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CHAPTER l 

INTRODUCTION TO SEISMIC DESIGN OF BRIDGES 

1.1 INTRODUCTION 

Bridges are important links in our surface transportation network 
because they provide the means for overcrossing both manmade and 
natural obstacles. It is crucial that they continue to function 
in this vital 'lifeline' role following an earthquake when pro
tection of lives and property depends on the efficient movement 
of emergency traffic. This requires that bridges subjected to 
earthquakes maintain both structural integrity and accessibility. 
Critical areas in the seismic design process should be identified 
and improvements implemented into the design process as quickly 
as possible. The overall objective of this training effort is to 
provide the bridge engineer with some of the basic principles and 
tools needed to take the first step toward achieving this goal. 

Prior to the San Fernando earthquake of February 9, 1971, very 
little damage to bridges resulted directly from seismically 
induced vibrational effects. Most of the damage on a worldwide 
basis had been caused by permanent ground displacement which 
resulted in [1.1]*: 

1) Tilting, settlement and overturning of substructures 

2) Dis2lacement of supports and anchor bolt breakage 

3) Settlement of approach fills and wingwall damage 

Bridge damages sustained during the great Alaskan earthquake of 
March 27, 1964, are examples of this type of failure. Nearly all 
damages were caused by substructure failures resulting from large 
ground displacements, settlements, and loss of bearing capacity. 
Superstructure damages were primarily caused by substructure 
failures. These failure patterns are typical of the bridge 
failures suffered in nine major earthquakes which occurred in 
Japan prior to the San Fernando earthquake [1.1]. 

In California, earthquake damage of any type had been minimal, 
totaling approximately $100,000 [1.2] for the eleven most sig
nificant earthquakes (magnitudes 5.4 to 7.7) which occurred from 

* Numerals in brackets refer to reference numbers at the end of 
each chapter. 
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1933 to 1971. This general observation 
however, with the San Fernando earthquake 
caused approximately $6.5 million damage to 
due to vibration effects. 

changed drastically, 
(magnitude 6.6) which 
bridges, most of it 

As a result of the San Fernando earthquake, there has been an 
increased public awareness of the potential of earthquake-induced 
damage to bridges. A reflection of this interest is a 
recognition of the need to design highway bridges that are more 
resistant to the damaging effects of seismic forces induced by 
ground vibration. 

1.2 THE STATE OF SEISMIC DESIGN OF BRIDGES 

The engineering community, sponsored at both the Federal and 
State levels, has been responding to a more intensified public 
mandate for improved seismic design of bridges in the years 
following the San Fernando earthquake. The state of knowledge 
with regard to the seismic design of bridges has been moving 
ahead on several fronts. A summary of some of the more pertinent 
events that have brought us to our present point are discussed in 
the paragraphs that follow. 

1.2.1 THE PRACTICING PROFESSION (CALTRANS & ASSHTO) 

Immediately following the earthquake, the Office of 
Structures, California Department of Transportation (CALTRANS) 
recognized the need to develop a more rational earthquake 
design criteria for bridges [1.3]. Efforts were initiated to 
develop new earthquake design guidelines that would consider 
seismicity and the vibrational properties of both the bridge 
and the underlying soil. This pioneering effort provided the 
basis for a new national seismic bridge design code that was 
subsequently accepted by the American Association of State 
Highway and Transportation Officials (AASHTO) (Appendix H.l). 
This code is, to a large degree, a designer's response to 
upgrade the seismic design methodology to cope with the 
catastrophic types of failures experienced in the San Fernando 
earthquake. Some of the primary features of the new code 
include: 1. Seismicity; 2. Dynamic Soil and Structural 
Response; 3. Risk; and 4. Ductile Design. 

The new code provides for seismic analysis by the equivalent 
static force method for simple structures. Respons~ spectrum 
or transient analysis is required for more complex structures. 
CALTRANS, now a leader in the seismic design of bridges, is 
currently using 3 dimensional response spectium modal analysis 
on all of their structures, since they have found that the 
equivalent static force method is cumbersome to apply and 
generally yields unreliable results in most cases, 
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particularly for the more complicated structures. 

In addition to the development of a new seismic design 
criteria, the California Department of Transportation, also 
embarked on programs to: 

1) Improve the deficient design details which 
precipitated some of the collapse-type failures. 

2) Establish procedures for upgrading the earthquake 
resistance of existing structures. 

3) Form a Structural Mechanics Group to research and 
implement state-of-the-art analytical techniques. 

4) Purchase, develop, and implement computer pro
grams utilizing the latest analytical techniques. 

5) Intensify the training efforts for both designers 
and researchers. 

6) Instrument existing structures. 

The implementation of such design improvements has resulted in 
highway bridges with improved resistance to the hazards of 
earthquakes as became evident by the performance of the 
Incienso Bridge during the Guatemala earthquake of February 
4th and 6th, 1976 [1.4]. 

Bridge designers throughout the world are continuing to 
develop innovative means to make bridges more earthquake 
resistant. The need of the designer to find immediate solu
tions to complex problems such as earthquake resistant design 
with the aid of available technological developments has 
resulted in a better understanding of the problem. 

1.2.2 UNIVERSITY RESEARCH 

Following the San Fernando earthquake, the U.S. Department of 
Transportation, Federal Highway Administration, recognized the 
need for increased understanding of the behavior of bridge 
structures during earthquakes. A research project entitled An 
Investigation of the Effectiveness of Existing Bridge Design 
Methodology in Providing Adequate Structural Resistance to 
Seismic Disturbances was initiated at the Earthquake 
Engineering Research Center, University of California, 
Berkeley. This investigation consisted of the following six 
phases: 

1) A thorough 
seismic effects 

review of the world's literature on 
on highway bridge structure, 
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including damage to bridges during the San Fernando 
earthquake of February 9, 1971 (1.1]. 

2) An analytical investigation of the dynamic 
response of long multiple-span highway over
crossings of the type which suffered heavy damage 
during the 1971 San Fernando earthquake (1.5]. 

3) An analytical investigation of the dynamic 
response of short, single, and multiple span highway 
overcrossings of the type which suffered heavy 
damage during the 1971 San Fernando earthquake (1.6, 
1. 7]. 

4) Detailed model experiments on a shaking table to 
provide dynamic response data similar to prototype 
behavior which was used to verify the validity of 
the ore t i ca 1 response pre di ct ions [ 1 . 8 ] • 

5) Correlation of dynamic response data obtained 
from shaking table experiments and theoretical 
response. Modification of analytical procedures as 
found necessary to achieve correlation (1.9]. 

6) Case studies on three long-multiple span bridges 
subjected to strong seismic excitation. The dynamic 
responses were determined using the response 
spectral, linear time-history and nonlinear 
time-history approaches. Maximum response values 
are interpreted in terms of current design pro
cedures and code provisions [1.10]. 

7) Preparation of recommendations for changes in 
seismic design specifications and methodology as 
necessary to provide adequate protection of 
reinforced concrete highway bridges against severe 
damage in future earthquakes. 

The Federal Highway Administration also sponsored a study at 
the Illinois Institute of Technology to determine cost 
effective means for modifying existing intermediate size 
bridges to minimize the damaging effects of intense earthquake 
ground motions [1.11]. Research studies were performed to 
identify and define, through structural analysis, practical 
techniques and criteria for retrofitting the bridges selected 
during the program. 

A follow-up project entitled "Seismic Retrofit Measure for 
Highway Bridges," [1.12, 1.13] was performed which included 
the additional two objectives: 

1) Prepare design details and installation speci-
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fications for retrofit measures that 
employed on existing highway bridges 
earthquake damage. 

are to be 
to minimize 

2) Demonstrate, through a training curriculum, an 
approach in the application of the seismic analysis 
technique which can be used by the practicing bridge 
engineers to decide whether a bridge needs retro
fitting and if it does, what type of retrofit 
measure(s) to employ. 

To meet these objectives, the study produced design details 
and installation specifications for the following bridge 
retrofit measures: 

1) Hinge restrainer for suspended concrete girders. 

2) Displacement restrainer for stringers and girders 
bearing on bridge abutment. 

3) Vertical displacement restrainers 
girders. 

for 

4) Steel girder expansion joint restrainer. 

5) Steel girder hinge restrainer. 

6) Reinforced concrete column strengthening. 

7) Girder bearing area widening technique. 

8) Strengthening of abutment/pier footings. 

steel 

In New Zealand, University of Canterbury researchers, working 
closely with tne New Zealand Ministry of Works bridge design 
engineers, have been studying ductility of reinforced concrete 
bridge piers. A better understanding of ductility under the 
current design philosophy is crucial to understanding the 
seismic resistance of structures. 

In addition to projects specifically related to bridges, 
several research efforts in fields relating to other 
structural types and to earthquakes in general have greatly 
improved the state of knowledge since the San Fernando event. 
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1.2.3 STRUCTURAL AND SOIL DYNAMICS COMPUTER CODES 

The use of the digital computer for the solution of 
engineering problems has become very popular in the last few 
years. Large general purpose structural analysis programs 
have been developed which are capable of solving large linear 
structural problems. Fortunately for the design engineer new 
programs have emerged concurrent to the increased interest in 
the seismic design problem. Also the development of computer 
hardware, which now provides easy access of high speed 
computers through time-sharing networks, service bureaus and 
in/house installations, has put dynamic analysis computer 
codes at the fingertips of the engineer. 

Most of the more popular structural analysis programs are 
capable of performing the types of dynamic analyses required 
for the seismic design of bridges. Some of the more popular 
computer codes are described in the following paragraphs. 

1.2.3.1 STRUDL 

The STRUDL (STRUctural Design Language) computer system was 
developed at the Massachusetts Institute of Technology, 
Department of Civil Engineering, in the late 1960's as part 
of the Integrated Civil Engineering System (ICES) Project. 
The project was jointly sponsored by several public and 
private organizations. The original version of the 
program, as released from MIT, was somewhat lacking in its 
dynamic analysis capabilities. Most of the problems with 
the dynamic analysis capabilities have been corrected, and 
in addition user enhancements have been added to the 
several versions of the program, which are currently avail
able on a commercial basis. STRUDL uses a Problem Oriented 
Language which makes it easy for non-programmers to use. 
The program was originally coded for IBM hardware, but 
versions are currently available on UNIVAC and Control Data 
Corporation equipment. 

1.2.3.2 SAP 

The first version of program SAP (Structural Analysis 
Program), developed at the University- of California by 
Professor E. L. Wilson, was published in 1970. Since 
that time several enhancements have been made. SAP IV, the 
current version, is designed to operate on CDC equipment. 
SAP VI, also a current version, was modified at the 
University of Southern California and is designed for IBM 
equipment. The SAP code is more straightforward from a 
programs point of view than other large systems and can be 
more easily modified for a particular organization's needs. 
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1.2.3.3 EASE2 

EASE2, developed by Engineering Analysis Corporation, is an 
outgrowth of the SAP program. It is designed with the user 
in mind. It operates on CDC hardware and is very efficient 
in terms of computer resources required. 

1.2.3.4 NASTRAN 

The National Aeronautics and Space Administration (NASA) 
contracted with Computer Science Corporation and the 
MacNeal Schwendler Company to develop NASTRAN (NASA 
STRuctural ANalysis). This code is used by NASA and 1ts 
contractors-as well as many private engineering firms. 
NASTRAN operates on IBM, CDC, and UNIVAC hardware. 

1.2.3.5 STARDYNE 

STARDYNE is a general purpose structural analysis code for 
both static and dynamic analysis that was developed by 
Mechanics Research Incorporated, Los Angeles, California. 
First released in 1968 and available through the Control 
Data Corporation Cybernet System, STARDYNE could handle up 
to four thousand degrees of freedom. The present version 
of STARDYNE can handle up to twenty thousand degrees of 
freedom and includes a wide library of Finite Elements 
including three-dimensional solid elements. 

1.2.3.6 Other General Purpose Structural Analysis Codes 

There are other general purpose codes available, but they 
generally do not have as wide a popularity as the systems 
mentioned above. Some of these codes have very 
sophisticated capabilities not likely to be used by the 
bridge designer. Among the other codes available for 
dynamic analysis are systems such as MARC and ANSYS. 

1.2.3.7 
Bridges 

Special Purpose Dynamic Analysis Programs for 

Programs specifically designed for the dynamic analysis of 
bridges have been written as research tools at some 
universities. These programs are currently in a form that 
is difficult and cumbersome to use. It is possible, with a 
substantial effort, to combine and enhance some of these 
programs to produce a computer code that would become a 
valuable production and learning tool for the bridge 
engineering community. The resulting code would also 

PILOT WORKSHOP 1- 7 



ECC SEISMIC DESIGN OF HIGHWAY BRIDGES STUDENT TEXT 

contain the optional ability to consider directly certain 
nonlinear aspects of bridge dynamic behavior. 

1.2.3.8 SHAKE - A Soil Dynamics Computer Program 

A valuable tool for determining the earthquake response of 
various soil configurations is the program SHAKE. This 
program was developed at the University of California and 
will be discussed in greater detail later in this text. 

1.2.4 APPLIED TECHNOLOGY COUNCIL (ATC-6) 

It is evident that a considerable amount of knowledge has been 
gained since the San Fernando earthquake. There is still a 
long way to go, however, before bridge seismic design ceases 
to be an art and becomes an exact science. Nevertheless, it 
was evident that the time had come to bring the current 
research and design experience together in one code of 
practice for bridge seismic design. This is currently being 
done in a project being conducted by the Applied Technology 
Council of Palo Alto, California under the sponsorship of the 
Federal Highway Administration. Preliminary recommendations 
for bridge seismic design are currently being drafted. 
Components being considered for components of these 
recommendations include: 

1) A map defining coefficients for the expected peak 
ground motion in the United States. 

2) The consideration of a bridge IMPORTANCE FACTOR 
in determination of design loadings. 

3) All bridges shall be assigned to a SEISMIC 
PERFORMANCE CATEGORY based on the map area and the 
importance factor. 

4) A limitation on acceptable bridge sites based on 
the potential for ground surface rupture. 

5) A SITE COEFFICIENT based on the soil profile type 
at the bridge site. 

6) A RESPONSE MODIFICATION FACTOR which will modify 
design forces for individual members based on their 
ability to behave as ductile components. 

7) Clarification and 
analysis procedures. 

improvement of required 

8) Special design and construction requirements for 
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and their 

1.3 PURPOSE OF THE WORKSHOP 

The design of earthquake resistant bridges encompasses such 
inter-disciplinary fields as: 

l) Seismology 

2) Geology 

3) Engineering Mechanics 

4) Structural Dynamics 

5) Soil Mechanics 

The primary purpose of the workshop is to provide the bridge 
engineer with the skills required to: 

l) Understand and use the new analytical approaches 
that have evolved to determine the motion and forces 
acting on highway bridges. 

2) Design highway bridges to accommodate these 
seismically induced forces. 

3) Analyze and design retrofitting features for 
existing bridges in order to decrease damage by seismic 
action. 

The skills will include some of the more recently developed tech
niques associated with the expanding fields of seismic engineer
ing. The materials presented here are in general currently used 
by the California Department of Transportation and as such 
believed to be workable in a bridge design shop. 

The current AASHTO specification, included in Appendix H.l, 
involves a complete change in methodology from the previous 
specifications and is difficult to apply as it is presented. The 
AASHTO specifications will undoubtedly undergo modification in 
the near future as reflected in the both newly revised CALTRANS 
code and the ATC-6 provisions when they are completed. The 
materials presented will provide the designer with the skills 
necessary to apply the current codes and recognize the potential 
of new developments and recommendations as they become available. 
The format of the workshop is organized to present the following: 
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l) An overview of the cur rent seismic design 
philosophy. 

2) An introduction to basic theory. 

3) An introduction to basic concepts and the results 
associated with the underlying theories. 

4) A summary of some recent seismic design and 
retrofitting concepts used for bridges. 

It is our intention to ~resent an introduction and overview of 
the broad spectrum of material as well as a "hands on" experience 
with the step-by-step procedures of seismic analysis. The 
authors have played an active role in the development and imple
mentation of the California seismic criteria for bridges since 
the 1971 San Fernando earthquake. We sense a real need to 
provide today's bridge engineer with usable information in 
applying current technology to the field of seismic analysis and 
design. 

It would be impossible to apply such a rapidly developing tech
nology without the support of many others. We have utilized 
resources at the University of California, Illinois Institute of 
Technology, Federal Highway Administration, California Department 
of Transportation, and countless other sources. The availability 
of information from these institutions and the willingness of 
their people to communicate their ideas has been a tremendous 
help. 
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CHAPTER 2 

FUNDAMENTAL CONCEPTS IN STRUCTURAL DYNAMICS 

2.1 DYNAMIC LOADINGS AND THE BASIC EQUATIONS OF MOTION 

Structural dynamics deals with the analysis and design of 
structures to resist the effects of time-dependent forces. 
Dynamic loads on bridges include: 

1) Earthquakes 

2) Wind loads 

3) Moving live loads 

Bridge structures that are subjected to time-varying forces 
experience vibrations. By employing current technology in the 
field of structure dynamics and recent computer program 
capabilities, and investigator can study the vibration 
response characteristics of bridges. The equations and 
mathematical derivations presented are discussed, but the 
emphasis will be on the physical concepts represented by the 
terms in the mathematical equations. Example computer 
problems included in Appendix A.2-A.4 illustrate both the 
physical concepts and computer capabilities associated with 
the basic theory. The basic concepts of structural vibrations 
that are needed to perform a dynamic analysis are presented in 
this chapter. A more rigorous treatment of the subject is 
given in text books listed in the references (see Section 
2. 7) • 

2.1.l STATIC AND DYNAMIC LOADING 

The basic differences in static and dynamic analysis are as 
follows: 

1) Static Analysis (See Figure 2.1.l) 

a) Loads, displacements, and stresses are time 
independent. 

b) "Magnitude" of the load is independent of 
the response mechanism, i.e., the time rate of 
build-up of peak magnitude is large relative to 
the natural period of vibration of the 
structure. 
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p 

STATIC PROBLEM 

Figure 2.1.l 

2) Dynamic Analysis (See Figure 2.1.2) 

STUDENT TEXT 

a) Loads, displacements, and stresses are time 
dependent. 

b) ·Inertia forces (and/or moments) are part of 
loading system forces (and/or moments), both 
depend upon, as well as contribute to, the 
deflection of the structure. 

c) Damping forces are present which dissipate 
the induced motions. These forces are caused 
by: 

i) Bodies moving through fluids 
velocities. 

at 

ii) Internal friction of the material. 

low 

iii) Relative motion between dry contact 
surfaces. 
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Loads 

DYNAMICS PROBLEM 

Figure 2.1.2 
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2.~.2 EQUILIBRIUM OF FORCES 

A particle of mass acted upon by a system of forces as 
shown in Figure 2.1.3 experiences a linear acceleration 
proportional to the magnitude of the resultant and in the 
direction of this resultant (Newton's Second Law). The 
inertia force is given by: 

where 

(2.1.l) 

total displacement 

total acceleration, the second 
derivative of displacement. 

time 

This inertia force is directed through the mass point 
opposing acceleration as shown in the figure. The 
resultant sum of all the forces acting on the particle is 
zero. 
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PURE TRANSLATIONAL INERTIA FORCES 

Figure 2.1.3 

STUDENT TEXT 

This principle may be extended to a rigid body by including 
the rotational inertia forces as shown in Figure 2.1.4. 

Inertia forces are fictitious forces that are assumed to 
act on the body for the purpose of creating a condition of 
equilibrium. Considering the inertia effects in this 
manner, known as d'Alembert's Principle, provides a method 
of changing a problem in dynamics to an equivalent problem 
in statics. 

2.1.3 EQUILIBRIUM OF FORCES, SDOF SYSTEMS 

Consider the single story frame subjected to a time history 
base motion as shown in Figure 2.1.5. The horizontal 
girder is assumed to be rigid and to include all the mass 
of the structure. The mass of this structure thus has a 
single-degree-of-freedom, the displacement v. 
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TRANSLATIONAL AND ROTATIONAL INERTIA FORCES 

Figure 2.1.4 

·v,,, 

STRUCTURE SUBJECTED TO TIME HISTORY GROUND MOTION 

Figure 2. 1. 5 
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The displacement of this system can be expressed as: 

where 

'4 = total displacement of the mass 

VJ = ground surface displacement 

V = relative displacement 

A free body diagram of the first floor is shown in 
2.1.6. Applying d'Alembert's Principle yields 
following equation: 

where 

£= inertial force of the mass 

/o = damping force acting on the mass 

(2.1.2) 

Figure 
the 

(2.1.3) 

h = elastic force exerted by the two columns 

Each of the three forces acting on the first floor can be 
defined in terms of the motion of the structure as shown in 
Figure 2.1.7. 

Substituting these values into Equation 2.1.3 yields: 

(2.1.4) 

The total acceleration of the structure, Vt, can be found 
by differentiating Equation 2.1.2 twice with respect to 
time: 

(2.1.5) 
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/n = mass of the rigid deck 

/r = total stiffness of the 
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C = coefficient of viscous damping 

INFLUENCE OF SUPPORT EXCITATION 
ON SDOF EQUILIBRIUM 

Figure 2.1.6 
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INERTIA DM1PING 
GRAPHICAL REPRESENTATION OF 

DYNAl~IC EQUILIBRIUM FORCE TERMS 

Figure 2.1.7 

.. 
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V 

fs • kv 

STIFFNESS 

Notice that in this equation, \(1 is the ground acceleration 
which can be taken from the earthquake acceleration record. 
Substituting into Equation 2.1.4 yields: 

or 

where 

mVf C V-1-fV=-m ~=~II (t) (2.1.6) 

= effective support loading 

effective support loading given in terms 
of the ground acceleration 

Equation 2.1.6 is the differential equation of motion for 
the structure shown in Figure 2.1.5 responding to a ground 
acceleration. In this equation the effective support 
loading expressed as the product of the mass and the ground 
acceleration is analogous to an external load acting on the 
structure. The negative sign in the equation indicates 
that the effective force opposes the direction of ground 
acceleration. This has little significance in practice 
since the earthquake is generally assumed to act in both 
directions. 
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2.2 EXTENSION OF THE EQUATIONS TO MULTI-DEGREE OF FREEDOM 
SYSTEMS 

The SDOF system idealization can be used to approximate the 
response of a bridge structure if the response shape can be 
assumed with some degree of accuracy and the loading is such 
that it excites only the assumed shape. Bridge systems having 
complex horizontal and/or vertical alignments, intermediate 
expansion joint hinges, varying column stiffness and skewed 
bents generally cannot be adequately idealized as SDOF 
systems. In these cases, the idealization of the bridge must 
take into consideration more than one degree of freedom. 

In the development of the general equation of motion of 
multi-degree-of-freedom systems, the three-story frame 
structure shown in Figure 2.2.1 will be considered. 

k2 
2 

k3 
2 

ta) 

k3 
2 

PROPERTIES OF A 3-STORY FRAME: 
(a) Mass, Damping, and Stiffness 

(b) Support Motion 

Figure 2.2.1 
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The three horizontal girders are assumed to be rigid and to 
include the mass of the entire structure. Thus a degree of 
freedom is associated with each concentrated mass point at 
each story level. The equations of motion of the system are 
formulated by expressing the equilibrium of the effective 
forces associated with each degree of freedom. These 
equations may be written as follows: 

£1 f /41. 1-/4 = !) 

;o 

(2.2.1) 

These forces may be expressed in matrix form as 

(2.2.2) 

This is the MDOF equivalent of the SDOF Equation 2.1.2. Some 
basic definitions and theorems on matrix algebra are included 
in Appendix F. 

The existing forces stated in each term of Equation 2.2.l may 
be expressed by means of influence coeffcients. Consider, for 
example, the stiffness associated with each floor of the 
three-story structure. The force required to impose a unit 
displacement at coordinate point l (the top story) while 
restraining all other displacements (the remaining stories) as 
shown in Figure 2.2.2(a) is the influence coefficient ft1 for 
the first story. 
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(a) ( b) { c) 

INFLUENCE COEFFICIENTS FOR THREE STORY STRUCTURE 

Figure 2.2.2 

k13=0 

kz3 

k33 .. 

The force developed at point 2 (the second story) due to a 
unit displ~ce~ent at point 1 is the stiffness influence 
coefficient lfl/ In general, the stiffness influence 
coefficient is defined as follows: 

force at coordinate i due to a unit 
displacement of coordinate j, all other 
coordinate displacements equal to zero. 

Imposing dis~lacements in a similar manner for the remaining 
two joints as shown in Figure 2.2.2(b) and 2.2.2(c), yields 
the stiffness influence coefficients for the remaining joints. 
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The complete elastic force relationships may be expressed in 
matrix form as: 

;;, I A11 A'11 krJ V, 
I 

;;1 - l ~;; h11 1~ ~ -
f:s3 A;, ~). /13.3 ~ 

(2.2.3) 

or symbolically, 

/J;]~[f][Y} (2.2.4) 

The inertia forces may also be expressed by a set of influence 
coefficient~ called mass coefficients. The lumped mass matrix 
approach which assumes that the mass is concentrated at the 
joints generally yields accurate enough results for bridges if 
enough joints are considered. This simple procedure lumps the 
mass at each joint by considering the contribution from the 
structural elements connected to the joint. 

The relationship between the accelerations at e~ch point and 
the resulting inertia forces is expressed in matrix form as: 

( ,, 

/21. lll11 0 0 ~, 
hi 

.. 
0 l7lii {) Vfl (2.2.5) 

/2 
.. 

0 0 ff&.1 ~3 

or symbolically 

{fz}=[mlf Pt] (2.2.6) 
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In general, the mass incluence coefficient is defined as: 

Jnij = force at coordinate i due to unit 
acceleration of coordinate j, all other 
coordinate accelerations equal to zero. 

Rotational inertia forces associated with the rotational 
degrees of freedom may or may not be included in the mass 
matrix formulation. For the dynamic analysis of bridge 
structures, tnese rotational inertia forces can generally be 
neglected. 

Damping, which is assumed to be of the viscous type, depends 
on the velocity. These damping terms may be expressed by 
damping influence coefficients defined as: 

In general, the 
symqolically as 

= force at coordinate i due to a unit 
velocity of coordinate j, all other 
coordinate velocities equal to zero. 

damping coefficient may be written 

! /4] ,,£cl fv] (2.2.7) 

The C matrix is generally a diagonal matrix since it is 
usually assumed that there is no coupling in the damping 
terms. Substituting Equations 2.2.4, 2.2.6 and 2.2.7 into 
Equation 2.2.1 yields: 

[ml [v} 1[cl [v ]1-[JJ( vJ =-lml/iiJ} <
2

-
2

•
8

' 
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For the three story frame of Figure 2.2.1 these equations of 
motion can be written in matrix form as follows: 

m, () t 
0 /ilk 0 f 

-k, 0 

A;ri1. ·Ji 
O v m1 

or 
/)ft J1 -/- {', t/, f /( / { V, - Yz) 

m, tJ 0 

o mt o 
0 0 /ll; 

m;. ½ f ti~ f ti (~-Y;) -Ji(~-~) 
/'JJ3 ~ I- C3 ~ I- J.3 ~ -1,l ( v;_ -JI,) 

Ir;. lfi-tk; 

1 
V4 'J ,. 
~ 

•• 
:. -m, Jt:j 

= -Q?z ~ . , 
: -Mi~ 

Note that this results in a set of coupled differential 
equations. It is this coupling that makes the solution of the 
free vibration problem for multi-degree-of-freedom systems 
much more complex than the solution of the free vibration 
problem for a single-degree-of-freedom system. 

The number of degrees of freedom required to model a bridge 
will depend on the geometric, stiffness and inertia 
characteristics of the overall system. 

2.3 UNDAMPED FREE VIBRATION 

In order to understand the behavior of a bridge structure 
during an earthquake, it is first necessary to understand how 
the structure will vibrate if given some initial excitation 
and allowed to vibrate freely unaffected by damping or 
externally ap~lied forces. This type of motion will first be 
described for a single-degree-of-freedom system and then for 
multi-degree-of-freedom systems. 
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2.3.l SINGLE DEGREE OF FREEDOM SYSTEMS 

Motion of this type may be described mathematically for a 
sing le degree of f reedorn system by setting C and p(t) 
equal to zero in Equation 2.1.6. Restating the equation 

and substituting yields 

or 
(2.3.1) 

For a ~iven structure k and m are constants. For 
convenience and for reasons that will become clear later, 
let: 

(2.3.2) 

Therefore Equation 2.3.l becomes 

(2.3.3) 

Notice that !IJJ. will be a constant that is 
the structure and is dependent only 
stiffness. Equation 2.3.3 is a second 
differential equation which has the 

associated with 
on the mass and 

order homogeneous 
following general 

solution: 

(2.3.4) 

The two constants A and Bare evaluated from the initial 
conditions. Assuming the system starts from an initial 
position Vo with an initial velocity tit, ; the solution 
becomes 

(2.3.5) 

PILOT WORKSHOP 2- 15 



ECC SEIS1'1IC DESIGN OF HIGHWAY BRIDGES STUDENT TEXT 

-C,.) 

2 rr 
T • -ar-

UNDAMPED FREE VIBRATION RESPONSE 

Figure 2.3.1 

Plotting the value for displacement vs. time yields the 
graph shown in Figure 2.3.1. This equation may also be 
expressed as: 

where 
V{t_)= t°COS (wl.-0) 

f7= I • • 

The motion portrayed is periodic (i.e., it repeats itself 
after a certain period of time). The previously defined 
constant associated with this motion is expressed as: 

circular frequency (2.3.6) 
(radians per second) 

Therefore, a single degree of freedom structure which is 
vibrating free of any external forces will vibrate at a 
constant frequency independent of the initial conditions 
and dependent only on its mass and stiffness. Most 
typically, the rate of vibration of structures such as 
bridges is defined in terms of: 

cyclic frequency 
(cycles per second or Hz) 

(2.3.7) 
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(2.3.8) 

Since the frequency or period of free vibration is a 
function of the structure's properties, these values are 
often referred to as the natural frequency or natural 
period of the structure. 

To further illustrate simple harmonic motion of undamped 
free vibration for a SDOF system, consider the frame shown 
in Figure 2.3.2 subjected to the following initial 
conditions: 

Vo= I 
. 

/lo =O 

Substituting into Equation 2.3.5 yields 

thus 

V(t)= COS tut 

Differentiating to obtain the velocity yields 

Differentiating again to obtain the accelerati9n yields 

Harmonic motion of the system can be described by the 
motion of the projection on the horizontal axis of a 
particle moving at a constant angular velocity around the 
circumference of a circle of radius= 1, as shown in Figure 
2.3.3a and 2.3.3b. At time t = O, the particle is at its 
initial position v0 = 1 at point A. The diagram shows that 
the velocity vector is 90 degrees ahead of the displacement 
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UNDAMPED SINGLE DEGREE OF FREEDOM SYSTEM 

FIGURE 2.3.2 

vector. At time t = t 1 , the displacement is the projection 
of OA' measured on the horizontal axis. The velocity is 
the projection of OB' and the acceleration is the 
projection OC'. The projection as a funtion of time is 
plotted for the displacement, velocity and acceleration, 
respectively in Figures 2.3.3c, 2.3.3d, and 2.3.3e. 

2.3.2 MULTI-DEGREE-OF-FREEDOM SYSTEMS 

When a structure has several degrees of freedom which is 
typical of most bridge structures, the solution of the free 
vibration problem is much more difficult. In this case 
Equation 2.2.8, the matrix equation of motion, 

lh1] fiiJ-1/cJ [v}fl I:] [Y}: -£1nJ 11! 
reduces to 

£ml [v]1[f.l///] ={) (2.3.9) 
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If we assume the structure can vibrate in a periodic manner 
similar to the single degree of freedom structure, then the 
displacements of the various degrees of freedom for a 
structure vibrating in this manner are related as follows: 

where 

[ II (i) l, :e [ t? L (4 .11il wh) t I- le os ~ t) < 
2 

• 
3 

• 
10

' 

[vlm= the characteristic 
assumed by the 
this manner. 

displacement shape 
structure vibrating in 

tu,,, = the natural frequency of vibration of the 
structure vibrating in this manner. 

For this type of vibration, the characteristic displacement 
shape would not change, only the amplitude would vary with 
time. Taking the second time derivative of Equation 
2.3.10, the accelerations for this type of vibration are 
given by 

! V{i)J,, : -tJ; {vlm C4s11J1J/11l1-/Jcos1A4tj ( 2. 3 .11) 

Substituting Equations 2.3.10 and 2.3.11 into Equation 
2.3.9 and rearranging yields: 

(2.3.12) 

Equation 2.3.12 is an Eigenvalue problem which has as many 
solutions as there are degrees of freedom. Each of these 
solutions represents a different mode of vibration that the 
structure can assume and still maintain the type of 
periodic motion described above. Associated with each mode 
is a characteristic displacement vector, ,fyj, and a natural 
frequency of vibration, W . The vector f,)j is often 
referred to as the eigenvector or mode shape. This vector 
defines the characteristic shape that the structure will 
assume as it vibrates in the appropriate mode. It can be 
shown mathematically that each of these modes are 
orthoginal which means they are uncoupled and can be 
treated independent of one another. Physically this means 
that the displacements from the various modes at any 
instant in time can be superimposed to obtain the total 
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displacements of tne structure. The uncoupling of 
multi-degree-of-freedom systems in this manner greatly 
simplifies the solution of the free vibration problem. 
Actual free vibration of a complex structure is dependent 
on the extent to which each of the individual modes 
participate which is in turn dependent on the initial 
conditions. 

When developing the equations of motion for a real 
structure, it is typically desirable to neglect the inertia 
effects for certain degrees of freedom. It is also 
desirable to consider the inertia effects to be uncoupled 
(i.e. the inertia effect at one degree of freedom does not 
have an effect on the other degrees of freedom). 
Physically, this results in the idealization of the 
structure as a weightless structural frame with 
concentrated mass at selected points. Experience has shown 
that this type of idealization can yield reliable results 
for bridge structures. 

This practice results in a mass matrix with a significant 
number of zero coefficients. In many cases, economy can be 
realized in the eigenvalue solution if the matrices are 
condensed to include only the degrees of freedom with 
inertia effects. This is an easy problem for a lumped mass 
matrix, but the stiffness matrix requires considerable 
mathematical manipulation. Sample Problem 1 (Appendix A. 
2) illustrates the computational steps necessary to 

solve a sim~le free vibration problem. It also illustrates 
the corresponding STRUDL commands needed to solve the same 
probem. By reviewing this problem, the student can best 
understand the nature of free vibration and therefore 
relate to the meaning of the commands used in STRUDL. 

The solution of the free vibration problem which yields the 
mode shapes and frequencies is the most difficult 
computational task associated with the dynamic analysis. 
Reviewing free vibration results can tell an experienced 
designer familiar with dynamics many things about the 
accuracy of the idealization and the probable behavior of 
the structure during an earthquake. Because of the 
difficulty and the amount of computation required, the 
digital computer is indispensible to the designer 
performing a dynamic analysis on a complex structure. 
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2. 4 STRUCTURAL DA!l'IPING 

The amplitude of vibration of a damped structure, not subject 
to external exciting forces, will be attenuated by resisting 
forces developed during motion. These forces are associated 
with: 

1) Bodies moving through fluids, such as air, at low 
velocities 

2) Internal friction of the material 

3) Relative motion between dry contact surfaces 

The resisting forces dissipate energy in time as the vibration 
dies out. The causes for these actions are seldom fully 
understood and are generally evaluated directly by 
experimental methods for most structural systems. Since the 
true damping characteristics are very complex and difficult to 
define, it is common practice to express the damping in terms 
of equivalent viscous damping which is proportional to the 
relative velocity of the system. 

If for a single degree of freedom system the effective support 
loading equals zero, Equation 2.1.6 can be written as: 

This is a homogeneous, second order, linear ordinary differ
ential equation. The soluton is of the form: 

This yields values for velocity and acceleration of: 

(2.4.3) 

(2.4.4) 
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Substituting these values into Equation 2.4.1 and dividing out 
the constants yields: 

(2.4.5) 

The values of scan therefore be calculated by solving for the 
roots of this quadratic equation: 

, 
(2.4.6) 

Three types of damped motion can occur depending on the value 
of the quantity under the square root sign. 

U5nY- -}; =O 

(f;,)1- - fn L. 0 

( fm/· /;, > O 

CRITICAL DAMPING 

UNDERDAMPING 

OVERDAMPING 

Only the first two types of damping are of practical 
importance. Critical damping is the minimum amount of damping 
required to prevent a structure from oscillating. The value 
of damping required to do this is: 

Lc.,Lmt,() = critical damping coefficient (2.4.7) 

The damping ratio, F, is the ratio of actual damping to crit-
ical damping: I' 

/= fc. = damping ratio (2.4.8) 

The motion of a critically damped system is shown in Figure 
2.4.1. Structures with damping values less than critical are 
known as underdamped structures. Most real structures fall in 
this category. These structures will continue to vibrate at 
an ever decreasing amplitude until all the energy is 
dissipated. 
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MOTION OF CRITICALLY DAMPED SYSTEM 

Figure 2.4.1 
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It can be shown mathematically that the frequency of vibration 
of a damped structure will vary as a function of the damping 
ratio. 

2.4.9 

However, for real structures the value off seldom exceeds 
0.20. By substituting this value of into Equation 2.4.9, it 
is obvious that the difference between !A)D and tu is very 
small. Therefore, in practice, the frequency of damped 
structures is assumed to be equal to the frequency of undamped 
structures. 

(2.4.10) 

2.5 FORCED VIBRATION AND SUPPORT MOTION 

So far, we have not considered the effect of a time varyin~ 
forcing function on the dynamic response of a structural 
system. Dynamic forces in structures can be applied in 
several different ways. Earthquake forces are induced in a 
structure by motion of the supporting soil or rock. The 
equations of motion for a single degree of freedom structure 
subject to a support motion were developed in Section 2.1. 
The following discussion will explore this type of motion in 
greater detail. 
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2.5.1 RESPONSE TO HARMONIC SUPPORT MOTION 

Assume the structure previously discussed in Section (2.1) 
and shown below in Figure 2.5.1 is subjected to a harmonic
ally varying support acceleration. 

V 

n1 
Vg 

HARMONIC SUPPORT MOTION 

Figure 2.5.1 

Equation 2.1.6 becomes: 

where 
... 

u} = frequency of input motion 

~ = amplitude of input motion 

sin u:>t 

If for the present we assume that no damping exists, the 
equation of motion is reduced to: 

Ill i/1 LJ/== -IJ11.51i1iJt 

The general solution to this differential equation can be 
shown to be: 
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lJ = the ratio of the applied frequency to the 
natural free vibration frequency. 

For a system starting at rest, the constants A and B take 
the following values: 

A,, -€j (i!;Ji) ; 8=o 

Thus, the response to the given harmonically varying 
support motion for undamped vibration becomes:· 

vii)= ~ {i~z. ){$.11i;urf-.Jinwt) ,2.s.11 

The terms in this equation have the following physical 
significance. 

: This term is known as the magnification 
factor. As the value of $ approaches 
unity, this factor becomes very large. 

: This is a free vibration response term. 
It represents a portion of the response 
caused by the structure vibrating at its 
natural frequency. 

This term represents a portion of the 
response due to the structure vibrating n 
at the frequency of the support motion. 
It is known as the steady state response 
term. 

If I() approaches zero, 
2.5.1 becomes: 

so does the value of...p', and Equation 

v(t), ii 
t<),Z 

This represents a constant support acceleration which will 
result in a constant relative displacement. 
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As tu aproach tJ , f approaches unity 
becomes infinitely large. This 
resonance. 

and the displacement 
phenomenon is known as 

A plot of displacement vs. 
shown in Figure 2.5.2. 

the frequency ratio,~ , is 

I 

Vtot. I 

Vo 

0 

I undamped 

//1, 
/ I '\. 

/ I ' 
/ I ' 

/ ' 
/ I ' 

_,,,., / I _) ....._'-
;,_, __,,,. I damped ......_ 

I 
I 

1.0 

DYNA!Vl.IC MAGNIFICATION 

Figure 2.5.2 

2.0 

When damping is included, the mathematics becomes much more 
difficult and will not be covered here. Many of the 
principles of undamped response still apply, however, and 
will be used to explain damped response to harmonic motion. 
Magnification, free vibration and steady state vibration 
terms still are present in the equation of motion. When 
damping is present, however, free vibration will tend to be 
dissipated after a time and only a damped structure will 
assume a steady state response at a frequency equal to the 
frequency of the support motion. The presence of damping 
also has the effect of reducing the magnification factor. 
The response of a damped structure is shown in Figure 2.5.2 
along with the undamped response for comparison. 

The magnification factor concept also extends to 
multi-degree of freedom systems. In this case, there will 
be several modes of vibration each of which will have a 
corresponding natural frequency of vibration. When the 
frequency of the support motion approaches one of these 
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natural frequencies, and when the motion is in a direction 
which can excite the corresponding vibration mode, the 
structural response in that mode will be magnified. This 
fact is important in seismic design since earthquake 
support motion for a given location tends to contain 
predominant frequencies within a given range. 

Sample Problem 3 shown in Appendix A.4 illustrates the 
effect of varying frequencies of harmonic excitation for 
both a force applied at the first floor and for support 
acceleration. 

2.6 DUHAMEL INTEGRAL 

In a real earthquake the ground motion is not harmonic but 
varies randomly as shown in Figure 2.6.1. To evaluate the 
response of a structure to this ground motion, first consider 
the response of the system to a portion of the ground motion 
over a very short interval of time as shown in Figure 2.6.2. 

