; turbine loss of blade 44, 45f

CCD. See concrete capacity design 
method

cementitious grouts 155–156
center of mass displacement 241–242e
circular frequency of soil stratum 226e
Civil/Structural Design Criteria 17
clamping force 149, 149e
clutch force 36, 36f
columns: defined 5; initial sizing of 

21–23, 24–25; reinforcement design 
of 128–129, 131f

combined-cycle configurations 8
combustion turbine generator 

equipment: combustion turbines 7; 
foundation design for 14; generators 
9; installation of 14; layout 
configurations for 9–13, 12f, 13f; 
operation of 14
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compression. See soil-bearing pressure
compressional wave velocity 197e
concrete: breakout 148; concrete 

capacity design method 159; 
self-consolidating 184

concrete placement: congestions 
182–184; mass concrete temperature 
monitoring 184–185

condenser piers: initial sizing of 18f, 
21–23; reinforcement design of 
128–129

condensers 8–9; air-cooled 9, 25; to LP 
turbine interface 19f, 22–23; 
installation of 188–189, 189–190f; 
methods of support for 12–13, 12f, 
13f; operational dead load 41; 
spring-mounted 173–174, 174f; 
vacuum load 41, 42f

cone models 71, 200, 205f
congestions 182–184
construction 181; adjustable vertical 

support devices 190–193; anchor 
bolts 186–188; concrete placement 
182–185, 183f; condensers 188–189, 
189–190f; construction joints 
181–182; left-in-place formwork 
193–194; modularization 185–186, 
186f; temporary construction loads 
188, 188f; tolerances 182

cooling water pipes, location of 22
coupling: for embedded foundations 

204t; for rigid pile caps 212t; for 
single piles 208t

CP 2012-1 standard 132–133
creep 48–49
critical speeds 5, 45, 109–110
CTGs. See combustion turbine 

generator equipment

DAF. See dynamic amplification factor
dampers 88, 161–164, 161f, 163f; 

viscous 161–164, 161f, 163f
damping coefficients: damping 

modeling and 98; large pile groups 
234t, 236f, 237f; material damping 
ratio 79–80; pile cap effects 211–213, 
211f, 212t; pile group effects 226e, 
233f; single piles 208, 208t, 209t, 210f; 

surface foundations 197f, 221–223e, 
221e; in vibration isolation systems 
165–166; viscous 77e, 163. See also 
dynamic impedance

dashpot coefficients 63, 240f; 
embedded foundations 202–204t; 
surface foundations 197–198t, 
221–223e

dead loads: condenser operational 41; 
foundation and equipment self-
weights 31–32, 49

deep beams 20, 130
defection criteria 118–121, 119–120e, 

119f
degrees of freedom 58f; beams 87; 

flexible foundations 72–75, 73f; 
horizontal and rocking response 
60–61, 61f; plate/shell elements 87; 
single systems 65–67, 65–67e, 66f; 
vertical response 59–60, 59f

delayed ettringite formation 185
design information 14; Civil/Structural 

Design Criteria 17; geotechnical 
report 19; manufacturer drawings/
documents 17–18

design strip width 100
DFF. See delayed ettringite formation
differential defection measurement 

sensors 14
dimensionless frequency ratio 64
DIN 4024 standard 132–133
DOF. See degrees of freedom
drain lines 18f, 22
drawings (manufacturer) 17–18
ductile design considerations 124–126, 

147
dynamic acceptance criteria 115–117
dynamic amplification factor 110, 112f
dynamic analysis, boundary condition 

modeling for 96–97, 96f
dynamic equilibrium equation 60e
dynamic forces resulting from machine 