- -
•• 

t 

SDOF STRUCTURE SUBJECTED TO TIME-HISTORY MOTION 

Figure 2.6.1 

The acceleration acting during the time interval,dl", produces 
a short duration impulse load ,m~(t):tl', on the structure. This 
procedure is approximate for impulses of finite duration but 
becomes exact as the duration of the loading approaches zero. 
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Response d v ( t) 

DERIVATION OF DUHAMEL INTEGRAL 

Figure 2.6.2 
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l 

The differential response for a single impulse of 
duration,dl', at t = l;'is also shown in Figure 2.6.2. This 
response, beginning at the termination of the impulse load, is 
simply a free vibration response and may or may not include 
the effects of damping. It can be easily obtained by 
considering impulse momentwn relationships. 

The loading history may be considered as a succession of such 
short impulses, each producing its own differential response. 
For a linearly elastic system, then, the total response can be 
obtained by summing all the differential responses developed 
during the loading history. Therefore, the following equation 
is obtained for the response of an undamped structure: 

t 
v/4) 'd / 1 (!) .f111w(t-t)dt 2.6.1 

0 
This equation is known as the Duhamel Integral for an undamped 
system. It is used to evaluate the response of an undamped 
SDOF system for any support motion. 
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For the damped SDOF system, the equation is similar to the 
undamped analysis except that the free-vibration response 
initiated by the impulse, mf&f:/)dZ , is subjected to an 
exponential decay. Therefore, the damped response may be 
expressed as: 

;:J 1t:. _, -rwtc-c) ) 
V(t ~ /; V;(t).,t, .fli?(t- t: dt 2.6.2 

0 

In the case of arbitrary loading such as an earthquake, direct 
integration of the Duhamel Integral is impossible and the 
integration has to be performed numerically. 

2.6.1 RESPONSE SPECTRUM (DEFINITION) 

For a given earthquake motion, the response of single 
degree of freedom systems with various natural frequencies 
and specified damping can be determined using the Duhamel 
Integral. The maximum response of each system (i.e., 
displacement, velocity, and acceleration) can be found by 
examining the time history of the responses. A response 
spectrum is a plot of the maximum responses of various 
single degree of freedom systems (See Figure 2.6.3) versus 
the undamped natural period of the systems. 

The maximum value of response relative to the 
taken as the measure of earthquake intensity. 
may be expessed as 

..fe /dt) la4l. 
Substituting into Equation 2.6.2 

ground is 
This maximum 

(2.6.3) 

,f,,i([; t,J), /£ 1~ (tµ, ·f w(i-¼1/1 (t · t)d %t1 X c 2 • 6 • 41 

The s.pectral velocity .f'v and the spectral acceleration 
defined by 

(2.6.Sa) 

and 

(2.6.Sb) 
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may also be obtained by evaluating Equation 2.6.4 using 
these sim_ple relationships. As indicated by Equation 
2.6.4, ~~ de~ends not only on the ground motion history, 
but also on the frequency of vibration and the damping of 
the system. 

As an illustration, consider the ground motipn record and 
SDOF systems shown in Figure 2.6.4. The acceleration 
response time history of any one system can be determined 
and the maximum response selected as shown in Figure 2.6.5. 
As shown in Figure 2.6.6, a response spectrum of 
acceleration is obtained by plotting the maximum response 
of a whole series of systems. A response spectrum can be 
used to predict the response of a multi-degree of freedom 
structure thus eliminatlng the need to determine the time 
history of response of a large structure to a specified 
support motion. 

Note that the spectrum shown by the jagged line in Figure 
2.6.6 represents the spectrum for a single earthquake 
motion. Since each earthquake motion will have slightly 
different characteristics, the use of a single earthquake 
motion for design purposes leaves some uncertainty as to 
the significance of the response it will produce. For 
desi9n purposes, it is more meaningful to take a smoothed 
average of several records as shown by the smooth line. 
The design response spectrum usually provides an adequate 
basis for the seismic design of most bridge structures. 
The spectral displacement 5cL represents t.he maximum 
relative displacement that a SDOF system will experience 
for a given input motion and damping. This maximum 
displacement corresponds to a condition of zero kinetic 
energy and the maximum potential energy or strain energy 
given by 

(2.6.6) 

In a conservative system, the maximum strain energy equals 
the maximum kinetic energy. The maximum relative velocity 
that the system will experience is defined as: 

(2.6.7) 
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The maximum kinetic energy of the system is given by 

- ~, l 
~-1.r - fm ~r (2.6.8) 

Recalling that for a conservative system 

(2.6.9) 

thus 

or 

(2.6.10) 

The response parameter Sv is called the spectral psuedo 
velocity because it does not actually represent the maximum 
velocity of the SDOF system, but is only an approximation 
of the relative velocity. The ps uedo velocity Sv is 
approximately equal to the maximum relative velocity for 
systems with moderate or high frequencies, but it may 
differ considerably from the maximum relative velocity for 
low frequency systems. An expression for the true relative 
velocity would be obtained by differentiating Equation 
2.6.2. The psuedo velocity is, however, generally used. 

An expression for the spectral acceleration Jp_ can be 
obtained in a similar ✓ way by neglecting the effects of 
damping. The maximum total acceleration that the system 
will experience is given by 

~ = / ~ft)/mox 
We can write Equation 2.1.6 as: 

In~;- f f V = -171 q 
/J1(v11) f 1 y == o 

(2.6.11) 
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Recalling that the total acceleration is expressed as 

thus 

IJJ11t 1-iv=O 

or 

. . z. 
t,1 ~ -td V 

since 

(2.6.12) 

The simple relationships given in Equation 2.6.10 and 
2.6.12 permit the representation of displacement, 
~suedo-velocity, and acceleration on a single plot of 
four-way log paper as shown in Figure 2.6.7. 
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IMPERIAL VALLEY EARTHQUAKE MAY 18,1940 
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CHAPTER 3 

bASIC SEISMOLOGY 

3.1 PLATE TECTONICS 

Only in the past 25 years has it been possible to detect 
earthquakes on a uniform, worldwide basis. During this time, a 
very distinct structural pattern has emerged at both the 
mid-ocean ridges and the continental tectonic zones. 

The concentration of earthquakes around the boundaries of some of 
the major continental blocks and along the mid-ocean ridges can 
readily be seen in Figure 3.1. 

The emerging field of plate tectonics has provided considerable 
insight to aid in the understanding of the major global sources 
of earthquakes. 

The theory of plate tectonics was first presented by German 
meteorologist, Alfred Wegener, in 1912 [3.1]. Wegener's theory 
was that if the earth could flow verti~ally in response to 
vertical forces, it could also flow laterally. He showed an 
amazing number of fossil, rock and structure correlations on both 
sides of the Atlantic. 

Between 1920 and 1930, Wegener's theory generated much 
discussion. This debate set the stage for the discovery of sea 
floor spreading in the early 1960 1 s. Harry H. Hess of Princeton 
University (3.2] and Robert S. Dietz of the USGS independently 
(3.3] proposed that the ocean floor might be in motion. At the 
same time, Mason, Raff, and vacquier of the Scripps Institute of 
Oceanography, discovered that the ocean floor off the West coast 
of North America had a very striking pattern of variations in 
magnetic intensity (3.4]. These long strips of magnetic 
variation have been traced parallel to the mid-ocean ridge and 
are symmetrical about the ridge. This magnetic ~tape-recorder'' 
shows that the sea floors have spread outwards from the ridges 
over millions of years. They ultimately plunge beneath the ocean 
trenches, such as those near Chile and the Aleutians. 

The Earth's crust (or lithosphere) is divided into a number of 
Geological plates such as the North American plate which is 
between the mid-Atlantic ridge and the San Andreas fault. 

These plates are 30 to 60 miles (50-100 km) thick and are thinner 
in ocean regions. Evidence indicates that about 350 million 
years ago, North America, Europe, and Africa were joined, and 
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that about 200 million years agv a major continental breakup 
began which formed the Atlantic Ocean [3.5]. It is believed that 
these plates are propelled by sea-floor spreading caused by 
either (1) radial contraction or expansion of the Earth and/or 
(2) slow convective motion of the material within the earth's 
mantle. It is not fully understood how these movements led to 
the formation of seas and mountains [3.6]. It is not known how 
motion of the lithosphere as a whole relates to motion of 
individual plates. The boundaries of these plates are marked by 
major geologic features such as: 

PILOT WORKSHOP 3- 2 



ECC SEISMIC DESIGN OF HIGHWAY BRIDGES STUDENT TEXT 

1) rifts and ridges 

2) fold mountains 

3) island arcs 

4) transform faults 

Rifts and ridges are locations of deep cracks in the earth and 
represent zones where plates are drifting apart. Molten rock 
rises to the surface along these zones and solidifies into new 
rock. This new rock drifts apart since some is attached to each 
moving plate. 

Fold mountains may indicate the edge of a plate since they are 
formed by great forces acting in compression. 

Island arcs like 
trenches and are 
and earthquakes. 
is being pushed 
enters the mantle 
sufficient heat. 

the Aleutian Islands are bounded by deep 
the sites of much volcanic activity, faulting 

These are areas in which the edge of one plate 
beneath another plate. The subducted plate 

and dissolves when it reaches an area of 

Transform faults cut across the rifts and ridges and offset them. 
These faults mark the boundaries of adjacent plate segments which 
slide by each other parallel to the faults. The San Andreas 
fault is an example of a large transform fault. 

An ocean basin is formed where plates move apart. Molten rock 
wells up from the rift between the plates and this material is 
constantly moved to either side. The Gulf of California is 
considered to be a young ocean in the process of being formed by 
the rifting apart of adjacent plates. 

Mountains are formed by the collision of two plates or by the 
subduction of an ocean plate under a continental plate. In 
either case, the excess material is folded or deposited to form 
mountain ranges. 

These movements of plates cause an almost continuous relocation 
of the continents and ocean basins. Major earthquakes usually 
occur at the junction of these ~lates. Although earthquakes 
occur mainly along the edges of plates and at the mid-ocean 
ridges, there are known occurrences of catastrophic earthquakes 
in other regions. In the United States, the major 1811-1812 New 
Madrid earthquakes in Missouri and the 1886 Charleston, South 
Carolina, earthquake are examples of exceptions to the heavy 
concentration of earthquake epicenters at plate boundaries. 
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3.2 THE ELASTIC REBOUND THEORY 

Seismologists are not in complete agreement on the detailed 
mechanism of tectonic energy release. It seems certain that the 
primary cause is a sudden movement of rock masses along weak 
zones called faults. These movements can adequately explain the 
resulting shaking and displacements that have been observed 
during a large number of earthquaKes. 

The majority of earthquakes, however, are not accompanied by 
visible fault displacement and are usually assumed to have 
faulting at depth. All seismologists now agree that major 
earthquakes arise from movements on faults, even when movement is 
undiscernible at the ground surface (3.7, 3.8]. 

Studies by Reid and Law (3.9] after the 1906 San Francisco 
earthquake suggested that although the fault displacement was 
sudden, the energy it released had probably been slowly 
accumulating in the rocks for a long period of time. Reid said, 
"The fracture of the rock which causes a tectonic earthquake is 
the result ·of elastic strains greater than the strength of the 
rock can withstand, produced by relative displacement of 
neighboring portions of the earth's crust." The only mass 
movements at the time of the earthquake are the sudden elastic 
rebounds of the sides of the fracture towards portions of no 
elastic strains, and these movements gradually diminishing away 
from the fault surface, extend, even in large earthquakes, to 
distances of only a few miles from the fracture. 

Reid showed that careful analysis of precise survey data of the 
San Francisco area fully supported this theory. The USCGS had 
performed triangulation surveys in 1851-1865, 1874-1892 and in 
1906-1907. Reid grouped the data according to the average 
distance of the several stations from the fault. 

Figure 3.2 shows a simplified map of Reid's results and how they 
are explained by the elastic rebound theory. Line ACB represents 
the time when no elastic strain existed in the rocks of the 
region. As the regional displacement began, the point A moved 
slowly north and point B moved south. Just before the 
earthquake, the line ACB was located at Al, C, Bl and was curved 
as shown. When the fault finally gave way and the stress was 
released with explosive violence the line Al, C straightened out 
to A2, Cl. Similarly, the line Bl, C on the other side 
straightened. Because of the large masses of rock involved this 
movement continued past the point Cl to point C2. 

The elastic rebound theory provided the first realistic model to 
aid in determination of duration, amplitudes, and frequencies of 
seismic shaking at various locations from the fault zone. 
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3.3 FAULTS 

Three basic types of faults, based on relative movement can be 
identified [3.8]: 

1) Normal Fault, in which the block above the fault has 
moved down relative to the block below. 

2) Reverse (or Thrust) Fault, in which the block above the 
fault has moved up relative to the block below. 

3) Lateral (or Strike-Slip) Fault, in which the rocks on 
either side of the fault have moved laterally past each 
other. 

In reality, most faults exhibit a combination of vertical 
lateral movement, and are called oblique faults. (Fig. 3.3) 
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The sudden release of strain energy initiates vibrations in the 
earth's crust. These vibrations propagate in all directions from 
the fracture. 

The earth can transmit vibrational waves in a variety of ways, 
but in general, they can be classified as BODY WAVES and SURFACE 
WAVES. 
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3.4.l BODY wAVES 

Body waves are waves which travel through the body of the 
material. Two well-known body waves are (1) the longitudinal 
or P wave and (2) the Transverse or S wave. 

1) Longitudinal (Compressional or P) Waves. The symbol P 
(for primary) is used to denote these fast waves, because 
they are the first recorded on the seismograph. These 
stress waves are created by the motion of particles 
moving back and forth (tension and compression) in the 
direction in which the waves are. progressing. They 
travel at a speed of between 4.3 and 8.6 miles a second. 
Their period of vibration varies from 0.1 to 0.2 sec. 
close to the energy source to as high as 7 to 15 sec. at 
a distance from a major event. 

2) Transverse (shear, rotational or S) waves. The S (for 
secondary) waves are slower than P waves. They travel at 
a little less than 3 miles per second. A particle in the 
path of a Transverse wave may oscillate in any direction 
in the plane normal to the direction of the advance of 
the wave. Although slower than longitudinal waves, 
transverse waves transmit more energy than P waves. The 
S waves have a longer period of vibration than P waves, 
varying from 0.2 to 0.5 sec. close to the focus and from 
10 to 20 sec. at large distances. 

3.4-.2 SURFACE WAVES 

Surface waves are generated from body waves reflecting off the 
ground surface. These waves then propagate along the surface 
of the ground. The physics of these waves is very complex. 
There are two common types: (1) Rayleigh waves and (2) Love 
waves. 

1) Rayleigh (or R) waves. In these waves, the ground 
particles move vertically and radially in the plane of 
propagation. This wave is a combination of the P and S 
waves. 

2) Love (or Q) waves. These waves vibrate transversely to 
the direction of wave travel and have no vertical 
component. 

Both Rayleigh and Love waves are dispersed, which means their 
velocities are dependent on their wave lengths. Their periods 
range from 2 to 3 seconds close to the focus to as much as one 
hour at some distance from a major event. 
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Because of the reflection, refraction, and dispersion of the 
seismic waves, the wave train that arrives at a distant 
seismograph station is understandably complex. Detailed study 
of these records permits accurate determinatin of the location 
of the earthquake, the origin time, and the energy release. 
Figure 3.4 illustrates the four types of earthquake waves. 

The Earthquake Engineer is interested in the vibrations which 
can cause damage to structures. These large vibrations knock 
the sensitive seismograph out of commission. Strong-motion 
accelerographs are used to record these strong motions. 

3.5 EARTHQUAKE SIZE 

When a seismologist records an earthquake on his seismograph, he 
is able to measure the exact amplitude and period of the waves 
which were received at his station. This record is a measure of 
the absolute size of the earthquake. By taking into account the 
distance of the station from the earthquake, it is possible to 
express this size in terms of the total energy released at the 
focus. 

3.5.1 MAGNITUDE 

One scale which has been developed to represent the 
instrumental measure of an earthquake's size is the Richter 
magnitude. The Richter magnitude ( M) is defined as: 

where 

In practice, 
larger than 
extrapolated 
epicenter. 

(3.1) 

~ = maximum amplitude recorded by a Wood 
Anderson torsion seismometer at a distance 
of 100 km. from the earthquake 

~~=amplitude of .001 mm. 

the recording is made 
100 km. Therefore, 

to a distance of 100 

at distances that are 
the recorded amplitude is 
km. from the earthquake 

Seismologists use a number of magnitudes, depending on the 
type of seismic wave being measured. For example, an 
underground nuclear explosion which has the same body wave 
ma9nitude as an earthquake, will have a smaller surface wave 
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magnitude. 

The Richter magnitude, however, 
amplitude regardless of wave 
seismological limitations. 

uses the 
type which 

maximum 
is one of 

wave 
its 

3.5.2 ENERGY 

The currently accepted relationship 
magnitude is: 

be tween energy and 

( 3 • 2) 

where 

M = The Richter magnitude 

Because of the logarithmic factor, the energy released 
increases very rapidly with the magnitude (approx. 32 times 
per unit); thus a magnitude 8 earthquake releases 
approximately one million times the energy of a magnitude 4 
event. Although the Richter magnitude is open ended, the 
largest recorded value is 8.9. Figure 3.5 illustrates the 
relation between magnitude and energy in equivalent tons of 
TNT. 

The energy released from a large earthquake is proportional to 
the length of faulting involved and to the square of the fault 
slip. Fault length is not directly related to the strong 
ground motion in the region near the fault, however. The 
energy involved in the close-in locations is best considered 
in terms of the useful portion of the frequency spectrum of 
the wave motion. 

During faulting, the stress on the fault drops by amounts 
ranging up to 3000-5000 psi in shallow focus earthquakes. The 
stress drop is proportional to the rock rigidity and the fault 
offset. 

3.5.3 INTENSITY 

Intensity is a measure of the effects of 
and his environment. This scale of 
dependent on instrumental measurement, 
observer's interpretation of events he 
sequently, no intensity rating is given 
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even one of high magnitude, that occurs far from-civilization 
and is not felt by man. 

One of the first generally-used intensity scales was developed 
in Europe in the 1880's by DeRossi of Italy and Forel of 
Switzerland. The Rossi-Forel scale, with values from I to X, 
was widely used for about 20 years. This scale's main defect 
was that it lumped a great deal of damage into the upper level 
(or X) classification. 

In 1902, the Italian seismologist, Mercalli established the 
scale which in modified form is widely used today. This scale 
(the Modified Mercalli), is shown in Figure 3.6. It is based 
on a I to XII range and provides for a more refined analysis 
of major damage. 

The varying intensity grades are frequently expressed in an 
isoseismal map with roughly circular lines drawn to enclose 
areas of equal intensity. Figure 3.7 shows the preliminary 
intensity map developed for the February 9, 1971, San Fernando 
earthquake. This map was developed from results obtained from 
over 2000 questionnaires by the USGS Seismological Field 
Survey and indicates a felt area of approx. 80,000 sq. miles 
over California, Arizona, and Nevada. 
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Odwr ,1/«a: Wa.vcs on ponds: water turbid wilh 
•ud. Small s.lil.Jcs ~nd cllwin1 in aluna sand or 1r11vel 
·bankL Larae bells rin&- Furniture broken. Hana,na 
~ quiver. 

Slnlcai,a eff«ts: Masunry D ".heavily damqcd; 
Masonry t• damaged. P.•rtially cullaptc1 in some 
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Chimney•. futory · scacks. monuments, tu wen. 
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Slntctwal q/«rs: Masonry D • desunycd; Masonry 
c• heavily damaaed, sometimes with complete 
mllapsc: Masunry B" is seriously damaaed. General 
damqe 10 foundations. Frame struccurcs. if nut 
bolled. shirted off founda1iuns. Frames racked. 
Raenuin seriously damaaed. Underaround pipes 
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Viti 

IX 

E./1«1 "" p«1pl,: General Panic. 
Odwr q/ttts: Conspicuous cracks in around. In 

arcu of sort ground. sand is ejccced 1hruu1h holes 
Md piles up into a small crater. ·anli, in mudliy arca1. 
-er fountains are formed. 

Slnu:IJlnll eff«u: Mu$! masonry ind frame s1ruc-
1ures destroyed along with their fnunc.latiuns. Some 
well-built wooden s1ruc1ures and bric.lgcs c.lestroyed. 
Scriuu1 damage lo dams. dikes 11nd embankments. 
Railroacb bent sli&htly. 

L 
j 

E./1«:t °" pa,p/e: Geneul p1mic. 
OtJwr q/«11: Larae landslides. Wa.cer throw!) on 

bankl of canals, riven, lakes. etc. Sitnd and mud shit'• 
led horizontally on beaches and flat lane!. 

SlrtM:lllrOI e/f«1s: General destruction of buildinas. 
Underpound pipelines cumpletcly uuc of 1ervice. 
Railroad• bent area1ly. 

E./1«:t OIi p,opl,: General panic. 
CJtlwr f/!KU: Sitme u· for Intensity X. 
Slrlictw"1 ,/fret,: Dam11c nearly 111111. the ulti• 

mate cauasuophc. 
OtJwr ,Jf«a: Larae rock maucs diJplaced. Linea or 

sipt and level distorted. Objects thrown into air. 

• M_,•ry A: Ouud wurkm ■n1hip and murc■ r. r.cinfnrcctl 
dniancd 1u rcsi11 l111cr■ I fnr~cs. 

M•1nry 8: O,",d w,irkn1anlllip ■nol muri■r. rc1nfur~col. 
W-ry C: Ouod wurkm■nlllip ■nol n1ur111r, unrcinfur~cd. 
Ma,•ry D: """' wurkm■nlllip 11nd mufllri' and weak m■ten■II. 

INTENSITY SCALE 

Figure 3.6 
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3.6 ATTENUATION OF ROCK MOTIONS 

The variations in rock motions which occur at a given distance 
from the epicentral region can vary considerably. A recent study 
was completed by Trifunac and Brady (1975) [3.10] in which 
different attenuation relationships were evaluated. Figure 3.8 
shows a compilation of these relationships by various 
investigators. Such variations make the prediction of maximum 
rock accelerations for any given site extremely difficult, and 
similar variations can be expected to occur in frequency 
characteristics. For this reason, it appears that the 
probabilistic approaches will continue to provide the most 
rational method to determine the rock-motions at a site. Past 
records must be used to provide a guide to the general 
characteristics of the motions. These records can then be used 
to lead to envelopes of motions which anticipate the full range 
of shaking effects which might develop at a site. The 
Schnabel-Seed attenuation curves[3.ll] fall somewhat midway in 
the evaluation plot and coupled with the conservatively enveloped 
"R" s~ectra in the criteria, the resulting AR spectra in rock are 
conservative. 
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CHAPTER 4 

APPLICATIONS - SEISMIC DESIGN METHODOLOGY 

4.1 CURRENT SEISMIC DESIGN PROVISIONS FOR BRIDGES 

4.1.l INTRODUCTION 

The current AASHTO seismic design criteria is at best 
difficult to apply. The use of new terminology and increased 
coin~lexity have created an entirely new generation of criteria 
for tne brid~e engineer. 

This chapter will discuss the development of the criteria, 
some of tne factors considered, and the future directions of 
Brid~e Seismic Criteria. 

The Appendix presents recent versions of highway 
seismic criteria and their commentaries: 

1) The 1977 AASHTO criteria. (Appendix E.l) 

2) The 1977 California criteria. (Appendix E.2) 

4.1.2 RELATIONSHIPS BETWEEN AASHTO AND CALTRANS 
CRITERIA 

bridge 

SEISr'lIC 

The 1975 AASHTO criteria is generally based on a 1975 
California criteria, the difference being the determination of 
peak rock acceleration. In the absence of a suitable map of 
~eak rock-acceleration for a particular area, the user of the 
AASHTO criteria selects an "A" value generally based on the 
UBC zone of his site. There are two limitations encountered 
when applying this procedure: 

1) The UBC zones and their equivalent accelerations were 
developed for surface motions and may tend to give overly 
conservative answers when applied to rock spectra. 

2) Housner's maximum acceleration of 0.5g close to the 
causative fault was determined prior to the San Fernando 
earthquake and may be low for certain types of faults. 

The 1977 California version requires the use of the elastic 
spectrum (AHS) for analysis. Subsequent reductions for 
ductility and risk are then made selectively for each member 
ty~e. 
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The "C" curves developed for the criteria were originally 
"pre-reduced" by "Z" for the convenience of the engineer to 
obtain equivalent column forces similar to those used in 
building codes. The engineer then had to be cautioned that 
tne "C" coefficient values did not represent the actual loads 
that the structure receives but had been pre-reduced to 
facilitate an elastic column design. In practice, especially 
when applying the "C" curves to tne response spectrum method, 
the engineer obtains deceptively low deflections and forces in 
members and abutments. 

When performing a response s~ectrum analysis, the engineer is 
forced to make modeling assumptions at the abutment supports 
and hinges, which lead directly to forces and deformations in 
these areas. The use of unreduced (ARS) spectra gives the 
engineer a more realistic picture of the actual deformations 
in the system. 

Reductions to the design level can then be made, depending on 
the component under consideration. For example, an abutment 
key is more brittle than a ductile column. This component 
then would require a much lower reduction factor (i.e. higher 
design force). However, if it were determined that failure of 
the key would not contribute to a collapse condition, it could 
be designed to fail before excessive forces reached the 
abutment. 

This refinement in tne arrangement of the criteria puts exami
nation of collapse mechanisms, relative component importance, 
system deformations and energy absorbing characteristics of 
each structural element in the hands of the engineer. 
Different reductions for columns, keys and restrainers are 
included in the criteria. 

4.1.3 FUTURE DIRECTIONS OF BRIDGE SEISMIC CRITERIA 

An improved national seismic regionalization map was developed 
by the Applied Technology Council (ATC-3) (4.1]. The 
resulting maps present in some ways a radical departure from 
previous risk maps in the United States, both in format and in 
being based on probabilistic arguments. These maps are used 
to determine surface accelerations which have a 10 percent 
probability of being exceeded in 50 years. 

This information gives these maps the ability to consider not 
only earthquake size, but the fresuency of occurence as well. 
The California rock acceleration map (4.2) considers only the 
maximum credible (possible) earthquake regardless of frequency 
of occurence. 
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In the authors' opinion future criteria developments should 
not lose si'::lht of this rnaximum credible event especially when 
evaluating collapse mechanisms and failure potentials; 
however, the probabilistic ap~roach nas merit in evaluating 
the short-term seismic resi:Jonse of the structure. For 
example; the importance of many lifelines may require that 
certain structures remain operational immediately followin'::l a 
"probable" event. By considering the importance of the 
structure, a corresponding exposure period can be chosen. 

Knowing the exposure period, the engineer can then perform an 
analysis based on the prouable event in that period. 

4.2 DETERMINATION OF SITE SPECTRA 

4.2.l INTRODUCTION 

It nas lon1:3 
snaking during 
structures are 
conditions. 

been recognized that the intensity of ground 
earthquakes and the associated damage to 
greatly influenced by local geologic and soil 

During the last 15 years, investigations 
general paths toward characterizing the 
conditions on ground motions: 

l) Statistical Procedures 

have taken two 
influence of soil 

A number of accelerometer records have now been obtained 
at a number of locations in the same general area to show 
the major effects of ◊ariations in local soil conditions 
on the characteristics of strong ground surface motions. 
Studies of records from the 1957 San Francisco 
earthquake, the Caracas earthquake of 1967 and others 
clearly demonstrate that there is a definite influence of 
regional and local geology on the characteristics of the 
motions developed in rock formations under a site and 
that the overlying soils modify these rock motions. 
Recent studies by Seed and others have further refined 
the available data which appear to have agreement with 
other previous studies. 

2) Analytical Procedures 

Several methods for evaluating the effect of local soil 
conditions on ground response during earthquakes are 
~resently available. Most of tnese metnods are based on 
the assumption that the main responses in a soil deposit 
are caused by the u~ward propagation of shear waves from 
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an underlying rock formation. Analytical procedures 
based on this concept which incorporate the effect~ of 
non-linear soil behavior have been shown to give results 
in agreement with field observations in a number of 
cases. 

4.2.2 STATISTICAL PROCEDURES TO DETERMINE SOIL RESPONSE 

Housner in 1959 proposed the first set of average spectral 
shapes based on a statistical evaluation of eight 
accelerometer records from four earthquakes [4.6]. Twelve 
years later Hayashi, Tsuchida, and Kurata from Japan presented 
some preliminary results from low-level accelerograms recorded 
from 38 Ja~anese earthquakes [4.7J. Recently Newmark, Blume, 
and Kapur made two independent studies to determine the AEC 
Regulatory Guide Spectrum [4.8]. With these records as 
background, a comprehensive study of 104 accelerometer records 
was recently performed in Berkeley in 1974 by Seed and others 
[4.3]. 

The records selected were divided as follows: 

1) Rock Sites--28 records 

2) St i ff Soi l Si t es-- 31 records 

3) Deep Cohesionless Soil Sites--30 records 

4) Soft to Medium Clay and San~ Sites--15 records 

Most of the records were obtained from western U.S. sites and 
from a small number of Ja~anese sites. 

The average response spectra shown in Figure 4.2.l represents 
a compilation of this data [4.3]. This study and others [4.5] 
permit continued refinement of elastic spectra for stru~tures 
including bridges. 
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4.2.3 ANALYTICAL PROCEPURES TO DETERMIN£ SOIL RESPONSE 

The analytical procedure generally involves the following 
steps: 

1) Determine the characteristics of the motions 
develop in the rocK which is under the site and 
acceleration record wit11 these characteristics 
analysis. 

2) Determine tne dynamic properties of the soil 

likely to 
select an 

for the 

deposit. 

3) Compute the res~onse of the soil deposit to the 
base-rock motions. 
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The wave propagation program, SHAKE, developed by Schnabel, 
Lysmer, and Seed in Berkeley in 1972 [4.4] which is based on a 
one-dimensional model appears to be the most efficient present 
procedure for computing the response of a soil profile to 
vertically traveling shear waves. Appendix D.l contains both 
a description of this program and the user instructions. ,-\ore 
irregular soil deposits, es~ecially those with heavy imbedded 
structures such as nuclear power plants, may re4uire a 
finite-element analysis using similar programs extended to 2 
and 3 dimensions such as QUAD4 [4.9] and FLUSH [4.10]. 

4.2.4 DYNAMIC SOIL PROPERTIES 

In analyzing a particular site for ground response during an 
earthquake using the SHAKE pro~ram, the following soil 
parameters are re4uired: 

1) The shear wave velocity at a low-strain level for each 
layer in the system. 

2) Unit weight of each layer. 

3) Layer thicknesses. 

4) Location of ground water level. 

5) Material type (rock, sand or clay). 

6) Shear moduli and damping relationships for increasing 
strain levels. 

The shear-wave velocity is the single most important parameter 
needed to assure the program of an accurate estimate of the 
elastic shear modulus in which: 

where 

E8 = DS 2 

E9 = Dynamic Elastic Shear Modulus 

D = In-situ density 

S = Shear wave velocity 

(4.2.1) 
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The relationsuip of shear moduli and damping for various 
levels of strain is discussed in Appendix D.4. 

4.2.5 DETERMINATION OR SHEAR WAVE VELOCITIES 

The determination of the shear modulus is best performed in an 
undisturbed in-situ location and is accomplished throuyh a 
variety of geophysical exploration methods and equipment. The 
basic idea is to generate, identify, isolate, and measure the 
time-rate of travel of a shear wave from a given source to 
various monitoring positions. At each step or phase of the 
test there are significant problems which tend to cloud or 
mask the result. Recent improvements in ~eophysical equipment 
coupled with developmental work at CALTRANS and the University 
of California, have worked together to produce consistent and 
reliable S-wave velocities to depths of 200 feet at sites 
throughout California. This technique [4.11] utilizes a 
downhole sensor to which a shear wave is propagated from the 
surface. 

Recording is done using a seven-channel light beam 
oscillograph with 700 hz flat.(within five percent) response 
and approx. 4 cm. full-scale galvanometer deflections. 
Signals are conditioned using a six-cnannel amplifier with 
gain levels from 5 to 2000 giving record sensitivities of 0.1 
to 500 MM/MV. Newly developed signal enhancement instruments 
are also used in this work with good success. 

The signal source £or generation of the shear wave at the 
surface is an 8-foot-long wooden plank with a nominal 8 x 12 
inch cross-section. The plank weighs 100 lbs. and is placed 
on smoothed, level ground approximately 10 feet from the 
plastic cased hole. The front wheels of a vehicle are placed 
on the plank, resulting in a pressure on the ground of one or 
two psi. S waves are generated by light to moderate hammer 
blows delivered to the ends of the ~lank using a 15 lb. 
wooden hammer. This technique generates a clean signal which 
is rich in S waves. 

A total suite of records is obtained at 5 to 10 ft. intervals 
from tne bottom of tt1e hole. At each depth, a set of records 
is made for: 

1) Horizontal blows at each end of plank for S waves. 

2) Vertical blow for P waves. 

Api:,)roximately 8 rnan hours are required to survey a 200 foot 
hole. 

Data reduction must be performed carefully, utilizing all data 
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plotted serially with deptn. Opposite phased records are 
overlaid to verify S wave presence. The use of the actual 
boring log for the hole is also a very iraportant aid to data 
reduction. 

4.2.6 DEVELOPMENT OF SITE SPECTRA 

At the site, a series of down-hole survey locations are 
selected to reasonably represent the area. It must be 
remembered that a series of single-dimension SHAKE analyses 
will be utilized to develop the site spectra. 

Extensive geologic knowledge of the site is required. If the 
site extends for some distance a number of representative soil 
columns will need to be developed. Foundation borings can be 
useful in filling in ga~s between down-hole survey locations. 
In any case, a representative soil column for a site or 
portion of a site can tuen be analyzed by the SHAKE firogram. 
The soil column should be excited by different levels of rock 
motion, because this parameter, next to depth, is the most 
significant parameter affecting surface motions. A rock 
motion which gives as smooth and representative spectrum as 
possible, (such as described by Homs tad) [ 4. 5] should be used 
( see Appendix D.3). Soil amplification curves (''S") as 
described in Appendix D.2 are then computed from the SHAKE 
results. 

Elastic surface response spectra (ARS) can tnen be computed 
for each configurdtion of coluran and acceleration by 
1aulti1,Jlying "A" by the "H" curve by the "S" curve. (Refer to 
example problem, Appendix D.2). 

Figure (4.2.2) illustrates the development of a 
spectra for a long river crossing: 

complex 

1) The geologists divided the soil profile into 5 zones 
for seismic response computation. 

2) Analysis was performed for each zone subjected to rock 
motion with ~eak accelerations from 0.15g to 0.5g. 

3) An envelope spectrum was then determined for each zone 
(shown dashed in Figure (4 .2 .2)). 

4) Finally an overall composite spectrum was drawn over 
the total length of the project. 

Note that Zone 5 is a relatively stiff abutment area wnile 
Zone 4 is an extremely soft river area which accounts for its 
long period. 
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4.3 EQUIVALENT STATIC FORCE METHODS FOR BRIDGES 

4.3.l INTRODUCTION 

The development of a realistic simplified equivalent static 
load a~proach for the dynamic analysis of bridges that would 
suffice for the final design of simple bridges and could even 
be used for preliminary design on the more complex bridges, is 
desirable for the following reasons: 

l) Simple extensions of what is currently used and would 
be easy to implement 
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2) Does not require a computer 

3) Quick and easy to apply 

The determination of seismic res2onse by the equivalent static 
force metnod basically involves tr1ree steps: 

1) Calculating tne ~eriod of th~ first mode of vibration 
in tne direction under consideration. 

2) Obtaining the corresponding response coefficient "C". 

3) Di~tributing the resulting equivalent static 
earthquake force to the substructure elements. 

The formula for the natural undamped period of vibration for 
the simple single degree-of-freedom systems shown in Figure 
4.3.1 is: 

T = 21r~ (4.3.1) 

where: 

l'1 = The mass of the system = ¼/g 

K = The stiffness of the structure, i . e. , the 
force p required to deflect the mass one 
unit. 
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Substituting~ in units of inches into Equation 4.3.1: 

where: 

yields 

T = 2rr ✓ W?_g 

g = 386.4 in/sec 

k = P/1::. fort:.=l" 

(4.3.2) 

~~:::::J 
SINGLE-DEGREE-OF-FR~EDOM LUMPED MASS SYSTEMS 

Fi~ure 4.3.1 

4.3.1.l Lollipop Method 

Prior to the San Fernando Earth4uake of 1971, bridges were 
generally designed for earthquake forces using an 
equivalent static force apfJroach known as the Lollipo~ 
Method. In other words, the bridge bents were assumed to 
act independent of one anotner· as single-deyree-of-freedom 
oscillators with a lumped mass equivalent to the tributary 
deck mass as shown in Figure 4.3.2. Both structure period 
and load distribution were generally determined using thi~ 
approach. 

The idealization for the Lollipop Method 
following simplifying assumptions about 
behavior of a bridge: 

implied the 
the dynamic 
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M=.Yt.._ 
G 

STRUCTURE 
IDEALIZATION 

STRUCTURE 
STIFFNESS 

"LOLLIPOP" IDEALIZATION 

Fi';:lure 4.3.2 

STUDENT TEXT 

p 

1) Each bent vibrates in its own natural period, 
independent of the other bents. 

2) The transverse bending and torsional stiffness of 
the superstructure do not contribute to the stiffness 
of the system. 

There are several obvious over-simplified assumptions in 
tnis ap~roach. Even for bridges of simple yeometry, the 
assumptions are somewhat questionable. Inaccuracies in the 
calculation of structural ~eriod may result in unrealistic 
values for the e~uivaleot static earthquake force. In 
addition, the distribution of this force may also be in 
error. The main advantaye in using this technique is that 
it was simple and easy to apply. 

4.3.1.2 Uniform Load Method 

To overcome tne def ici enc i es in the Lollipop 1"1ethod, an 
empirical approach, called the Uniform Load Method, was 
devised with the following objectives: 
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1) 1'1aintain continuity ot t11e sut-1erstructure in deter
mining the natural period of the Sjstem. 

2) Distribute the earthquake force to all of the 
participating elements of the bridge. 

3) Allow for ease of application using seismic design 
coefficients and static analysis techniques. 

The steps in the Uniform Load Method at,Jproach can be 
surnmarized as follows: 

l) Apply a uniform horizontal load q (usually taken as 
unity) to the structure in the direction of vibration 
as shown in Figure 4.3.3. 

IDEALIZATION FOR UNIFORM LOAD TECHNIQUE 

Figure 4.3.3 

2) Perform a static analysis on the structure to 
determine the resulting displacements and member 
forces due to the applied uniform load q. 

3) Adjust the maximum displacement to l inch. Using 
this adjustment factor, adjust the uniform load q to 
corres,1_Jond to a maximum disf)lacement of l inch. 

4) Multiply the adJusted uniform load q 
of the structure. This is the value 

by the length 
for stiffness 

PILOT WORKSHOP 4- 13 



ECC SEISMIC DESIGN OF HIGHWAY BRIDGES STUDENT TEXT 

which, along with the total dead load W of the struc
ture, can be used to compute the fundamental trans
verse period of the structure. 

5) Having obtained the period, determine tne response 
coefficient "C" from the response curves. 

6) Determine the total earthquake force acting on the 
structure by combining the response coefficient with 
the framing factor and the total dead load. 

7) Convert the total earthquake force into an equiva
lent uniform load. 

8) To determine forces in the members due to 
uniform earthquake loading, prorate the forces in 
members from tne original uniform loading applied 
the structure. 

this 
the 

to 

The desirability of using a simple approach employing a 
seismic coefficient in a static analysis, rather than a 
complex dynamic analysis, has provided the impetus for 
implementing the Uniform Load Method. Recent experience 
has shown that this empirical a~proach gives accurate 
results for certain types of ~imple bridges, but it may in 
some cases require more effort than a response spectrum 
dynamic analysis. This is because the Uniform Load Method 
requires a space frame analysis for all but very simple 
structures to properly analyze the transverse stiffness of 
the columns interacting with the superstructure. 

Several case studies [4.], included in Appendix G, were 
performed to evaluate the accuracy and limitations of the 
Uniform Load Method as compared to a response spectrum 
dynamic analysis. For comparison, tt1e Lollipop Method was 
also included in these case studies. In selecting bridges 
for these case studies, different structural and geometric 
characteristics were considered in order to evaluate the 
effect of the following parameters: 

1) Number of spans 

2) Ratio of SJ:?an lengths 

3) Number of columns per bent 

4) Curvature 

5) Skew 

6) Structure width 
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7) Column length and fixity 

An attempt was made to cateyorize the types of structures 
which could be accurately analyzed by the Uniform Load 
Method. It was found that the single most important 
criterion for categorizing the structure was the relative 
stiffness between the superstructure and substructure. In 
order to quantify this criterion, a stiffness index was 
established. 

The Stiffness Index relates the relative contribution of 
the columns to the transverse stiffness of the entire 
structure. As illustrated in Fi~ure 4.3.4, the Index is 
found by taking the ratio of the transverse stiffness of 
the entire structure, including the columns, to the stiff
ness of the su~erstructure alone, acting as a simple beam. 

AMAX=I" 

STIFFNESS INDEX= !i_ 
W2 

DEFINITION OF STIFFNESS INDEX 

Figure 4.3.4 

Based on the cases considered, it was observed that the 
Uniform Load Method can yield accurate results for struc
tures with certain characteristics. Continuous structures 
on a straight, non-skewed alignment could generally be 
analyzed using this approach provided the stiffness index 
was 2 or less. However, for structures with a stiffness 
index greater than 2, only those with balanced span lengths 
and equal column stiffnesses could be accurately analyzed. 
This method was not satisfactory for structures with skewed 
su~ports, intermediate hinges, or curved alignments. 

Since tt1ere are seve-ral limitations to the Uniform Load 
Metnod and since it generally requires a s~ace frame 
analy::;is, tuere is a need to develop a simple but effective 
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means for applying the eyuivalent static force approach to 
brid~e structures. 