239e
dynamic forcing functions 33–35, 33e, 

107e, 107f, 108f
dynamic impedance: definition 

of 62–63, 62–63e; dynamic 
serviceability analysis and 105–106; 
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for flexible foundations 72–75, 73f, 
74e; general approach for calculating 
57–59; for single degree of freedom 
systems 65–67, 65–67e, 66f, 67f; soil 
parameter evaluation 79–80, 
196–197; for spring dashpot systems 
63f, 64–65, 64–65e, 65f. See also 
dynamic impedance of pile-
supported foundations; dynamic 
impedance of rigid foundations

dynamic impedance of pile-supported 
foundations: large pile groups 
232–236, 233f, 234t, 234–235e, 235f, 
236f, 237f; pile cap effects 78, 
210–212, 211t, 212f; pile group effects 
225–232e, 229f, 231f; pile group 
geometry 224f; pile-soil-pile 
interaction 78, 78e, 211–212e, 
211–215, 215e; single piles 76–77e, 
76f, 207e, 208t, 209–212, 209e, 209t, 
210f

dynamic impedance of rigid 
foundations 67–72, 68–70e; cone 
model approach 71, 200, 205f; 
degrees of freedom for 58f; 
downward and upward wave 
propagation 69f; on homogeneous 
soil 195–200, 196f, 196t, 197–198t, 
197f, 201f, 202–204t; horizontal and 
rocking response 60–62, 61e, 61f, 
218–220, 219e; magnitude and phase 
angle 68f; negative dynamic stiffness 
71–72, 72e, 237–241e, 240f, 241f, 241f; 
soil parameter evaluation 78–80, 
196–197; steady-state displacement 
response 69; surface foundations 
220–223e; vertical response 59–60, 
59f, 60e, 217–219, 219e

dynamic interaction matrix 228–230e
dynamic serviceability analysis 

103–104; design input and 
acceptance criteria 104; design loads 
and load combinations 104–105; 
forcing functions 107e, 107f, 108f; 
soil-pile impedance 105–106; finite 
element modeling 106–108; forced 
vibration analysis 108–110; 
frequency analysis 108–109; 

frequency sweep analysis 110–111, 
111f, 112f

dynamic shear modulus 220e
dynamic springs 65
dynamic stiffness: defined 5, 63; effects 

of 211f; for embedded foundations 
201f, 202–204t; negative 72, 72e, 
237–241e, 240f, 241f, 242f; pile cap 
effects 210–211, 212t, 213f; pile-soil-
pile interaction 211–212e, 211–215, 
215e; for single piles 208, 208t, 209t, 
210f; for surface foundations 
197–198t, 221–223e, 221e. See also 
dynamic impedance

elasticity theory 58
elastodynamics problems, cone model 

approach for 71, 200, 205f
element selection 86; analytical models 

92f, 93f, 94f; beams 87; dampers 88; 
recommendations for 91; rigid link 
elements 89–90f, 89–91; springs 88; 
three-dimensional solid elements 88; 
two-dimensional plate/shell 
elements 87

elevated space-frame pedestal 
foundations: basemats 23–24; beams 
22; columns 21–22; condenser piers 
18f, 21–23; defined 5; initial sizing of 
19–25, 26f; layout of 12f, 15, 16f, 84f; 
mezzanine platforms 22; tabletop 
geometry 17f, 20–21; walls 21–23

embedded foundations, dynamic 
impedance of 201f, 202–204t, 205f

embedded items: anchor boxes 141, 
143f; customized 141; grout 155–156; 
grout dams 154–155, 155f; grout 
pockets 153–154, 154f; miscellaneous 
plates 141–142, 144–146f, 153; plates 
with shear keys 137, 138f, 153; 
post-installed grouted anchor rods 
149. See also anchor bolts and 
sleeves; jacking posts

embedment depth 23
emergency conditions, vibration 

isolation systems and 170, 171f
emergency operation loads 43, 50
environmental loads 31, 46–47, 51
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environmental thermal effects 39–41
epoxy grouts 155–156
equipment loads: axial emergency 

thrust 35, 35f; axial thrust flex-
coupling 36, 36f; catastrophic 44–46, 
45f; condenser operational dead 
load 41; condenser vacuum 41, 42f; 
defined 31; foundation and 
equipment self-weights 31–32; 
normal machine unbalance 32–35, 
34f; normal operational torque 32, 
33f; piping and value reactions 
41–43; pressure differential 35, 35f; 
thermal 36–41

equivalent viscous damping 98
exciters 9
expansion, thermal 38–39
expansion bellows 13, 13f
expansion joints 12, 13f

FEM. See finite element modeling
finite element modeling 83; analytical 

models 92f, 93f, 94f; averaging of 
finite element results 99–100; 
boundary condition modeling 
94–97, 95f, 96f; damping modeling 
98; dynamic forcing functions 107e, 
107f, 108f; dynamic serviceability 
analysis 106–108; element selection 
86–91, 89–90f; general modeling 
considerations 84–85f, 84–86; 
geometry modeling 92–94; load 
modeling 98; mass modeling 97–98, 
97e; mesh sensitivity 91–92; model 
verification 99; sectional and 
material properties 99; static 
serviceability analysis 114; for 
strength design 127

Fixators 153–154, 190–191, 191f
flex coupling 36, 36f
flexible foundations, dynamic 

impedance of 72–75, 73f, 74e
forced vibration analysis 108,  

109–110
formwork, stay-in-place 193–194
foundation and equipment self-

weights 31–32, 49
foundation design information 14

foundation self-weights 31
frequency analysis 27, 108–109
frequency limit 227e
frequency sweep analysis 110–111, 111f, 

112f
friction piles 27
frost depth 23

GA drawings. See general arrangement 
drawings

gantry systems 188, 188f
gas turbine generators: load 

combinations for 52–54; vibration 
isolation systems for 174–175

general arrangement drawings 21
generators, defined 9
geometric properties 220–221e
geometry modeling 92–94
geotechnical reports 19, 104
geothermal steam turbines 8
gradients, thermal 39
grout 155–156
grout dams 154–155, 155f
grout pockets 153–154, 154f
GTG. See gas turbine generators
gyration radius 24, 26f

harmonic displacement 241e
harmonic excitation 237e
heat recovery steam generators 8
heat sources 8
high-pressure sections 7–8, 10f, 11f
homogeneous soil, rigid foundations 

on 195–200, 196f; dashpot 
coefficients 197–198t, 202–204t; 
dimensionless graphs for 197f, 201f; 
dynamic stiffness 197–198t, 202–204t; 
geometrical properties of rectangular 
footing 196t; static stiffness 197–198t, 
202–205t

horizontal interaction factors 215e, 
227–229e

horizontal response 60–62, 61e, 61f, 
218–220, 219e

horizontal vibration: for embedded 
foundations 202–204t; for rigid pile 
caps 212t; for single piles 208t; for 
surface foundations 198t
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HP. See high-pressure sections
HRSGs. See heat recovery steam 

generators

IMF. See intermediate moment frames
inertia 63
interaction factors 217e, 227–229e,  

229f
intermediate moment frames 125
intermediate-pressure sections 7–8, 10f, 

11f
IP. See intermediate-pressure sections
isolation of basemats 23

jacking bolts 193, 193f
jacking posts: load 48; structural 

design of 149–152, 149–152e, 151f; 
types of 137–140, 139f, 140f, 141f, 
142f

joints, construction 181–182

lateral vibration 222e
laydown load 47–48
layered soil, cone model approach  

for 71, 200, 205f
layout configurations: block 

foundations 16, 16f; combustion 
turbine generators 9–13, 12f; 
condenser piers 18f; elevated 
space-frame pedestal foundations 
15, 16f; piles 27–28; steam turbine 
generators 9–13, 10f, 11f; tabletop-
type foundations 16, 17f; vibration 
isolation systems 164, 164f, 165f

LBT. See loss-of-blade
left-in-place formwork 193–194
leveling of vibration isolation systems 

178–179, 179f
leveling screws 193, 194f
load combinations: ASCE 7 52t; 

catastrophic equipment loads 50–51; 
dynamic serviceability analysis 
104–105; emergency operation loads 
50; environmental loads 51; 
foundation and equipment self-
weights 49; for gas turbines 52–54; 
for generators 55; installation and 
maintenance loads 51; load key and 

applicability 53t; normal operational 
loads 49–50; for steam turbines 54; 
for strength design 123; for turbine 
generation foundation loads  
51–52

loads: concrete shrinkage and creep 
48–49; dead 31–32; dynamic 
serviceability analysis 104–105; 
emergency operation 43; 
environmental 31, 46–47; equipment 
32–43; foundation and equipment 
self-weights 31–32; frequency 
dependent 239e; installation and 
maintenance 31, 47–48, 51; live 
31–32; modeling 98; normal machine 
unbalance 33e; operational see 
equipment loads; pile 27–28; seismic 
46–47, 124–126; short circuit 46; 
temporary construction 188, 188f; 
thermal 36–37; vacuum 41; wind 
46–47; unit 213. See also load 
combinations

longitudinal girders 5, 20
longitudinal vibration 222e
loss-of-blade 44, 45f
low-pressure sections 8; condenser to 