In the development of an equivalent lateral force analysis 
procedure, it is n~cessary to determine the period of a 
structure and the distribution of tlle resulting lateral 
force. A reliable method for calculating the period must 
include the effective stiffness of the deck, restraining 
devices and soil springs, and the discontinuity of expan
sion joints, in addition to the individual column 
stiffnesses. In short, the true dynamic behavior of the 
bridge should be considered. The period should, if esti
mated, be an underestimated value to provide a conservative 
estimate of the equivalent lateral force. It is unlikely 
all brid~e types will lend themselves to simplified 
techniques, but a large percentage of common types of 
bridges should be covered. Both longitudinal and trans
verse modes should be considered. Above all, the method 
should not re4uire the use of a computer. 

4.3.1.3 Generalized Coordinate Method 

Another equivalent static force approach, that shows 
promise, can also be used to determine tne period and 
earthquake response of certain types of bridges by applying 
energy principles to a generalized single-degree-of-freedom 
systems. 

For tne longitudinal mode of vibration, the structural 
displacement is characterized by the behavior of a rigid 
deck, limiting all the columns to equal longitudinal 
displacements as shown in Figure 4.3.5. This is the 
classical approach which has been used in the past to 
determine the longitudinal earthquake force for design. 

The transverse 1node of vibration is more complex in that 
the transverse displacement of the columns are not all 
equal, but rather, are functions of their position along 
tne superstructure as shown in Figures 4.3.6 and 4.3.7. In 
addition to this, the continuous su~erstructure will 
undergo bending and will, thus, rnaKe a contribution to the 
potential energy of tne system. 

The reliability of this method depends on the ability to 
predict and define the structure's mode shape. The effec
tive application of this technique also requires that one 
mode dominate in each direction. Fortunately, many of the 
simpler bridges being designed today satisfy both of the 
reyuirements. 
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GENERALli!ED STIFFNESS ~ 
(SUM OF COLUMN SHEAR STIFFNESSES) 

RIGID DECK 

ASSUMED MODE SHAPE 

GENERALIZED MASS 

(MASS OF DECK) 

GENERALl2ED 
SDOF SYSTEM 

GENERALIZED COORDINATE APPROACH 
LONGITUDINAL MODE 

Figure 4.3.5 

UNDEFORMED POSITION OF 

DECK (PLAN VIEW) 

DEFLECTED SHAPE OF DECK 
(SINE WAVE) 

ASSUMED MODE SHAPE 

STIFFNESS 

GENERALli!ED 
MASS 

GENERALIZED 
SDOF SYSTEM 

GENERALIZED COOHDINATE APPROACH 
TRANSVERSE MODE (CONTINUOUS DECK) 

Figure 4.3.6 
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DEFLECTED 

UNDEFORMED POSITION OF 
DECK (PLAN VIEW) 

GENERALIZED 

STIFFNESS___.,-,/ 

/ '-- INTERMEDIATE HINGE 
POSITION OF DECK GENERALIZED MASS 

ASSUMED MODE SHAPE GENERALIZED 
SOOF SYSTEM 

GE~ERALIZED COORDINATE APPROACH 
TRANSERSE MODE (INTERMEDIATE HINGE) 

Figure 4.3.7 

The method may be applied to girder deck bridges with no 
more tnan one intermediate hinye and having the following 
characteristics: 

l) Tangent or nearly tangent alignment. 

2) Deck length to width ratio less than 15. 

3) Skew angles of the abutments and supports less than 
twenty de9rees. 

4) Approximately uniform span lengths and 
stiffness. 

column 

The basic approach of this metnod is outlined in the 
following steps: 

1) Assume the predominate mode of vibration and define 
a generalized coordinate at the location of maximum 
displacement in the direction under consideration. 

2) Calculate virtual work done by external forces and 
internal member forces as the structure vibrates 
throu9h a unit virtual displacement at the assumed 
generalized coordinate. 
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3) Equate work to zero and solve for the structure 
period of the predominate mode in terms of the 
"Generalized Mass" and the "Generalized Stiffness". 

4) Determine the seismic coefficient 
apfJropriate response spectrum chart. 

from the 

5) Determine the earth½uake excitation factor and 
scale the seismic coefficient. 

6) Determine the maximum generalized displacement. 

7) D~termine the individual column forces using the 
generalized dis~lacement calculated. 

8) Calculate member forces, apply ductility factors 
and design the member. 

It should be noted tnat the first three steps given above 
are used only in the development of the formulas. The 
designer need not repeat these steps for each design since 
they are implied in the use of the formulas. 

This approach was tested on several bridges which has pre
viously been analyzed by the response spectrum technique. 
In most cases where this approach could be applied, the 
results compared well with those from the response s~ectrum 
analysis. In almost all cases, the comparison was better 
th~n was obtained using either the Uniform Load Method or 
the Lollipop Method. 

Although the generalized coordinate approach to the equiva
lent static force method is not widely used, it appears to 
be a definite improvement over the other two methods. 

4.3.2 Ap~lications 

To demonstrate the use of tne AASHTO Code and application of 
equivalent static load techniques, consider the structure 
shown in Figure 4.3.8. The structure and site data are given 
in Table 4.3.1. 

4.3.2.1 Lollipop Method 

The structure is idealized as shown in Figure 4.3.9 and the 
steps, as outlined in Section 4.3.1, are followed as shown 
below: 
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STRUCTURE DA'rA: 

EXAMPLE - 2 SPAN BRIDGE 

Figure 4.3.8 

SITE DATA: 

STUDENT TEXT 

Span lengths= 100' Peak Rock Acceleration 
= 0. 5g 

Column heights= 40' 

E = 3,000 ksi = 432,000 ksf 

Column I= 50 ft~ 

Dead Load= 7.5 k/ft. 

Deµth of Alluvium to 
rock-liKe material=60' 

STRUCTURE AND SITE DATA 

Table 4.3.l 
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I· L 

·1 ~ 
L 

:1 L/2 ·I- L/2 

'-•·cdi If-
~ IJ 

II jd,rJ 
STRUCTURE IDEALIZATION-LOLLIPOP METHOD 

Figure 4.3.9 

1) Period calculation in the transverse direction 

Determine force re4uired to deflect the two columns l" for 
a fixed-fixed end condition (see Appendix F.3): 

P = (2) 12EI_6 = (2) (12) (432000) (50) ( .0833) 
h3 (40)3 

P = 675 kips 

The contributiny deadload Wis computed using the tributary 
as depicted in the figure: 

W = 7.5 X 100 = 750 ki2s 

Substituting into Equation 4.3.2 yields: 

T = 0.32~ = 0.32✓ ~~§ 

T = 0.34 sec 

2) From the appropriate AASHTO Response Coefficient Curve, 
included in Figure 4.3.10, obtain a Res2onse Coefficient C 
of 0.204. 
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Figure 4.3.10 
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The earthquake force acting on this portion of structure is 
found from Equation 1 Section 1.2.20 of the AASHTO 
SJ:,Jecifications (see Appendix H.l). 

where: 

EQ =CF~ 

C = HesJ:-lonse Coeff. = 0.204 

F = Framing Factor= 0.8 

(multi-column bent) 

w = Dead Load= 750 kips 

EQ = 0.204(0.8) (750K) = 122 kil:)S 

3) Distributing the Design Earth~uake Shears and Moments to 
the columns yields: 

Design Shear= 122K/2 = 61 kips 

Design Moment =(61)(20) = 1220 kip-ft 

4.3.2.2 Uniform Load Method 

To demonstrate tne application of the Uniform Load Method 
referred to in the AASHTO Code, consider the same bridge 
again shown in Figure 4.3.8. The steps outlined in 
Sections 4.3.1.2 are followed to determine the final 
seismic forces as shown below. 

1) Al:)J:,Jly a uniform load of intensity q directed as shown on 
the idealized structure in Figure 4.3.11. 

2) Determine the disJ:,Jlacements due to the assumed load. 

Because of symmetry, the maximum deflection due to a 
uniform transverse loading will occur at the bent. 

By SUJ:-lerJ:,Josition, the deflection at the bent is composed of 
the deflection due to the uniform load, assuming the 
columns were not present, minus the deflection caused by a 
point load equal to the shearing force in the bent. The 
loads are aJ:-IJ:,Jlied to the superstructure as indicated in 

PILOT WORKSHOP 4- 23 



ECC SEISMIC DESIGN OF HIGHWAY BRIDGES STUDENT TEXT 

p= STIFFNESS= qp(2L) 

STRUCTURE IDEALIZATION FOR UNIFORM LOAD METHOD 

Figure 4.3.11 

1.0 K/ft = q 

t,1111[11 lk:$ .......... 61 _.,,,,,,,, 
....... _ -- --

t,,/- - -T,-2-----<t 

SUPERPOSI~ION OF LOADS 

Figure 4.3.12 

Reel 

Figure 4.3.12. 
l0K/Ft was used. 

Notice in this case a uniform load 
The total displacement is given by: 

and 
61 = SqL 4 

384EI 

PILOT WORKSHOP 
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Assuming the colu1nns to be fixed, the stiearing force, R, in 
the bent would be: 

H = 12Eic~ (2) 
h3 

Substituting this value of R into the above equation for 
and solving for t.. we get: 

t.. = ~~Z~ Is - 2~~~~: L 3 

or 

Substituting the apl?ropriate values and solving we get the 
deflection due to the assumed uniform load q: 

t.. = 0.007874 ft 

3) Adjust the uniform load to produce al" deflection: 

4p = (0 .0833) (q) = 
6. 

(0.0833) (1.0) 
0.007874 

= 10.585 kil? 
---rr 

4) The force required for a 1~ deflection is: 

P = qp(2L) = 10.585(200) = 2117 kips 

Contributing dead load W is computed for the 
structure: 

W = 7.5(200) = 1500 kif)S 

The l?eriod of the structure is: 

T = 0.32~ = 0.27 sec 

entire 

5) From the AASHTO Res~onse Coefficient Curve, included in 
Figure 4.3.8, we obtain a Res2onse Coefficient "C'' of 
0.204. 
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6) The total earthquake force acting on the 
com~uted from Equation 1 Section 1.2.20 
S~ecification. 

EQ =CF W 

C = 0.204 

STUDENT TEXT 

structure is 
of the AASHTO 

F = 0.80 (Multi-Col. Bent Framing Factor) 

W = 1500 (Contributing Dead Load) 

EQ = (0 .204) ( .8) (1500) = 245 kips 

7) The equivalent uniform Earthquake load is: 

245/200 = l.225kips/ft 

The deflection at the bent due to this equivalent static 
uniform Earth~uake loading is: 

~E = 1. 225 (0 .007874) = 0 .00965 ft 
1.0 

8) Design Eartnyuake shears and moments per column are 
obtained by ~rorating the forces obtained from the original 
loading. 

Design Shear = 12EIL¼ (12) (432,000) (50) (0.00965) = 39 kips 
L3 (40) (40) (40) 

Design Moment = (39) (20) = 780 kicJ-ft 

4.3.2.3 Generalized Coordinate Approach 

The method is based on the premise that the mode shape of 
the vibrating structure can be assumed and expressed 
mathematically in terms of a single generalized coordinate 
taken at the ~oint of maximum displacement. It is at least 
theoretically a better approximation of the dynamic 
character of a vibrating bridge than the previous two 
methods. The application of the method consists basically 
of the following steps: 
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A) Determine the period of vibration for the assumed mode. 

8) Determine the corresponding seismic response coefficient 
"C" from the AASHTO Specifications. 

C) Determine the maximum displacement due to the seismic 
loading. 

D) Determine tne component forces corresponding to the 
maximum displacement. 

Longitudinal Period - For the longitudinal period, tne 
assumed mode of vibration is cnaracterized by the behavior 
of a rigid deck, limiting all the columns to equal 
longitudinal dis~lacements as shown in Figure 4.3.13. 

1 r 6rra 

1 NB 

ASSUMED LONGITUDINAL MODE OF VIBRATION 

FIGURE 4.3.13 

Thus, the displacements are: 

where: 
(4.3.3) 

l1i = the displacement of Bent "i" set equal to 
1. 

NB= the total number of Bents supporting the 
section. 

The longitudinal period of a illultiple-span bridge can be 
determin~d as follows: 
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1) Define a section to be the portion of the 
superstructure between abutments and/or, hinges. 

2) Calculate the effective generalized mass, M , of 
the section as the total weight, w, of the section 
divided by y, ~ravitational acceleration. 

Thus: 
M* = W 

g 

where: 

M* = the total effective mass of the 
section in kit's-sec 

ft. 

W = the total weight of section in ki~s 

9 = 32 .2 ft/sec 2 

(4.3.4) 

3) Calculate the total contributing stiffness to the 
generalized K*, as the sum of the longitudinal bent 
stiffness for the bents that su~~ort the given 
section. Column end conditions must be taken into 
account when calculating longitudinal column 
stiffness. 

Thus the total effective generalized stiffness is 
given by: 

where: 

NB 

=I Ki 
i=l 

Ki= longitudinal stiffness contribution 
at Bent "i" (i.e., rigidity in 
shear) kips/ft. 

NB= number of bents supporting the 
section. 

4) The longitudinal period Tis then given as: 

(4.3.5) 

(4.3.6) 

Transverse Period The ~rocedure for determininy the 
period of vibration in the transverse direction is governed 
by tne presence of an intermediate ninge. There are two 
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basic cases included: 

A) Suf?erstructure without an intermediate hinge. 

B) Su~erstructure with one intermediate hinge. 

Procedures for transverse period determination for each of 
these two cases are described below: 

Case A: Bridge without an intermediate hinge 

The assumed mode of vibration is a half sine wave, which is 
used to approximate the transverse displacement pattern 
characterized by a relatively stiff bridge superstructure 
pinned at the abutments as shown in Fiyure 4.3.14. 

2 

I 

L 

ASSUMED TRANSVERS.C: t"lODE SHAPE-NO INTERMEDIATE HINGE 

Figure 4.3.14 

The displacement function for the assumed mode shape is 
expressed as: 

6 (x) = sin TT x 
L 

(4.3.7) 
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6(X) = transverse disJ?lacement at x assuming 
a unit maximum disJ?lacement at 
the center. 

L = total length of superstructure in feet. 

X = length 
origin 
abutment. 

along superstructure with 
located at the 

the 
left 

The transverse period for Case A may be determined as 
follows: 

1) Calculate trie disJ?lacements at the bents due to a 
unit displacement at the gen~ralized coordinate. 

6 i = s i n ~ 
L 

where: 

6i = transverse displacement of bent "i" 
assuming a unit maximum displacement 
at the center in feet. 

x· = distance to bent ·· i" from the left 
l. 

abutment in feet. 

(4.3.8) 

2) Calculate the columns' contribution to the general
ized stiffness (see Appendix F.3 for appropriate 
stiffness coefficients): 

K* 
C 

where: 

NB 

=~ 
i=l 

K· 6~ 
l. l. 

Kj_ = transverse bent stiffness in kips/ft 
at bent "i" (assuming for multiple 
column bents no deck rotation and 
for single column bents top of 
column is free to rotate). 

(4.3.9) 

3) Calculate the SUi:Jerstructure's contribution to the 
generalized stiffness due to bending: 

K* = 
s 

(4.3.10) 
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where: 

E = Youny•s Modulus in ksf. 

I= moment of inertia of the su~erstructure 
structure for bending in the transverse 
direction in ft . 

4) Calculate tue effective generalized stiffness: 

K* = K* + K* 
C S 

5) Calculate the generalized mass term: 

where: 

M* = w 
2y 

w = the total weight of the super
structure in kips 

6) The transverse period is then given as: 

./M"k 
T = 27T" ~ 

(4.3.11) 

(4.3.12) 

(4.3.13) 

Note that even though torsional effects in the super
structure are assumed to have a negligible effect on the 
total strain energy stored in the system, torsion in the 
superstructure is assumed to have an effect on column 
boundary conditions. Thus, for bridges with multiple 
column bents, torsional rotation of the superstructure at 
the bents is constrained and the columns are assumed to 
displace without rotation of the column tops (i.e., a fixed 
condition is assumed for the column tops). For bridges 
with single column bents, however, torsional rotation of 
the superstructure is not constrained and thus, the columns 
are assumed free to rotate at the top (i.e., a pinned 
condition is assumed for the column tops). 

Case B: Bridges with one intermediate hinge. 

The mode of vibration is assumed to be triangular as shown 
in Figure 4.3.15. Due to the discontinuity created by the 
presence of an intermediate hinge, bending in the deck is 
assumed to make a negligible contribution to the 
generalized stiffness K*. Thus for the assumed mode shape, 
tue dist?lacement function is expressed as: 
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L 

ASSU1"1ED TRANSVERSJ:.: 1•IODE SHAPE 
ONE INTERMEDIATE HINGE 

Figure 4.3.15 

6(x) =~Lor 6(x) = ~R (4.3.14) 

where: 

LL LR 

6(x) = transverse dis~lacement of x 
a unit maximum dis~lacement at the 
hinge. 

length of the right or left section of 
the su~erstructure between the hinge 
and the right or left abutment 
respectively. 

x = distance from the right or left 
abutment. 

The transverse ~eriod for Case B may be determined as 
follows: 

1) Calculate the dis~lacements at the bents 

2) Calculate the columns' 
generalized stiffness: 

contribution 

(4.3.15) 

to the 
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K* 
C 

where: 

K· l. 

NB 

NB 

= K16f+K26~+ .. -~B6NB=LKi 6:i. 
i=l 

(4.3.16) 

= transverse bent stiffness at bent •·i" 
in ki~s/ft (assuminy) for illulti~le 
column bents no deck rotation and for 
single column bents top of column is 
free to rotate). 

= total number of bents sup2orting the 
superstructure. 

3) Calculate the generalized illass term M 

where: 

M*= W 
3g 

(4.3.17) 

w = the total weight of the superstructure in 
Kips. 

4) The transverse period is then given as: 

_rw;
T = 2 1r1 ~ (4.3.18) 

Earthquake Response Displacement-The maximum displacement 
in feet at the point of maximum dis~lacement (i.e., the 
generalized coordinate) is calculated for each of the 
assumed mode shapfS using the following formulas: 

Longitudinal 

Zma.x = 0. 8 2CT 2 (ft) (4.3.19) 

Transverse - No Hinge 

Zma.x = 1 • 0 4 CT 2 
( f t ) (4.3.20) 

PILOT WORKSHOP 4- 33 



ECC SEISMIC DESIGN OF HIGHWAY BRIDGES STUDENT TEXT 

Transverse - One Hinge 

zmax = 1.222CT 2 (ft) (4.3.21) 

Where "C" is taken directly from the AASHTO seismic 
response coefficient curves 

Member Forces-Longitudinal Mode The column displacement in 
the longitudinal direction are all equal to the maximum 
displacement Z The column shears and moments are 
calculated using tnese displacements calculated from 
Equation (4.3.19), and the elastic properties of the 
members. 

vL = Z 
i max 

(4.3.22) 

where: 

vt = Longitudinal earthquake response dis-
placement at Bent i. 

Member Forces-Transverse Mode-No Intermediate Hinye The 
column shears and moments are computed using the maximum 
displacement calculated at the generalized coordinate or 
point of maximum displacernent obtained from Equation 
(4. 3 .20) • The disi:->lacements of the individual columns are 
calculated using tile following expression from which the 
member forces may be calculated using the elastic 
prot'erties of the members: 

v ~ = z maxsin6fi 
l. L 

(4.3.23) 

where: 

VT= the transverse response displacement 
i at Bent ''i". 

The resisting forces at the abutments may be obtained from 
statics by applying tile resisting shear forces at each bent 
location and an e4uivalent static uniform loading given by 
the following expression: 

q
0 

= 0.81CW (4.3.24) 

Note that q is an equivalent static uniform loading to be 
0 
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used only for calculation of the resisting forces a~ the 
abutments for the suf.Jerstructure as::;umed to vibrate in a 
half sine mode shape. 

Member Forces-Transverse Mode-Intermediate Hinge The column 
shears and moments can be computed using the maximum 
transverse disµlacement obtained from Equation (4.3.21). 
The transverse disf)lacements at the individual bents are 
calculated using the elastic properties of the members and 
the displacements obtained by a simple linear ratio of the 
maximum dis~lacement at the hinge as given by the 
following: 

where: 

T 
VLi= Xi.i2max (4.3.25) 

L1 
VT= X z Ri Ri max 

LR 

LL= length of the left section of the suµer
structure. 

LR= length of the right section of the 
SUf)erstructure. 

xRi = distance from the right abutment to the 
bent. 

= distance from the left abutment to the 
bent. 

The resisting forces at the abutments and the shear forces 
at the hinge may be obtained from statics by applying the 
resisting shear forces calculated at each bent and 
equivalent concentrated loads for each superstructure 
section as shown in Figure 4.3.16. The equivalent con
centrated loads are obtained from the following expression: 

and PRE = O. 75 LRCW 

L 

(4.3.26) 

To demonstrate the application of the Generalized 
Coordinate Metnod, consider a~ain the two span bridge shown 
in Figure 4.3.8. As in the µrevious two cases, the seismic 
response to transverse loading will be determined followiny 
tne stet=)s outlined above. 
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Left Section Right Section 

FREE BODY DIAGRAMS SHOWI~G LOCATIONS OF 
EQUIVALENT STATIC LOADS 

Figure 4.3.16 

:IB 

R 
B 

A) Transverse Period 

The structure is continuous and assumed to have a 
transverse vibration mode shape as described for Case A. 

l) For 
located 

this 
at 

bridge the 
the bent. 

~eneralized coordinate is 
Then the bent is assigned the 

unit maximum displacement. 

t:. 1 = l 

2) The columns contribution to the 
stiffness is given by Equation 4.3.9. 

and 

K1 = (2) 12EI 
L3 

K* = K t:. 2 

C 1 1 

= (2)(12)(432000)(50) 
(40) 3 

thus Kl = 8100(1) = 8100 kips/ft 

generalized 
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3) Using Equation 4.3.10, the su~erstructure stiffness 
contribution is calculated as: 

Ki( - 48 = s - EI -r:, 
(48) (432,000) (3000) 

(200) (200) (200) 

= 7890 kit1/ft 

4) Adding the calculated contributions yields the 
total effective generalized stiffness: 

K* = 8100+7890 = 16,990 kiJ?s/ft 

5) The generalized mass is calculated from Equation 
4.3.12 as: 

1-1* = W = 2(7.5) (100) 
2g 2(32.2) 

= 23 .29 kip-sec 2 

ft 

6) Substituting K* 
yields: 

and M* into Equation 

T = 2TI~ 

= 0.23 sec 

B) Seismic Coefficient 

_/23.29 
= ZTI1 l699Q 

4.3.13, 

The seismic coefficient "C" determined from the AASHTO 
Response Coefficient is 0.203. 

C) The maximum disJ?lacement at the generalized coodinate, 
or bent in this case, is given by Equation 4.3.20. 

zmax = l. o 4 CT 2 = ( 1 • o 4) ( • 2 o 3) ( • 2 3) 2 = . o 112 ft . 

D) The shear force at the bent corresponding to the 
calculated disJ?lacement is: 
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F =2(12EI)(.8)=(2) (12) (432,000) (50) (.0112) (.8) 
L3 ( 4 0) ( 4 0) ( 4 o) 

= 72.37 kips 
or 36.18 kips/column 

Design Shear= 36.18 kips 

Design Moment= 724 kip ft 

The shear force at the abutment may be obtained from 
statics by applying the shear force calculated at the bent 
and an equivalent uniform load given by Equation 4.3.24. 

qo = 0.81CWF = (0 .81) ( .203) (7 .5) ( .8) = 0.986 kips/ft 

f 
I I l I ' I I I J I l i 

RA 72.4 RB 

RA= RB= .5(0.986 x 200 

4.4 RESPONSE SPECTRUM ANALYSIS 

72.4) = 62.4 kips 

4.4.1 INTRODUCTION 

The basic concepts of the response spectrum and its use for 
dynamic analysis of bridges that can be considered 
single-degree-of-freedom systems were discussed in some detail 
in Chapter 2. A response spectrum was defined as the 
graphical re~resentation of the maximum response of 
single-degree-of-freedom elastic systems to earthquake ground 
motions versus the periods or frequencies of the systems. The 
effect of damping is considered in determining response of the 
various systems. The most usual measures of response are 
maximum displacement, V, maximum pseudo relative velocity, 
V, and maximum pseudo acceleration, V . 

As was mentioned in Chapter 2 the response spectrum for a 
particular earthquake motion is generally irregular in shape 
with peaks and valleys at different periods. For design 
purposes, response spectrums are generally smooc.hed and 
include the effects of several earthquake motions. 
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For structures that cannot 
freedom systems, it is 
computer analysis of the 
spectrum method appears to 
seismic design of bridges. 

be idealized as single degree of 
genecally necessary to 2erform a 

dynamic response. The response 
be a satisfactory approach for the 

When the modes and frequencies of the system have been 
obtained, the modal responses for a design earthquake loading 
are determined for each mode considering the participation for 
that mode. It must be remembered that modal responses as 
determined above are maximums and generally will not occur 
simultaneous to the maximum responses of other modes. It is 
therefore necessary to combine the various modal responses in 
some statistical manner in order to obtain a realistic value 
of the actual maximum res~onse of the total structure at a 
given location. 

Since bridges are important links in our surface 
transportation network, they should maintain both structural 
integrity and accessibility following an earthquake. It is 
generally not economical, however, to design a bridge 
structure to withstand earthquake forces elastically. Current 
design practice is to rely on tne post-elastic behavior of the 
sup~orting members to resist structure collapse during a 
maximum credible event. To maintdin the required structural 
integrity it is necessary to limit post-elastic behavior to an 
acceptable level. Actual determination of post-elastic 
response is a complicated problem that is approximated only by 
the elastic response spectrum technique. Currently this is 
done by applying a response modification factor that includes 
the effects of available ductility and risk. 

The current seismic design ~rocess employing the response 
spectrum technique as practiced at California Department of 
Transportation is shown in Figure 4.4.1. The response 
spectrum analysis is performed with a general purpose linear 
structural analysis computer program. Unlike the response 
spectrums currently used by AASHTO, CALTRANS now uses resf:)onse 
spectrums unaltered for ductility and risk. Elastic response 
is determined by taking the Root Mean Square of the individual 
modal res~onses. The resulting component member forces are 
then reduced for ductility and risk depending on the nature of 
the component. This is also the approach proposed by ATC-6. 

The reduced forces are 
forces for individual 
method. 

combined with dead-load and other 
component design by the load factor 
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4.4.2 IDEALIZATION OF BRIDGE STRUCTURES 

As was mentioned in Cha~ter 2, the analysis of a multi-de~ree 
of freedom system such as a complex bridge requires that the 
structure be modelled to include a finite number of inertia 
effects lumped on a weightless structural frame. Several 
general anaiysis computer programs are commercially available 
to perform the complicated mathematics associated with the 
analysis. 

Proper modelling of a structural system for a response 
spectrum analysis generally does not resemble the analytical 
model used for a static load analysis. Since the dynamic 
response of a structure is dependent on the inertia forces of 
the system, the degrees of freedom which must be included in a 
dynamic analysis are those corresponding to significant 
inertia contributions. The stiffness effects are sometimes 
condensed to these degrees of freedom to simplify the 
solution. !:'or most structures, tile rotational inertia 
contributions are not significant and therefore the rotational 
inertias at each Joint are usually neglected. In the latter 
cases, the dynamic degrees of freedom are the translational 
degrees of freedom at each joint. However, in some instances 
the rotational inertias of certain members are significant in 
their contribution to dynamic response. In such instances, 
the rotational inertias are included in the analyses. In 
general, complex structures should be modelled as a three 
dimensional space frame. If the computer program selected 
doesn't have a banding algorithm to o~timize the joint 
numbering, care must be taken to number the joints to minimize 
the banding. 

The number of mass lumps to be included is critical to the 
analysis. Too few will result in unsatisfactory answers, and 
too many will increase the computer costs unneccessarily. In 
general, for deck/column type structures, masses lumped at the 
quarter points of spans and the third points of columns will 
yield satisfactory results at the least cost. 

Depending on the type of program used for analysis, it is 
important that the desig11er keep in mind the effect of various 
masses. For example, a ~roblem can arise in the modelling of 
an intermediate expansion joint hinge. Most programs allow 
for the automatic calculation of mass effects by lumping a 
portion of the adjoining member masses (usually half) at the 
joint. To accurately model the expansion joint it is 
necessary to provide an axial memDer force release in the 
member used to model the deck at the hinge. Unless care is 
taken, a portion of the mass may inadvertently be lumped on 
the wrong section of the bridge. This can be overcome by 
including a short member attached to joints on either side of 
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the hinge. Similar problems will occur at abutments and at 
piers with expansion bearings. 

Expansion joint hinges are generally fitted with restrainers 
to ~revent excessive movement and loss of support during an 
earthquake. The actual bet1avior of the hinge at an expansion 
joint is very complex since ga~s are provided for normal deck 
movement. Restrainers are generally only effective in 
tension, and become active only after the gaps are taken up. 
Banging of adjacent superstructure sections and forces 
generated in the bearings ~resent further complications. In 
an elastic analysis it has been found that modelling the 
restrainers as space truss members effective in both tension 
and compression yields acceptable results for overall 
structural response, and restainer forces which are 
conservative. In certain programs such as STRUDL it is very 
easy to consider restrainers eccentric to the centerline of 
the deck. 

There are many considerations in modelling that will become 
more evident in the example problems and discussions included 
in Appendices A thru C. The designer must keep in mind that a 
dynamic analysis is sensitive to inertia as well as stiffness 
effects. The flexibility of foundations is important and will 
be considered further in Chapter 6. Rotational inertia 
effects, soil interaction, effects of water, etc. may also 
important in some cases. The designer must use good judgment 
in preparing nis model and keep in mind that it should 
represent the actual conditions. 
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CHAPTER 5 

DESIGN AND RETROFITTING CONCEPTS 

5.1 DUCTILITY 

Although bridyes may potentially be designed to resist earth
yuakes elastically, it is generally not economically feasible. 
It is also inconsistant with the current design philosophy, whicn 
relies on energy absorption to avoid total collapse of a bridge 
in a major earthquake. 

This energy absorption in the post-elastic range is commonly 
handled through the use of a so-called ductility factor, or 
res~onse modification factor. Ideally, bridge structures should 
be designed so that the earthquake energy will be dissipated by 
the individual me~ber~ acting in a ductile manner, avoiding 
brittle snear failures. This is, however, not possible in all 
cases for bridge design, since some of tne components may behave 
in a non-ductile fashion. Since the ductility levels may vary 
for the individual components of a bridge, reduction of the 
elastic response s~ectrums for design may be somewhat misleading 
and may result in some memoers being underdesigned. Using 
elastic design response spectrums to predict the overall struc
ture response and tnen designing the ductile components to absorb 
the required energy appears at the present time to be the most 
rational approach that can be used using elastic dynamic analysis 
ca~aoilities. This approach is also consistent with the 
philosopny of the new California Department of Transportation 
code which attempts to convey to the designer how a bridge would 
actually behave during an earthquake. It is often helpful to 
4ualify ductility as either being available ductility or required 
ductility. 

The available ductility 1aay be determined either experimentally 
or analytically. Most of the research done to date deals with 
tne ductility of reinforced concrete beams. Little work has been 
done on memoers subJected to bending at various levels of axial 
load. 

Most of the studies conducted to date on ductility as related to 
bridges have been done at the University of Canterbury, Christ
church, New Zealand. These studies have been conducted on a 
continuing basis in cooperation with the New Zealand Ministry of 
works in Wellington, New Zealand. The most recent applicable 
studies were initiated by P. D. Leslie [5.1]. Additional studies 
followed by, .1:L E. Davey [5.2], A. J. Cameron [5.3J, 
I. R. 1'1. Nuro [5.4], and N. G. Hen'-] [5.5]. This overall study is 
concerned with designing to provide enough ductility in a bridge 
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to avoid collapse by the formation of ~lastic hinges at prede
termined locations. 

The work conducted in the initial stages at the University formed 
the basis for a l,)Ublication entitled "Ductility of Bridges With 
Reinforced Concrete Piers" (5.6] written by the New Zealand 
Ministry of Works to help with the estimation of the available 
strucure ductility. The materials presented here are based on 
the work in New Zealand. 

The required ductilitj is either determined by nonlinear dynamic 
analysis or estimated by considering the results of an elastic 
dynamic analysis. 

Another distinction must also be made between ductility of the 
section of an individual component of a structure or the overall 
ductility of a structure. 

5.1.1 AVAILABLE DUCTILITY 

5.1.1.1 Available Section Ductility 

The available section ductility or curvature ductility is 
defined as: 

where 

(5.1.1) 

){.-, = available section (curvature) ductility 

/o = ultimate curvature of the section 

& = curvature of the section at yield 

This may be represented as shown in Figure 5.1.1 for a 
constant axial load. 

5.1.1.2 Available Structure Ductility 

The available structure ductility often referred to as the 
available displacement ductility can be determined by 
considering the available section ductilities of the 
individual com~onents. The available structure ductility 
is defined as: 

PILOT WORKSHOP 5- 2 



ECC 

vhe re 

Mp 

SEISMIC DESIGN OF HIGHWAY BRIDGES 

,. ¢ p. ((/)p - (/Jy) 

.. ' 
I 
I 
I 
I 
I 
I 
I 
I 

0Y (/),,, 

AVAILABLE SECTION DUCTILITY 

Figure 5 .1.1 

STUDENT TEXT 

(5.1.2) 

/<A= available l:itructure (displacement) ductility 

~~=ultimate dis~lacement of the structure 

L1,r = structure dis~lacement at yield 

The available structure (displacement) ductility for a 
simple inverted pendulum structure can be calculated by 
considering the elastic and post-elastic displacements as 
follows: 
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Total displacement 

In the elastic range 

Displacement at yield 

Ll_y -= Ii_ L 
3 

JEI 
The displacement at yield may be expressed as 

STUDENT TEXT 

(5.1.3) 

(5.1.4) 

(5.1.5) 

dJ = /tr L2 
, 5 .1 • 6 > 

.JEI 
The post-elastic displacement ~,Pis limited by the avail
aole section (curvature) ductility or the ultimate curva
ture of the section ~tL as shown in Figure 5 .1. 2. 

(5.1.7) 

where 

.!1p = post-elastic displacement 

t9p = total rotation of the plastic hinge 

h = length of the plastic hinge 

The total rotation of the plastic hinge is given by: 

(5.1.8) 
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POST ELASTIC DISPLACEMENTS 

Figure 5.1.2 

Substituting Equation 5.1.8 into 5.1.7 yields 

A,o,. ~/;, {L- .5/2) 
Knowing 

~~fj+fp 
Yields 

4 ~ 17(?i-ly )(L ·.6/2) 

STUDENT TEXT 

(5 .1.9) 

Rewriting Equation 5.1.3 and substituting in Equation 5.1.9 
yields 
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(5.1.10) 

Having an expression for the ultimate displacement, we can 
now express the available structure ductility as: 

or, 

From Equation (5.1.6) 

.,,tl,!) ~ tJ.g._ = A (/4-/d {L- sh )1-t1.1 
Ll.f L1_y 

.1:tti~ I -1- A (lll.-,/j)(L-sA) 
Ll.1 

(5.1.11) 

Af::: /ff L .l 
3EI 

and assuming from our basic moment-curvature relations 

Yields 

!k-~ _L -4 
EI A} 

Llf'= !ii_ l 
3 

Substituting into Equation (5.1.11) yields 

/L-11 =/ f-A{la-1,) (L-.~A) 
j- f/j,L.l 

simplifying ~A =I rl~ a-. f J(Jt.rl) 
L 

(5.1.12) 

(5.1.13) 

Thus Equation (5.1.13) gives an expression for the avail
able structure ductility of the simple inverted pendulum in 
terms of the available section (curvature) ductility, the 
len~th of the ~lastic hinge, (which is generally assumed to 
be equal to the depth of the member) and the length of the 
inverted ~endulum. 

From the Moment vs. Section Ductility graphs shown in 
Figure 5.1.4 the Section Ductility equals 15 at the onset 
of strain hardening of the compression steel. Assuming 
that this is tne maximum desirable section ductility that 
can be obtained for several cycles of loading from the 
graph, the following equation is obtained. 
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Figure 5.1.3 
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From Equation (5.1.13) for~ = 15 

/2 =- 11-lf-'1 {L- f) (ft/ -Jj 

= /-I- l.§ll4 1- _jL /) //,-/) 
Zl/0 (i 210 (I '/ 

~11= I fJ.f -= ~ 9 
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From Equation (5.1.6) the displacement at yield is 

Lly:ll/!_L1. -= /tJo.m (210)1 

.J EI .f ;( .5/XfJ A" /bfl}D 
From Equation (5.1.2) 

5.1.2 REQUIRED DUCTILITY 

The required structure ductility may be expressed as: 

where 

-L1u 

-- (5.1.14) 

= required structure (displacement) ductility 

= ultimate required displacement of the structure 
structure displacement at yield 

Consider the .simple pendulum structure again subjected to a 
horizontal ground motion as shown in Figure 5.1.5. 

In the elastic range, the structure responds with a load 
deflection relationship as represented in Figure 5.1.6. Where 
point b is the maximum response. The area, abc, under the 
curve represents tne potential energy stored at the maximum 
deflection. This potential energy is converted to kenetic as 
the mass returns to the neutral position. 

If the oscillator is not strong enough to carry the full 
elastic response inertia load, a plastic hinge will form as 
shown in Figure 5.1.7. 

The elastic and post-elastic characteristics of this structure 
are represented by the load deflection curve shown in Figure 
5.1.8. When the elastic capacity of the structure is reached, 
the plastic hinge forms at point d and the deflection response 
proceeds alony line de, and point e represents the maximum or 
ultimate required displacement of the structure L1t<..· 

The potential energy stored at 
represented by the area adef. 

this maximum deflection is 
Note that the force acting on 
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the structure is limited by the plastic hinge capacity. when 
the mass returns to the neutral position, the energy converted 
to kenetic energy is represented by the small triangular area 
EFG, because the energy represented by the area ADEG is 
dissipated by the plastic hinge. 

The criteria used for determining the 
tility factor is dependent on the 
The following three period ranges 
reduction factors, I{, are generally 

Design Load 

required structure due
period of the structure. 
and corresponding load 

used for design. 

(5.1.15) 
Elastic Res~onse Load 

Period Range Reduction R Criteria 

Short 1 Force 

Long Displacement 

Intermediate 
I 

{.Zfo-1 
Energy 

i.) For the short period structure force levels 
must be maintained, conserving force (acceleration); 
thus there is no reduction using an elastic 
analysis. 

ii.) For the long period structures, the 
elastoplastic displacements of a structure are 
assumed to be equal to the elastic displacements. 
This behavior is represented in Figure 5.1.9. 

_L -
AA (5 .1.16) 

iii.) For the intermediate period range, energy is 
conserved and the reduction is based on an equal 
energy concept. This implies that the potential 
energy stored in the elastic system at maximum 
deflection is equal to the energy in the elasto-
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plastic system at maximum deflection. This is 
illustrated in Figure 5.1.10 and requires that area 
OCD is equal to area OEFG. 

From Figure 5.1.10 

fJ~ ~ Oft1y f- {LJ~-Ll.7) tJ8 

or 

also 

~
Ay or 

substituting into Equation 5.1.17 yields 

or 

but 

yields 

&!f(f)IJ)1 -= <J8(4~ -tJ,~LJy) 
2 ()8 

//cJIJ)l= Llfl ~ 
l & J ,l (~ {,(_, -. 5 Llj) 

,f= (J_(J_ 
t?A 

and 

I 

(5.1.17) 

(5.1.18) 

I_ 

(5.1.19) 

Thus from the above formulations it is possible to determine 
the ductilities required for the intermediate and long period 
structures for various desired reductions. These values are 
tabulated in Table 5.1.l for Several reduction Factors. 

Asswue that for cne oscillator considered that there was 
evaluated and found to be a required ductility of 4.0. This 
would tield a reduction in force of .38 for the given loading. 
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Reduction Long Period Intermediate Period 

R 

0.2 5 13.0 

0.25 4 8.5 

0.4 2.5 3.63 

0.6 1.67 1.89 

0.8 1.25 1.28 

1.0 1.0 1.0 

REQUIRED DUCTILITIES VS. DESIRED REDUCTION 

Table 5.1.l 

The system has an available ductility of 5 indicating that we 
have not reached the capacity of the system. 

5.2 DESIGN OF DUCTILE MEMBERS 

5.2.1 INTRODUCTION 

If a bridge is to survive a maximum credible earthquake, it is 
generally necessary that the columns continue to provide 
resistance to earthquake induced forces after several cycles 
of yielding. Ideally, the strengtn of the structure should 
not degrade during strong ~round motion. Following an earth
quake, the bridge should be structurally capable of carrying 
the traffic for which it was designed. 

During the San Fernando Earthquake, bridge columns were pul
verized due to the many load reversals at stress levels beyond 
the yield limit [5.7]. Concrete was broken into small chunks 
and fell from between the reinforcing bars leaving only the 
unsupported steel to resist the loads. Obviously a column 
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that fails in this manner will be unable to suµport a bridge 
during a major earthquake which may last for over a minute. 

Since a column is generally expected to yield in flexure 
during an earthquake, it follows that concrete in the region 
of yielding is likely to become highly fractured. Cover 
concrete, which is unreinforced, will surely fail and s~all. 
Concrete shear resistance will be greatly decreased due to the 
fracturing. The resulting shear failure and grinding of the 
concrete that is likely to follow will further de-:Jrade tl1e 
column. Bond between steel and concrete will be decreased and 
unless sufficient transverse steel is provided to contain the 
lonyitudinal reinforcing and the concrete within the core of 
the column, a failure similar to the one shown in Figure 5.2.l 
will occur. 

SAN FEHNANDO EQ COLUMN FAILURE 

Figure 5.2.l 

It is clear, that in order to ~revent these types of failures, 
tne designer must ':live careful consideration to the structural 
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details within these zones of severe flexural yielding. 

Research desi~ned to increase the understanding of the ductile 
behavior of reinforced concrete columns nas been conducted 
since the turn of the century [5.8, 5.9]. Although there is 
still much to be learned about the behavior of a concrete 
column subjected to earthquake loading, this research has 
contributed to our present understanding of this behavior and 
is reflected in the current criteria for seismic design of 
columns. 

5.2.2 DUCTILE FAILURE 

Failure of a column must be ductile. That is, it must 
continue to yield beyond the elastic limit without undergoing 
a sudden brittle failure. For this reason it is desirable to 
limit the axial load on a column to insure failure below the 
balance point on the moment-axial load interaction diagram. 
Failure in this zone is controlled by the reinforcing steel 
which is a ductile type failure as opposed to the brittle 
concrete failure that will occur above the balance point. A 
steel failure is further assured by limiting the amount of 
vertical reinforcing steel. 

The AASHTO code provisions allows both grade 40 and grade 60 
reinforcing steel for earthquake reinforcement. However, 
tnere would seem to be advantages to using the milder grade 40 
reinforcing. Not only is the grade 40 steel more ductile 
and less likely to strain harden and fail suddenly, but the 
steel yields at a lower strain level, so that for a given 
displacement, more energy will be absorbed. This is important 
to earthquake resistance. It is also worth noting that a 
smaller bond stress is required to develop the strength of the 
bar. This could be important because of the highly fractured 
concrete that can be expected in the yield zone during an 
earthquake. 

5.2.3 CONFINEMENT 

Use of hoop or spiral reinforcement to provide concrete 
confinement in regions of ductile behavior is important to 
preventing strength degradation. 

The strength of a confined concrete 
determined by considering separately 
concrete core and the concrete cover 
resistance [5.8]. 

member is classically 
tJ:1e contribution of the 

to the axial force 
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While the presence of the confinins reinforcement signifi
cantly affects the contribution offered by the concrete in the 
confined core, it does not become effective until the cover 
spalls. For this reason, the increase in core concrete 
strength due to the confining reinforcement should be suffi
cient to replace the load carrying capacity lost due to 
spalling of the concrete cover. This loss can be computed as 
follows: 

Loss= -- (5.2.1) 

where 

~: = concrt:?te cylinder breaking strength 

A9 = area of the gross section 

Ac.h = area of tne core 

f = factor to compensate for difference between 
column and concrete cylinder 

The required increase in core stress is therefore given by: 

o, " ( AA i - I ) </, (' 
<.I, 

(5.2.2) 

By assumin':l that the confining reinforcement is stressed to 
f~ and taking equilibrium on a section of column as shown in 

Figure 5.2.2, tne confinement pressure is determined to be: 

where 

(5.2.3) 

A = cross-sectional area of confining reinforcement ,~ 
~Y = confinement pressure 

h = width of the concrete core at the section 
C. 

5 = center-to-center spacing 
reinforcement along the 
the column 

of the confining 
longitudinal axis of 

The effectiveness of the confining reinforcement in increasing 
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the core concrete stress may be written in terms of an effect
iveness coefficient, ko . 

(5.2.4) 

Since o-2 must be greater than or equal to 07: 

ko A1L ts11 

~ ( A I ) L r 1 

.,.. , _j - Y" +-c 
~c:. 5) A 

or; 

~ £' A A 1 ~ - sh -=- ( _j - ) ) .s"' k c. r" A 
0 T~ c.h 

(5.2.5) 
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The Uniform Building Code currently suygests that 

.3oshc~ (~ - I) 
-f1 Ac.\.i 

(5.2.6) 

for rectanyular hoop reinforcement. 

The value .30 reflects the effectiveness of the confinement in 
increasing lon~itudinal core concrete stress. For very large 
sections (A9/Aeh<l.4), the amount of reinforcing required by 
the UBC is based on an empirical minimum for confinement 
and is given by: 

where 

,, 
p : 

= volumetric ratio 
concrete core 

of 

(5.2.7) 

spiral reinforcing to 

Although these formulas ~rovide a way of selecting transverse 
reinforcement for confined concrete, their derivation does not 
consider the interaction of bending moment or shear. There is 
some disagreement about whether they are the best formulas for 
design. For more information on this subject consult ''Rein
forced Concrete Structures~ by R. Park and T. Paulay [5.11]. 

5.2.4 SHEAR STRENGTH 

A column must be able to yield in flexure without experiencing 
a brittle shear failure. Since yielding of the column in 
flexure may cause a deterioration of concrete shear ca~acity, 
careful consideration must be given to providing adeyuate 
shear reinforcement. Since the shear produced in the columns 
during an earthquake is dependent on the ultimate moment capa
city of the columns. The maximum shear that must be resisted 
by the various columns is given by: 

PILOT WORKSHOP 
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where 

Mr = Ultimate moment capacity at 
~ column. 

the top of the 

M" 
s 

Ultimate capacity = moment at 
column. 

bottom of the 

Since the main column steel is likely to strain harder duriny 
an earthquake, it is advisable to increase the shear force for 
design purposes to insure ductile failure. 

The area of transverse reinforcement required to resist shear 
Av, is 9iven by: 

Av - (5.2.10) 

where 

\-1 = yield stress of transverse reinforcement 

Jc:.. = dimension of the column core in the direction 
of the load 

:) = spacing of the reinforcement 

Ve:.. = concrete shear capacity 

~ = capacity reduction factor for ultimate strength 
design 

The contribucion of the concrete to the shear capacity, V~, 
varies with the amount of yielding. Judgment should be used 
in determining the effectiveness of the concrete in shear. 

5.2.5 RESTRAINING DEVICE~ 

Prior to the San Fernando earthquake of 1971, resistance to 
transverse forces at the abutments and intermediate hinges was 
provided by shear keys, keepers, or other restraining devices 
of nominal design. For simply supported spans longitudinal 
force was transferred to the substructure through fixed 
bearings at one end of the span. In most cases adjacent spans 
were not tied together. The lack of restraint in this type of 
design has led to several bearing and structural failures 
during earthquakes [5.12]. 

In Japan, earthquakes have caused numerous bridge failures. 
Many of these failures were the result of inadequate restraint 
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at the bearings. In the Niigata earthquake of 1964, severe 
structural damage to many bridges was either partially or 
totally due to this type of bearing failure although 
liquifaction and permanent su~~ort displacements was the cause 
of many failures. One of the major causes of damage in 
certain bridges was the lack of restrainers to tie adjacent 
simple spans together. 

The San Fernando earthquake of 1971 pointed out the inability 
of the substructure to prevent excessive relative longitudinal 
movement of the superstructure elements in bridges with 
intermediate expansion joints. Continuous concrete bridges 
separated at the expansion joints and collapsed. The fact· 
that many bridges sustained severe substructure damage, but 
remained standing, led to the obvious conclusion that contin
uous construction provides more earthquake resistance. As a 
result of tnis experience, bridge designers began providing 
restraint to longitudinal movement, usually in the form of 
high strength steel cables or rods specifically designed with 
earthquakes in mind. 

A test of the effectiveness of these restrainers came in the 
Guatemala earthquake of 1976 [5.13], when bridges with and 
without restrainers were subjected to strong shaking. The Rio 
Agua Caliente Bridge, a fairly modern five span steel plate 
girder bridge of simple span construction, was damaged during 
the earthquake. Three of t11e five spans fell off their 
bearing supports, whereas only very minor evidence of yielding 
was observed at tne base of the reinforced concrete columns. 
A nearby railroad bridge of similar construction remained 
standing, presumably because of the longitudinal restraint 
provided by the tracks. 

The Incienso Bridge, which was built after the San Fernando 
earthquake of 1971, sustained only minor damage in the 
Guatemala earthquake of 1976. This bridge was constructed 
with both hinge and abutment restrainers. Although one of 
these restrainers failed during the earthquake, their presence 
resulted in the successful performance of this structure as a 
whole. 

Restraint in the form of shear keys, keepers, cables, etc., 
has been used almost exclusively for earthquake resistance at 
bridge abutments and hinges. Restraint ~epresents a cost 
effective means of mitigating catastrophic failures, but it is 
generally not effective in absorbing the energy generated by 
an earthquake. Thus post-elastic behavior of the supporting 
members must still be relied on for this purpose. 

Determination of the forces in longitudinal cable restrainers 
is difficult if not impossible to predict analytically. This 
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is because of the nonlinearity created by the gal?s µrovided to 
allow normal movement of the superstructure due to temper
ature, creep, prestress shortening, etc. These gaps will vary 
del?ending on temperature and many other factors. Therefore, 
for the designer to predict actual service loads during an 
earthquake ~resents a problem. For this reason and because 
restrainers are relatively inexpensive, a simplified forwula 
which is designed to predict the maximum conceivable force is 
generally used for design. The AASHTO code requires that 
restrainers be capable of taking a tensile force equal to 25 
percent of the deadload of the lightast adjacent section of 
superstructure less the column shears [5.14]. 

An alternate, but still conservative, method of predicting 
force in cable restrainers is to include them in the elastic 
dynamic analysis as members which can be loaded in both 
tension and co111presa:iion. Since the cables currently used in 
restrainers are considered to be nonductile components, no 
reduction should be made to the resulting elastic forces for 
ductility. Past as well as current AASHTO earth4uake design 
response spectra loadings are reduced by a factor to account 
for ductility and risk. Use of these reduced loadings in 
determining forces at the bearings is likely to lead to uncon
servative results since tests have snown restrainers and shear 
keys do not behave as ductile components. CALTRANS currently 
uses unreduced earthquake design spectrums loadings, shown in 
Ap~endix E.2, to determine resulting component forces and then 
reduces each of these forces, de1:,>ending on the ductility of 
the individual components [5.15]. This api)roach yields un
reduced, more realistic results for restrainer forces. 

In the case of abutment shear keys, it has been found that 
yielding of the columns tends to increase the transverse 
earthquake load carried at the abutments [5.16]. An approxi
mate method of calculating these forces adopted by the AASHTO 
code, requires that 25 percent of the "contributing deadload" 
be ap~lied as a minimum shear force at the abutments. when 
abutment shear key forces are determined from an elastic 
analysis, it is recommended that they be increased by a factor 
of 1.5 to account for column yielding. These keys should be 
designed to resist the load elastically. Some typical shear 
key details for concrete bridges are shown in Figure 5.2.3. 

As was pointed out before, most restrainers have very little 
energy dissipation and therfore will not eliminate the need 
for postelastic behavior in the supporting members. Their 
main function is to limit the amount of relative displacement 
occurrin~ between adjacent elements of the structure. 
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5.2.6 RETHOFITTING 

EXTERNAL KEY 

SHEAR KEY DETAIL 

Figure 5.2.3 

By today's standards, most existing highway bridges in this 
country have not been designed to resist the forces generated 
during an earthquake. ·rhis became evident after the San 
Fernando Earthquake. Thus, many existin~ bridges may 
potentially be damayed or fail if subjected to strong seismic 
motions. This is clearly undesirable and raises the following 
questions: 

1) Which existing bridges should be retrofitted? 

2) what degree of improvement should be 
relative to the probability of an eartn4uake? 

made 

Most of the current research and development work to improve 
the seismic design meti1odology of bridges is generally most 
applicable to new construction. Very little attention has 
been directed specifically toward u~grading the seismic 
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resistance of existing structures. Only two known efforts 
have been made in connection with retrofitting existing 
bridges in this country. The Illinois Institute of Technology 
Research Institute under the sponsorsn1p of the Federal 
Highway Adhlinistration conducted a multiphase research project 
entitled "Seismic Retrofit Measure For Hi':311way Bridges" [5.17, 
5.18], and the California Department of Transportation has, 
since the San Fernando earthquake, initiated an extensive 
re t r of i t pro g r am [ 5 . l 9 J • 

The primary purpose of this section is to 
the design details developed to date in 
analytical procedures presented in 
retrofitting existing bridges. 

5.2.6.l Prioritizing Retrofittin~ work 

introduce some of 
conjunction with tne 
this course for 

In California it was realized immediately after the 1971 
earthquake that existing bridges should be retrofitted in 
order to increase their seismic resistance. A prioritizing 
system was devised which assigned weighted values to: 

1) Type of bearing 

2) Width of hinge or bearing seat 

3) Restraint of supports 

4) Height of structure 

5) Type of supports 

6) Flexibility of supports 

7) Curvature in alignment 

8) Probable earthquake intensity 

9) Hazard to public on and under structure 

10) Disruption to traffice and utilities 

11) Danger to building or facilities under the 
structure 

This system worked well for identifying candidate 
structures for immediate retrofitting. However, the 
J:)rioritizing number obtained did not always reflect the 
true relative importance of some structures. In certain 
circumstances a single factor was important enough to 
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justify a high priority regardless of all other factors. A 
less important structure rated lower in the number of less 
important categories, but got a higher overall rating. It 
was found tnat any prioritizing system should be subject to 
an adjustment by good judgment. 

There were also practical considerations that did, to some 
extent, override strict adherence to the prioritizin~ 
system. For example, a greater degree of efficiency could 
be achieved if a number of bridges in one area could be 
included in a single contract. It was more efficient to 
prepare plans and let contracts for a few large jobs than a 
~reat number of single bridge contracts. A contractor's 
mobilization costs could be spread out and personnel could 
be trained and used efficiently on a job with a number of 
bridges. A single inspector qn too small a job would have 
time to waste unless he could be given other work to do. 
For efficiency, it was obvious that bridges in a contract 
should be located reasonably close together. 

5.2.6.2 Hinge and Bearing Restrainers 

Although retrofitting existing structures will increase 
their seismic resistance considerably, a designer is 
limited by economics and the capabilities and feature of 
the existing facilities Retrofitting hinges with 
restrainers can significantly reduce the probability of 
column failures. Portions of some existing structures have 
to be strengthened to accornmodate the anchorage forces that 
restrainers re4uire. When hinges are not restrained, 
segments of a bridge can act independently, and forces in 
the columns can be significantly greater than if hinge 
movements are limited. 

As was mentioned earlier, restrainers should be capable of 
developing a force equal to at least 25 percent of the 
weight of the lighter segment of superstructure connected 
based on working strength design. This rule of thumb is 
satisfactory for relatively short structures where the 
influence of the abutment backfill on the superstructure is 
uncertain. However, dynamic analyses should be made for 
larger and more complex structures and provisions made for 
larger forces, if required. 

Slightly different assumptions for restrainer arrangements, 
foundation conditions, column stiffnesses, abutment 
restraint, linear or non-linear action of the restrainers 
and columns, etc., can make drastic differences in the 
results of a dynamic analysis. Compoundin~ these 
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assumptions with the lack of accurate information 
concerning actual ground movements and distortions at the 
particular site will lead a practical designer to the 
conclusion that the seismic analysis of a bridge is a 
developing art rather than an exact science. Therefore, 
analysis results should be t~npered witt1 judgment. 

California has used 3/4'' preformed 6 x 19 galvanized cables 
(ASTM Designation a-603) with a minimum breaking strength 
of 23 tons (205 kN) as the basic unit for its restraining 
device. Swaged end fittings are used that are required to 
develop the minimum br~aking strength of the cable. This 
ty~e of cable and end anchorage have been used in highway 
barrier systems for many years. They are being tested on a 
regular basis and have an excellent performance record. 
1-1/4" diameter galvanized ASTM A-722 (with supplementary 
requirements) steel bars that have a specified minimum 
elongation of seven percent measured in 10-bar diameters 
are also being used. 

If restrainers are permitted to yield, greater joint 
openings and column deflections will be realized. Once 
either type of restrainer is stretched beyond its elastic 
limit it obviously will not assist in closing the joint to 
its normal position. By using a ductility factor of one 
for restrainers, the forces, in the restrainer will 
generally not exceed yield stress. Many older bridges 
which are being retrofitted have shear key that are 
inadequate for keeping the two sides of the hinge ali~ned 
longitudinally if the structure is subjected to seismic 
shaking. Since a transverse shearing action at the hinge 
could cause the rods to fail and become ineffective in 
tension, sup~lemental solid mild steel rods are installed 
through the hinge in order to provide additional shear 
resistance. 

California has conducted a number of tests of 3/4tt cables 
and 1-1/4'' diameter bars to compare their qualities as 
restrainers. Figure 5.2.4 shows the stress-strain 
relationship of specimens tensioned from near zero stress 
to s~ecified minimum tield stres~ (assumed to be 0.85fy for 
cables) for 14 cycles and then to failure. 
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5.2.6.3 Restrainer Details 

STUDENT TEXT 

Figure 5.2.5 shows a commonly used detail for retrofitting 
hinges of existing concrete box girder bridges. The 
concrete bolsters are generally required to spread out the 
concentrated forces of the restrainers so that they don't 
destroy the hinge diap11ragms. 

Figure 5.2.6 is a modification of the concept shown in 
Figure 5.2.5. It is generally restricted to hinges and end 
su~port of shorter span T-beam bridges where the 
restraining force, re4uirements are considerably lower. 

The detail shown in Figure 5.2.7 can be used where the 
diaphragms are not capable of being adequately strengthened 
and where it would have been less desirable to attach 
restrainers directly to the girder stems. In this case it 
may be necessary to ~lace the cable anchorages far enough 
from the ends of the deck slab to prevent pulling ends out 
of the st,ians. 

variations of Figure 5.2.8 have been used in a number of 
instances where dro~-in spans could be expected to fall if 
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the structure were shaken in an earthquake If the hinge 
seats are very narrow and the cable very long, additional 
cables might be required in order to limit the amount of 
stretching under seismic loading. This method is 
uneconomical in very long spans. 

An installation using high strength rods is illustrated in 
Figure 5.2.9. Cables could also be used in this scheme. 

Figure 5.2.10 snows a commonly used detail for restraining 
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STUDENT TEXT 

steel ~irders which are in line with each other. When 
girders in adjacent spans are offset, transverse beams are 
attached to the bottom girder flange which are used for 
anchoring tne restrainer cables as shown in Figure 5.2.11. 
Figure 5.2.12 illustrates a method of attaching the ends of 
steel girders directly to the supporting concrete bents. 

The restrainers illustrated above are only a few of the 
many type we have used to date. Each bridge has its own 
peculiarities and requires special attention and details. 
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5.2.6.4 Recroficting Columns 

The second greatest weakness of µre-1971 structures pointed 
out by the San ~ernando earthquake was that the reinforcing 
steel ties in columns did not provide adequate confinement 
of the concrete. Bridges with single column bents are 
particularly vulnerable. Since the -restraining of the 
superstructure at hinges and bearings was judged to be a 
more serious problem, and providing that restraint 
alleviated the seriousness of the column deficiency, more 
can be obtained for the money by retrofitting the hinges 
and bearings first. Methods of retrofitting columns to 
make them more earthquake resistant are being investigated. 

Figure 5.2.13 illustrates reinforcing steel noops that are 
prestressed on the outer face of the column which is then 
covered with shotcrete. The device shown in Figure 5.2.14 
was especially designed for this purpose. It is basically 
a turnbuckle that develo~s tne strength of the reinforcing 
steel and place an initial pre-stress in the hoop. 

The column retrofitting method shown in Figure 5.2.15 
consists of wraµping a column with tensioned prestressing 
wire and applying a protective coat of shotcrete. 

Figure 5.2.16 illustrates a method that consists of welding 
a steel shell around an existing column and filling the 
s~ace between the shell and column with grout. Weathered 
steel can be used for achieving an architectural effect, if 
desired, or ordinary steel can be used and painted. In 
this case, since it is undesirable to have failure below 
tne ground level, tne footing capacity should be 
investigated to insure it will handle the increased column 
capacity provided by the longitudinal effects of the steel 
shell. A typical detail that could be used to retrofit a 
footing is shown in Figure 5.2.17 
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5.3 RECENT DESIGN INNOVATIONS 

STUDENT TEXT 

Rebar 

fo/s Tendons 

Some recent innovative attempts have been made to increase the 
earthquake resistance of bridge structures through use of the 
principles of restraint, energy dissipation and isolation. A few 
cases are described i, the paragraphs that follow. 

The Dumbarton Bridge main channel crossing to be constructed at 
the southern tip of San t·rancisco Bay will be located in a highly 
seismic zone midway between the San Andreas and Hayward Faults. 
This 3150 foot steel girder composite deck bridge is designed 
with two intermediate expansion joint hinges. The expansion 
joints are fitted with thrust buffers as shown in Figure 5.3.1. 
These buffers are designed to provide for normal temperature 
superstructure movements. However, during an earthquake the 
buffers lock up and transmit forces as restrainer devices [5.20]. 

This principle has also been employed on three bridges in Japan 
[5.21]. On the Tokyo Expressway, special oil dampers were used 
at the superstructure-pier connections to provide for normal 
movement. Lock-up will occur during earthquakes to transmit 
longitudinal forces to the piers. On the Ohtagawa Railroad 
Bridge this same behavior was achieved by using the earthquake 
stopper devices shown in Figure 5.3.2 instead of oil dampers. 
The viscous material shown in the depressed section of the pier 
will flow around the movable post attached to the superstructure 
for slow movements and resist rapid movement during an earth
quake. Tnis device also has the potential for energy dissipation 
if the movable post yields. A third scheme, also employed on the 
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Material 

Tokyo Expressway, uses prestress strands as shown in Figure 5.3.3 
to resist earthquake loads. The strands, which are connect
ed in series to the columns, are flexible enough to allow for 
normal superstructure movement. Duriny an earthquake they pro
vide restraint plus some energy dissipation by sliding over 
specially designed saddles. 

The San Joaquin River Bridges, a steel girder composite deck 
bridge. near Antioch, California, and the Napa River Bridge in 
Napa County, California, a lightweight prestressed concrete 
bridge, employ a somewhat different concept for earthquake design 
in that displacements during an earthquake are not fully 
restrained. The bearings are f)ermitted to move with rubber 
bumpers, as shown in Fi':lure 5.3.4, provided to reduce impact 
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forces as adJacent members collide. Another large structure, the 
Denny Creek Bridge in Washington, also uses this approach. 

The failure of a number of concrete box girder bridges during the 
San Fernando earth4uake demonstrated the vulnerability of conven
tional superstructure hinges as shown in Figure 5.3.Sa. The 
welded steel hinge assembly [5.22] shown in Figure 5.3.Sb was 
designed to provide a greater range of movement and to eliminate 
the possibility of loss of support. Restrainers and/or energy 
dissipators could be easily installed on this hinge. This hinge 
concept has been used in the East Connector Overcrossing in 
bakersfield, California, and the Route 4/242 Interchange in 
Concord, California. The hinges are currently functioning effec
tively as expansion joints although the cost for the initial 
attempt to use tllis detail was high. 

Because of the large amount of energy generated in a strong 
motion earthquake, it is usually necessary for a structure to 
dissipate some of this energy by some form of yielding in order 
to remain standing. If special auxiliary devices can be provided 
that will function as energy dissipaters, the need for post-
elastic behavior in other structural load carrying com2onents 
could be curtailed or eliminated. The gap necessary to provide 
for the free movement at bearings would render the energy dissi
~ating devices ineffective at these locations, unless some type 
of motion induced arrester is employed. Since energy dissipaters 
require deformation to be effective, they are best suited for use 
at "fixed" bearings which would move only during an earthquake. 

Several attempts have been made to use special energy dissipation 
devices on brid9es in New Zealand [5.23, 5.24]. Several 
different types of energy dissipation devices have been used. 
Devices which rely on the plastic deformation of steel shapes are 
designed to function as hysteretic dampers. An energy dissipator 
which relies on the extrusion of lead through a restricted 
orifice was also installed on bridges in New Zealand. This 
device takes advantage of the low recrystallization temperature 
of lead. The various types of energy dissipation devices are 
sllown in Fiyure 5.3.6 [5.25, 5.26]. 

These devices are most commonly used at superstructure/sub
structure connections such as abutments or the top of piers. One 
cleaver application of these devices was in the base of a two 
column brid<:3e bent which was designed to "walk" during an earth
quake. As each of the two columns is alternately subjected to 
tensile forces due to overturning, the energy dissipaters in the 
base will yield, thus absorbing energy and reducin<:3 the dyna1nic 
response. 

If the natural frequency of a structure can be decreased to a 
value significantly below the predominant frequency of an earth-
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yuake, the forces induced by the earthquake will be reduced. In 
addition the number of oscillations into the high force range 
will be decreased. This usually is done at the expense of in
creased displacements. Because of adJacent roadways it may be 
undesirable to allow for this movement in bridge structures. For 
this reason, isolation devices used in bridges have required the 
supplemental use of restrainers or energy dissipators to limit or 
decrease relative movement. When separate devices such as re
strainers or energy dissipaters are used to resist earthquake 
loadings, a certain amount of isolation can be designed into the 
structure by making the supporting members more flexible. 
Isolation can also be achieved through the use of flexible mount
ings connected in series with the substructure elements. 

In bridges, flexible mountings may result in excessive movement 
under other loads such as wind, liveload, etc. This can be 
remedied in other types of structures by using "fuses" which give 
way under strong loadings such as earthquakes [5.27, 5.28]. 

The walnut Creek Bridge to be located on the Concord fault in 
California was considered for design using the isolation prin
ciples suggested by Ikonomou [5.28]. The structure consists of a 
four span concrete box girder with no intermediate expansion 
jointsa The structure was to be supported on low friction teflon 
bearings with an auxiliary rubber isolating member vulcanized to 
the superstructure and one of the abutments. Undesirable super
structure movement due to normal loading would have been pre
vented by a concrete "fuse" designed to shear in an earthquake. 
During design, however, it was found t!iat structure movements 
during an earthquake would be large, and the design concept has 
since been abandoned for economic reasons. 

The Feather River Btidge to be constructed near the City of 
Oroville, California employs the principle of isolation for a 
major earthquake. The bridge is supported on stiff piers which 
were dictated by architectural considerations. Teflon "pot bear
ings" separate the piers from the superstructure and are fitted 
with lateral restraints to prevent transverse movement for wind 
loadings and moderate earthquakes. A major earthquake will cause 
the lateral restraints to fail thus freeing the structure in the 
transverse direction at the piers. The earthquake force will be 
taken by the abutments and a single continuous pier, but the 
reduced structural period will result in lower total seismic 
forces. 

These cases illustrate how the principles of restraint, energy 
dissipation, and isolation were specifically applied to increase 
structure earthquake resistance. These principles are important 
considerations in earthquake design whether or not special 
devices are used. Tne designer should keep them in mind when 
designing a structure. For example, massive stiff piers may 
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result in unnecessarily high seismic loads. 11ore flexible piers 
could result in better econowy. Desi~n of piers for seismic 
loads that are unreduced for ductility (response modification 
factors) will eliminate the advantage of energy dissipation due 
to yielding and will probably result in excessive shear forces on 
the pier. Energy dissipation due to friction between adjacent 
components, move1nent of foundations through soil, internal mole
cular friction during deformation, etc., is generally present and 
accounted for by a damping factor. The designer should be aware 
of any unusual situations that could increase or decrease the 
potential of energy dissipation. 

5.4 RESEARCH 

A condiderable amount of research nas been done or is planned to 
study the effects of isolation and energy dissipation on struc
tural response. 

Isolation of a structure [5.29, 5.30, 5.31] through the use of 
rubber mountings was first used to minimize the effects of noise 
and groundborne vibrations from sources such as traffic. In 
1972, the Malaysian Rubber Producers' Research Association 
entered into a contract with Atkins Research and DeveloJrnent, a 
British firm, to study the effect of an earthquake on a building 
with and without rubber bearings. Colllputer analysis showed that 
dynamic force levels could be reduced considerably. This project 
eventually led to a scale lilodel test on the shaking table at the 
Richmond Field Station of the Earth4uake Engineering Research 
Center of the University of California, Berkeley. The results of 
these tests generally confirmed the findings of the analytical 
study .. Movement of the building on such bearings due to loads 
such as wind, would require that stabilizing '"fuses" be included 
in any practical design. This approach would present a problem 
in designing bridye bearings which must accommodate movement due 
to temperature, creep, etc. 

A practical method of using energy absorption devices in parallel 
with isolating bearings was suggested by Skinner, et al [5.27]. 
In applying this method to bridge structures, these devices would 
be placed in locations where fixed bearings would normally be 
used. 

A problem exists in using energy dissipaters at bridge expansion 
bearings. In order to accommodate the required relative move
ment, gaps must usually be provided to allow free movement before 
the devices are engaged. A recently published parameter study 
[5.16] to determine the effects of non-linear response on earth
quake forces was conducted at tne U11iversity of California, 
Berkeley, under Phase 6 of an FHWA sponsored research project. 
This study showed that restrainer cables which are fitted with 
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similar ga~s would be unstressed if certain actual bridges were 
subjected to strong earthquake motion. Energy absorbers with 
similar gaps would therefore be ineffective for the cases 
studied. 

Nuclear power plants have eliminated the need for gaps by employ
ing velocity induced arresters or "snubbers·· similar to the 
devices used on the Dumbarton Bridge and the bridges in Japan. 
These devices are expensive nydraulic systems which require ex
tensive maintenance and are thus not cost-effective. 

Research is currently underway at the University of California to 
develop solid state energy absorbers to replace expensive and 
troublesome "snubber" devices currently used in powerplants. 
These energy absorbers will employ a form of TRIP (TRansformed 
Inducted Plasticity) steel developed by metallurgists at the 
university. Analytical !:>tudies to determine the effect of using 
this steel for energy absorption in bridge expansion joint hinges 
is currently planned at the University of California in a re
search project sponsored by the California Department of 
Transportation. 

The analytical tools to be used in the above project were 
developed as part of an FHWA sponsored research project conducted 
by the University of California entitled "An Investigation of the 
Effectiveness of Existing Bridge Design Methodology in Providing 
Adequate Structural Resistance to Seismic Disturbances." The 
computer program NEABS (Nonlinear Earthquake Analysis of Bridge 
Systems) was developed to consider the effect of non-linear be
havior in the columns, expansion joints, and at the suppbrts 
[5.32, 5.33]. Columns are considered to behave in an ideally 
elasto-plastic manner with yielding occurring on the yield sur
face as shown in Figure 5.4.1. A schematic diagram of the ex
pansion joint idealization is shown in Figure 5.4.2. Correlative 
investigations on theoretical and experimental behavior of this 
element were carried out in Phase 5 of this project [5.33]. 
After modification of the element, good correlation was achieved. 
This computer program was also used in the previously mentioned 
parameter study [5.16]. The elements currently available in 
NEABS may be used to simulate a wide variety of bridge structural 
types and su~port conditions and represent a powerful research 
tool for future studies. 
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CHAPTER 6 

ADVANCED TOPICS FOR SEISMIC DESIGN OF BRIDGES 

6.1 INTRODUCTION 

The AASTHO code provides for seismic design by the equivalent 
static force met11od for simple structures, and reseonse spectrum 
and dynamic analysis for more complex structures [6.1]. 
CALTRANS, now a leader in tne seismic design of bridges, is 
currently using response s~ectrum analysis on a lar3e number of 
their structures since they have found the equivalent static 
force metnod yields unreliable results in many cases [6.2]. In 
liyht of the CALTRANS experience, it is probable that the trend 
nationwide will be toward increased use of the response seectrum 
analysis technique for bridges. Although the response spectrum 
method generally appears to be satisfactory for the seismic 
design of most bridyes, there are limits to its applicability 
that the bridye desiyner _should realize. 

The first shortcoming of the response spectrum approach is that 
the time domain has been removed. Since maximum modal responses 
do not occur simultaneously it is necessary to use a statistical 
combination of modal responses such as root mean square in order 
to obtain realistic design loads. The actual combination of 
modal response depends on several factors related to the type of 
structure and the nature of the actual ground motion. Therefore, 
the arbitrary use of a statistical approach to replace the 
effects of the removed tiane domain may not yield realistic 
results in certain cases. 

Another deficiency in the response spectrum approach is that the 
duration of shaking is not accounted for by the spectrum. The 
major effect of duration will be on the stiffness and strength 
loss once the member begins yielding. 

Tne response s2ectrum has an advantage for design in that it can 
envelope tne effects of several possible earthquake ground 
motions. Techniques have been developed to generate a time 
history of yround motion that will result in a smoothed design 
type response spectrum. However, several different time 
histories can satisfy this same requirement, each giving a 
different combination of modal response for each different 
structural component of the bridge. Therefore, considering the 
unpredictability of the actual ground motion, the response 
spectrum technique which employs a statistical approach may be 
the most rational method available for most bridges. More 
research is needed, however, to identify the best statistical 
method(s) for the combination of modal results. 
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A particular problem arises when two structural modes of 
vibration of a given bridge have periods tnat are very close 
together and occur near tne peak of the response spectrum. This 
1:,Jroblem is further complicated if the modes in question include 
simultaneous response in more than one orthogonal direction. The 
contributing modes may respond in pnase in one of the directions 
and out of c->hase in the other(s), making it almost impossible to 
predict forces. Since column design is based on force 
interaction, the forces in all directions are important. For 
this case without further research into the improvement of 
response Sc->ectrum 1nodal combination, the designer may be forced 
to use a sophisticated time history analysis. Such an analysis 
will require careful selection of a family of time history 
loading (s). 

Perhaps a more serious shortcoming of the response s~ectrum 
technique as well as the elastic time history analysis is the 
absence of direct consideration of post-elastic and nonlinear 
behavior. The complex nonlinear behavior that occurs in bridges 
subjected to earthquakes is currently accounted for by reducing 
the results from a linear analysis by an assumed ductility 
factor. This does not account for the redistribution of forces 
due to nonlinear behavior nor does it predict the areas of 
maximum ductility demand. 

Accurately predicting the response of complex bridge structures 
to strong earthquake motions requires the use of sophisticated 
nonlinear dynamic analysis computer programs not generally 
available to tne bridge desi~n engineer. 

The ultimate design metnodoloyy would employ a nonlinear analysis 
of structural reponse to earthquake loading. While there are 
still many obstacles to tne use of this approach, the following 
factors could accelerate the adoption of this procedure on a 
semi-regular basis. 

1) The availability of reliable computerized procedures 
at a relatively low cost. 

2) The limitations inherent in a linear-elastic 
apf)roach. 

3) A better understanding by the profession of the 
factors affecting dynamically induced forces. 

A suggested nonlinear seismic design process is shown in Figure 
6.1.1. The procedure would start with a elastically designed 
structure. From the elastic design, the existence and probable 
location of nonlinear behavior would be determined. The 
structure would then be modeled with nonlinear elements, if 
necessary, and a11 analysis would be performed. Ductility demands 
would be determined from the resulting nonlinear deformation. 
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Tnese would be compared 
individual components 
displacements at points 
checked. If ductility 
structure would then be 

with the available ductility of the 
comprising the structure. Excessive 

such as bearing seats sould also be 
or displacement values were exceeded, the 
modified and reanalyzed. 

The utilization of dynamic and res~onse spectrum analysis 
techniques for seismic design of bridges is just beginning to 
become a reality on a national level. Continued proyress in this 
area depends on general nationwide acceptance and understanding 
of these techniyues at the design level and continued 
participation of the practicing engineer in tne development of 
new techniy_ues. 

6.2 COMPARISON OF RESULTS FROM THREE TYPES OF ANALYSIS 

6.2.1 INTRODUCTION 

A comparison of three different types of analyses of the Route 
80 Onramp Undercrossing shown in Figure 6.2.1 will give an 
indication of the differences that can be expected from each 
of these techniy_ues [6.3]. A response spectrum analysis, a 
linear time nistory analysis and a nonlinear time history 
dynamic analysis were performed on the structure. 

The linear analysis capabilities of STRUDL were used to 
perform the response spectrum and linear time history 
analyses. STRUDL is a well-known general purpose computer 
program for static crnd dynamic analysis of linearly elastic 
structural systems. The McAuto proprietary version was used 
along with bridge structure generating capabilities. 

The nonlinear time history analysis was performed by NEABS 
(Nonlinear Earthquake Anlysis of Bridge Systems) [6.4, 6.5], a 
computer program developed as -~art of-an intensive research 
effort at the University of California to improve the seismic 
design methodology of bridges. This computer program uses a 
step-by-step integration procedure which assumes piecewise 
linear behavior over each increment of time. The acceleration 
may be assumed to either be constant or vary linearly over 
each increment of time. The linear acceleration method was 
used for this study. Loading was input as rigid support 
accelerations. The program has the following linear and 
nonlinear element types: 

1) Linear elastic truss elements 

2) Linear elastic and elasto-plastic 
elements 
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SUPERSTRUCTURE PROPERTIES 

ABUT. I 

L . 694.0 FT 

A . 83.7 FT2 

l1t . 814.I FT 4 

ly . 353.7 FT 4 

lz . 12868.8 FT4 

DL • 12.56K/FT 

E . 30QQKSI 
R . 600FT 

BENT 2 

111.0 111.0 

BENT 4 

BENT 6 ABUt 7 

ROUTE 80 ONRAMP UNDERCROSSING 

Figure 6.2.1 

3) Linear elastic circularly curved beam elements 

4) Linear elastic and bi-linear boundary spring elements 

5) Linear and nonlinear expansion Joint elernents 

The two nonlinear conditio11s modeled for this study were the 
yielding of the single column bents, and the nonlinearity of 
the expansion joint hinges. 

The yielding of columns is limited to axial and flexural 
yielding along an interaction yield surface. The yield 
surface for Route 80 Onramp u.c. column is shown in Figure 
6.2.2. The parameters which define this surface were 
calculated using a separate computer program called YIELD 
[6.4]. The ultimate caJ?acity of the column in shear is 
considered to be infinite. 
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As= 108 IN2 M TRANS 

-
LO 

M LONGIT p COMPRESSION 
( K x 103 } 

M LONGIT 
( K-IN x 103) 

MAXIMUM VALUES 

PcoMPRESSION = 17,646 K 

PTENSION = -4,320 K 

200 M TRANS 
( K-IN x 103) 

PURE BENDING 

MrRANS = l54.4x 103 K-IN 

MLONGIT= 111.7 X 103 K-IN 

ROUTE 80 U.C. BENT 4 INTERACTION SURFACE 

Figure 6.2.2 

The nonlinear behavior of the expansion joint hinges are 
modelled using the expansion joint element shown in Figure 
6.2.3. In this expansion joint hinge, the restrainers are 
assumed inactive until movement at the joint is sufficient to 
overcome the ~aps which are normally placed in the restrainer 
anchorages to allow for normal operation of the expansion 
joint. When the restrainers are activated, they behave in an 
ideally elasto-~lastic manner. Closure of the hinge is 
limited by impact springs which become active after a seat ga~ 
is taken up. This represents banging on impact of the two 
adJacent superstructure sections. The effect of bearing pads 
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is also included in the expansion Joint element. The vertical 
and shear stiffness of the pads can be represented by springs. 
Sliding of the ~ads occurs when the specified coefficient of 
friction at the ~ad/concrete interface is overcome. 

The linear dynamic analysis program BSAP (Bridge Structural 
Analysis Program) [6.4] has an input format-similar-to NEABS. 
To check the L'H::A8S rnodel, a BSAP analysis was run using input 
data identical to that used by NEABS for joint coordinate 
member incidences and elastic member properties. The results 
of a freyuency analtsis on BSAP were then compared with STRUDL 
frequency results as a means of spotting gross errors in the 
input prior to attemptin~ a nonlinear analysis. 
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6.2.2 SEISMIC EXCITATION 

Rigid sup~ort motion.was assume~ for all of the bridges. 
Ground motion accelerations developed by Seed and Idress for a 
simulated 8+ Richter magnitude earthquake were used. The 
response spectrum u~ed was generated on STRUDL, using the 
above mentioned ground history motion as input. The ground 
mocion was applied in two horizontal directions. The 
longitudinal motion was directed parallel to a straight line 
between the abutments, and the transverse motion applied 
perpendicular to it. 

Because of the costs involved, the nonlinear analysis was run 
for only tue first 20 seconds of ground motion. Using the 
knowledge gained from prior elastic analyses, this appeared to 
include the most critical portions of the record. with the 
three types of analyses considered and ground motion in two 
perpendicular directions, the total number of cases examined 
amounted to 6. These cases are numbered for convenience. The 
numbering scheme is shown in Table 6.2.1. 

CAS~ DIRECTION OF EXCITATIUN ANALYSIS TYPE 

1 

2 

3 

4 

5 

6 

Transverse Response Spectrum 

Longitudinal Response Spectrwn 

Transverse Linear Time History 

Longitudinal Linear Time History 

Transverse Nonlinear 

Longitudinal Nonlinear 

CASE NU1"1BERS 

Table 6.2.1 

Time History 

Time History 
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6.2.3 MODELING 

The bridge deck and columns were modeled with space frame 
members. The inertial effects of tile structure are modeled by 
lumping the mass at the 4uarter f)Oints of tile bridge deck and 
the tnird points of the columns. Only translational inertia 
effects are considered. 

For sih1plicity, the base of each column was assumed fixed at 
the footing. A ty~ical structure idealization showing the 
location of lumped masses is shown in Figure 6.2.4. 

/OUTSIDE RESTRAINER 

RTE 80 STHUCTURE IDEALIZATION 

Figure 6.2.4 

A structure generation program was used to develop the bridge 
idealization for STRUDL. Freedom of movement at the abutments 
and intermediate expansion hinges is idealized, in the 
generated model, by member end releases. To avoid losing the 
inertia effects at the joints adjacent to member end releases, 
short members are inserted at these locations. This is done 
to insure that the superstructure mass is lumped on the proper 
portion of the superstructure. The curved portion of the deck 
is modeled with straight space frame members since STRUDL does 
not have curved members. 

The expansion joint hinge idealization for STRUDL is modeled 
by releasing member axial forces, and transverse and 
longitudinal bending moments at the hinge. The effect of 
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restrainers is represented by ~lacing transversely eccentric 
space frame members between both sections of the 
superstructure. This idealization assumes no gap and that 
both tension and compression can occur in tne restrainers. 