LP turbine interface 19f, 22–23; 
layout configurations for 10f, 11f

LP. See low-pressure sections
lugs. See shear keys
Lysmer’s analogy 65, 197e, 220e, 224e

machine foundations, defined 5
maintenance loads. See installation and 

maintenance loads
manufacturer documentation 17–18
mass concrete temperature monitoring 

184–185
mass modeling 97–98, 97e
mass participation factors 109,  

166
material damping ratio 80
mat foundations. See basemats
mesh sensitivity 91–92
mezzanine platform sizing 22
misalignment tolerance matrix method 

118–120, 119–120e, 119f
modularization 185–186, 186f
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motion equation: horizontal and 
rocking response 219e, 220e; 
inversion of 241e; negative dynamic 
stiffness 238e; single degree of 
freedom systems 65e; spring 
dashpot systems 64e; vertical 
response 60e, 218e

MPF. See mass participation factors
MTM. See misalignment tolerance 

matrix method
multi-shaft configurations 9

negative dynamic stiffness 72, 72e, 
237–241e, 240f, 241f, 242f

Newton’s second law 58
nondimensional frequency 228e
nonsliding emergency load 43
normal machine unbalance load 32–35; 

dynamic forcing function 33–35, 33e; 
rotating eccentric mass 34f; 
unbalance forces 34f

normal operational loads. See 
equipment loads

normal operational torque load 32, 33f
nuclear steam turbine generators 14

operational loads. See emergency 
operation loads, equipment loads

operation of turbine generators 14
opposed-flow turbine sections 11
overstrength factor 126

parabolic soil profiles, single piles on 
207–210; horizontal and vertical 
direction 210e; mathematical 
representation of 207e; stiffness and 
damping parameters 208t, 209t, 210f

P-delta effect 24
pedestal foundations. See elevated 

space-frame pedestal foundations
pedestals 6
pile caps: defined 5; effects of 78, 

210–211, 211f, 212t; pile-soil-pile 
interaction 78, 78e

pile group effects: calculation example 
224–231e, 231f; cap effects 78, 
210–211, 211f, 212t; group geometry 
224f; group properties 224–226e; 

pile-soil-pile interaction 78, 78e, 
211–212e, 211–215, 215e; vertical 
interaction factors 229f

pile-soil-pile interaction 211–212e, 
211–215, 215e

pile-supported foundations, dynamic 
impedance of: large pile groups 
231–236, 233f, 234–235e, 234t, 235f, 
236f, 237f; pile cap effects 78, 
210–211, 211f, 212t; pile group 
effects 224–231e, 229f, 231f; pile 
group geometry 224f; pile-soil-pile 
interaction 78, 78e, 211–212e, 
213–215, 215e; single piles 76–77e, 
76f, 207–210, 207e, 208t, 209e, 209t, 
210f

piles: bearing 9; capacity check 
123–133; compression 25, 27–28 pile 
compression see soil-bearing 
pressure; fixed head 28; free-head 
28; group effects 224–231e; 229f, 231f; 
group geometry 224f; information 
reports 19; layout configurations 
27–28; single 76–77e; 76f; 207–210 
207e; 208t; 209t; 210t

piping and value reactions 41–43
plates: design of 153; embedded  

plates with shear keys 137, 138f; 
miscellaneous embedded plates 
141–142, 144–146f

plate/shell elements 87
Poisson’s ratio 69, 80, 220e, 224e, 234t
preloading 148, 149e
pressure differential load 35, 35f
pullout failure 148

radiation dashpot coefficients: for 
embedded foundations 202–204t; 
for surface foundations 197–198t, 
221e, 222e, 223e