The basic assemblage of illembers for BSAP and NEABS is similar 
to that used for STRUDL with a few exceptions. First, the 
curved superstructure is represented by circularly curved beam 
members. Secondly, the freedom at the abutments and the 
expansion joint hinge are modeled witn special support 
elements and expansion joint elements. These elements make it 
unnecessary to use short space frame members to insure proper 
lumping of the mass. 

The NEABS expansion joint element has several nonlinear 
parameters that must be input. Design values for tie and seat 
gaps were used. In actuality, these values will vary with 
time del:'ending on temperature, shrinka':Je, etc. Cable 
restrainer stiffnesses were calculated assuming an effective 
Youngs modulus of 13,700 ki~s ~er square inch. The yield 
force in a typical 3/4 inch restrainer was taken as 30.6 kips. 
The shear stiffness of elastomeric bearing pads was calculated 
based on an assumed shear modulus of 135 psi. The coefficient 
of sliding friction was assumed to be 0.4. For the purposes 
of modeling impacting of the superstructure, the impact sprin~ 
was assumed to nave the axial stiffness of the shortest 
adjacent section of the superstructure. 

Nonlinear column elements were used at locations where column 
yielding might be expected. Nonlinear columns were modeled on 
NEABS by using parameters calculated from results obtained 
from a separate column analysis computer ~rogram YIELD. 

6.2.4 RESULTS OF ANALYSIS 

The results from the three different analyses are su,nmarized 
in the tables which follow. The following is a brief 
description and discussion of the results given. 

6.2.4.1 Structure Period and Participation Factors 

The structure period for the first modes of vibration were 
determined using both STRUDL and BSAP. The participation 
factors, which are taken from the STRUDL program, are 
defined as 

(PF=) = 
(6.2.1) 
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the trans~ose of the matrix of eigenvectors 
normalized with respect to unit mass 

= the system mass matrix 

= the rigid body vectors which relate the 
at each joint to the support motion 

motion 

Participation factors are useful in determininy the 
relative ~articipation of each mode for a shock in a given 
direction. 

The structure ~eriods shown in Table 6.2.2 indicate the 
first 10 modes of vibration are concentrated in a range 
from 0.40 to 0.22 seconds. The participation factors, 
together with the mode shape plots for the second and third 
modes shown in Figure 6.2.5, indicate that there is 
simultaneous motion in the two horizontal directions. The 
periods of the two modes differ by only 0.004 seconds and 
result in near ~eak response for the SI8+ earthquake, thus 
indicating that both these modes will contribute 
substantially to the total response of this bridge. The 
signs of the ~articipation factors for the second and third 
modes of vibration indicate out of phase modal responses 
due to a transverse excitation. 

6.2.4.2 Deadload Reactions 

The deadload reactions at the base of the columns are 
calculated by the NEABS proyram prior to the nonlinear 
dynamic analysis. The structure is analyzed as a space 
frame to determine deadload mem~er forces. These values 
are used internally by NEABS since the effect of deadload 
must be considered in determining nonlinear response. For 
an elastic analysis, this is not necessary, however. 
Therefore, in order to make a meaningful comparison of 
results, it was necessary to add deadload member forces to 
the earthquake member forces derived from an elastic 
analysis. The deadload reactions and corresponding moments 
are given at the base of the column in the local coordinate 
system. The longitudinal and transverse directions 
correspond to directions perpendicular and radial to the 
superstructure respectively. Deadload forces are shown in 
Table 6.2.3. 

PILOT WORKSHOP 6- 11 



ECC SEISMIC DESIGN OF HIGH~AY BRIDGES STUDENT TEXT 

--------------------------------------------------------
Period 

(Sec) Particif)ation Factor 

1>\od e STRUDL BSAP X y z 
(Long.) (Vert.) (Trans.) 

--------------------------------------------------------
1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

0.399 0.398 1.6 26.8 28.7 

0.371 0.371 83.3 -0.8 -75.3 

0.367 0.367 55.6 -6.5 115.2 

0.340 0.340 -66.5 0.2 3.2 

0.309 0.309 -30.4 4.5 -3.3 

0.294 0.294 73.6 0.3 2.6 

0.261 0.261 -3.9 -9.5 -5 .1 

0.240 0.239 4.3 14.6 -34.4 

0.234 0.233 -15.8 -22.7 4.0 

0.221 0.222 17.0 -7 4 .8 -4.8 

STRUCTURE PERIOD AND PARTICIPATION FACTORS 

Table 6.2.2 

6.2.4.3 Maximum Column Base Moment and Corresponding Shear 
The maximum column base moments and shears are compared for 
three ty~es of analyses. Deadload moments and shears have 
been added to tne results for the elastic analyses. The 
yield moments shown on the chart were taken from the column 
interaction yield surface for an axial load equal to the 
deadload reaction. 

The moments and shears are yiven in the local coordinate 
system. The earthquake ground accelerations are applied in 
the ~lobal coordinate system. 
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MODE 1 

J-· 
z 

HOOE 2 

HOOE 3 

z 

H00E" 

RTE 80 ONRAMP U.C. 
MODES 1 TO 4 

Figure 6.2.5 
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-----------------------------------------------------------
Location Axial Trans. LOn':J. Torsional Long. Trans. 

Force Shear Shear 1"1oment Moment Moment 
( k i f)S) (kips) (kips) (kip-ft) (kip-ft) (kip-ft) 

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

Bent 1 0 3 418 -247 0 0 

Bent 2 1802 20 161 -6 -1377 210 

Bent 3 1827 27 -161 -4 1160 332 

Bent 4 1389 8 17 2 9 -950 281 

Bent 5 1618 22 -136 14 1484 283 

Bent 6 1633 9 -37 8 622 71 

Bent 7 0 3 418 -247 0 0 

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

DEADLOAD FORCES AT THE SUPPORTS 

Table 6.2.3 

The maximum transverse and longitudinal bendin':J moments 
recorded for a single time history analysis do not 
necessarily occur at the same time. The values shown are 
the individual maximum force component that occurred during 
the time history analysis. These values correspond to the 
response spectrum RMS values generally used for design. 
Although this is somewhat conservative, these forces would 
enveloge the maximum loading case. 

The maximum local or rotational ductility demands tabulated 
in Table 6.2.4 were calculated using the same basic 
approach used by Tseng and Penzien [ 6. 4] . The column 
flexural yield rotations and corresponding assumed plastic 
hinge lengths that were used in these calculations are 
shown in Table 6.2.5. 

Transverse Excitation - The 
corresponding shears at 

maximum bending moments and 
the base of the column due to a 
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Maximum Nonlinear 
Rotational Distortion 

Trans. Long. 
Shock Shock 

(Rad.xl0-3) (Rad.xl0-3) 

1.337 

2.456 

3.588 

2.625 

.989 

3.176 

3.238 

1.781 

2.155 

1.729 

Maximum Rotational 
Ductility Demand 

Trans. Long. 
Shock Shock 

1.79 

2.50 

3.20 

2.58 

1.59 

2.86 

2.89 

2.04 

2.26 

2.01 

MAXIMUM LOCAL BENDING DUCTILITY DEMANDS 

Table 6.2.4 

transverse shock are re~orted in Table 6.2.6. In all 
column the response spectru@ RMS results for the transverse 
bending moments are less tilan the linear time history 
analysis results. The d.ifferences range from 21 percent at 
Bent 2, to 11 percent at Bent 6. These differences are a 
result of replacing the effects of the time domain with a 
statistical averaging technique. 

The differences between the response spectrum and linear 
time history results for longitudinal moment are somewhat 
erratic. The response spectrum results for the 
longitudinal moment are generally greater, except at Bent 3 
where they are 63 percent less. The maximum difference 
occurs at Bent 2 where the response spectrum predicts a 
maximum hLoment 94 percent larger than the linear time 
history analysis. Since there is no consistent pattern to 
this variation, the possibility of obtaining better results 
by using another statistical means of combining the 
response spectrum illodal results is somewhat remote. 

The nonlinear time history analysis results reported in 
Table 6.2.6 indicates that yieldin~ will occur in all the 
columns due to transverse ,notion. The time history plot of 
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Direction 

Long. 
( y) 

Trans. 
( 2) 

I 
(ft ) 

72.9 

142.9 

M. 

(k-ft) 

12,000 

16,0UO 

h 
(ft) 

7.0 

5.0 

COLUMN FLEXURAL YIELD ROTATIONS 

Table 6.2.5 

STUDENT TEXT 

y 
(rad. x 10 ) 

1.715 

1.633 

nonlinear transverse deformations at the base of Bent 4 is 
shown in Figure 6.2.6. This plot shows a large amount of 
yielding taking place. 

The maximum rotational ductility demand of 3.2 reported at 
Bent 4 is far below the ductility generally considered 
available in a reinforced concrete column. with the degree 
of cyclic yielding taking place, however, it is likely that 
considerable structural damage will occur with a resulting 
degradation in column stiffness. This raises a question 
about the validity of maximum ductility demand as a measure 
of a structure's ability to withstand damage from seismic 
loadings. 

The linear time history analysis results indicate that a 
ductility reduction factor of between 3 and 4 applied to 
the elastic moments would have resulted in a similar column 
design for this seismic loading. with the amount of cyclic 
yielding that occurred in Case 5, however, it is doubtful 
that these columns would nave performed satisfactorily 
during tnis earthquake. It should be noted that one of the 
main reasons for the extensive cyclic yielding of this 
structure was its relatively short period range which 
results in a greater number of nonlinear excursions. 

Longitudinal Excitation - The maximum bending moments and 
corresponding shears at the base of the columns due to 
longitudinal shock are shown in Table 6.2.7. The response 
spectrum RMS results for longitudinal moment are 
a~proximately 30 percent lass tnan those predicted by a 
linear time history analysis. However, the RMS transverse 
moments are in some cases several times greater than the 
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----------------------------------------------------------------
CASE NO. 

Direction 
Bent of Shear Yield l 3 5 
No. and Moment Moment* (R.S.) (L.T.H.) (N.T.H.) 

----------------------------------------------------------------
2 Trans. 16,457 22689 # 28802 14941 

(1040)+ (1312) (688) 

Long. 12,002 31253 17395 9396 
(2306 (1388) ( 76 2) 

3 Trans. 16,497 44593 55713 16754 
(1978) (2484) ( 727) 

Long. 12,033 3670 8420 4514 
(2671) ( 67 2) ( 40 4) 

4 Trans. 16,748 53254 6 2014 16536 
(2368) ,(2721) ( 791) 

Long. 11,465 6117 2167 2867 
( 660) (328) ( 222) 

5 Trans. 16,148 44185 51336 16329 
(1907) (2208) (708) 

Long. 11,768 11855 10597 5335 
( 90 3) ( 80 l) (708) 

6 Trans. 16,175 24186 27032 14405 
(1029) (1133) ( 60 5) 

Long. 11,789 14528 14641 7843 
( 96 4) ( 979) ( 56 2) 

----------------------------------------------------------------
*Moment Corresponding to Deadload 
ir1ax imum Column Base Moment 
+1'1aximum Column Base Shear 

MAXIMUM COLUMN MOMENTS AND CORRESPONDING SHEARS 
(TRANSVERSE EXCITATION) 

Table 6.2.6 
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linear time histort results. In Bent 4, for example, the 
response s~ectrum analysis predicts a transverse moment 
nearly twice the longitudinal moment. The time history 
results, however, indicate this moment will be considerably 
smaller. This structure, because of its close periods and 
coupling of response in the global directions, is 
particularly unsuited for analysis by the res,tJonse spectrum 
method. 

The relatively uniform maximum rotational ductility demands 
shown in Table 6.2.4 indicate relatively uniform 
participation of all the columns due to longitudinal ground 
motion. Notice that the two columns which support an 
approximately eyual weight section to the left of the hinge 
have a greater ductility demand than the three columns to 
tne right. The plot in Figure 6.2.7 snows a much more 
desirable nistory of yielding at Bent 4 than was 
experienced for transverse motion. Notice that, for this 
case, where columns of equal stiffness particiiJate equally 
in resisting the load, the maximum rotational ductility 
demands are related to the elastic moment reductions at the 
columns. Unfortunately, this uniformity of response is not 
typical of bridge structures. 

6.2.4.4 Maximum Transverse Force In The Shear Keys 

The accurate prediction of abutment and ninge shear forces 
that occur during an earthquake is somewhat more critical 
in that these forces must be resisted by nonductile 
components such as shear keys. The problem of obtaining 
realistic forces at these locations using a linear analysis 
is compounded by the fact that yielding in the ductile 
components results in a redistribution of the earthquake 
resisting forces to the stiffer nonductile components. 
Transverse motion is generally the governing case for 
design. 

The maximum shear key forces are tabulated in Table 6.2.8. 
The response spectrum analysis predicts forces which are 
slightly less than those predicted by the time history 
analysis. The nonlinear results, however, are larger than 
the time history by 46 percent and 28 percent at Abutments 
1 and 7 respectively. This increase in shear force can be 
attributed to yielding in the columns and redistribution of 
tne ear~hquake resisting forces to the abutments. 

The shear force at the intermediate hinge, as determined by 
the res.t:-1onse SJ:)ectrum analysis, is less than that obtained 
from the linear time l1istory analysis by about 14 percent. 
The nonlinear analysis, however, indicates a reduction in 
force level by a factor of 2.6. This corresponds to an 
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Direction 
Bent of Shear 
No. and Moment 

2 Trans. 

Long. 

3 Trans. 

Long. 

4 Tranci. 

Long. 

5 Trans. 

Long. 

6 Trans. 

Long. 

Yield 
1'1oment* 

2 
(R.S.) 

CASE NO. 

4 
(L.T.H.) 

6 
(N.T.H.) 

16,457 

12,002 

16,497 

12,033 

15,748 

11,465 

16,148 

11,768 

16,175 

11,789 

15,468it 
(733)+ 

33,216 
(2469) 

26,998 
(1221) 

31,398 
(2349) 

29,440 
( 1292) 

16,721 
(1333) 

25,902 
(1140) 

21,956 
(1826) 

15,139 
( 6 6 3) 

16,802 
(1180) 

9773 
(519) 

35739 
( 26 6 2) 

9112 
( 4 7 1) 

37207 
(2807) 

7626 
( 33 9) 

23334 
(1716) 

15317 
( 7 27) 

28932 
(2258) 

11640 
( 548) 

22250 
(1477) 

6457 
(330) 

12331 
(1019) 

6724 
( 30 l) 

12293 
(1031) 

3727 
( 16 2) 

11980 
( 9 29) 

9102 
( 428) 

1197 5 
( 428) 

7657 
( 347) 

12107 
( 318) 

*Moment Corres~onding to Deadload 
Jt1'1aximum Column Base Moment (kip-ft) 
+Maximum Column Base Shear (kips) 

MAXIMUM COLUMN MOMENTS AND CORRESPONDING SHEARS 

Table 6.2.7 
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8,0,-------...----------,-,------,.-------. 

4.0 
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·4. 0 

-~.Oi_ _____ _,_ _____ ___._ ___________ __, 
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'!'DIil (SBC) 

TRANSVERSE NONLINEAR COLUMN ROTATIONAL DEFORMATIONS 
DUE TO TRANSVERSE EXCITATION 

Figure 6.2.6 
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TDGI (SBC) 
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DUE TO LONGITUDINAL EXCITATION 

Figure 6.2.7 
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CASE 

1 

3 

5 

2 

4 

6 

SEISMIC DESIGN OF HIGH~AY BRIDGES 

Abutment 
1 

(ki~s) 

234 

260 

379 

188 

252 

178 

LOCATION 

Abutment 
7 

(kips) 

330 

336 

430 

265 

316 

240 

MAXIMUM TRANSVERSE FORCE FOR SHEAR KEYS 
(TRANSVERSE AND LONGITUDINAL SHOCKS) 

Table 6.2.8 

STUDENT TEXT 

Hinge 
Span 3 
(kips) 

803 

936 

363 

475 

229 

overall reduction in shear force of approximately 2.5 for 
the structure. 

The tabulated shear forces due to the longitudinal shocks 
are less than those obtained for the transverse shock and, 
consequently, would not govern for design, but do, however, 
indicate that there is coupling in this case. 

6.2.4.5 Maximum Deck Displacements 

Transverse Excitation - The maximum deck displacements due 
to a transverse shock (Cases 1, 3 and 5) are shown in Table 
6.2.9. The response spectrum displacements at the bents in 
the transverse direction are consistently less than the 
values obtained from the linear time nistory analysis. 
This is because three modes, with closely spaced periods, 
are all res~onding to this transverse excitation. It is 
very likely that the ~eak modal responses will occur 
simultaneously. The RMS value of the modal responses will, 
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Location Global Case No. 
Direction 

l 3 5 
(R.S.) (L.T.H.) (N.T.H.) 

Abut. 
1 

Bent 
2 

Bent 
3 

13ent 
4 

Bent 
5 

Bent 
6 

Abut. 
7 

Trans. 

Long. 

Trans. 

Long. 

Trans. 

Long. 

Trans. 

Long. 

Trans. 

Long. 

Trans. 

Long. 

Trans. 

Long. 

.0665 

.1014 

.0763 

.1146 

.1293 

.1307 

.1623 

.0109 

.1503 

.0116 

.1032 

.0258 

.0403 

.0597 

.0373 

.0555 

.1012 

.0236 

.1711 

.0088 

.1903 

.0068 

.1730 

.0039 

.1134 

.0201 

.0408 

.0603 

MAXIMUM tiRIDGE DECK DISPLACEMENTS IN FEET 
DUE TO TRANSVERSE SHOCK 

Table 6.2.9 

PILOT WOHKSHOP 6- 22 

.0284 

.0435 

.0637 

.0242 

.1100 

.0243 

.1390 

.0224 

.1090 

.0217 

.0747 

.0238 

.0296 

.0453 
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therefore, yield low displacements. For longitudinal 
displacement the response spectrum RMS values vary 
drastically from the linear time history results. This is 
also due to the small period differences and the degree of 
coupling between the longitudinal and transverse directions 
in this bridge. 

The nonlinear deck displacements in the transverse 
direction are 27 percent to 37 percent less than the linear 
time history displacements. This reduction in displacement 
is caused by the reduction in res~onse due to energy 
dissipation in the columns. The displacements that occur 
during the first excursion into the nonlinear range at 4.40 
seconds exceed the values reported by the linear analysis 
at the same time. This is due to the increased initial 
deformation caused by yielding. With succeeding reversals 
in tne direction of the ground acceleration, however, 
ener~y dissipation and reduction in the elastic restorin~ 
forces occurs in tne column, thus reducing the maximum 
res~onse of the structure. 

It will be noted tnat there is a small but significant 
increase in the longitudinal displacements at Bents 3, 4 
and 5. This occurs because these ·three bents have 
si~nificant deadload moments due to unbalanced span lengths 
and the presence of a hinge. During initial yielding of 
tr1ese bents, rotational deformations occur which tend to 
relieve the longitudinal deadload moments. This would 
occur even for relatively small earthquake longitudinal 
moment components. Once this yielding has occurred, 
subsequent column yielding will be entirely due to 
earthquake forces. Thus the rotational deformations 
percipitated by high longitudinal deadload moments cause 
permanent nonlinear deformations in the structure resulting 
in a biased seismic response in the longitudinal direction. 
This results in tne increased longitudinal displacements. 

Longitudinal Excitation - The maximum deck displacements 
due to a longitudinal shock (Cases 2, 4 and 6), are shown 
in Table 6.2.10. The longitudinal displacement values for 
the response spectrum are also consistently less than those 
for tne linear time history. The difference is less to the 
left of the hinge where mode 2 dominates the longitudinal 
motion. For transverse displacements tl1e response spectrum 
analysis does not at all agree witl1 the linear time 
history. This is due to the close fundamental periods and 
out of ~hase transverse participation between the second 
and third modes of vibration. 

The nonlinear displacements in the longitudinal direction 
are also less tt1an the displacements resulting from a 
linear time history analysis. The nonlinear displacements 
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Location 

Abut 
1 

Bent 
2 

sent 
3 

Bent 
4 

Bent 
5 

Bent 
6 

Abut. 
7 

SEISMIC DESIGN OF HIGHWAY BRIDGES STUDENT TEXT 

Global 
Direction 

Trans. 

Long. 

Trans. 

Long. 

Trans. 

Long. 

Trans. 

Long. 

Trans. 

Long. 

Trans. 

Long. 

Trans. 

Long. 

2 
(R.S.) 

.0702 

.1067 

.0770 

.1074 

.0880 

.1132 

.0895 

.0686 

.0846 

.0676 

.0632 

.0637 

.0417 

.0632 

Case No. 

4 
(L.T.H.) 

.0731 

.1119 

.0551 

.1273 

.0274 

.1390 

.0218 

.0960 

. 0425 

• 0960 

.0393 

.0919 

.0554 

.0845 

MAXIMUM BRIDGE DECK DISPLACEMENTS IN FEET 
DUE TO LONGITUDINAL EXCITATION 

Table 6.2.10 

6 
(N.T.H.) 

.0609 

. 09 34 

• O 367 

.1066 

.0156 

.1165 

.0115 

.0870 

.0270 

.0870 

.0347 

. 08 20 

.0481 

• 07 37 

on the left side of the hinge at Bents 2 and 3 are reduced 
more than those on the right of the hinge at Bents 4 to 6. 
This is due partially to increased yielding and energy 
dissipation on the left side and partially to the 
approximately equal but opposite deadload moments which 
results in less biased movement in the bents to the left of 
the hinge. The unbalanced deadload column moments to the 
riyht of the hinge have a tendency to magnify the nonlinear 
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disµlacements at these columns because of the biased 
res~onse ~reviously mentioned. 

6.2.4.6 Maximum Hinge Movementd and Restrainer Forces 

The asswnptions inherent in the elastic analysis approach 
currently used for design limits the modelling capabilities 
at tne intermediate expansion joint hinge. The 
idealizations used are approximate in that the restrainer 
unit takes compression as well as tension and the gaps 
provided for temperature movements are ignored. The 
banging effects caused by closing of the seat gap and 
yielding of the tie bar cannot be incorporated into the 
model. The assumptions imposed by the limitations of an 
elastic analysis have been of major concern to the bridge 
designer. This concern results because of uncertainties 
about the overall res~onse of the structure and the 
localized effects on the restrainer units. Basically, the 
designer's viewpoint has been that the assumptions inherent 
in this api:Jroach will not nave a significant effect on the 
overall res~onse and will yield results for the restrainer 
unit forces that are approximate but conservative. 

The maximum hinge separations and corresponding restrainer 
forces due to both longitudinal and transverse shocks are 
recorded in Table 6.2.11. The response spectrum results 
for both hinge movement and restrainer forces are 6 to 10 
times larger than the elastic time history results for the 
transverse shock. These large differences are due to the 
out of phase response that occurs between the second and 
third modes of vibration. Contrary to this, however, the 
results for the longitudinal motion agree quite well. The 
results agree within 10 percent for both the inside and 
outside restrainer units. All three analyses of 
longitudinal motion, which generally controls restrainer 
designs, results in restrainer forces which are less than 
the 542 kip force obtained using 25 percent of the deadload 
or the adjacent superstructure section as required by the 
AASHTO code provisions. 

The nonlinear analysis yielded no restrainer bar forces 
indicating that the temperature gap of 0.1 foot in the 
restrainer was not taken up due to either the transverse or 
longitudinal motions. Time history plots of the nonlinear 
expansion joint movements at the right and left edge of 
deck for both the transverse and longitudinal motions are 
shown in Figures 6.2.8 and 6.2.9 res~ectively. The tie ~ap 
and seat gap are superimposed on the plots. The plots 
indicate that tne binge movements are not quite large 
enough to stress the restrainers. The seat gaps closed 
only a few times resulting in a small amount of· banging 
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Max. Hinge Movement Max. Retrainer Force 
(kips) 

Case 
Inside 

Unit 

(ft) 
Outside 

Unit 
Inside 
Unit 
( Rt) 

Outside 
Unit 
(Lt) 

3 

5 

2 

4 

6 

( Rt) 

.1224 

.0123 

.0432 

.1249 

.1124 

• 08 24 

( Lt) 

.1307 

.0220 

• 0481 

.1315 

.1158 

. 08 36 

149 

15 

0 

152 

137 

0 

159 

27 

0 

160 

141 

0 

1VJ.AXI1'1UM HINGE SEPARATIONS AND RESTRAINER F'ORCES 

Table 6.2.11 

action at the hinge. The plots of expansion joint movement 
due to transverse excitation indicates the tendency of the 
hinge to open due to the nonlinear behavior occurring in 
the bridge. The biased movement would be more pronounced 
with additional column yielding or sliding of the ex~ansion 
joint bearing. Considering the number of excursions of the 
columns into the nonlinear range and the probable 
degredation in column stiffness, forces in the restrainer 
would probably occur in a real case. 
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6.3 EVALUATION OF FOUNDATION BEHAVIOH 

6.3.l INTRODUCTION 

This section is included to ~resent the bridge designer with a 
procedure for calculating spring coefficient and damping for 
pile groups and spread footings (6.6 thru 6.10]. The 
techniques presented herein are considered by the authors to 
be the most suitable for bridge foundation and consistent with 
the degree of complexity, economy, definition and state of 
knowledge of associated variables in the overall seismic 
analysis. 

Bridges, like otner structures, derive their support from a 
foundation tnrough which any earthquake motion is transmitted. 
Generally, a bridge is supported on relatively flexible column 
or bent as compared to the foundation and may be assumed to be 
supported on a rigid foundation. Then a seismic motion used 
as an input forcing function is applied to the fixed base of 
the structure as a rigid body input motion with all the 
supports experiencing the same motion. This method of 
analysis is generally referred to as a noninteractive system. 
However, completely at the other end of the spectrum in 
foundation modeling is the fully interactive system which also 
includes the effect of the structure response on the 
foundation. 

This fully interactive system must be modelled as a continuous 
system employing a network of finite elements to characterize 
the complete soil-structure system. The input forcing 
functions are input at the element boundaries as bedrock 
motion. Tnis system accounts for the feedback of the 
structure response to the soil medium as well as the compli
ance of the foundation. Although not fully understood from a 
practical point of view, the effects of non-rigid support 
motion produced by traveling seismic waves may be included in 
such an idealization. 

A methodology, between these two extremes, which satisfies 
compatability and equilibriwn at the structure interface and 
accounts for the foundation compliance is called the half 
space method. This method is presented for spread footings 
and also, in an extended form, to include pile foundations. 
Using this metnod, the foundation effects can be determined 
independently, without considering the support motions. The 
resulting system now including the flexibility of the founda
tion can be analyzed using the conventional dynamic analysis 
techniques. The natural frequencies, mode shapes and response 
of the foundation will be reflected in the overall structural 
system. 
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6.3.2 STIFFNESS COEFFICIENTS FOR INDIVIDUAL PILES 

Initially, tne horizontal and vertical stiffness of the 
individual piles will be determined. ~atter piles are not 
considered in this presentation. The following assumptions 
are made with respect to the individual 2ile behavior: 

1) There is no variation in the pile properties along the 
length of the pile. 

2) The axial soil load transfer can be represented by a 
simple function. 

3) The piles can be expressed as linear springs being 
equal in tension and compression. 

4) The load transfer to the soil can be expressed as a 
linear-elastic relationship. 

6.3.2.l Vertical Stiffness 

The vertical stiffness of an individual pile is a function 
of the transfer mechanism by which the load is transferred 
to the soil. This pile-soil interaction is a complex 
phenomenon and ap~roximated for analysis purposes in one of 
the three ways as represented in Figure 6.3.1. These 
include point bearing, constant skin friction and linear 
skin friction. 

Case A The vertical stiffness of a point bearing pile as 
shown in Figure 6.3.la is 9iven by: 

kv AE.. (6.3.1) -
L 

where 

A = Cross sectional area of the pile 

£ = Young's modulus of the 

L = Pile length 

Case 8 The vertical stiffness of 
skin friction along the pile 
6.3.lb is given by: 

2A£ 
L 

pile 

pile having a constant 
as illustrated in Figure 

(6.3.2) 
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1 t Stress Stress Stress 
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1 t 
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(a) (b) (c) 

Bearing Skin Friction Skin Friction 
Constant Linear 

PILE TO SOIL LOAD TRANSFER 

Fi9ure 6. 3. l 

Case C The vertical stiffness of a pile with a linearly 
varying skin friction along the pile as shown in Figure 
6.3.lc is given by the following expression: 

3AE 
L 

(6.3.3) 

The expression for an end bearing pile is given by Equation 
6.3.l. The constant skin friction case expressed mathe
matically by Equation 6.3.2 is recommended for soft to 
medium stiff cohesive soils. For these soils, the modulus 
increases with depth. Case C is used to represent the 
situation of a relatively stiff soil as compared to the 
pile, this is represented by Case C having the linearly 
varying skin friction. This is expressed mathematically by 
Eyuation 6.3.3. 

Occasionally a pile may transfer tne load to the soil for 
only a ~ortion of its length as shown in Figure 6.3.2. 
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..J 1 t 
1 t _J 

LL. 1 t / 
I , ~I 

~ 

I 

p 
A 

A 

Pile Stress 

Linearly Varying 
Skin Friction 

Skin 
Friction 

PARTIAL TRANSFER OF LOAD TO SOIL 

Fi~ure 6.3.2 

Thus only a fraction of the pile is effective in the load 
transfer mechanism. The expression for the constant and 
linearly varying skin frictions are expressed in Equations 
6.3.4 and 6.3.5 reti~ectively. 

where 

AE 
(l~f)L 
AE 
(I+;) L 

(6.3.4) 

(6.3.5) 

F = the fraction of the pile embedded in the soil 

Note that in these formulations the piles are assumed to 
behave the same in tension and compression. This is 
generally a valid assumption as long as the piles remain in 
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compression due to deadload, however, the designer should 
keep in mi1,d that a J?i le subject to uplift rnay have a 
slightly different behavior. 

6.3.2.2 Lateral Stiffness 

The basic technique used in the development of the lateral 
stiffness of a J?ile is based on a beam on an elastic 
foundation. The response quantity needed to formulate a 
stiffness coefficient is the lateral deflection at tne top 
of the ~ile. The lateral deflection is based on the SJ?ring 
rate along the length of the pile as disccussed for the two 
cases below: 

Case A This case is based on the pile acting as a long beam 
on an elastic foundation with the foundation spring rate, 
k5 , constant along tl:le length of the pile. This case 
represents t11e stiff to ha rd clays. 

The lateral stiffness coefficient is given by the following 
expression: 

where 

8 

k~ =-

.I .7S ).2.S" 
1.41,- k!I (EI 

B 
(6.3.6) 

= ~~ = Sub'jrade modulus for a long slender pile 

= Coefficient of vertical subgrade reaction for a 
one foot square plate {pcf) which may be 
empirically determined from Curve 1 in Figure 
6.3.3 based on unconfined compressive strength 
of clay. 

= Deflection coefficient, 

= 1.0 (fixed head pile) 

= 2.0 (free head pile) 

E = Young's modulus of the ~ile 

I = Moment of inertia of the pile 

Case B This case is based on the assuillption that the pile 
acts as a cearn on an elastic foundation with the foundation 
spring rate being a function of the distance below the sur
face. The ex~ression for this ca::;e is derived frorn the 
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curves by Reese and 1"1.atlock (6.9, 6.11, 6.12] for the 
condition of the pile length greater than 5 times the 
diameter, but for practical ~urposes, may be used for a 
1-1ile length as short as ttiree times the diameter. The soil 
types that are included in Case Bare the very soft to 
mediwn stiff clays as well as the cohesionless soils. 

The lateral stiffness coefficient is yiven by the following 
expression: 

(6.3.7) 

where 

r = Constant of modulus variation witn depth Z 

As= Deflection coefficient 

= 0.93 for a fixed head (for L>ST) 

= 2.4 for a free head (for L>5T) 

Figure 6.3.3, which was determined empirically, may be used 
to estimate the constant of modulus variation. Curve 2 is 
used for very soft to medium stiff clay and Curve 3 is used 
for cohesionless soils. The constant of modulus variation 
with depth is also given by: 

(6 .3.8) 

where 

k~ = coefficient of horizontal subgrade reaction 

The deflection coefficient A~ 
lengtn and the coefficient 
following expressions: 

is a function 
T which is 

of the 
given by 

pile 
the 

(6.3.9) 

PILOT WOHKSHOP 6- 35 



ECC SEISMIC DESIGN OF HIGHWAY BRIDGES STUDENT TEXT 

6.3.3 STIFFNESS COEFFICIENTS FOR FOOTING FOUNDATIONS 

The traditional assumption of a rigid foundation resting on an 
elastic, homogeneous, isotropic, and semi-infinite body is 
used. With this assumption, the theory of elasticity provides 
solutions for tne res~onse of the foundations due to vertical, 
horizontal, rocking, or torsional mode of simple harmonic 
excitation. The stiffness coefficient of the foundation is 
then represented by the linear spring constant between the 
applied load or moment and the resulting linear or angular 
displacement of tne supporting soil. The factors affecting 
this spring constant are the shear modulus of elasticity, G, 
the Poisson's ratio, , the size and shape of tne foundation, 
and tne direction of rotation. 

6.3.3.l Vertical Vibration 

The spring ~onstant of a circular footing due to vertical 
illode of vibration is given by: 

(6.3.20) 

where 

Y-0 = the radius of the circular footing. 

If the footing is rectangular in shape, 
constant is computed by: 

then the spring 

where 

A = the area of the rectangular footing 

~c = shape factor 

(6.3.21) 

where the st1ape factor depends on the length to width ratio 
(L/W) as follows: 
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L/W 1.00 1.50 2.00 3.00 5.00 10.00 

(3e 2.12 2.14 2.18 2.26 2.44 2.s2 

Table 6.3.l 

The equation for circular footing may be applied to 
foundations of arbitrary shape, including rectangular, 
provided that an equivalent radius is computed by, 

(6.3.22) 

in which A is the area of the actual footing. The spring 
constant,k-c, is computed by Eq. (6.3.20) by substituting 

re for f 0 The error involved in this approximation 
will be less than 10 percent with the length to width ratio 
of not more tnan 5. 

6.3.3.2 Horizontal Vibration 

It is assumed that the footing is resting on the surface of 
elastic half space witnout embedment. Then the stiffness 
coefficient of the circular rigid footing against 
horizontal sliding is given by: 

k :. 
X 

32( 1-v-) Gro 
7-Bv-

(6.3.23) 

For the rectangular footing, the value of kx is computed 
by, 

where 

(6.3.24) 

sha~e factor whose value is a~proximately 
for the length to width ratio of 5 or less. 

2.0 

For a foundation of arbitrary shape, Equation 6.3.22 may be 
used to compute the equivalent radius for the substitution 
of the radius value in Equation 6.3.23. 
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6.3.3.3 Rocking Vibration 

The spring constant of circular footing 
vibration is given by: 

= 

for rockiny 

(6.3.25) 

where the value of klJI is also the product of the 
coefficient of non-unifot'm compressibility of supporting 
soil due to the external rocking moment and the moment of 
inertia of the foundation area witn respect to the axis of 
rotation. 

For rectangular foundation with sides 2c x 2d where the 
axis of rotation is in the direction parallel to 2c, the 
s~ring constant, kf , is evaluated using the expression, 

where 

d/c 
F=>f 

0.20 
0.40 

kf 
z 

= '3 BGcd 
f 1-V-

the s11ape factor whose value depends 
ratio of d/c as shown in Table 6.3.2. 

0.50 1.00 
0.45 0.50 

2.00 
0.60 

4.00 
0.80 

6.00 
0.95 

SHAPE FACTOR VS. D/C RATIO 

Table 6.3.2 

8.00 
1.10 

(6.3.26) 

on the 

The expression given for a 
(6.3.25) may be ap~lied 
foundations with arbitrary 
for rectangular foundation 

circular footing in Equation 
to rectangular foundations or 

shape. The equivalent radius 'fe 
may be computed by: 

(6.3.27) 
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Therefore, it is obvious that the value of s~rin~ constant, 
kw, for rocking vibration depends on shear modulus and 

Poisson's ratio of the soil, size and shaJ:,)e of tne 
foundation, and tue moment of inertia of the foundation 
with respect to the axis of rotation. 

6.3.3.4 Torsional Vibration 

The torsional vibration considered here is the movement of 
a rigid circular footing around a vertical axis through the 
center of the contact area due to torque Te. The relation 
between this torque and the resulting angular rotation e 
is reJ:,>resented by the spring constant k 9 as: 

(6.3.28) 

For a rectangular footing with sides 2c and 2d subJected to 
torsional vibration around a vertical axis passing through 
the centroid of the foundation area, an equivalent radius 
may be comt,iuted for substitution into the above equation as 
follows: 

'e = 

4----
lbcd(c?+dJ.) 

'=,'TT 

6.3.3.5 Embedment Factor 

(6.3.29) 

The embedment of foundation provides effective increase in 
the stiffness coefficient. This effect is more pronounced 
as shown in curve A, Figure 6.3.4 in which the circular 
rigid foundation adheres to the soil along the vertical 
surface of contact as well as bearing at the base. Curve B 
represents the increase in stiffness of foundation when the 
vertical contact is considered frictionless. Figure 6.3.4 
is based on the study by Kaldjaan (1969) for vertical 
vi bra t ion o f r i g id c i r cu 1 a r f o o t i ng s : The e f f e ct o f 
embedrnent should be more significant for other modes of 
vibration. Therefore, the same ratio of increase in 
stiffness coefficient should be applied for other modes of 
vibrations including horizontal, rotational and torsional. 
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6.3.4 SOIL DAMPING 

Damping is used to represent the effect of energy dissipating 
nature of foundation vibration in a lumped mass-spring-dashpot 
system. In such a system, the damping force is defined as the 
product of a damping constant, c, and· the velocity of the 
motion. The damping ratio, D , which is also called as 
damping factor, is defined as the ratio of this dawping 
constant to the critical damping constant as follows: 

D = (6.3.30) 

in which the critical damping constant, Ce,, is computed by, 

(6.3.31) 
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k = the sl:-'ring constant of tlle 
system 

STUDENT TEXT 

soil-foundation 

m = the effective mass of the foundation 

There are two types of damping in the soil foundation system 
during vibration. One is the geometrical damping that is du~ 
to the loss of energy through propagation of elastic waves 
away from the foundation and the other called internal damping 
which is energy loss due to the inelastic, viscous, and 
hysteretic effects of soils. The methods of computing the 
damping constants for various modes of vibrations are 
described below. 

6.3.4.l Geometrical Damping 

Based on Richart, Hall, and ~oods (6.7], the geometrical 
damping ratio for rigid circular ·foundation may be 
expressed in terms of mass ratio,~, as follows: 

,"lode 
of 

Vibration 

Vertical 

Horizontal 

Rocking 

1VJ.ass 
Ratio 

e 
(3 = (14-v-)m 

il ff"o3 
D = i 

Damping 
Ratio 

D 

o.4zs-
~ 

_ (7-a-r)m : D-288 
~,. - 32.(l-v-)pr;3 f)x. ..re; 
~ = 3 (1- v-) I IJ! D o. IS 
t-''f 8f~·s 'f = (/+-fdtf )re:;-

:~::~~~:=-----------~~-~-E'~~-----------~-~~- /+~~e __ 

Tablt:! 6.3.3 
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where: 

p = 

r = 

g = 

Y-o = 

m = 

'-r = 

If the shape 
radius may 
and (6.3.29) 
Table. 

density of soil 
0 

mass = -'3 
soil density 

the gravitational acceleration 

the radius of tne ri-3id circular foundation 

effective mass of tne foundation 

Poisson's ratio of soil 

mass moment of inertia of the foundation with 
respect to the axis of rotation through the 
base 

mass moment of inertia of the foundation with 
respect to the vertical axis through the center 
of 1:3ravity 

of foundation is not circular, an equivalent 
be computed usin<:J Equations (6.3.22), (6.3.27) 
for substitution of radius y-

0 
in the above 

6.3.4.2 Internal Damping 

The internal dampin9 of soil depends on the soil type and 
the strain amplitude. Generally speaking, this damping 
effect is relatively small as compared to geometrical 
damping effect in translatory vibrations (vertical and 
horizontal), but is about the same order of magnitude in 
rotationary vibrations. The experimental data indicate 
that this internal damping ratio is approximately 0.05 
(Richard, Hall and Woods) which should be added to the 
damping ratio computed for geometrical damping to give the 
total damping ratio. 

6.3.4.3 Embedment Effect 

Embedment of foundation increases the overall damping 
effect. For circular footings with vertical vibration, the 
increase in damping ratio may be estimated for depth of 
embedment up to the radius by the followin<:J relationship 
based on Lysmer and Kuhlemeyer (1969). 
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Do = the damping ratio witnout embedment 

H = the de~th of embedment 

STUDENT TEXT 

(6.3.32) 

Although no experimental data are available at this time, 
it is reasonable to assure that the increase in damping 
ratio due to embedment for other modes of vibration is at 
least of the same order of magnitude as that of the 
vertical vibration. 

6.3.5 ELASTIC SOIL CONSTANTS 

The elastic soil constants that are used in the dynamic 
analysis of foundations are the shear modulus, G, and the 
Poisson's ratio, V- These constants are determined 
indirectly from geophysical measurements of wave velocities. 
The non-hornoyeneous, anisotropic nature of earth makes these 
determinations very difficult. The geophysical measurement 
techniques generally used include seismic refraction survey, 
downnole or uphole survey, cross-hole survey and the surface 
wave method. These methods result in determination of the 
compression wave velocity, snear wave velocity, and Rayleigh 
wave velocity. The elastic constants are then computed from 
these wave velocities. 

6.3.5.l Poisson's Ratio 

The Poisson's ratio may be computed from, 

'v -

where 

o.sR 2
- I 

R4 - I 
(6.3.33) 

R = the ratio of compressive wave velocity to shear 
wave velocity. 