rebar: congestions and 182–184, 183f; 
defined 6; cages 185, 186f

redundancy factor 126
reinforced concrete moment frames 

124
reinforcement design: anchor bolts and 

sleeves 147–148; basemats 127–128; 
blocks 128–129; columns 128–129; 
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congestions 182–184, 183f; 
modularization 185–186, 186f; piers 
128–129; tabletops 129–130; walls 
128–129. See also strength and 
stability design

retrofit of vibration isolation systems 
175, 175f

revolutions per minute 14
rigid foundations, dynamic impedance 

of 67–72, 68–70e; cone model 
approach 206f; degrees of freedom 
for 58f; downward and upward 
wave propagation 69f; on elastic 
subgrades 71, 200, 206f; on 
homogeneous soil 195–200, 196f, 
196t, 197–198t, 197f, 201f, 202–204t; 
horizontal and rocking response 
60–62, 61e, 61f, 218–220, 219e; 
magnitude and phase angle 68f; 
negative dynamic stiffness 72, 72e, 
238–241e, 240f, 241f, 242f; soil 
parameter evaluation 78–80, 
196–197; steady-state displacement 
response 69; surface foundations 
220–223e; vertical response 59–60, 
59f, 60e, 217–218, 218e

rigid link elements 89–90f, 89–91
rocking response 60–62, 61e, 61f, 

218–220, 219e
rocking vibration: for embedded 

foundations 203–204t; for rigid pile 
caps 211f, 212t; for single piles 208t; 
for surface foundations 199t, 
222–223e

rotating eccentric mass 34f, 238e
rotors 9; alignment of 14; blade loss in 

44, 45f; bowed 44–46; loss of blade  
in 45f; removal load 48; rotor 
eccentricity 239e; turbine rotor 
without casing 8f; vibration sensors 
14

RPM. See revolutions per minute
rupture, modulus of 129

SCC. See self-consolidating concrete
SDC. See seismic design category
SDOF. See single degree of freedom 

systems, dynamic impedance of

section properties 99
seismic design 17; anchor bolts and 

sleeves 147; category 17; square root 
of the sum of the squares 28; 
vibration isolation systems 170–173, 
171f, 172f

serviceability analysis 103; acceptance 
criteria for 115–121, 119–120e, 119f; 
dynamic 103–111, 107e, 107f, 108f, 
111f; static 111–115

shear: keys 137, 138f, 153–154; 
modulus 79, 79e, 225e, 234t; 
perimeter method 100; wave 
velocity 197e, 220e, 225e, 234t; 
tabletop reinforcement design and 
129; zero-shear-transfer method 100

shell elements 87
shrinkage 48–49
side exhaust 10f, 11f, 25, 27
side-face blowout 148
single degree of freedom systems, 

dynamic impedance of 65–67, 
65–67e, 66f, 67f

single-shaft configurations 9, 11f
sizing: block foundations 25, 27; 

elevated space-frame pedestal 
foundations 19–25, 26f; grout 
pockets 154

snow load 46–47
soil: defined 6; density 80; 220e; 

geotechnical reports 19; 
homogeneous, single piles on 
207–210, 207e, 208t, 209e, 209t, 210f: 
parameter evaluation 78–80, 220e, 
225e, 234t: resistance 60e: soil 
springs 65, 95, 95f, 96f: unit weight 
220e

soil-bearing pressure 25, 27–28, 133
soil-structure interaction. See dynamic 

impedance
soleplates 14
solid elements 88
spectral accelerations 17
speeds, critical 5, 45, 109–110
spring coefficient 238–240, 240e, 240f, 

241f
spring dashpot systems, dynamic 

impedance of 63f, 64–65, 64–65e, 65f
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springs 12, 13f, 88; design properties of 
161–164, 161f, 162f, 162t; dynamic 
65; soil 65, 95, 95f, 96f; spring-
mounted condensers 173–174, 174f

square root of the sum of the squares 
28

stability evaluation 133
static acceptance criteria 117–121, 

119–120e, 119f
static analysis: boundary condition 

modeling for 94–96, 95f; static 
serviceability analysis 111–115

static stiffness 57, 113–114; for 
embedded foundations 202–204t;  
for surface foundations 197–198t, 
221–223e; vibration isolation system 
requirements 177

stators 9
steady-state displacement response 69
steam turbine generator equipment: 

condensers 8–9; foundation design 
for 14; generators 9; installation of 
14; layout configurations for 9–13, 
10f, 11f; load combinations for 54; 
operation of 14; steam turbines 7–8; 
vibration isolation system layout for 
164

strength and stability design: 
accidental torsion 126–127; anchor 
bolt reinforcement 147–148; basemat 
reinforcement 127–128; block 
reinforcement 128–129; column 
reinforcement 128–129, 131f; 
common practices for 130, 131f; 
ductile design considerations 
124–126; finite element results for 
127; jacking posts 149–152, 149–152e, 
149–152f; load combinations for 123; 
overstrength factor 126; pier 
reinforcement 128–129; pile capacity 
check 132–133; redundancy factor 
126; seismic loads 124–126; soil-
bearing pressure check 133; stability 
evaluation 133; tabletop 
reinforcement 129–130; vibration 
isolation systems 176–177; 
volumetric reinforcements 131–132; 
wall reinforcement 128–129

stress singularities 85–86
strut-and-tie model 130
subject displacement function 64e
superstructures 6
surface foundations, dynamic 

impedances of 198–199t, 220–223e

tabletops: defined 6; geometry of 17f, 
20–21; initial sizing 24; layout of 16, 
17f; reinforcement design of 129–130

temperature monitoring 184–185
tensile failure cases 148
thermal loads 36–37; environmental 

thermal effects 39–41; thermal 
expansion 38–39; thermal friction 
37–38, 37–38f; thermal gradient 39

thermocouples 14
tolerances, construction 182
torque: generator emergency 46; 

normal operational load 32, 33f
torsion: accidental 126–127; for 

embedded foundations 204t; for 
rigid pile caps 211f, 212t; for single 
piles 208t; for surface foundations 
199t, 223e; tabletop reinforcement 
design and 129

turbine casing pipe forces 41–42
turbine generator equipment 7; 

combustion turbines 7; condensers 
8–9; foundation design for 14; 
generators 9; installation of 14; 
layout configurations for 9–13, 10f, 
11f, 12f, 13f; operation of 14; steam 
turbines 7–8

vertical alignment devices 190–193, 
191–192f

vertical displacement 65f; of rigid 
foundations 218e; for single piles 
76f; in spring dashpot systems 64e; 
in spring-mounted condensers 76f

vertical forcing functions 66f, 67f
vertical interaction factors 215e, 

227–228e, 229f
vertical response 59–60, 59f, 60e, 

217–218, 218e
vertical support devices: adjusting 

bolts 193, 194f; jacking bolts 193, 
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193f; vertical alignment devices 
190–193, 191–192f

vertical vibration: for embedded 
foundations 202t; for rigid pile caps 
212t; for single piles 208t; for surface 
foundations 198t, 221e

vibration isolation systems 159–161; 
advantages of 159–160; application 
examples 175–176, 176f, 177f; 
defined 6; dynamic characteristics of 
164–166, 165f, 166f, 167f; emergency 
conditions 170, 171f; gas turbine 
foundations 174–175; installation of 
177–178, 178f; leveling of 178–179, 
179f; operational behavior of 
166–168, 167t, 168f, 169f; retrofit of 
turbine foundations 175, 175f; 
seismic considerations 170–173, 171f, 
172f; spring elements 161–164, 161f, 

162f, 162t; spring-mounted 
condensers 173–174, 174f; static 
stiffness requirements of 177; 
strength analysis of 176–177; typical 
layout of 164, 164f, 165f; viscous 
dampers 161–164, 161f, 163f

VIS. See vibration isolation systems
volumetric reinforcements 131–132

walls: defined 6; initial sizing of 21–23; 
reinforcement design of 128–129

warping angle 85
water-cooled condensers 9
water pipes, location of 22

Young’s modulus 89, 99, 214,  
225e

zero-shear-transfer method 100
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