The theoretical range of the Poisson's ratio is from O to 
1/2 witt1 the value for in-place soil generally varying from 
0.25 to 0.45. For saturated, soft soil, the Poisson's 
ratio may become very close to 1/2. Generally, the 
Poisson's ratio varies from 0.25 to 0.35 for colie3ionless 
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soils and from about 0.35 to 0.45 for cohesive soils. It 
has been found that for design purposes, little error is 
introduced if Poisson's ratio is assu1ned as 0.33 for 
cohesionless soils and 0.4 for cohesive soils. 

6.3.5.2 Shear Modulus, G 

The shear modulus, G, is computed by, 

where 

p = mass density of soil 

VS= shear wave velocity 

(6.3.34) 

when the surface wave method is used in a geophysical 
survey, the Rayleigh wave velocity is determined. Since 
the shear wave velocity is only slightly greater than the 
Rayleigh wave velocity, this measured Rayleigh wave 
velocity is used in the above equation to compute the value 
of G. 

6.3.5.3 Effects of Strain Amplitude 

The strain amplitude is the most important factor affecting 
the elastic soil constants. Increase in strain level will 
result in tne decrease of wave velocity and therefore, the 
shear modulus. If the elastic constants are determined 
based on the geophysical survey data, these values should 
be considered as valid only at small strain amplitude of 
about .0001 percent which is the level of strain amplitude 
generated in seismic survey techniques. Therefore, these 
constants should be corrected to reflect the actual strain 
amplitude experienced by soil during the earthquake 
vibrations. The relationship between shear modulus and 
strain amplitude for cohesionless soils and saturated clays 
are suggested by Seed and Idriss [6.13] as shown in Figure 
6.3.5 and Figure 6.3.6. In Figure 6.3.5, the shear modulus 
of sands for different relative densities are shown in 
terms of effective average stress and strain amplitudes in 
percent. Therefore, this figure may also be used to 
compute the shear modulus based on relative density of 
sands which are commonly correlated to Standard Penetration 
Test data as shown in Figure 6.3.7 [6.14]. For saturated 
clays or cohesive soils, Figure 6.3.6 shows the 
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relationsnip of shear modulus versus strain aillplitude as 
a function of the undrained shear strength of the soil. 
The undrained shear strength of saturated cohesive soils 
may be obtain~d using laboratory unconfined compression 
tests on undisturbed soil sampla, from in-situ shear tests, 
or based on Standard Penetration Test data. 
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Appendix A.l 

STRUDL/DYNAL SEISMIC ANALYSIS 

ICES STRUDL, (STRUctural Design Language), is a large general purpose 
structural analysis and-design-computer system. The code is designed 
to allow the user to define his problem in terms that are familiar to 
the structural engineer. This means that the user need not be familiar 
with computer programing. It is important, however, that the user 
understand the command structure and the way the computer will 
interpret the commands to solve a typical problem. On the following 
pages is some information that will aid the user in solving a seismic 
analysis problem. 

A STRUDL/DYNAL Dynamic Analysis Flowchart is included which describes a 
sequence of necessary and optional solution steps that can be taken to 
use STRUDL for a dynamic analysis. A suggested outline of STRUDL 
commands for a response spectrum dynamic analysis is also included 
which is referenced to the McAuto STRUDL manual. 

Several example problems illustrating the use of STRUDL for dynamic 
analysis are included in Appendix A.2 to A.7. 
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SUGGESTED OUTLINE OF STRUDL COMMANDS 

FOR RESPONSE SPECTRUM DYNAMIC ANALYSIS 

COMMAND 

STRUDL "name" 

* ACTIVE JOINTS •• , •• , .• 

UNITS 

JOINT COORDINATES 

* MESH COORDINATES 

TYPE SPACE FRAME 

MEMBER INCIDENCES 

* MESH INCIDENCES 

* TYPE SPACE TRUSS 

* MEMBER INCIDENCES 

* MESH INCIDENCES 

* MEMBER ECCENTRIC IT m S 

MEMBER PROPERTIES 

CONSTANTS 

REFERENCE 

(Vol. 1, P. 112) 

(Vo 1. 1, P. 43) 

McAUTO SECTION 6.2.3.1 

(Vol. 1, P. 57) 

McAUTO SECTION 6.2.3.2 

(Vol. 1, P. 38) 

(Use for Hinge 
Restrainer Overlay) 

(Vol. 1, P. 65) 

(Vol. 1, P. 71) 

(Vol. 1, P. 79) 

A.1-4 



COMMAND 

E • •• & DENSITY . . . 
* BETA 

MEMBER RELEASES 

JOINT RELEASES 

JOINT RESTRAINTS 

INERTIA OF JOINTS LUMPED 

DAMPING PERCENTS .•• , 

SHOCK SPECTRUM LOAD 1 

SPECTRUM TRANSLATION ~ FILE ' 
FACTOR • • • 

SHOCK SPECTRUM LOAD 2 ' 

END OF DYNAMIC LOADING 

PRINT DATA 

A.1-5 

REFERENCE 

(Vol. 1, P. 27 & 79) 

(Vol. 1, P. 59) 

(Vol. 1, P. 49) 

McAUTO SECTION 6.1.2.5 

McAUTO SECTION 6.1.5.1 

McAUTO SECTION 11.2.1 

McAUTO SECTION 7.2.2 

(Vol. 1, P. 120) 



COMMAND 

ASSEMBLE FOR DYNAMICS (REDUCE BAND) 

INDEPENDENT DEGREES OF FREEDOM SELECT 

CONDENSE DYNAMIC MATRICES 

* DUMP ORTHOGANALITY 

MODAL ANALYSIS HOW 

LIST DYNAMIC NORMALIZED EIGENVECTORS 

* LIST DYNAMIC PARTICIPATION FACTORS 

SHOCK SPECTRUM ANALYSIS LOADS 1, ••• 

LIST DYNAMIC SYSTEM SHOCK SPECTRUM -
RESULTS RMS PRMS -
FORCES DISPLACEMENTS DISTORTIONS 

* LIST DYNAMIC MODAL SHOCK SPECTRUM -
RESULTS FORCE DISPLACEMENT 

PLOT DEVICE PLOTTER 

DISPLAY THREE DIMENSIONS 

ACTIVE MODES ALL BUT ••.• 

DISPLAY MODE SHAPE OVERLAY 

PLOT FINISH 

* OPTIONAL 
A.1-6 

REFERENCE 

McAUTO SECTION 8 :1 
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McAUTO APPENDIX I 
SECTION B .4 



ECC SEISMIC DESIGN OF HIGHWAY BRIDGES STUDENT TEXT 

Appendix A.2 

SAMPLE PROBLEM l 

DETERMINATION OF MODE SHAPES AND FREQUENCIES 

PROBLEM STATEMENT: Determine the mode shapes and frequencies for 
the simple cantilever structure of uniform mass that is shown in 
the figure below. Assume that the mass is lumped at the 
beginning and end of the member. The properties of the member 
shown below were selected so the elements of the matrix could 
easily be calculated by hand to compare with intermediate prints 
from the computer solution. 

XL 

YL"-. 

y + 

0 
0 
N 

_'\. 2-1 

r 
2 

XG 
-----1► 

PROPERTIES: 

A = 120 in 
I = 600 in 
I = 1440 in 
I = 1000 in 

t"!ASS DENSITY = 1 lb mass 
3 

in 
E = 3,000,000 psi 
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St,ffn~.ss And Inert io 
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Co11dens~ The> Mafrice$ 
To Include The o. 0-F. 

OF /nler~sf 

Solve For Mode. Shapc>s 
And Frec;_uc'l7CJ<;lS ~7nd 
Check Or/hogonal/fy 

Of Solufion 

Colculofe Porf}ciool/on . 
Facfor~ 
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80/80 INPUT CARD IMAGES 

STRUDL •PROB 1' 'SASIC PRINCIPLES IN DYNAMICS• 
s 
s 
s 
s 
s 
s 
s 
s 
s 

SPONSORED BY: 

*******************************·•····••** 
••• ••• 
••• SEISMIC DESIGN OF HIGHWAY BRIDGES••• 
••• • •• 
***************************************** 

S FEDERAL HIGHWAY ADMINISTRATION 
s 
S PRESENTED 8Y: 
s 
S ENGINEERING CO~PUTER CCRPERATION 
S 601 UNIVERSITY AVE. SUITE 213 
S SACRAMENTO, CALIFORNIA 
s 
S PHONE: <916) 922-9316 
s 
S INSTRUCTORS: 
s 

ROY A• IMBSEN 
RICHARD v. !'.:UTT 
JAMES GATES 

PRINCIPLE INVESTIGATOR 

THIS PR08LEM ILLUSTRATES HOw THE ~ATRICES ARf GENERATED AND 
MANIPULATED AND HOW THE EIGE~VALUES AND EIGE~VECTORS ARE 
CALCULATED FOR A SI~PLE VERTICAL CANTILEVER STRUCTURE OF 
UNIFORM MASS. 

THE SECTION ~UMBERS LISTED TO THE RIGHT OF THE COMMANDS 
ARE THE REFERENCE SECTION IN THE MCAUTO ~ANUAL. 

s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s *****************••············································· ••• SPECIFY SYSTEM OF UNITS • •• 
s •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
s 
UNITS INC~ES POU~OS LB~ s ••• SECTIO~ ~.2.1 
s 
s •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
S *** STRUCTURE DESCRIPTION ••• 
s •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
s 
TYPE SPACE FR AME 
JOINT COORDINATES 
1 SUPPORT 
2 o.o 200.0 
~EMBER INCIDENCES 
1 1 2 
MEMBER PROPERTIES PRISMATIC 
1 AX 120. IX 500. IY 1440. rz 
CONSTANTS E 3.E; ~LL 

DENSITY l ■ ALL 
INERTIA OF JOINTS LUMPED 
s 

10 0 o. 

s ••• 
s ••• 

s *** 

s ••• 
s ••• 
s ••• 

s 
$ *** GENERATIO~ CF INERTIA ~ATRIX 

A.2-3 

SECTION 6.1.1 
SECTION 6.1.2.1 

SECTICN 6.1.3,l 

SECTION 6.1.3.6.1 

SECT IOrJ 6.1.4 

SECT IO~. &.1.s.1 

••• 



s •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
s 
ASSEMBLE FOR DYNA~ICS s ••• SECTION ~.l 
s 
s 
s 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
••• LIST MATRICES • •• 

s •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
s 
LIST CYNAMIC STIFFNESS INERTIA ~ATRIX .s ••• SECTION 16.3.2 
$ 

s •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
••• CONDENSE MATRICES s 

s •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
s 
INDEPENDENT DEGREES CF FREEDO~ SELECT 
CONDENSE OYNA~IC MATRICES PUNCH 
s 

S ••• SECTION 10.1 
S ••• SECTION 10.2 

••• PERFCR~ MODAL ANALYSIS AND PRI~T ORTHOGONALITY VALUES **• 
s 
s 
s 
s 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

DUMP ORTHCGINALITY 
MODAL ANALYSIS HOW 
s 

s ••• 
s ••• 

SECTION 11.1.1 
SECTION 11.1.2 

s ··········~·-··················································· s *** LIST EIGENVECTORS AND PARTICIPATION FACTORS ••• 
s 
s 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

LIST CYNAMIC 
LIST DYNA~IC 
FINISH 

NO~MALiiED ~COES BY JOINT 
PA~T!CIPATIC~ FACTORS 
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s *** 
s ••• 

SECTION llol.4 
SECTIC~ 11.1.5 
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STRUOL 1 PROB 1 1 1 BASIC PRINCIPLES IN DYNAKICS 1 
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s 
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$ 

••••••••••••••••••••••••••••••••••••••••••••••••••• 
• 
• 

• 
• 

MCAUTO STRUDL• 
~CAUTO STRUDL DYNAL• 
"CAUTO STRUDL PLOTS 
~CAUTO STRUOL DANOS 

RELEASE 11,0 
RELEASE 6.0 
RELEASE 3,0 
RELEASE 2,0 

• 
• 
* • 

• 
• l•~OINTLY OWNCD DY HCAUTO AND HULTISYSTCHS,INC> • 
• 
• 
• 

TINE 11023,161 10/11/78 

DATA POOL SIZE J06~0 BYTES • 
• 

••••••••••••••••••••••••••••••••••••••••••••••••••• 

..............•........•.....•.........•• 
••• • •• 
••• SEISMIC OCSIGN OF HIGHWAY BRIDGES••• ... • •• 
.....................•.•..•..•.........•• 

S SPONSORED BY: 

' 
$ 

s 

FCDCRAL HIGHWAY AOKJNJSTRATJON 

S PRESENTED Bl: 
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' 
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ENGINEERING COMPUTER CORPERATION 

601 UNIVERSITY AVE, SUITE 213 
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SACRAMENTO, CALIFORNIA 

PHONE: 1916) 922-9316 

INSTRUCTORS: 

IIOY A. IltBSEN 

RICHARD Vo ~UTT 

JAMES GATES 

THIS PROBLEM ILLUSTRATES HOM TH[ MATRICES ARE GENERATED AND 

MANIPULATED A~D HOW THE EIGENVALUES ANO EIGENVECTORS ARE 

CALCULATED FOR A SIMPLE VERTICAL CANTILEVER STRUCTURE OF 

UNIFOIIH HASS. 

THE SECTION NUMBERS LISTED TO THE RIGHT Of THE COHHANDS 

AH[ THE REFERENCE SECTION IN THE HCAUTO MANUAL. 

·············································~-················· 
*** SPECIFY SYSTEH OF UNITS *** 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

UNITS INCHES POUNDS L6H S *** SECTION ~.2.1 

P~GE -



w 
w 
<D 
I 

ro 
<D 
0 

0 

ro 
µ 

µ 

"' 

:i:> . 
tv 
I 

--.1 

s 

s •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
s ••• STRUCTURE DESCRIPTION ••• 
s •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
s 

TYPE SPACE FkA"E 

JO]Nl COORDINATES 

SUPPORT 

2 0,0 200,0 

HE"B[R INCIDENCES 

1 l" 2 

s ••• SECTION 6.1.1 

I••• SECTION 6,1,2,1 

I••• SECTION &.l.Jel 

H[HBER PROPERTIES PRISHATIC S ••• SECTION 6ololo6ol 

1 AX 120, IX &OO. IY 1,,0. IZ 1poo. 

CONSTANTS E 3,E6 ALL 

DENSITY 1, ALL 

INERTIA Of JOINTS LUHPED 

s 

$ ••• SECTlON &.1., 

S ••• SECTION 6,lo5ol 

s •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

s ••• GENERATION OF INERTIA HATRIX ••• 
s •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

s 

ASSEHeLE FOR DYNA"ICS S ••• SECTION 8,1 

•••• STRUDL MESSAGE - BANDWIDTH STATISTICS ARE AS FOLLOWS 

THE "ANl"U" BANDWIDTH IS D 
THE AVERAGE BANDWIDTH IS 0,0 
THE STANDARD DEVIATION IS 0,0 

PAGE -
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ASSEIIBLE "FOR DYNAMICS 

t5 
12 

✓-,-,---
,{ 3 4 

6 

' 

XT - 1 
YT - 2 
ZT - 3 
XR - 4 
YR~ 5 
ZT - 6 
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0.. . .. . 
II) . • "' ... a:: . . ... 
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I.\:) 

I 
(.0 

(MISSING EL[MENTS ALL ZERO) 

0,3108'1'9190•02 

PAGE - 6 

••••• SYSTEM INERTIA MATRIX C OUTPUT IN INlERNAL UNITS> ***** 
ORDER: 6 

2 0,3108'191':10+02 3 0, 3108'19190+02 

System Hass (Inertia) Matrix 

XT YT ZT XR YR ZR 
rmAL 0 0 I 0 0 0 r I 

I 

+ + + + + 
I 

0 mAL 0 
I 

0 0 0 I 
~ I 

I 
+ + + + + 

I 
I 

0 0 0 0 mAL I 0 

I ~ I 

[uJ I - ---- + ----- + ---- + ----- + ----- + 
I 

0 0 0 I 0 0 0 I 
I 
I 

+ + + + + 
I 
I 

0 0 0 I 0 0 0 I 
I 

+ + t + + 

0 
I 

0 0 I 0 0 0 



:i> . 
t'v 
I ..... 

0 

CHISSING ELEHENTS ALL ZERO> 

ROIi 
1 1 o ... sooooooo+o,. 

ROIi 
2 2 o.1eooooooo+o1 

ROIi 
3 J 0,6 .. 8000000+01f 

ROIi .. 3 -0.6't6000000+06 ,. 
ROIi 

5 5 0,360000000+07 
ROW 

6 l o ... s0000000+06 6 

••••• SYSTEH STIFFNESS HATRIX C OUTPUT IN INTERNAL UNITS > ••••• 

ORDER: 6 

o.e61toooooo+oe 

0,60000000D+OB 

XT 

12E1z 

~ 

0 

+ 

+ 

YT 

0 

AE 
L 

+ 

+ 

ZT 

o I 

0 

I 
+ 
I 
I 
I 
I 
+ 
1 

XR YR ZR 

0 0 6Elz 
7:! 

+ + 
0 0 0 

+ + 

[IC] • 
I 

0 0 1~~7 I -r:Iy O 0 

---- +------ +----- +------ +------ +----
0 

0 

6Elz 
7T 

+ 

+ 

0 

0 

0 

1 
-6Ely I ~ 
--i;r I L 

+ t 
0 

+ 
0 

I 
I 
I 
+ 
I 
I 

0 

0 

+ 

+ 

0 

Glx 
-,:;-

0 

+ 

+ 

0 

0 

4Elz 
L 
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1, ... CONDENSE HA1Rl(ES ••• 

i ···-···························································· 

s. 

1NDEP(~0£NT DEGACES Of FREEDOK SEL[Cl S ••• SECTION 10,l 

CONDE~SE DYNAMIC HATRJCES PUNCH $ ••• SECTION 10,2 

CONDENSATION CORRESPONDENCE TABLE 
INDEPENDENT COORDINATES 

JOINT IO XT YT ZT XR YR ZR JOINT ID 

2 l 2 l 

CONDENSAllON CORRESPONDENCE TABLE 
OEPE~DENT COORDINATES 

JOINT ID XT n ZT XR YR 2'R JulNT JO 

2 1 2 3 

•••• STRUDL MESSAGE - THE ICES SYSTEH WILL TEMPORARILY BE ROLLED OUT 
WHILE CONOENSATJON IS PERFORMED, 

ROLL-OUl Of TH[ ICES SYSTEM COHPLETEO I CUNDENSAllON lNITIATEO 

)IT YT ZT 

n YT ZT 

[:'.'._+:'.'.] {~;} + [:'.'. __ j--:'.'.-j {:~} .. {:} 
Mdt I Mctd vd Kct1 I Kdd vd 0 

[:'.'. __ f ___ :_] [~'.} + [:'.'. __ ! __ :'.'.] [:~}- [:} 
o I o vd Kdi : Kdd vd o 

XR YR ZR 

llR Yll Zl 



CONDENSE DYNAMICS MATRICES 

[Mii] jvi! + [Kii] jv1! + [Kid] jvd/ = 0 

[Kdi] jvi! + [ ~d] jvd! = o 

Solving for lvd! yields 

Substituting for Vd yields 

[Mu] lVi! + [Ka] jvi! - [Kid] [Kdd]-1 [Kdi] lvi/ = a 

[Mu] jvi/ + < [Ku] - [Kid] [ Kdd] -1 [Kd1] l )vi! = o 
' 

or [Mu]{vi} + [K11] {vi} = o 

Where [K11] is the condensed stiffness matrix 

A.2-12 



Solving for [K1d] [Kdd] -1 [ Kcti] 

0 0 6~7 L 0 0 0 0 -6~1 
4Eiy 

0 0 0 0 L 0 0 0 0 
Gix 

-6~? 0 0 0 0 L 6~I2z 0 0 
4Eiz 

Yields after matrix multiplication: 

9~fz 0 0 

[Kid] [Kdd] -l [Kct1] = 0 0 0 

0 0 9~}z 

Substituting 

Yields 

12Eiz - g~~z 0 0 
E3 

[Kii] = 0 AE 0 
L 

0 0 12Eiy - 9Eiy 
L3 Ll 

~~Iz 0 0 

[K11] = 0 AE 0 
L 

0 0 3~~y 

A.2-13 



.. 
mAL 0 0 vx 3~~z 0 0 vx 0 
2 .. 
0 mAL 0 Vy + 0 AE 0 Vy = 0 

2 L 
.. 

0 0 mAL vz 0 0 3~?7 vz 0 
2 

'. . . 
mAL Vx + 3Eiz Vx = O· or Vx + 6EI z Vx = 0 

' 2 L3 mAL'+ 
.. . . 

mAL Vy + AE Vy = O· or Vy + 2E Vy = 0 
' 2 L mL 2 

.. . . 
mAL Vz + 3Eiy Vz = O· or Vz + 6Eiy Vz = 0 

' 2 L3 mALi+ 

A.2-14 



Now in the same form as Equation 

.. 
V + w 2V = 0 

w 2 = 6EIZ = 36.19 
X 

mAL 4 

w 2 = 2E = 57906 y 
mL 2 

5= 52.12 

mAL 4 

w2 (eigenvalue - rad 2 /sec~) 
f (frequency - rad/sec) 
T (period - sections) 
Mode 

y 

t y..,__.,. 

y 

l 
y 

2.3.3 

X 

36.19 
6.02 
1.04 

1 

~.----•x 

Mode 
Eigenvector 

1 
1 

/2 

A.2-15 

2 
2 

y 

57906 
241 

.026 
3 

y 

t 

3 
3 

y 

z 
52.12 

7.22 
.87 

2 
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STRUDL 

*************************************************** 
* * 
* 
* 
* 
* 
* 

MCAUTO STRUDL* 
MCAUTO STRUDL DYNAL* 
MCAUTO STRUDL PLOTS 
MCAUTO STRUDL DANOS 

RELEASE 4.0 
RELEASE 6.0 
RELEASE 3.0 
RELEASE 2.0 

* 
* 
* 
* 
* * (1tJOINTLY OWNED BY MCAUTO AND HULTISYSTEMS,INC> * 

* 
* 
* 

TIME 18.48.21, 11/27/78 
* 
* 
* * DATA POOL SIZE 30640 BYTES * 

* * 
*************************************************** 

ROLL-IN OF THE ICES SYSTEM COMPLETED CONDENSATION ACCOMPLISHED 

$ 

$ **************************************************************** 

$ *** PERFORM MODAL ANALYSIS AND PRINT ORTHOGONALITY VALUES *** 

$ **************************************************************** 

$ 

DUMP ORTHOGINALITY 

MODAL ANALYSIS HOW 

$***SECTION 11,1.l 

$***SECTION 11.1.2 

**** STRUDL MESSAGE - ALL EIGENVALUES ARE COMPUTED. 
EIGENVECTORS COMPUTED FOR FIRST 3 EIGENVALUES 

PAGE - 2 
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**************************** 
*RESULTS OF LATEST ANAlYSIS* 
**************************** 

PROBLEM - PROB l TITLE - BASIC PRINCIPLES IN DYNAMICS 

ACTIVE UNITS INCH LB RAD FAHR SEC LBM 

EIGENVALUES 

/--MODE--/--EIGENVALUE--1------FREQUENCY------/--------PERIOD--------/ 

l 
z 
3 

0.36191ZD+OZ 
O.SZ1153D+OZ 
0.579059D+OS 

0.601591D+Ol 
0. 721909D+Ol 
0.240636D+03 

0.1044430+01 
0.870357D+OO 
0. 2611070-01 



DUMP ORTHOGONALITY 

(Modes Have Been Normalized to Unit Generalized Mass) 

SUM= (MODE (I)) TRANS* INERTIA* MODE (J) 

[M]* = [0] T [M] [0] = [r] 

Consider the first mode for the cantilever beam 

Mi*= [0]1T [11][0]1 = 1 

Ml*= 012 Ml+ 022 M2 + 032M3 = 1 

Since 02 = 03 = 0 for the first mode in this case 

01 -✓3loa 
.17931 

= 0 

0 

i 

= 

or 01 =-ff 
.17931 

First mode eigenvector normalized w.r.t. unit mass. 

SUM= (MODE (I)) TRANS* INTERTIA * MODE (J) 

SUM = [0] IT [MJ [0]J = 0 

A.2-18 



:i::,, . 
tv 
I 

f--1, 
CD 

I J SUM 

l 2 l.263D-40 

• 

********** ORTHOGONALITY CHECK********** 

t10DES HAVE BEEN NORMALIZED TO UNIT GENERALIZED MASS 

SUM=(MODE(I))TRANS•INERTIA*MODEIJJ) 

I J SUM I J SUM 

2 3 2.367D-30 

• **************************************************************** 

• *** LIST EIGENVECTORS AND PARTICIPATION FACTORS *** 

• **************************************************************** 

$ 

LIST DYNAMIC NORMALIZED MODES BY JOINT $***SECTION 11.1.4 

PAGE - 5 

I J SUM 
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l.'v 
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l.'v 
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***••······················· •RESULTS OF LATEST ANALYSIS* 
•••••••••••••••••••••••••••• 

PROBLEM - PROB 1 TITLE - BASIC PRINCIPLES IN DYNAMICS 

ACTIVE UNITS INCH LB RAD FAHR SEC LBM 

NORMALIZED EIGENVECTORS 

MODE 1 MAXIMUM VALUE IS l,793598E-0l AT JOINT 2 

PAGE - 6 

IN DIRECTION DISP X 

JOINT /-----------------DISPLACEMENT-----------------//-------------------ROTATION-------------------1 

1 
2 

MODE 

JOINT 

l 
2 

JOINT 

1 
2 

MODE 

GLOBAL 
GLOBAL 

2 

GLOBAL 
GLOBAL 

3 

GLOBAL 
GLOBAL 

X DISP. Y DISP. Z DISP. X ROT. Y ROT. Z ROT. 

o.o 
l. 0000000 

o.o 
-0.0000000 

o.o 
0.0000000 

MAXIMUM VALUE IS 1.793598E-Ol AT JOINT 2 

0.0 
0.0000000 

IN DIRECTION DISP Z 

0.0 
o.o 

0.0 
-0.0075000 

/-----------------DISPLACEMENT-----------------/1-------------------ROTATION-------------------/ 
X DISP. Y DISP. Z DISP. X ROT. Y ROT. Z ROT. 

0.0 
-0.0000000 

o.o 
-0.0000000 

0.0 
1.0000000 

MAXIMUM VALUE IS l.793598E-01 AT JOINT 2 

o.o 
0.0075000 

IN DIRECTION DISP Y 

0.0 
0.0 

o.o 
0.0000000 

/-----------------DISPLACEMENT-----------------/1-------------------ROTATION-------------------/ 
X DISP. Y DISP. Z DISP. X ROT. Y ROT. Z ROT. 

o.o 
0.0000000 

0.0 
1.0000000 

o.o 
0.0000000 

o.o 
0.0000000 

0.0 
o.o 

o.o 
-0.0000000 

LIST DYNAMIC PARTICIPATION FACTORS $•••SECTION 11.1.5 
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**************************** 
*RESULTS OF LATEST ANALYSIS* 
**************************** 

PROBLEM - PROB l TITLE - BASIC PRINCIPLES IN DYNAMICS 
PARTICPATIOH FACTORS -(OUTPUT IN INTERNAL UNITS) 

PAGE - 7 

MODE /-----------------DISPLACEMEHT-----------------//-------------------ROTATIOH-------------------/ 

l 
2 
3 

FINISH 

X DISP. Y DISP. Z DISP. X ROT. Y ROT. Z ROT. 

5.5753851 
-0.0000000 

0.0000000 

-0.0000000 
-0.0000000 
5.5753851 

T 
[PF] = [0] [ M] 

0.0000000 
5.5753851 
0.0000000 

0.0 
o.o 
o.o 

o.o 
o.o 
o.o 

Consider the·participation factor for the first mode 

[PF J =~1 02 03] 

Since 02 = 03 = 0 

PFl = .17931 x 31.085 

Ml 

0 

0 

0 

M2 

0 

0 

0 

M3 

0.0 
o.o 
o.o 





ECC SEISMIC DESIGN OF HIGHWAY BRIDGES STUDENT TEXT 

Appendix A.3 

SA1VJ.PLE PROBLEM 2 

DETERMINATION OF THE EFFECTS OF STRUCTURAL DAMPING 

PROBLEM STATEMENT: Determine the free vibration characteristics 
and the effect of various levels of structural damping on the 
displacement res~onse of a simple single story frame structure 
shown in the figure below. Assume the mass of the columns to be 
small and the bulk of the mass to be concentrated on the first 
floor. Consider the following two loading conditions: 

,r 
r
\ 
\ 
\ 

\ 
\ 
\ 

A. Initial displacement 
and release of top story. 

WF 16 x 50 

250" 

·o 
I() 

SCHEMATIC OF STRUCTURE 

t: CD 2 

® @ 

3 4 X -
STRUCTURE IDEALIZATION 

F (+) 

I 
F(+)2Q_ 
kips I 1 5 10 t- sec 

B. Suddenly applied lateral 
load at top story. 

MEMBER PROPERTIES 
UNITS: KIPS AND INCHES 

l 2 AND 3 

A 23.0 
I 1050000.0 

14.7 
657.0 

A.3-1 

339-890 0 - 81 - 17 
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PRO ~' ,., , -o, L'T·o' 1 ~.- o•-1: C'-.- ~ .... ,.. ._,_,: .v. ~ ~ , ,1.. r ,._ ~" , .,., .~ , 

llof~: T!:e lror,~i2.'7f load 
clescri,::lion m.:Jy .6e. .;,vcn 
1::d'orf!. !he m~dal arw'ysi-s 

II.I. 2 

II. S. I 

Transier. I Load 
Oescr:pf/on 

anct IS in Inc ~)(.ample. --------

11.5.2 

Tran~1~ni 
AntJ;y.sis 

_f/.5,,I~/ ' 

Sfore 'lrttnslenl 
Reswfs Desc.;:::l,or; 

ll.5.4./.8 

Comp1.1fe I Sfo,-e 
.__ ____ -; 7h7r:sient Res1..,,/·s 

11.5.4.Z 

~Oulpul Sfor~d 
·,t?7nsi~nl Ke.5t./lls 

Pt.men 

Ref1.1m 

-f:'re,91.,er.cy 
.<~Sf.lif.:; 

Refurn 

£xif . _ 

Reh.trn 

__ £xit. 

A.3-3 

n I 

I 
I 

~lode Shap~s 
r."e i:..er.ci~s 

V,, Vz V, 
v,, v2 v, 

- - tr, . -Vz v, 
.Timt H1sfor11 of' Modal 

~e:sponses 

~.'+) 1 1 . 

n I 
I 

I 

x/+)~T,m,. 

-- 7i'mi H-;sfory of' S'!Jslem 
Response 



80/80 INPUT CARD IMAGES 

STRUDL 'PROB 2 1 •PRINCIPLES OF DAMPING•· 
s 

$ ***********••···························· *** *** s 
s 
s 
·s 

*** SEISMIC DESIGN OF HIGHWAY BRIDGES*** 
*** *** 
••••••••••••••••••••••••••••••••••••••••• 

s 
s SPONSORED BY: 
s 
S FEDERAL HIGHWAY ADMINISTRATION 
s 
S PRESENTED BY: 
$ 

S ENGINEERING COMPUTER CORPERATION 
S 601 UNIVERSITY AVE. SUITE 213 
S SACRAMENTO• CALIFORNIA 
s 
$ PHONE: (916) 922-9316 
s 
s 
s 
s 
s 
s 
s 
$ 

INSTRUCTORS: 

ROY A. IfliBSEN 
RICHARD V. NUTT 
JA"'IES GATES 

PPINCIPLE INVESTIGATOR 

S THIS PROBLE~ ILLUSTRATES THE EFFECTS OF STRUCTURAL DAMPING ON 
S THE RESPONSE OF A SI~PLE STRUCTURE SUBJECTED TO THE FOLLOWING 
S LOADS: 

Ao I~ITIAL DISPLACEMENT 
Bo SUCDENLY APPLIED FORCE AT TOP OF FRAME 

s 
s 
s 
s 
s 
s 
s 
s 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
*** STRUCTURE DESCRIPTION *** 
•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

s 
UNITS KIPS INCHES 
TYPE PLANE FRAfi',E 
JOINT COORDINATES 

1 o.o 
2 250.0 
3 o.o 
4 250.0 

MEMBER INCIDENCES 
1 1 2 
2 3 1 
3 4 2 
ME~9ER PROPERTIES 

150.0 
150.C 

o.o 
o.o 

1 AX 23.0 IZ 1050000.0 
2 3 AX 14.7 12 657.0 

CONSTANTS 
E 30000. ALL 

SUPPORT 
SUPPORT 

DENSITY 0.000001 ALL BUT 6.95652 1 
INERTIA OF JOINTS LU~PED 
s 

$ ··················••*****•······································ *** TRA~SIENT LOADING DISCRIPTIO~S *** 

A.3-4 



$ .................................................................................... . 

$ 

TRANSIENT LOAD l 1 INITIAL DISPLACEMENT ANO RELEASE' 
INITIAL CONDITIONS JOINT DISPLACEMENT 
l 2 XT -0.l 
INTEGRATE FROM 0o0 TO So0 AT DELTA 0.02 
END OF DYNAMIC LOADING 
TRANSIENT LOAD 2 'SUDDENLY APPLIED LOAD• 
JO INT LOADS 

l FORCE X FILE 'SUDDEN' 2.0 0.0 2o0 l0o0 
INTEGRATE FROM 0.0 TO 5.0 AT DELTA 0o02 
END OF DYNAMIC LOAD 
s 

s ..... SEC TI ON 
s ...... SECTION 

s ••• SECTION 
s ••• SECTION 

s .... SECT ION 

s 
$ 

s 

............................................................................. 
••• PR!NT INPUT DATA .... 
............................................. ~····· .. ············ ........... . 

s 

7.4.2.l 
7.4.2.6 

7.4.2.9 
7.4.2.10 

7.4.2,2 

PRINT DYNAMIC DATA 
s 

s ..... SECTION 16olol 

s 
s 
s 

*****************************••································· ••• .... PERFORM MODAL ANALYSIS 
AND SAVE RESULTS 

.... .... 
s ........................................................................................... .. 
s 
ASSEMBLE FOR DYNAMICS 
DUMP ORTHOGINALITY 
MODAL ANALYSIS HOW 
SAVE 'FREEVIB' S •• .. SECTION 4.1.2 
s 
s •• ~ ....................................................................................... . 
$, ••• LIST EIGENVECTORS AND PARTICIPATION FACTORS ..... 
s ........................................................................................ 
s 
LIST 
LIST 
s 

OYNA~IC NORMALIZED EIGENVECTORS 
DYNAMIC PARTICIPATION FACTORS 

s ........................................................................................................................... 
s 
s 
$ 

.... .... ...... 
PERFORM TRANSIENT ANALYSIS FOR LOADS 1 & 2 

DEFINE RESULTS TO BE STORED IN OUTPUT FILE 

. .... .. .. .. ... 
s ......................................................................................................... . 
s 
$ 

$ ................................................................................................................ .. 

S •• .. DA~PING = 1% ... .. 
s .................................................................................................................... . 
$ 

OAMPI~G PERCENT 1.0 6 s ...... SECTION 
TRA~SIENT ANALYSIS LOAD l 2 $ *** SECTION 
STORE TRANSIENT SET !DENT 'DA~Pl' $ .... SECTION 
USE Iv.COAL RESULTS OF TRANSIENT ANALYSIS 1 2 $ ...... SECTIO~ 
JOINT DISPLACEMENT s ..... SECTION 

1 TRAN X 
END OF STORE TRANSIENT s ...... SEC TI ON 
COMPUTE ANO STORE TRANSIENT SET ID 1 DA~P1 1 $ ..... S~CT ION 
s 

s ··························································~•·*** S ..... DAMPING = 2% ...... 
$ ····••*******************************************************••· 

A.3-5 

11.2.1 
11.s.2 
11.s.1+.1.1 
11.s.1+.1.2 
11.s .... 1.3 

11.s.1+.1.1 
11.s.4.1.s 



DAMPING PERCENT 2.0 6 
TRANSIENT ANALYSIS LOAD 1 2 
STORE TRANSIENT SET IDENT 1 0AMP2' 
USE MODAL ~E~ULTS OF TRAMSIENT ANALYSIS l 2 
JOINT DISPLACEMENT 

1 TRANS X 
END OF STORE TRANSIENT 
COMPUTE ANO STORE TRANSIENT SET I~ 'DAHP2' 
s 
s •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
S ••• DAMPING = 3% ••• 
s •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
s 
DAMPING PERCENT 3.0 6 
TPANSIENT ANALYSIS LOAD 1 2 
STORE TRANSIENT SET lDENT 1 DANP3' 
USE MODAL RESULTS OF TRANSIENT ANALYSIS 1 2 
JOINT DISPLACEMENT 

1 TRANS X 
END OF STORE TRANSIENT 
COMPUTE AND STORE TRANSIENT SET ID 'OAHP3 1 

s 
s •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
S •••DAMPING: 5% ••• 
s •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
s 
DAMPING PERCENT 5.0 6 
TRANSIENT ANALYSIS LOAD 1 2 
STO~E TRANSIENT SET !DENT 'DAMPS• 
USE MODAL RESULTS OF TRANSIENT ANALYSIS 1 2 
JOINT CISPLACE~ENT 

1 TRANS X 
END OF STORE TRANSIENT 
COMPUTE AND STORE TRANSIENT SET IO 'DA~P5 1 

s 
s •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
S ••• DAMPING= 10% ••• 
s •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
s 
DAMPING PERCENT 10.0 6 
TRANSIENT ANALYSIS LOAD 1 2 
STORE TRA~SIENT SET IOENT 'DAMP10 1 

USE MOD~L RESULTS OF TRANSIENT ANALYSIS 1 2 
JOINT DISPLACEMENT 

1 TRA~S X 
END OF STORE TRANSIENT 
COMPUTE A~D STORE TRANSIENT StT ID '0AHP10' 
$ 

$ •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

$ ••• OUTPUT RESULTS IN THE FORM OF PLOTS ••• 
s •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
s 
OUTPUT STORED TRANSIENT RESULTS 
PLOT 1 or~ 
ABSCISSA OF .5 
CRDINATE ON INDIVIDUAL BASIS 
USE STORE TR~~SIENT SET ID •OAMP1 1 

US[ TRA'JS 1 2 
JOINT DISPLACE~ENT 

1 TRA!\iS X 

A.3-6 

$ ••• SECTION 
$ ••• SECTION 
$ ••• S~CTION 
$ *** SECT IO~ 
$ *** SE CTI ON 
$ *** SE CTI 0~ 
$ ••• SECTION 

11.5.4.2.1 
11.s.1t.2.2 
ll.5o4o2o3 
11.s.4.2.4 
11.5.4.2.5 
11.5.4.2.6 
11.5.4.2.7 



END OF SUBSET 
USE STORE TRANSIENT SET IO '0AHP2' 
USE TRANS l 2 
JOINT DISPLACE~ENT 

1 TRANS X 
nrn OF SUBSET 
USE STORE TRANSIENT SET ID '0AHP3' 
USE TRANS l 2 
JOINT DISPLACEMENT 

1 TRANS X 
ENO OF SUBSET 
USE STORE TRANSIENT SET ID •OAHPS' 
USE TRANS l 2 
JOINT OIS?LACEMENT 

1 TRANS X 
ENO OF SUBSET 
USE STORE TRANSIENT SET ID •DAHP10' 
USE TRANS l 2 
JOINT DISPLACEMENT 

1 TR ANS X 
ENO OF SUBSET 
ENO 
FINISH 

A.3-.7 
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**************************** 
*RESULTS OF LATEST ANALYSIS* 
**************************** 

PROBLEM - PROB 2 TITLE - PRINCIPLES OF DAMPING 

ACTIVE UNITS INCH KIPS RAD FAHR SEC LBM 

EIGENVALUES 

/--MODE--/--EIGEHVALUE--/------FREQUENCY------1--------PERIOD--------/ 

l 0.1340240 ♦04 0.3660930♦02 0.1716280♦ 00 

2 0.5674780 ♦ 05 0.2382180♦03 0.2637580-01 
3 0.5740830 ♦ 05 0.2396000♦03 0.2622360-01 
4 0.1078970♦06 0.3284770 ♦ 03 0.1912820-01 
5 0.4874240 ♦12 0.6981580 ♦06 0.8999660-05 
6 0.1460240 ♦ 13 0.1208410♦07 0.5199570-05 

PAGE - 10 

Cl) 

1:%1 
t-t 
1:%1 
(') 

~ 
t:I 

C) 
0 
ij 
c::::: 
H 
1:%1 
~ 

0 
c:: 
H 
"'d 
c:: 
H 



I 

l 
5 

J SUH 

2 4.028D-18 
6 -5.551D-17 

********** ORTHOGONALITY CHECK********** 

HODES HAVE BEEN NORMALIZED TO UNIT GENERALIZED MASS 

SUM=IMODEII))TRANS•INERTIA*MDDEIJ)) 

I J SUM I J SUM 

2 3 l.789D-14 3 4 -2.849D-13 

SAVE 'FREEVIB' $***SECTION 4.1.2 
****HON-DESTRUCTIVE SAVE SUCCESSFUL FOR FILE FREEVIB USING MAP SAVESTRU 
****ON NOV lSt 1978 AT 21.32.45 - THIS FILE HAS BEEN SAVED l TIME(S) 

~ $ . 
w 
I $ **************************************************************** 
© 

$ *** LIST EIGENVECTORS AND PARTICIPATION FACTORS *** 

$ **************************************************************** 

$ 

LIST DYNAMIC NORMALIZED EIGENVECTORS 

PAGE - 11 

I J SUM 

4 5 9.442D-18 
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**************************** 
*RESULTS OF LATEST ANALYSIS* 
**************************** 

PROBLEM - PROB 2 TITLE - PRINCIPLES OF DAMPING 

.ACTIVE UNITS INCH KIPS RAD FAHR SEC LBM 

NORMALIZED EIGENVECTORS 

MODE l MAXIMUM VALUE IS 9.822911E-02 AT JOINT 2 

PAGE - 12 

IN DIRECTION DISP X 

JOINT /-----------------DISPLACEMENT-----------------/1-------------------ROTATIOH-------------------/ 

l 
2 
3 
4 

JOINT 

l 
2 
3 
4 

MODE 

MODE 

JOINT 

l 
2 
3 
4 

GLOBAL 
GLOBAL 
GLOBAL 
GLOBAL 

2 

GLOBAL 
GLOBAL 
GLOBAL 
GLOBAL 

3 

GLOBAL 
GLOBAL 
GLOBAL 
GLOBAL 

X DISP. Y DISP. Z DISP. X ROT. Y ROT. Z ROT. 

1.0000000 
1.0000000 
o.o 
0.0 

0.0144684 
-0.0144684 
o.o 
0.0 

MAXIMUM VALUE IS 9.823942E-02 AT JOINT l IN DIRECTION DISP Y 

-0.0001226 
-0.0001226 
0.0 
0.0 

/-----------------DISPLACEMENT-----------------1/-------------------ROTATION-------------------/ 
X DISP. Y DISP. Z DISP. X ROT. Y ROT. Z ROT. 

-0.0000000 
-0.0000000 
0.0 
o.o 

1.0000000 
0.9999999 
0.0 
o.o 

MAXIMUM VALUE IS -9.822911E-02 AT JOINT 2 IN DIRECTION DISP Y 

-0.0000000 
-0.0000000 
o.o 
0.0 

/--~_,,..-------------DISPLACEMENT-----------------/1-------------------ROTATION-------------------/ 
X DISP. Y DISP. Z DISP. X ROT. Y ROT. Z ROT. 

0.0144684 
0.0144684 
0.0 
o.o 

-0.9999999 
1.0000000 
0.0 
0.0 

0.0079943 
0.0079943 
0.0 
0.0 



:i> . 
c..v 
I .... .... 

JOINT 

l 
2 
3 
4 

JOIHT 

l 
2 
3 
4 

JOIHT 

l 
2 
3 
4 

MODE 

MOOE 

MODE 

4 

GLOBAL 
GLOBAL 
GLOBAL 
GLOBAL 

5 

GLOBAL 
GLOBAL 
GLOBAL 
GLOBAL 

6 

GLOBAL 
GLOBAL 
GLOBAL 
GLOBAL 

PAGE - 13 

MAXIMUM VALUE IS 9.823942E-02 AT JOINT l IN DIRECTION DISP X 

/-----------------DISPLACEMENT-----------------/1-------------------ROTATION-------------------/ 
X DISP. Y DISP. Z DISP. X ROT. Y ROT. Z ROT. 

1.0000000 
-1. 0000000 
0.0 
o.o 

-0.0000000 
0.0000000 
o.o 
o.o 

MAXIMUM VALUE IS -9.823943E-Ol AT JOINT l IN DIRECTION ROTZ 

-o.000020s 
0.0000208 
0.0 
o.o 

/-----------------DISPLACEMENT-----------------/1-------------------ROTATION-------------------/ 
X DISP. Y DISP. Z DISP. X ROT. Y ROT. Z ROT. 

0.0000002 
-0.0000002 
0.0 
o.o 

-0.0000000 
-0.0000000 
o.o 
o.o 

MAXIMUM VALUE IS -9.823940E-Ol AT JOINT 2 IN DIRECTION ROTZ 

1.0000000 
-1.0000000 
0.0 
o.o 

/-----------------DISPLACEMENT-----------------/1-------------------ROTATIOH-------------------/ 
X DISP. Y DISP. Z DISP. X ROT. Y ROT. Z ROT. 

0.0000001 
0.0000001 
o.o 
0.0 

0.0000799 
-0.0000799 
o.o 
o.o 

l.0000000 
1.0000000 
o.o 
o.o 

LIST DYNAMIC PARTICIPATION FACTORS 
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**************************** 
*RESULTS OF LATEST ANALYSIS* 
**************************** 

PROBLEM - PROB 2 TITLE - PRINCIPLES OF DAMPING 
PARTICPATIOH FACTORS -(OUTPUT IH INTERNAL UNITS) 

PAGE - 14 

MOOE /-----------------DISPLACEMENT-----------------/1-------------------ROTATION-------------------/ 
X DISP. Y DISP. Z DISP. X ROT. Y ROT. Z ROT. 

$ 

l 
2 
3 
4 
5 
6 

10.1781464 
-0.0000000 
-0.1472614 

0.0000000 
-0.0000000 
-0.0000071 

-0.0000000 0.0 
10.1792116 0.0 
-0.0000004 0.0 
-0.0000000 o.o 

0.0000000 0.0 
0.0000000 o.o 

$ **************************************************************** 

$ 

$ 

$ 

*** PERFORM TRANSIENT ANALYSIS FOR LOADS l & 2 *** 

*** *** 

*** DEFINE RESULTS TO BE STORED IN OUTPUT FILE *** 

$ **************************************************************** 

$ 

$ 

$ **************************************************************** 

$ *** DAMPING = lX *** 

$ **************************************************************** 

$ 

DAMPING PERCENT 1.0 6 

TRANSIENT ANALYSIS LOAD l 2 

$***SECTION 11.2.1 

$***SECTION 11.5.2 

**** STRUOL WARNING - HO INITIAL CONDITIONS SPECIFIED FOR TRANSIENT LOAD 2 
ZEROES ASSUMED. 

o.o 0.0 0.0 
o.o 0.0 0.0 
o.o 0.0 0.0 
0.0 0.0 o.o 
0.0 o.o 0.0 
o.o 0.0 o.o 
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............................ 
•RESULTS OF LATEST ANALYSIS• 
•••••••••••••••••••••••••••• 

PROBLEM - PIIOB 2 TITLE - PRINCIPLES OF DAMPING 

ACTIVE UNITS INCH KIPS RAO FAHR SEC LBH 

Tlf'IE 

0,0 
7,43999':'flE-02 
1 ,tCOCOCE-01 
2.399999£-01 
3,200000[-01 
'I ,CCOOOOE-01 
lt,llOOOOC[-01 
5, 5'?9999[-0 l 
6.400000[-0l 
7,2000COE-Ol 
8,COCOOCE-01 
P. .eoooooc-01 
9,600000£-01 
1.0qOCCOf•OO 
1.12000('[ ♦ CO 

1.nooooE•Co 
1.~eOCO('[+OO 
1. !E,OCG OE•OO 
J.440000E+OO 
1.saocoE•OO 
1.5°9999[+00 
1,6799',19[+'.'0 
l ,7~99',19[+00 
1.83999°!:+00 
1,91"1999[+00 
1.999999[+00 
2,CPOOCCE•ao 
2,Jf.OOOCE•OO 
2.240000[+00 
2,320000E•OO 
2.400000[•00 
2•"80000[•00 
2.559999[+00 
2.639999[•00 
2.719999[+00 

TRANSIENT LOAD 1 

TJHE HISTORY FOR JOINT 1 

VAL Uf 

-9.999985[-02 
9,lf£ 7757l-02 

-8.54P.£,29[-02 
7.29!>02qE-02 

-5, 7P.9lllllf-02 
'1,101!89P[-02 

-2,31tC4'lll[-02 
5,f,P7H5f-03 
1,12879~[-02 

-2.f77~127r-02 
'1,0204'l4f-02 

-5.10570!'.[-02 
5,901749[-02 

-6.3A7913E-C2 
6,51'1112[-02 

-6,'t30A6H-02 
6,02C411(-02 

-5.Ji<t1nc-02 
'1.50511!<\f-02 

-3,'l':l:Hll4l-02 
2.3113'173f-02 

. -1,22'J90H-02 
8,682667[-0lt 
9.9'5CO'l4E-03 

-1.9708~.1(-02 
2.ec.30101:-02 

-3,46;?463[•02 
3,92956'1E-D2 

-1t,l9't320f-02 
11,2'\6'tf.DE-D2 

-'1,12'1672[-02 
3.815937[-02 

-3,35'tDA7[-02 
2,768519(-02 

-2,092'1'12E-02 

TIME 

2,0DOODOE-C2 
9,999996£.-02 
l.7',19999E-D1 
2.6l'OOOOE-Ol 
J.'100000[-01 
lf,200000E-D1 
'1,999999l-Ol 
5,800000[-0l 
6.600000[-01 
7,39999'Jf-Ol 
8,2COOOOE-Ol 
9,000000[-01 
9.800000[-0l 
J.059999£+00 
1,139999£+00 
1,219999[+00 
1,299999[+00 
1.3799',19[ •O 0 
1.459999[+00 
1.540000[+00 
1,620000[+00 
1,700000[+00 
1.7A0000[+00 
1,1160000[+00 
l.9'tOOOOE+OO 
2.020000[+00 
2.099999[+00 
2,179999[+00 
2. 2~,~•999 E•O O 
2,339999[•00 
2,'tl9999[+00 
2,lf99999E+OD 
2.seooooE•oo 
2 ■ 660000E•DO 
2,7'10000E+OO 

VALUE 

-7,'1'18071[-02 
8.'115711[-02 

-8.95"120E-02 
9,0~·8219E-02 

-e, 75'1832£-02 
e.o7J7A3E-02 

-7, 0732 71E-02 
5,81 I 133E-02 

-lf.362414[-02 
2.1100154£-02 

-1.201862[-02 
-3,591646[-0J 

l,81%69E-02 
-J.107614[-02 

't,187608[-02 
-5,0111374[-02 

5,577859(-02 
-5,855732[-02 

5,856125E-02 
-5,5'l4H9E-02 
5,097538[-02 

-'1.400917[-02 
3.5'170'19[-0:? 

-2.583199[-02 
1.558576[-02 

-5,226158E-03 
-lf.77Rlf11E-OJ 

1,39'l963[-02 
-2.2070'12[-02 
2, A69"A2[-0 2 

-3,365907[-02 
J.683557£-02 

-J,818386[-02 
J. 7H785E•02 

-3.561f831E-02 

)(J RELATIVE DISPLACEMENT 

TI "E 

4.000000E-02 
1.19'l999E-Ol 
2,000000E-01 
2.eoooooE-01 
3e600000E•Ol 
'l.lfOOOQOE-01 
5.200000£-01 
6.000000E-01 
6.7999"9[-01 
7.600000[-01 
8,'IOOOOOE-01 
9.200000£-01 
9,99999':'E-01 
l.OAOOOOE+OO 
1,160000E+OO 
1.2'10000E•OO 
1.320000[+00 
l,'IOOOOOE•OO 
l,lfBOOOOE+OO 
1,559999[+00 
1.639999[+00 
1.719999[+00 
1,799999[+00 
1.879999[+00 
l,959999E+OO 
2,0lfOOOOE+OO 
2,120000[+00 
2.200000E•OO 
2,211tOOOE+OO 
2,360000E+OO 
2.'tlfOOOOE•OO 
2,520000[+00 
2,5<J9999E•OD 
2,6·79999E•OO 
2,759999[+00 

VALUE 

-l,l't3372E-02 
3,097"41[-02 

-'I, 7961f!",£,[-02 
6.1878'17E-02 

-1.221 "13£-02 
7,873809[-02 

-!l.137321E-02 
8,020920£-02 

-7.553720(-02 
60773907[-02 

-5, 736 766(-02 
'1,501021[-02 

-3,13505~,E-02 
1. 70608H-02 

-2,A2.H82E-OJ 
-l ,073031E-02 

2•3031f011[-02 
-l.3606Uf-02 

't,20757::E-02 
-lf,11179(,'if-02 

5.17113'10[-02 
-5.2A6"611E-D2 

5,1521211[-02 
-'l.79'1939[-02 

'l.21f3662E-02 
-3.533950[-02 

2,706553(-02 
-1,80520(,f-02 

8.7'1J7"11E-Ol 
't,257308[-0lf 

-9.05't77lE-Ol 
1,678771(-02 

-2 ,33300 6[-02 
2o81t5670E-02 

-3,20190'1[-02 

TIME 

6.000000E-02 
1,lfOOOOOE-01 
2,200000E-01 
3.0DOOOOE-01 
3.eooooor-01 
'1,600000[-01 
5,AtOOOOOE-01 
6,19999'1[-01 
7.ooOOOOE-01 
7.llOOOOOE-01 
11.600000[-01 
9,lfOOOOOE-01 
l,020000E•OO 
1,0999"9[+00 
1.179999[+00 
1, 259999£ •0 0 
l,J39999E+OO 
1,lf1999'1E•OO 
l,'t99999E•OO 
le5AOOOOE•OO 
1.f,60000[+00 
l,7<iOOOOE•OO 
1,820CODE•OO 
1.900000[+00 
l.'J80000E+OO 
2,059999[+00 
2,139999E+OO 
2.219999E+OO 
2.2'19999[ ♦ 00 

2.379999[ ♦ 00 

2.'159999[+00 
2.SlfOOOOE•OO 
2,620000E•OO 
2.1ooooot•oo 
2.780000E•OD 
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VALUE 

5 .648%1 E-02 
-3.72151"[-02 

l•7400'l~E-02 
2.0'lAll25E-03 

-2.0360JA[•02 
J,67031'lf-02 

-5,0'150JH-02 
6,1176/IQ[-02 

-6 ,fi~•'i558~-02 
7,:'0520F"-02 

-7,2116:?'lf'E-02 
7,0~054H-02 

-6,"183Q5[-02 
5,51117':llf-02 

-4.50669[-02 
3,l60'J35E-02 

-2.095550[-02 
8.08J6A2E-03 
"•"19'487[-03 

-1.601256E-02 
2.62291'~[-02 

-l,%92311£-02 
4,112257[-02 

-lf.534701[-02 
4e7303Alf-02 

-'I, 7C~302E-02 
'I ,4167"71E-02 

-lf.~'t52J7E-02 
J.466095[-02 

-2,76'4A'lltf-02 
1.979932[-02 

-1,151085[-02 
3,179035E-Ol 
... 1120827[•03 

-1,215006[-02 
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Tl"E YALU[ THIE VALUE Tl"E VALUE TJ"E VALUE 

2.799999[•00 t.36124qE-02 2.A20000[+00 3.207402[-02 2.83'!'1'19[+00 3 • 39"6 70[-02 2,860000[+00 1,851BA'l[-02 
2,8799'19E+CO -6, 107777t-03 2,900000E•OO -2, 72611'53[-02 2.919999[+00 -3.4246'17[-02 2,940000[+00 -2,369713[-02 
2.959999[+00 -1.243169[-03 2,980000E•OO 2.151696[-02 2.999999[+00 3o29':1761E•02 3o020000E+OO 2.7520'l5E-C2 
3.040000E•OO 8,120257[-03 3,D59999f+OO -1.513027[-D2 3,0AOOOOE•OO -3,034l98E-02 3.099999[+00 -2,989643[•02 
3,120CO~t•OO ·1,42'429AE•02 3.139999[+00 8,43026'1[-03 3.160000E+OO 2,6'48429£-02 3.179'?99[•00 3.079%7[•02 
3.2f!lCOOE•C'O lo93AOJJE-02 l,219?'!'1[+00 -1. 7J4'420[-03 3,240000[+00 -2,165'H,8£-02 3,259999[+00 -3,027"07[-02 
3.21\COCOE+OO -2.J35e68E·D2 3,2'19999[+00 -'l.65A066E·03 3,320C'OOE•OO 1•614089[-02 3.33999'1[•00 2.~42442[-02 
l,HOOOCE•OO 2,606599[-02 3.379999[+00 l,0'171l53E-02 3,400000[+00 ·1,0214HE·02 3.'119'199[+00 -2, 540ll75[-02 
3,'140000[•00 -2,74535][-02 3,459999[+00 -•, 54'192 :u: -02 3.ltROOOOE+OO 'I, 16 786(,[-03 3,499999[+00 2ol42tl:'iOE·02 
3,!\20C'OOE•OO 2, 753/t 32£-02 3,540000E•OO 1.'l5~110E•02 l,55-999cit+oo 1, 720870[-03 3,580000[+00 -1,671":95[-02 
3,":99'?99[+00 -2,637908£-02 3,620000[+00 -2, 24790'lE-02 3,6399'l"E•OO -7.197615[-03 3,6fOOOOE•OO 1,152411[-02 
3,679999[•00 2,4109ROE-02 J.700000E•OO 2-4244511[-02 3,719':'99[+00 1,2040118[-02 3,740000[+00 -6,1122!'\5[-03 
J,75999'lf+OO -2.0ll913F..r-02 J.1eooooc+oo ·2.ltR2534E-D2 3.79'!999[+00 -1.607009[-02 J.820000[•00 7.34931BE•04 
3,83'?'39':'[•00 1,6':'2170[-02 3,1\60000[+00 2,426278[-02 3,R79'l99E+OO 1,915136E•02 3,900000E•OO q,369D!E•C'3 
3,919'!99[+00 -1 ,21t2107[-02 3,9't0000[+00 -2. 26't712E-02 3,95':'9'1'![+00 -2.J200A2£-02 3,91:10000[+00 -ll,'.'877%£-03 
3.9599':''lE•OO 7,E.::'lOOH-03 4,020000[+00 2,011051E-02 lt,040000[+00 2o21R550C-02 ... 05'!999[•00 1,;:''141~4f-02 
'+,Ol<C000£•00 -2.7531BE-03 4,099999[+00 ·l, f>BJ8R1E-02 lt-120000£•00 -2,212196[-02 4, 139':99E+OO -1,f>O'lJ55E·02 
,.1E.OOOCE+OO -1.96DR40f•03 4,179999E+OO 1,296219[-02 t+,200000[+00 2,1072&6[-02 It ,2199'l'IE+OO l ,B3426BE•02 
11,240000[•00 6,31P.9fBE-03 t+.259'!99£.+00 -8,745275[-03 lt.211000GE+OO -1.914062£-02 lt,299999[+00 -1.964540[-(12 
ll,32COOOE•OO -1,01465'5E-02 4,339999[+00 It, 377153[-03 '1,360000!:•00 1,64E.21f6E-02 4,375'J'l9[+00 1.'.''l'l540[-02 

::c> 11,1100000[•00 1.'330257[-02 It •"1 '199'?[+00 -6, 171!065[-05 'l,lflfOOOO[+OO -1 o32001f2E-02 4olt59999[+QO -1. 0 11:n21r-02 . ",'-POC00£•00 -1,5611412£-02 ... 499999[+00 -4,01084lf-03 llo520CIOOE•OO 9,533603[-03 4,5110000£•00 1,1103010[-02 
uJ 4,559999[+00 1.722872£-02 11,511D OOOE+OO 7,6723111tE-03 '1,599999[+00 -5.649015£-03 4,620000[+00 -1 .~90234[-02 
I t+ ,Fd99'1'lE•00 -l .7'H1t'l2£-02 4,6lDOOOE+OO -1, 0782'+11[-02 '4.679999[+00 1, 73279'4C-03 lt,700000[+00 1.:H81t112t-02 

1-l 4, 719999[•00 1,7HOB7E-02 4. 740000E+OO l,32331tOE-02 '1,759999[+00 2,0311123[-03 1t.780000E+OO -1,00311tl!E•02 
~ 11.79999'1[+00 -1.682125E-02 'l,A20000[+00 ·J,lt95305E-02 11,839':'99[+00 -5,5033/t'l[-03 lt,860000[+00 6,6092(13£-03 

",879999[•00 1,518279[-02 'l.900000E+OO 1, 590611[-02 lt,919999[•00 8,52530'1E-03 lt.9'10000£+00 -3,086193[-03 
4.959999[+00 -le295853E•D2 4.980000[+00 -1.E.09357[-02 4.999999[+00 -1.0994105[-02 

"lllJ"UM 9 • .. , 7757£-02 Tl"£ 7,999998[-02 "JNJ"U" -9,999985[•02 TJ"E o.o 
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•RESULTS OF LATEST ANALYSIS• 
•••••••••••••••••••••••••••• 

PROBLE" - PROB 2 TITLE - PRINCIPLES OF DAMPING 

ACTIVE UNITS INCH KIPS RAD FAHR StC LB" 

TIHE 

0,0 
7.959998£-02 
1 .6000C 0£-01 
2.J99999[-01 
J,200000£-01 
't ,C GOOOOE-01 
... eooooot-01 
5,599999f-Ol 
6,4COCOCE-D1 
7,2COOCO(-Ol 
8.ooococt-01 
e.scoooor.-01 
9.600000£-01 
1,0,.COCO[+OO 
l,12COOO[+OO 
1,,00000[+00 
1,280000[+00 
l ,3lOCOC£•00 
1,4"000CE•OC 
1,~:>00CO[+OD 
l.5'199':19c•DD 
l,E,79999[+00 
1, 7~,'l999[+0D 
1,8399Q9[+00 
1,919999~•00 
1.~,;9999[+0D 
2.0f0000£•0D 
2 ,HOOOOE•~D 
2.2110000[•00 
2.320000E+llD 
2.~00DOOf+OO 
2,IIP0000E+OO 
2.559999[+00 
2,639999[+00 
2o719999E•DO 

TRANSIENT LOAD 2 

TIHE HISTORY FOR JOINT 1 

VALUE 

o.o 
2o815725f-02 
2.33£.554[-03 
2,51630AE-02 
6,2497119[-0J 
2.0 .. 54~3[-02 
loll7565[-02 
1,54(056[-02 
1,£22393[-02 
1.0n1 ~.1r-02 
2,03Ec215E-02 
7.2111Jli9E-0J 
2 • .307406£:-02 
5.JR1774f-03 
2,lf03127E-D2 
5,3JE5%[-03 
2,324606[-D2 
6,B507"9f-03 
2.10(,642[-02 
9,51t733R[-O~ 
lo!IOII09l-02 
1.21\0(,,'3[-02 
J.470231[-02 
l.601063f.-02 
l, l 739f,2E-02 
loll61488E-02 
9.591211[-0.3 
2,02369H-02 
8.537084[-0.3 
2.0707118[-02 
8.f37551F"-03 
2,007346(-02 
9,747252[-03 
1 o8561t93E-02 
1,156't27E-02 

TJHE 

2,000000[-02 
CJ.999996[-02 
1,7999~9[-0l 
2.600000[-01 
J.'iOOOOOE-01 
'i.200000E-Ol 
'1.999999[-0t 
5,AOOOOOE-01 
6.600000[-0l 
7,399999f-Ol 
8.200000£-01 
9.00000or-01 
9.600000£-01 
1.059999[+00 
1.J39999[•00 
lo219Q99f+OO 
1,299999[+00 
1.379999[+00 
J ,'i5'J999[+00 
1.540000[•00 
1,6:?0000E+OO 
1,700000[+00 
1.780000[+00 
1.1160000E•OO 
1,Q40000f•OO 
2.02oooor•oo 
2,0'J9999[+00 
2.179999[+00 
2,259999[+00 
2.JJ9999[+00 
2.'119999[+00 
2.1199999[+00 
2,580000[+00 
2,660000E•OO 
2. 7"0000E+00 

VALUE 

J ,690201[-03 
2.667951(-02 
l,766'135£-03 
2,76RABBE-02 
10962295[-0:'I 
2.6lb31fl[-02 
'lo36'llJ2[-03 
2,295857[-02 
8.315876[-03 
lo86170tl[-02 
l .2R388H-02 
1.1105147[-02 
1,719156[-02 
1,010671[-02 
2.061205[-02 
7,Jlt9726E -03 
2o260840E-02 
6.J431'i2[-03 
2,]01229[-02 
6,52lll36E-03 
2.191953[-02 
8,?39217£-0J 
l ,968573E-02 
1,085749[-02 
lo6112271E-02 
l,J825JJE-02 
1,JAR959[-02 
1. (,59387E-02 
l, 1 J9917E-02 
1,117101t1E-02 
9.730320[-0.3 
1,98821l0E-02 
9,078573[-0.3 
2.00l'llltE-02 
CJ•"" 376'1[-03 

lCT RELATIVE OISPLACEHENT 

TIHE 

4,000000[•02 
lol9'l9Q9E-Ol 
2.000000!:-0l 
2.soooo0r-01 
3.600000E-Ol 
ti.tiOOOOOE-01 
5.200000E·Ol 
6,000000[•01 
6,799999[-01 
7,600000E-01 
11.1100000E-01 
9.2000 OOf-01 
9,999999[-01 
1,080000[+00 
1.160000[•00 
J.240000[+00 
lo320000E+OO 
l,'iOOOOOE•OO 
1,1180000[+00 
lo55999'JE•OO 
1.63999':'E•OO 
lo719999E+OO 
1, 79999':'E+OO 
1 .tl7'l999[+00 
1.959999[+00 
2,0'10000[+00 
2.120000E+00 
2.200000E+Oo 
2,2AOOOOE•00 
2 • .360000[+00 
2,'t'i0000E•OO 
2,520000[+00 
2.599999[+00 
2.679999[+00 
2o759CJCJCJE•OO 

VALUE 

1, 27957'1[-02 
1.905299[-02 
7.75751tRE-0.3 
2,353566[-02 
ti.J5475JE-03 
2.587553£-02 
2.Rft550~£-03 
2,611t627f•02 
3.717913[-03 
2,lt3l59H-02 
6,30f.51l!i[-03 
2.105309[-02 
1.006394[-02 
1. 703992£-02 
loltl73fllf-02 
1,30310AE-02 
1.78'1272E-02 
9, 7370'l3[-03 
2.063832£-02 
7, 6 3'J9f, 7[-03 
2, 2 0 ,1559[ -02 
6.963711[-0J 
2.t997.37E-02 
7.672235[-0J 
2o061l971[-02 
9,'iOIIJ89E-OJ 
l.8475f.5E-02 
l, 197763[-02 
1,583702[-02 
1,463916£-02 
1. 327379[-02 
1.699553(-02 
1,1Zl 780E-02 
1,867605[-02 
9.966't55[-03 

TJHE 

6.000000E-02 
l,'100000£-01 
2.2ooooor-01 
3,000000E-01 
3.800000£-01 
't,600000E-Ol 
5.400000[-01 
6.199999[•01 
7,000000E-01 
7,BOOCOOE-01 
ll.600000£-01 
CJ.ltOOOOOE-01 
1.020000[+00 
1.099999[+00 
l, l 79'i'l9[+00 
l,259999E+OO 
1.339999[+00 
1,'tl9"99E•OO 
1,'i'l9999[+00 
l,5~0000£•00 
1,660000[+00 
lo740000f•OO 
l,820000E•OO 
1.900000[•00 
1,980000[+00 
2,05999"1£+00 
2ol39999E+OO 
2,219CJY9[+00 
2.2q<J999[+00 
2,379999[+00 
2,'159999[+00 
2.540000E+OO 
2,620000[+00 
2,700000[+00 
2,780000[+00 
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VALUE 

2.261560E-o2 
CJ,263225f-0.3 
lo716°37E-02 
1 .490ff7E-02 
l,1610R0[-02 
1.982495[-02 
7,3070"2[-03 
2.~q076H•02 
ll.720ROOE-03 
2-~•00771[-02 
11.07405;:'E-03 
2."6'5476E-02 
5.3369A5f-021 
2.,62161[-02 
8 .o 35723[-03 
1,91tl611'E-02 
1.155781[-02 
1,57415',E-02 
1,521540(-02 
1.227251[-02 
1,P:!,5!i22!'.-02 
9. s a on" ;,.t - o:, 
2.0lt9911PE-02 
8,Clt710C[-('3 
2,l390f5E-02 
7 ,P,04222(-03 
2o10116H-02 
8.7517'l!'E-03 
lo'l56'l59E-02 
lo0595~AE-02 
1 .7"29:50[-02 
1.292001[-02 
lo:503560[-D2 
t.527206[-02 
1.282796[-02 



:J;> . 
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TIME VALUE TIME VALUE 

2 ■ 799999[+00 1 ■ 65J824E-02 2 ■ 820000[+00 1 ■ '119705[-02 
2,879999[+00 1,369816[-02 2,900000[+00 1,065062[-02 
2,959999(+00 1,439875(-02 2,980000[+00 l,767662E-02 
J.0 .. 0000[+00 l ,57"725E-02 3,059999[+00 1,239117"[-02 
3.120000[•00 1,252653[-02 3.139999[+00 1,57'll89E-02 
3,200000[+00 1-7~61191E-02 J.219999[+00 1. "32ROOE-02 
J,2110000[+00 1,121371[-D2 J,29999'H•DO 1.:59069'4[-02 
3.3(0000[+00 1 ,113::!l 77E-D2 3,379'!99[+00 1,608688[-02 
3,'140000[•00 1,062397[-02 3,459999[+00 1,234560(-02 
3 ,520000[•00 1,f5432JE-D2 3,540000[+00 1, 739207E-02 
3,599999~•00 l,0771l7H-02 3,620000[+00 1, 1:HOJ8[-02 
3,679999[+00 1,1.10~00"£-02 J,700000[+00 1,8069 .. 5[-02 
3,759999E+CO 1,15f.90'4E-02 3,780000[+00 1, 1002'4RE-02 
3,8~99"9[+00 1,701'1!!2[-02 3,860000[+00 l,B07207E-02 
3,919<;99[•00 l ,27fi'19lt-02 J,9,.0000f•OO 1, 131618[-02 
3,9'J'l'199E+OO 1,567535[-02 lf+020000f+OO loHH07E-02 
lf,080000(•00 1,411'127[-02 '1,099999[+00 1,215556[-02 
11,HOOOOE•OO 1,4295:lRf-02 11,179?99[•00 1,644458(-02 
lo,240COCE•OO 1,!';'18783[-02 4,2!';9999E•OO l,3:llRJOE-02 
'1,320000[+00 1 • 311649(-02 4,339999[•00 1,520817[-02 
'I ,'400000(+00 1,f.4'l360E-02 4,'<19999[+00 1,456889(-02 
4 ,41\0000[+00 1,231898[-02 't,'499999[+00 l,'10001"[-02 
'1,S59999E+CO 1, 705904(-02 '1,580000[+00 1,568275[-02 
4 ,639999£•00 1,199770[-02 4,660000E+OO 1,302'490E-02 
4 ■ 719999t+CO lo71356BE-02 If• 7"0000[+00 1,648363[-02 
lf,799999[+00 1,215521[-02 't,f.120000[+00 1,242'127[-02 
ll,879999E+OO l ,6H,438E-02 lt.900000E•OO 1,686855£-02 
"·,959999[+00 1 ,271151[-02 lo,980000[+00 1,226001[-02 

MAXIMUM 2 ■ 1115725[-02 TIME 7 ■ 999998[-02 MINIMUM 0,0 

USE STORE TRANSIENT SET 10 1 0lHP2 1 

USE TRANS 1 2 

JOINT OJSPLACEHENT 

1 TRANS X 

ENO OF SUBSET 

PAGE - 22 

TJH[ VALUE TJHE VALUE 

2.839999[+00 1 ■ 946675[-02 2,860000[+00 1,724 .. !!5[-02 
2,919999[+00 9,645667[-03 2,940000[+00 1 ■ 116'197[-02 
2,99999qt+OO 1,'133004[-02 3,020000[+00 1,85,.UOE-02 
J,080000[+00 1,0207611[-02 3,099999[•00 1,027214[-02 
3,160000[+00 1,83920JE-02 3,179999[+00 1,901350E-02 
3,2'10000[+00 l ■ l'l!illHE-02 J,25999'1[+00 1 ,C21776E-02 
J,320000[•00 1,690237[-02 J, 3399'l9f +00 1 ,1167143[-02 
3,400000£•00 1,310675(-02 3,4l'l'l99E+OO 1,091845£-02 
3,4110000[+00 1,5171!03[-02 3,499999[+00 1,7663R5E-02 
3,559999£+00 1,482562[-02 :!\,580000E•OO 1 .:i 70311£-02 
3.639999[+00 1,35'1119[-02 3.660000[+00 l ,F,237'17[-02 
3,71999°[+00 1,631190[-02 3,740000E•OO 1,369750[-02 
3,799999(•00 1,226339E-02 3,R20000[+00 l,'16836~[-02 
3,87?9':!9[+00 1,73359'4[-02 3,900000[+00 1,520705[-02 
3,959999[+00 1,1524'17[-02 3,980000[+00 1,328 331'[-02 
lfo040000E+OD lo 77729lf-02 lf,059999(+00 1.6 .. 4160E-02 
'4,120000[+00 1,1391111[-02 lf,139999[+00 l,226031E-02 
lt,200000[+00 1, 761263[-02 '4,219999[+00 1,72lq47E-C12 
4,;,e.oooot•oo 1, 1H211RE-02 II ,299"''19l+OO 1,174811RE-02 
4,360000[+00 1,694868£-02 .. ,37':1999[+00 1,7457119[-('2 
40440000[+00 1,267668[-02 '1,'159999[+00 l, 177933[-02 
'<,520000[+00 1,595080[-02 lf,5'40000[+00 1,717,.,.5(-02 
11,599999[+00 1,376422[-02 4 ,620000E+OO 1 ,228755[-02 
lf,679999[+00 l,482731iE-02 '1,700000(+00 1 ,6'47659E-02 
4,75999':'E+OO 1 ,lf87131E-02 4o780000E+OO 1,313306(-02 
lt.839999(+00 lo378520E-02 h860000E+00 1 ■ 55296'1£-02 
lf,919999E•OO 1,580558[-02 lf.'91fOOOOE+OD l .H3332E-D2 
4,999999E+DO 1,299'1113[-02 

TIME O ,0 
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'.!~E ~!STORY FOR JOINT I 
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Damping Percent= 5 
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;RA~SllNT LOAD 2 
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XT RELATIVE DISPLACEMENT 
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5 10 
t- sec 
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Damping Percent= 1 
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TINE - src 
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1 In[ t!!ST:JRY FOR JOINT I 40,00£-0 

XT RftATIVf DISPLACEMENT 
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kips I 

5 10 
t- sec 

P9~RrETLR SYM90L MlNIMUN MAXIMUM 35.ooc-o 
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Damping Percent= 2 
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o.o ..,__------+----------------~----+-------~----4 
o.o so.ooc-02 10.ooc-01 15.ooc-01 20.ooc-01 25.ooc-01 30.ooc-01 ,s.ooc-01 40.ooc-01 45.ooE-01 50.cor-01 

TIME - SEC 
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ECC SEISMIC DESIGN OF HIGHWAY BRIDGES STUDENT TEXT 

Appendix A.4 

SAMPLE PROBLEM 3 

DETERMINATION OF DY'NA!'-HC tVIAGNIFICATION 

PROBLEM STATEMENT: Determine the effect that varying the 
frequency of excitation has on the base shear of the structure 
analyzed in SAMPLE PROBLEM 2. Consider both a harmonic forcing 
function at the top of the frame and harmonic support motion. 
vary the frequency about the natural frequency of the structure 
which is 36.6 RAD/SEC. 

40 kips (16 kips/inch) 
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T W = 2TT 

T 

Vg (t) 
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Ot------\-----,~-----\---
-25 t 
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SSTRUDL 'PROB :!• 
s 

80/80 INPUT CARD IMAGES 

'PRINCIPLES OF DYNAMIC MAGNIFICATION' 

s ············••*************************** 
s *** ** * 
s *** SEIS~IC DESIGN OF HIGHWAY BRIDGES*** 
s ** * ** .. 
s ***************************************** 
s 
S SPONSORED BY: 
$ 

S FEDERAL HIGHWAY ADMINISTRATION 
s 
S PRESENTED BY: 
s 
S ENGINEERING COMPUTER CORPERATION 
S 601 U~IVERSITY AVE. SUITE 213 
S SACRAuENTO, CALIFORNIA 
s 
S PHO~E: <916) 922-9316 
s 
S INSTRUCTORS: 
s 
s 
s 
s 
s 
s 

ROY A• IM6SEN 
RICHARD Ve NUTT 
JAMES GATES 

PRINCIPLE INVESTIGATOR 

S THIS PROBLEM ILLUSTRATES TH~ EFFECTS OF EXC!TATION FREQUENCY ON 
$ THE RESPO~SE OF A SIMPLE STRUCTURE sueJECTED TO THE FOLLOWING 
s LOADS 
s 
S A. HAR~ONIC FORCING FUNCTION AT TOP OF FRAME 
S 1. F~EQ. = 5 RAO/SEC 
S 2. FREQ. : 15 RAD/SEC 
S 3. FREQ.= 20 RAD/SEC 
S 4. FREQ• = 25 RAD/SEC 
S 5. FREQ.= 30 RAD/SEC 
S 6. FREQ• = 35 RAO/SEC 
S 7. FREQ. = 40 RAO/SEC 
S 8. FREQ. = 45 RAD/SEC 
S '='• FREG. = 55 RAD/SEC 
S B • HAR~ONIC SUPPORT MOTIO~J 
S 1. FREQ• = 5 RAO/SEC 
S :? • l='R[Q, = 15 RAD/SEC 
S 3. FREQ.= 20 RAD/SEC 
S 4. FP.EQ. = 25 P.AD/SEC 
S ~. FRC:Q, : 30 RAD/SEC 
s 6. F~~a. = 35 RAD/SEC 
$ 7, l='FEQ. : 40 Ri7<D/SEC 
S 8, FP.EQ. = 45 RAD/SEC 
S 9, FREQ, = 55 RAO/SEC 
l 
$ 

s 
$ 

$ 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
*** R~STO~E THE FREE .VI6RATION SOLUTTON FRO~ PR08Lfv 2 *** 
•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

$ 

STRUCL 'ffSTCf;E •F,EEVIB' 
$ 

Z *** SECTICN 4,1.1,2 

A.4-2 



S ••• SET DA~PING = !:X *** 
s *•**************************************••··········•*********** 
$ 
DAMPING PERCENT 5.0 6 
s 

••• DEFINE HARMO~IC LOADINGS *** 
s 
s 
s 
s 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

HARMOtHC LOADING 3 'FREQUE~JCY 
FREQUENCY s.o 
JOINT LOADS 

l FCRCE X AMP 2.0 
END OF DYNA"1IC LOAD 
HARMO~dC LOADING 4 'FREQUENCY 
FREQUENCY 15.0 
JOINT LOADS 

1 FORCE X A~P 2.0 
E~D OF DYNA~IC LOAD 

= 5 RAD/SEC' 

= 15 RAO/SEC' 

HARMO~IC LOADING 5 'FREQUENCY= 20 RAD/SEC' 
FRE(wn;CY 20.0 
JOINT LOADS 

1 FORCE X A~? 2.0 
ENO OF DY~AMIC LOAD 
HARMONIC LOADING~ 'FREQUENCY= 25 RAO/SEC' 
FREQUU;cy 25 • 0 
JOINT LOADS 

l FORCE X AMP 2e0 
E~D OF DY~Artc LOAD 
HA~MC~IC LOACING 7 'FREQUENCY= 30 RAO/SEC' 
F?EQUEr,c, 30 • 0 
JOINT LOADS 

1 FORCE X A~P 2.0 
END OF DY~AMIC LOAD 
HARMO~IC LOACING 8 'FREQUENCY= 35 RAD/SEC' 
FR E Q U 0, CY 3 5 • 0 
JOINT LOADS 

l FOPCE X AMP 2.0 
~NO 0~ DY~AMIC LOAD 
HARMC~IC LOADING 9 •F~E~UENCY: 40 RAO/SEC' 
FREQUOICY 40. 0 
JOINT LCADS 

1 FQPCE X A~P 2.0 
E~D OF OYNA~IC LOAD 
HARMO~IC LOADING 10 'FREQUENCY= 45 PAD/SEC' 
FREQUENCY 45 .O 
JOPJT LOADS 

1 FORCE X A~P 2.a 
~~D 0~ DYNA~IC LC~D 
HARMO\lC LOADING 11 'FREQUENCY: 55 RAD/SEC' 
FR EClUEf.,;CY 5'i • 0 
J~INT L'.JADS 

1 F:~cE x AVP 2.0 
E:\D CF OY\AMIC LOAD 

$ *** 
$ *** 
$ ••• 
$ *** 

HAR~C\IC LOArT~G 12 '5 PAC/SEC ~ARMC~IC SUPPORT MrTIC~• 
c:-QEOUE,:CY 5.0 

SECTIO'.! 11.4.1.1 
SECTI01l 11.4.1.2 
SEC TI ON 11.4.1 • .3 

SECTION 11.4.1.6 

SLl?PC~T lCCEL~RATIC~ T~~~~LATTC\ k - ! *** SECT!C~ 11.4.1.4 
C.r-',PLITU::E. !:'O.o 

~~: CF 2Y\AV:C L24CI~G 
·HKVJ'.!C Lar-1·.:: 1~ •1s •'.'.."ts::::: '-'.!.F''C'':iC ~u::i:--:TT :·,:rr~·i,, 

A.4-3 



FREQUENCY 15.0 
SUPPOKT ACCELERATION TRANSLATION X -

A~PLITUDE 50 .O 
END OF DYNAMIC LOADING 
HAR~O~IC LOADI~G 14 '20 RAO/SEC HARMONIC SUPPORT MOTION' 
FREQUENCY 20 • 0 
SUPPORT ACCELERATION TRANSLATION X -

AMPLITUDE so.a 
ENO OF DYNAMIC LOADING 
HARMO~IC LOADING 15 '25 RAO/SEC HARMONIC SUPPORT MOTION' 
FREGUE".JCY 2510 
SUPPORT ACCELERATION TRANSLATION X -

AMPLITUDE 50 .O 
ENO OF OYNA~IC LOADING 
HARMO~IC LOADING 16 '30 RAO/SEC HARMONIC SUPPORT MOTION' 
FREQUENCY 30.0 
SUPPORT ACCELERATION TRANSLATION X -

A~PLITUDE so.a 
ENO CF DYNAMIC LOADING 
HAR~O\IC LOADING 17 '35 RAD/SEC HARMO~IC SUPPORT MOTION' 
FREQUENCY 3~.0 
SUPPORT ACCELERATION TRANSLATION X -

At-IPL ITUCE ~O .O 
END OF DYNAMIC LOADING 
HARMONIC LOAOI~G 18 '40 RAO/SEC HARMO~IC SUPPORT MOTION' 
FREQUENCY 40.0 
SUPPOPT ACCELERATION TRANSLATION X -

AMPLITUDE 50 ,0 
END OF DYNAMIC LOADING 
HAR~ONIC LOADING 19 1 45 ?.~C/SEC HARMONIC SUPPORT MOTION' 
F'REQUEr,CY lt5.0 
SUPPCPT ACCELERATION TRANSLATION X -

Ar-'.PLITUDE 50 .o 
ENO OF DYNAMIC LOADING 
HARMO~IC LOADI~G 20 '55 RAO/SEC HARMONIC SUPPORT MOTION' 
FREQL'E!liCY 55.0 
SUPPOQT ACCELERATION TRANSLATION X -

Al'-~PLITUDE 5,0 • 0 
END OF DYNAMIC LOADING 
s 
~ 

s 
$ 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
••• PERFORM HAR~O~IC A~ALYSIS OF LOAD 3 THRU 20 ••• 
•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

s 
HARMO~IC ANALYSIS LOADS 3 TO 20 
s 
$ 

$ 
********************••··········•***•*************************** 
••• LIST RESULTS ••• 

LIST DY~A~IC SYSTEM HAR~O~IC RESULTS ~ODULUS - $•••SECTION 11.4.3 
"CRC~ ~~~=ER 2 3 
LIST DY\A~IC SYSTEM H~R~C~JC RESULTS ~ODULUS -
1ISPLACEME~T~ JOINT 1 2 
"!NISH 
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**************************** 
*RESULTS OF LATEST ANALYSIS* 
**************************** 

PROBLEM - PROB 2 TITLE - PRINCIPLES OF DAMPING 

ACTIVE UNITS INCH KIPS RAD FAHR SEC LBM 

**** STRUDL WARNING - LOAD l 

**** STRUDL WARNING - LOAD 2 

IS INCONSISTENT WITH OUTPUT REQUEST - OUTPUT IS NOT PERFORMED 

IS INCONSISTENT WITH OUTPUT REQUEST - OUTPUT IS NOT PERFORMED 
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/--LOAD--/--MEMB--/--FREQ--/--TYPE--/--NODE--1------------------------------------------------------------------------------------
ICY/TIMI AXIAL SHEAR Y SHEAR Z TORSION MOMENT Y MOMENT Z 

3 2 0.80 MOD FOR 3 0.6097602E+OO 0.1031423E+Ol 0.7758842E+02 
l 0,6097602E+OO 0,1031423Et01 0. 7712492E+02 

PHA FOR 3 0.3127399E+Ol-0.1376359E-Ol -0.1376475E-Ol 
1 -0.1419393E-01 0.3127830E+Ol -0.1376243E-Ol 

MAXIMUM MODULUS VALUES 
MOD FOR 3 0.6097602E+OO 0.1031423E+Ol 0.7758842E+02 

1 0.6097602E+OO 0,1031423E+Ol 0.7712492E+02 
FREQUENCY VALUES ICYC/TIMI AT MAXIMA 

MOD FOR 3 0.7957742E+OO 0.7957742E+OO 0.7957742E+OO 
l 0.7957742E+OO 0.7957742E+OO 0.7957742E+OO 

3 0.80 MOD FOR 4 0,6097602E+OO 0.1006385Et01 0.7570961E+02 
2 0.6097602E+OO 0.1006385E+Ol 0.7524805Et02 

PHA FOR 4 -0.1419393E-Ol-0.1406816E-Ol -0.1406857E-Ol 
2 0.3127399E+Ol 0.3127525E+Ol -0.1406775E-Ol 

MAXIMUM MODULUS VALUES 
MOD FOR 4 0.6097602Et00 O.l00638SE+Ol 0.7570961E+02 

2 0.6097602E+OO 0.1006385E+Ol 0.7524805E+02 
FREQUENCY VALUES ICYC/TIMI AT MAXIMA 

MOD FOR 4 0.7957742E+OO 0.7957742E+OO 0.7957742E+OO 
2 0.7957742E+OO 0.7957742E+OO 0. 7957742E+OO 

/--LOAD--/--MEMB--/--FREQ--/--TYPE--/--NODE--1------------------------------------------------------------------------------------

4 2 

(CY/TIMI AXIAL SHEAR Y SHEAR Z TORSION MOMENT Y Hot1ENT Z 

2.39 MOD FOR 3 
1 

PHA FOR 3 
1 

MOD FOR 3 
1 

0.7208192E+OO 0.1212784E+Ol 
0.7208192E+OO 0.1212784E+Ol 
0.3091539E+Ol-0.4873095E-01 

-0.5005414E-01 0.3092862E+Ol 
MAXIMUM t10DULUS VALUES 

0.7208192E+OO 0.1212784E+Ol 
0.7208192E+OO 0.1212784Et01 

FREQUENCY VALUES (CYC/TIMI AT MAXIMA 

0.9123254E+02 
0.9068492E+02 

-0.4873455E-01 
-0.4872736E-Ol 

0.9123254E+02 
0. 9068492E+02 
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/--LOAD--/--MEMB--/--FREQ--/--TYPE--/--NODE--1------------------------------------------------------------------------------------
ICY/TIM) AXIAL SHEAR Y SHEAR Z TORSION MOMENT Y MOMENT Z 

MOD FOR 3 0.2387322E+Ol 0.2387322E+Ol 0.2387322E+Ol 
l 0,2387322E+Ol 0.2387322E+Ol 0.2387322E+Ol 

3 2.39 MOD FOR 4 0,7208192E+OO 0.1187722E+Ol 0.8935193E+02 
2 0.7208192E+OO 0.1187722E+Ol 0.8880630E+02 

PHA FOR 4 -0.5005414E-01-0.4966327E-Ol -0.4966458E-Ol 
2 0.3091539E+Ol 0.3091930E+Ol -0.4966195E-Ol 

MAXHIUM MODULUS VALUES 
MOD FOR 4 0.7208192E+OO 0.1187722E+Ol 0.8935193E+02 

2 0.7208192E+OO 0.1187722E+Ol 0.8880630E+02 
FREQUENCY VALUES ICYC/TIM> AT MAXIMA 

MOD FOR 4 0.2387322E+Ol 0.2387322E+Ol 0.2387322E+Ol 
2 0.2387322E+Ol 0.2387322E+Ol 0.2387322E+Ol 

/--LOAD--/--MEMB--/--FREQ--/--TYPE--/--NODE--1------------------------------------------------------------------------------------
ICY/TIM> AXIAL SHEAR Y SHEAR Z TORSION MOMENT Y MOMENT Z 

5 2 3.18 MOD FOR 3 0.8560480E+OO 0.1433562E+Ol 0.1078421E+03 
1 0.8560480E+OO 0.1433562E+Ol 0 .1071921E+03 

PHA FOR 3 0.3062714E+Ol-0.7707804E-Ol -0.7708293E-Ol 
l -0.7888007E-Ol 0.3064515E+Ol -0. 7707310E-Ol 

MAXIMUM MODULUS VALUES 
MOD FOR 3 0,8560480E+OO 0.1433562E+Ol 0.1078421£+03 

l 0.8560480E+OO 0.1433562E+Ol 0.1071921E+03 
FREQUENCY VALUES ICYC/TIM) AT MAXIMA 

MOD FOR 3 0.3183096E+Ol 0.3183096E+Ol 0.3183096E+Ol 
l 0.3183096E+Ol 0.3183096E+Ol 0.3183096E+Ol 

3 3.18 MOD FOR 4 0.8560480E+OO 0.1408500E+Ol 0.1059615E+03 
2 0.8560480E+OO 0.1408500E+Ol 0.1053134E+03 

PHA FOR 4 -0.7888007E-Ol-0.7834297E-Ol -0.7834476E-Ol 
2 0.3062714E+Ol 0.3063251E+Ol -0,7834125E-01 

MAXIMUtl MODULUS VALUES 
MOD FOR 4 0.8560480E+OO 0.1408500E+Ol 0.1059615E+03 

2 0.8560480E+OO 0.1408SOOE+Ol 0.1053134E+03 
FREQUENCY VALUES (CYC/TIM) AT MAXIMA 

MOD FOR 4 0.3183096E+Ol 0.3183096E+Ol 0. 3183096E+Ol 
2 0.3183096E+Ol 0.3183096E+Ol 0.3183096E+Ol 

/--LOAD--/--MEMB--/--FREQ--/--TYPE--/--NODE--1------------------------------------------------------------------------------------

2 

(CY/TIM> AXIAL SHEAR Y SHEAR Z TORSION MOMENT Y MOMENT Z 

3.98 MOD FOR 3 
1 

0.1124050E+Ol 0.1870994E+Ol 
0.1124050E+Ol 0.1870994E+Ol 

0.1407511E+03 
0.1398980E+03 
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/--LOAD--/--MEMB--/--FREQ--/--TYPE--/--NODE--1------------------------------------------------------------------------------------
lCY/TIM) AXIAL SHEAR Y SHEAR Z TORSION MOMENT Y MOMENT Z 

PHA FOR 3 0.3012826E+Ol-0.1264534E+OO -0.1264597E+OO 
l ~o.1287673E+OO 0.3015141E+Ol -0.1264471E+OO 

MAXIMUM MODULUS VALUES 
MOD FOR 3 O.ll24050E+Ol 0.1870994E+Ol 0.1407511E+03 

l O.ll24050E+Ol O.l870994E+Ol 0.1398980E+03 
FREQUENCY VALUES CCYC/TIM) AT MAXIMA 

MOD FOR 3 0.3978870E+Ol 0.3978870E+Ol 0.3978870E+Ol 
l 0.3978870E+Ol 0.3978870E+Ol 0.3978870E+Ol 

3 3.98 MOD FOR 4 O.ll24050E+Ol 0.1845994E+Ol 0.1388751E+03 
2 O.ll24050E+Ol 0.1845994E+Ol 0.1380239E+03 

PHA FOR 4 -0.1287673E+OO-O.l280701E+OO -0.1280723E+OO 
2 0.3012826E+Ol 0.3013523E+Ol -0.1280678E+OO 

MAXIMUM MODULUS VALUES 
MOD FOR 4 0.1124050E+Ol 0.1845994E+Ol 0.1388751E+03 

2 0.1124050E+Ol 0.1845994E+Ol 0.1380239E+03 
FREQUENCY VALUES (CYC/TIM) AT MAXIMA 

MOD FOR 4 0.3978870E+Ol 0.3978870E+Ol 0.3978870E+Ol 
2 0.3978870E+Ol 0.3978870E+Ol 0.3978870E+Ol 

/--LOAD--/--MEMB--/--FREQ--/--TYPE--/--NODE--/------------------------------------------------------------------------------------
lCY/TIM) AXIAL SHEAR Y SHEAR Z TORSION MOMENT Y MOMENT Z 

7 2 4.77 MOD FOR 3 0.1795016E+Ol 0.2965660E+Ol 0.2231051E+03 
1 0.1795016E+Ol 0.2965660E+Ol 0.2217438E ♦ 03 

PHA FOR 3 0.2895254E+Ol-0.2434724E+OO -0.2434803E+OO 
l -0.2463396E+OO 0.2898121E+Ol -0.2434644E+OO 

MAXIMUM MODULUS VALUES 
MOD FOR 3 0.1795016E+Ol 0.2965660E+Ol 0.2231051E+03 

1 0.1795016E+Ol 0.2965660E+Ol 0.2217438E+03 
FREQUENCY VALUES lCYC/TIM) AT MAXIMA 

MOD FOR 3 0.4774645E+Ol 0.4774645E+Ol 0.4774645E+Ol 
1 0.4774645E+Ol 0.4774645E+Ol 0.4774645E+Ol 

3 4.77 MOD FOR 4 0.1795016E+Ol 0.2941112E+Ol 0.2212630E+03 
2 0.1795016E+Ol 0.2941112E+Ol 0.2199037E+03 

PHA FOR 4 -0.2463396E+00-0.2454646E+OO -0.2454677E+OO 
2 0.2895254E+Ol 0.2896129E+Ol -0.2454618E+OO 

MAXIMUM MODULUS VALUES 
MOD FOR 4 0.1795016E+Ol 0.2941112E+Ol 0.2212630E+03 

2 0.1795016E+Ol 0.2941112E+Ol 0.2199037E+03 
FREQUENCY VALUES ICYC/TIM) AT MAXIMA 

MOD FOR 4 0.4774645E+Ol 0.4774645E+Ol 0.4774645E+Ol 
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**************************** 
*RESULTS OF LATEST ANALYSIS* 
*****~********************** 

PROBLEM - PROB 2 TITLE - PRINCIPLES OF DAMPING 

ACTIVE UNITS INCH KIPS RAD FAHR SEC LBM 

**** STRUDL WARNING - LOAD l 

**** STRUDL WARNING - LOAD 2 

IS INCONSISTENT WITH OUTPUT REQUEST - OUTPUT IS NOT PERFORMED 

IS INCONSISTENT WITH OUTPUT REQUEST - OUTPUT IS NOT PERFORMED 
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/--LOAD--/---JOINT----/--FREQ--/----TYPE-----1------------------------------------------------------------------------------------/ 
ICY/TIM) X TRANS. Y TRANS. Z TRANS. X ROT. Y ROT. Z ROT. 

3 l GLO 0.80 REL DISP MOD 0.0148501 0.0002074 0.0000018 
PHA -0.0137670 -0.0141939 3.1274424 

MAXIMUM MODULUS VALUES 
REL DISP MOD 0.0148501 0.0002074 0.0000018 

FREQUENCY VALUES (CYC/TIM) AT MAXIMA 
REL DISP MOD o. 7957745 0.7957745 o. 7957745 

2 GLD 0.80 REL DISP MOD 0.0144922 0.0002074 0.0000018 
PHA -0.0140694 3.1273994 3.1273890 

MAXIMUM MODULUS VALUES 
REL DISP MOD 0.0144922 0.0002074 0.0000018 

FREQUENCY VALUES ICYC/TIM) AT MAXIMA 
REL DISP MOD 0.7957745 0.7957745 0.7957745 

/--LOAD--/---JOINT----/--FREQ--/----TYPE-----1------------------------------------------------------------------------------------/ 
(CY/TIMI X TRANS. Y TRANS. Z TRANS. X ROT. Y ROT. Z ROT. 

4 l GLD 2.39 REL DISP MOD 0.0174620 0.0002452 0.0000021 
PHA -0.0487416 -0.0500542 3.0916700 

MAXIMUM MODULUS VALUES 
REL DISP MOD 0.0174620 0.0002452 0.0000021 

FREQUENCY VALUES (CYC/TIM) AT MAXIMA 
REL DISP MOD 2.3873234 2.3873234 2.3873234 

2 GLD 2. 39 REL DISP MOD 0.0171038 0.0002452 0.0000021 
PHA -o .0496671 3.0915394 3.0915070 

MAXIMUM MODULUS VALUES 
REL DISP MOD 0.0171038 0.0002452 0.0000021 

FREQUENCY VALUES (CYC/TIM) AT MAXIMA 
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/--LOAD--/---JDINT----/--FREQ--/----TYPE-----1------------------------------------------------------------------------------------/ 
(CY/TIM) X TRANS. Y TRANS. Z TRANS. X ROT. Y ROT. Z ROT. 

REL DISP MOD 2.3873234 2.3873234 2.3873234 

5 1 GLD 3.16 REL DISP MOD 0.0206416 0.0002912 0.0000025 
PHA -0.0770926 -0.0788801 3.0628901 

MAXIMUM MODULUS VALUES 
REL DISP MOD 0.0206416 0.0002912 0.0000025 

FREQUENCY VALUES CCYC/TIM) AT MAXIMA 
REL DISP MOO 3.1830978 3.1830978 3.1830978 

2 GLD 3.18 REL DISP MOD 0.0202834 0.0002912 0.0000025 
PHA -0.0783482 3.0627136 3.0626707 

MAXIMUM MODULUS VALUES 
REL DISP MOO 0.0202834 0.0002912 0.0000025 

FREQUENCY VALUES (CYC/TIM) AT MAXIMA 
REL DISP MOD 3.1830978 3.1830978 3.1830978 

/--LOAD--/---JOINT----/--FREQ--/----TYPE-----1------------------------------------------------------------------------------------/ 
(CY/TIM) X TRANS. Y TRANS. Z TRANS. X ROT. Y ROT. Z ROT. 

:t> . 
~ 6 l GLO 3.98 REL DISP MOD 0.0269414 0.0003823 0.0000032 
I PHA -0.1264723 -0.1287672 3.0130510 1--l 

0 MAXIMUM MODULUS VALUES 
REL DISP MOD 0.0269414 0.0003823 0.0000032 

FREQUENCY VALUES (CYC/TIM) AT MAXIMA 
REL DISP MOD 3.9768723 3.9768723 3.9788723 

2 GLO 3.98 REL DISP MOD 0.0265841 0.0003823 0.0000032 
PHA -0.1260769 3.0128260 3.0127726 

MAXIMUM MODULUS VALUES 
REL DISP MOD 0.0265841 0.0003823 0.0000032 

FREQUENCY VALUES (CYC/TIM) AT MAXIMA 
REL DISP MOD 3.9788723 3.9788723 3.9788723 

/--LOAD--/---JOINT----/--FREQ--/----TYPE-----1------------------------------------------------------------------------------------/ 
(CY/TIM) X TRANS. Y TRANS. Z TRANS. X ROT. Y ROT. Z ROT. 

7 l GLO 4.77 REL DISP MOD 0.0427067 0.0006106 0.0000052 
PHA -0.2434958 -0.2463397 2.8955307 

MAXIMUM MODULUS VALUES 
REL DISP MOD 0.0427067 0.0006106 0.0000052 

FREQUENCY VALUES (CYC/TIMl AT MAXIMA 
REL DISP MOD 4.7746468 4.7746466 4.7746468 

2 GLO 4. 77 REL DISP MOD 0.0423559 0.0006106 0.0000052 
PHA -0.2454733 2.6952541 2.8951893 

MAXIMUtl MODULUS VALUES 
REL DISP MOD 0.0423559 0.0006106 0.0000052 
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/--LOAD--/---JOINT----/--FREQ--/----TYPE-----1------------------------------------------------------------------------------------/ 
(CY/TIMI XTRANS. YTRANS. ZTRANS. XROT. YROT. ZROT. 

FREQUENCY VALUES (CYC/TIMI AT MAXIMA 
REL DISP MOD 4.7746468 4.7746468 4.774641-,8 

/--LOAD--/---JOINT----/--FREQ--/----TYPE-----1------------------------------------------------------------------------------------/ 
(CY/TIMI X TRANS. Y TRANS. Z TRANS. X ROT. Y ROT. Z ROT. 

8 1 GLO 5.57 REL DISP MOD 0.1121024 0.0016168 0.0000137 
PHA -0.8371218 -0.8405648 2.3013592 

MAXIMUM MODULUS VALUES 
REL DISP MOD 0.1121024 0.0016168 0.0000137 

FREQUENCY VALUES ICYC/TIMI AT MAXIMA 
REL DISP MOD 5.5704212 5.57042H 5.5704212 

2 GLO 5.57 REL DISP MOD 0.1118575 0.0016168 0.0000137 
PHA -0.8395014 2.3010283 2.3009539 

MAXIMUM t10DULUS VALUES 
REL DISP MOD 0.1118575 0.0016168 0.0000137 

FREQUENCY VALUES (CYC/TIMl AT MAXIMA 
REL DISP NOD 5.5704212 5.5704212 5.5704212 

/--LOAD--/---JOINT----/--FREQ--/----TYPE-----1------------------------------------------------------------------------------------/ 
(CY/TIMI X TRANS. Y TRANS. Z TRANS. X ROT. Y ROT. Z ROT. 

9 1 GLO 6.37 REL DISP MOD 0.0645596 0.0009407 0.0000080 
PHA 3.6563416 3.6522388 0.5110344 

MAXIMUM MODULUS VALUES 
REL DISP MOD 0.0645596 0.0009407 0.0000080 

FREQUENCY VALUES ICYC/TIMI AT MAXIMA 
REL DISP MOD 6.3661957 6.3661957 6.3661957 

2 GLO 6.37 REL DISP MOD 0.0648738 0.0009407 0.0000080 
PHA 3.6535254 0.5106456 0.5105606 

MAXIMUM MODULUS VALUES 
REL DISP MOD 0.0648738 0.0009407 0.0000080 

FREQUENCY VALUES ICYC/TIMI AT MAXIMA 
REL DISP MOD 6.3661957 6.3661957 6.3661957 

/--LOAD--/---JOINT----/--FREQ--/----TYPE-----1------------------------------------------------------------------------------------/ 

10 1 GLO 

(CY/TIMI X TRANS. Y TRANS. Z TRANS. X ROT. Y ROT. Z ROT. 

7.16 REL DISP MOO 
PHA 

REL DISP MOD 

0.0272237 0.0004013 
3.3793488 3.3745165 

MAXIMUM MODULUS VALUES 
0.0272237 0.0004013 

FREQUENCY VALUES ICYC/TIMI AT MAXIMA 

0.0000034 
0.2333737 

0.0000034 
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ECC SEISMIC DESIGN OF HIGHWAY BRIDGES STUDENT TEXT 

Apµendix A.5 

SAr'1.PLE PROBLEr'1 7 

Using the member eccentricities command of STRUDL, develop the 
stiffness matrix for the pile group shown in the sketch below. Assume 
the footing to act as a rigid diaphram, and the piles to be fixed at 
the mudline. Tabulate the stiffness matrices to be used for both the 
zero length member and the super element. 
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$ 

$ 

••* SEIS~IC CESIG~ CF HlG~~AY e~IDGES ••• 
'°** 

S SPONSORED BY: 
$ 

S FEJ[RAL HlGH~AY ACNT~ISTRATIC~ 
'S 
S PRESE~TED BY: 
s 
s 
s 
s 
s 

ENGINEERING COMPUTER CORPERATION 
601 U~IVERSJTY AVE. SUITE 213 
SACRAMENTO, CALIFORNIA 

$ FHONf: (Sl~) 922-9316 
s 
S INSTRUCTORS: 
$ 

S ROY A, IMBSfN - PRINCIPAL INVESTIGATOR 
S RICHARD V, ~UTT 
S JAMES GATES 
s 
$ 

s 

.... 

S THIS PROBLEM ILLUS~RATES HO~ THE STIFFNESS A'lO MASS MATRICES 
S ARE CREATED FOR A GROUP OF PILES. THE STIFF~ESS MATRICES TO 
S EE USED FCR EOTH ZE~O LENGTH MEMBERS A~O SUPERELE~ENTS ARE 
S TABULA TEQ. 
s 

..... STRUCTURE CESCRIPTIDN .. ... s 
s 
s *****************••······••************************************* 
s 
UNITS KIPS FEET LBH 
TYPE SPACE FRAME 
s 
s •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
S .... DEFINE A JOINT AT EACH END OF THE PILE GROUP ••• 
s ............................................................................................. .. 
s 
JOINT COOROI~ATES 
1 Y 0,0 SUPPORT 
2 Y '+O.O 
s 

s ····················••*••·········•*••·························· S ••• CREATE A ME~SER FCR EACH PILE •• .. 
l ......................... •••••*•• .. • .. •••••• .. ••• .. •••••••••••• .. ••••••• .. ••••• 
s 
HEMBER INCIDENCES 
1 1 2 
2 1 2 
3 1 2 
'+ 1 2 
5 1 2 
6 1 2 
7 1 2 

A.5-3 
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s 
$ 

$ 

$ 

$ 

~ 

*** 
••• 

USE V(~BER ECCE,TRICITIES T~ P~CV!CE 
PIGIJ Ll~KS TO T~E !~DIV!DUAL PILE LCCATiCNS 

MEM?E~ ECCE~TRICITIES ! *** 
1 GLO~AL STA~T X -6.o·z 4.5 END X -6.0 l 4.5 
2 GLOeAL START X O.O Z 4.5 ENC X O.O Z ~.~ 
3 GLO~AL STAijf X 6.0 Z 4.5 ENC X ~.OZ 4 ■ 5 

4 GLor,L ~TA~T X -3.0 Z o.o EN: X -3.0 Z o.c 
5 GLOBAL START X 3.0 Z O.O ~~DX 3o0 Z OoC 
6 GLOBAL START X -6 ■ 0 Z -4.5 END X -6.0 Z -4.5 
7 GLOBAL START X OoO Z -4.5 END X OoO Z -~.5 
8 GLOE'L ~TART X 6.C Z -4 ■ 5 ENO X 6.C Z -4 ■ 5 
~EMBEK 1 TO 9 PROPERTIES PRIS AX 4o9l IX 3.83 IY 
CONSTA.'l!TS 

E 4320000 ALL 
DENSITY 150 • .lLL 

PRINT DATA 
INERTIA OF JOINTS LUMPED 
s 

s E c TI a 01 E, • 1 • 3. '+ 

1.92 Il l,C::2 

*** 
** * 

s 
s 
s 

··················································••*•********** *** CREATE THE MATRICES FOR THE ENTIRE PILE GROUP AT JT 2 *** 
•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

s 
ASSEMBLE FOR DYNAMICS 
s 
s 
s 
s 
s 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
*** PRINT THE STIFF~ES SANO INERTIA MATRICES *** 
**************************************************************** 

LIST INDEPENDENT STIFFNESS MATRIX 
LIST l~OEPENDENT INERTIA MATRIX 
s 

s *** 
! *** 

SE CT IO ~J 1 6 • 3 • 2 
SECTION H,.3,2 

s 
s 
s 
s 
s 
s 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
*** 
*** 
*** 

INSERT A DUMMY JOINT SO A CONDENSATION CAN BE 
PERFORMED PRIOR TO REQUESTING THAT A SUPERELEMENT 

BE PUNCHED CUT 

*** 
*** 
*** 

**********************••········································ 
JOINT 3 COORDINATES O ■ 20 ■ 

CHANGES 
JOINT 1 COORDINATE FREE 
MEMBER~ GOES FROM 1 TO 3 
ADDITIONS 
MEMBER 9 GOES FROM 3 TO 2 
MEMBER 9 PROPERTIES PRISMATIC AX 4 ■ 91 IX 3.83 IY 1 ■ 92 12 1 ■ 92 
MEMBER ECCENTRICITIES 
9·GLOBAL START X -3.0 Z O.O ENO X -3 ■ 0 Z O.O 
s 
s •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

*** 
* ** 

SPECIFY THAT JOINTS 1 & 2 ~ILL BE TAKEN AS 
INDEPENDENT I~ THE C~~DENSATTON ■ 

*** 
*** 

s 
s 
s 
s 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
INDEPENDENT DEGREES OF FREEDOM JOINT 
l 2 DISPLACE~ENT ALL ROTATION All 
ASSE~BLE FOR DYNAMICS 

A.5-4 



s 
s •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
S *** LIST UNCONOENCED STIFF~ESS AND INERTIA MATRICES. ••• 

s ······························································•* s 
LIST CYNA~IC STIFFNESS INERTIA MATRIX 
CONDENSE DYNAMIC MATRICES 
s 
s ················································•*************** S ••• LIST CONDENCED ~ATRICES <THE JCL ASSIG~S PUNCH TO T~E *** 
S *** PRI~TER FOR THIS PROBLEM>. NOTE THAT THE ENTIRE MATRIX *** 
S *** ~OULD EE INPUT FOR THE SUPERELE~ENT C~CAUTO 6.l.J.7.1> ■ *** 
S *** ONLY THE 6 X 6 SUSMATRIX 2 2 WOULD BE USED FOR A ZERO *** 
S *** LE~GTH ~E~eER AT THE FOOTING CAP <~CAUTO 6.1,3.6.4), *** 

s ··········································•·******************** s 
PUNCH CONOENCED SUPERELEMENT 'PILEGP' 
LIST DYNA~IC TRANSFOR~ATICN MATRIX 
FINISH 

A.5-5 

S *** SECTION 16.4 ■ 3 
$•••SECTION 10.3 



:i.. 

CJl 
I 

(j) 

INERTIA OF JOINTS LUMPED 

$ 

, CREATE lHE MATRICES FOR THE ENTIRE PILE GROUP AT JT 2 

s 

ASSlMdLE FOR OYNAHIC~ 

•••• STRUUL MESSAGE - BANDWIDTH STAT~STICS ARE AS FOLLOWS; 

THE MAXIMUM BANDWIDTH IS 0 
THE AVERAG~ BANDWIDTH IS 0,0 
THl STANDARD O~VlATlON JS 0,0 

CORRESPONDENCE TABLE 

JOINT lD XT YT ZT XR YR ZR JOINT ID 

2 

$ 

$ PRINT THE STIFFNESS AND INERTIA HATRlCES FOR THE PILE GROUP 

$ 

LIST lNDEPENCJENT STIFFNE:iS MURIX 

XT 

l 

YT 

2 

/3 
I:. 

ZT 

3 

PAGE - 10 ts 
z 

® ►-
I 4 

XR 

,. 
YR 

5 

lR 

0 

C/) 
M 

~ 
C"l 

~ 
tj 

C"l 
0 

~ 
c::: 
~ 
~ 

0 
C: 

~ 
c::: 
t-3 



:i:> 

CJ1 
I 

....::i 

(HISSING ELEHtNTS ALL ZEROt 

ROW 
l l 0.103b79920 Ob 

ROW 
2 1. o.H3~197no oa 

ROW 
3 l 0.1036#.,,'il20 06 

R0,1 ,. 3 -0.2't6SllBOO 08 
RU-I 

5 l -1). 2c.l '1 l'+'t 7U-u9 
ROW 

b l 0.24t:L.H801) 08 

LIST INDEPENDENT INERTIA MATRIX 

••••• SYSTEM STIFFNESS MATRIX I OUTPUT IN INTERNAL UNITS t ••••• 

ORDER • 6 

4 0 .852173930 11 

5i 0.2ll 7't5560 10 

5 -0.8195C.3870-07 6 0.11104899D lZ 

I; 
' 
I 

1. i 
: I 

l(mn~ :: 
3 

f 

,fl 

I.., 

, ; 11 I - 1 i 
;_ I 1· 

I , I , ' 

/. o4,. 10.r I ¢> i 

o 3.
1

s4. 
-r•-•----

0 0 

, 0 0 
I 

0 ; 0 
I ----~------

2.4~ (/01 0 
- I 

'01 

' 
o: 

o: 
--- ---------

1.o,J11.1os-
- --·---·---

-1.41K./0 7 

0 
- -- -- - ------

0 

PAGE - 11 

4 .s- '- -
I ·o 

I 

O· 12.4?~10' 
0 0 

-------- -~-

-2.4'/ll/07 0 I (:) 

--------- --- -···-----

8.S3x Jo' 0 I C) 

--

0 2.1211/0 9 0 
-- ---- --------· 

0 0 /.//"- lo'' 



::i> 

CJ1 
I 
00 

••H• SYSTEM INERTIA MATRIX I OUTPUT IN HlfERNAL UNITS l ••H• 
ORDER z 6 

IMlSSING ELEJ1ENTS ALL ZEROI 

l 0.30525363D 03 2 0.305_25369Q 03 3 0.305253680 03 

$ 

S INSERT A UUl1~Y JOINT SO A COI\IOENSATION CAN BE 

$ PERFORHLO PRluR TO RE~UEST1NG THAT A SUPERELEHENT 

s 

s 

BE PUNC kED OUl 

JOINT 3 CUORDlNATES O. 20. 

CHANGES 

JOINT l CuORDINATE FREE 

MEMBER~ GOES FROM l TO 3 

ADDITllliH, 

MEMBER~ ~OlS fROM 3 TO 2 

MEH3lR ~ PRU~ERTILS Pkl;;tiATIC AX ~.91 IX 3o83 IY 1.92 IZ 1.92 

HEHRER tCCENTRlCITlES 

9 GLOliAL STAKT X -3.0 Z 0.0 END X -3.0 Z O.O 

$ 

s SPECIFY THAT JOINTS 1 & 2 WILL BE TAKEN AS 

I lNDEP[NUENT IN THE CONOENSATICW. 

s 

INOEPENDErH Ot:.GREH OF Fk.EEOOH J01NT 

1 Z DISPLACEMENT ALL ROTATION ALL 

ASSEHULE FOR uYNAHICS 

m~rn•"I -

30S 0 

0 .305" 

0 0 

0 0 

0 0 

0 0 

PAGE - 12 

0 0 0 0 

0 0 0 0 

505'" 0 0 0 

0 0 0 0 

0 0 0 0 

0 C) 0 0 

{Z) (FREE) 

CT) (DUMMY) 

CD (FREE) 



:i:> 

(JI 

I 
CD 

•••• STRUOL HlS.SAGl - BANDWIDTH STATISTICS ARE AS FOLLOWS I 

$ 

JOINT 10 

l 
j 

XT 

l 
13 

THE HAXIHUH BANDWIDTH IS 
THE AVERAGE BANDWIDTH IS 
TM= STANDARD DtVIATION IS 

YT 

2 
l't 

lT 

3 
15 

XR 

,. 
16 

2 ANO OCCURS AT JOINT 3 
l .oo 
o.e2 

YR 

5 
17 

CORRESPONDENCE TABLE 

ZR 

6 
18 

2 

JOINT ID 

$ LIST UNC(ll,IOENCEO STIFFNESS AND INERTIA MATRICES. 

$ 

LIST UYNAHlC STIFFNESS INERTIA HATR!X 

XT 

1 

YT 

8 

ZT 

9 

PAGE - U 

XR 

10 

YR 

ll 

ZR 

12 



tJ;> 

CJl 
I 

1-'
o 

!MISSING ELEMENTS ALL ZEROI 

l 0.28bl7532D 03 
9 0.286175)20 J3 

••••• SYSTEM INERTIA MATRIX I OUTPUT IN INTERNAL UNITS ) ••••• 

ORDER = 1S 

2 0.286175320 03 
13 o.3Bl561100 02 

3 0.236175320 03 
lit 0.38156710D 02 

7 0.286175320 03 
15 0.381567100 02 

PAGE - 14 

8 0.286175320 03 



w 
w 

"' I 
a, 
<D 
0 

0 

a, 
f-' 

PAGE - l5 

N 
0 

••••• SYSTEH STIFFNESS HATRIX I OUTPUT IN INTERNAL UNITS I••••• 

ORDER ,. 18 

!HISSING ELEMENTS ALL LEROI 

ROW 
l l 0 o l 943993 50 06 

ROW 
2 i 0.3Cj11091!>0 08 

RO., 
3 3 Ool9439985D 06 

R0-4 
4 3 o. 342141730 03 4 0.862727210 l l 

ROW 
5 l -'3. 2b l9J't4 70-09 3 00326591740 07 4 o. 335922930 09 5 0.243357570 10 

R0,1 
6 l -o.3't214J730 08 2 -0.159083900 09 5 Oo 9o8575't8D-07 6 0 .117771330 12 

R0,1 
1 l -0.9lJlB'l28D 05 5 0 o2o 193447D-09 6 o. 217727630 08 7 0.194399850 06 

:i> R;JW . 8 2 -0.:JO'il~l'ISlU 08 6 -0.15908390D 09 8 O. 391709750 OU 
CJ1 RLIW I 

'1 3 -(l.9071'19.?llD 05 4 -0.217721830 08 5 0.46b559630 06 9 O.l94J99650 Ob ..... 
..... RO-' 

10 3 0.2 l 71218JD 0:3 4 -0.73!3311310 11 5 -0.11197431D 09 9 -0.34214373D 06 10 o. 862727210 11 
ROW 

11 l 0 • .!619 :l.-+4 7D-09 3 0.466559630 06 .. 0.111974310 09 5 -0.190211230 10 6 -o. 968575480-07 
7 -0.2ol934'+1U-09 9 0.32659174D 07 10 -o. 335 922930 09 11 0 .24335157D 10 

R0,1 
12 1 --u.21112ld.;o 09 2 -0.15'i108390D O'il 5 o. 819 5 63 J70-07 6 -0.938757020 11 7 o.342143730 08 

8 -0. l 5'1UJ390!) 09 ll -0.919 56387'.>--.ll 12 o. 117771330 12 
ROW 

13 1 -0 • 1 .) :;t, 799 .!O 06 b 0.124 .. 15900 08 1 -0.103679920 06 12 -0.12441590D 08 13 0.20735983D 06 
ROW 

14 ,: -Oo81l379~!>0 07 6 0.318lb7SOD 09 8 -o. 883 H945D 07 12 0.318167800 09 • 14 o. 17o75989D 08 
ROW 

15 3 -0.lOJo7992D 06 4 -0.12441590D 06 5 -o. 373247700 07 9 -0.10367992D 06 10 0.124415900 08 
11 -<>.37324nJU 07 15 0.201359830 Ob 

RO\ii 
lo 3 0.12441!>900 Oil 4 0 .995 327210 09 5 0.447119724D 09 9 -0.12441590D 08 10 o. 99532721D 09 

11 -o.-.4·,s,;,1240 :19 15 -0.21-,, 396770-0 8 16 o. 39813088D 10 
RUW 

17 3 -o •. n3?.477uu 01 4 -0.447 S9724D 09 5 -o. 531463420 09 9 -0.37324770D 07 10 0.44789724D 09 
11 -J.5::!l4b342lJ U9 15 0.74~495410 07 16 O. 59604645D-07 17 0 .106292680 10 

RO,l 
111 l -0.12441!>90D 06 l 0.31:3167800 09 6 -o. 1045 8 7140 11 7 0.12441590D 08 8 0.31816780D 09 

12 -0.1045:3'/l'tll 11 13 0 .21-,, 3'il6TID-06 14 -0.6363351>0D 09 18 0.21>1lL9391D 11 



:x> . 
C,Jl 
I ..... 
tv 

CIY-IUENSE DYNAMIC MATRICES 

CONDENSATION CORRESPONOENCE TABLE 
INDEPENDENT COOkDINATES 

J.JINT ID XT YT IT XR YR ZR JOINT ID 

l l 2 3 4 5 b 2 

CO'IUENSATION CORRESPONDENCE TABLE 
DEPENDENT COORDINATES 

JOINT ID X1 YT ZT XR YR ZR JOINT ID 

3 l 2 3 4 5 b 

•••• ~TRUDL HtSSAGL - THt ICES SYSTEM WILL TEMPORARILY BE ROLLED OUT 
WHILE CONDENSATION IS PERFORMED, 

~OLL-OUT OF THE ICtS SYSTtH COHPL[TED i CONDENSATION INITIATED 

PAGE - 16 

XT YT ZT XR YR ZR 

7 8 9 10 11 12 

XT YT ZT XR YR ZR 



PAGE - 4 

•••• OYNAHIC TRANSFORHATION MATRIX •••• 
COL · ROW 

l l 0 • 500000000 00 0.112500000 00 o.o o.o o.o 0.312 500000-02 

2. l 0. 725681330-31 0.500000000 00 o.o o.o o.o -0.538 519100-17 

3 l o.o o.o o. 500000000 00 -0 .312 50000D-02 0.1681t96960-17 o.o 

4 l o.o o.o 0.600000000 02 -0.250000000 00 o. 37441595D-15 o.o 

5 1 o.o o.o 0.5671112.120-14 -0.112.sooooo oo 0.50000000D 00 o.o 

b l -0 .600000.)00 02 -0.210000000 02 o.o o.o o.o -0.250000000 00 

:;i:,. 7 l 0 • !>OOOOOJOD 00 -0.112.sooooo oo o.o o.o o.o -0.312 500000-02 . 
CJl 
I 

6 1 0 • 72 5bd 1830-31 o.500000000 oo o.o o.o o.o -0.538579100-17 ..... 
w 

9 l o.o o.o o. 500000000 00 o.312 500000-02 0.424347220-18 o.o 

10 1 o.o o.o -0.bOOOOOOOO 02 -o.25000000D 00 -0.84571380D-16 o.o 

11 1 o.o o.o O.S70J't7260-14 0.112500000 00 o. 500000000 00 o.o 

12 1 0.600000000 02 -0.210000000 02 o.o o.o o.o -0.250000000 00 

s 

S LIST CO~OENCEO HATKJCES (THE JCL·ASSIGNS PUNCH TO THE 

S PkINTEk FOR THlS PROBLEM). NOTE THAT THE ENTIRE MATRIX 

S WOULD bt INPUT Fell. THE SUPERELEHENT IHCAUTO 6.t.3.1.llo 

S ONLY THE 6 X 6 SUBHATRIX 2 2. WOULD BE USED FOR A ZtRO 



:;i::.. 

CJl 
I 
~ 
~ 

S LE!'iGTli HEHJER 4T THE FOOTING UP CHCAUTO 6. l.3.b.41. 

s 

PUNCH CONOt~CEO SUPERELEHEl'iT 1 PILEGP 1 

JNTS ,c 

l l 
DGOf = 

b b 
DIR:: 

td 
HAXJ = 

FINISH 

b3 
l IIIJ" 2 

PAGE - 5 



ELEME~T lNClQE~CES 
1 PILEGP 1 1 1 1 1 2 1 

TYPE 1 SUPt:R 1 SU MAT GLO NOD Z NOF o DISPL X Y Z ROTAT X Y Z 
SUUMAfRIX 1 l 
lo03o7991742~b93E+05 
O.J 
b.7007~0449llb97E-ll 
o.o 
o.o 
2.43J3160lb2loo3E+07 
o.o 
~.5277393461~99bt+10 

-2.bl93-.47~1l~J3t-1J 
-1.07lli467lbb33lc-07 
-2.4&8llC0lt2lbblE+01 
o.o 
SUbMATiU.< 2 l 

-l.0367~9l7425o93t+05 
0. I.I 
b.7J07J0~~917o97L-11 
o.o 
o.o 

-z. 4~o 3l31Jl ::.2 lbb3c+07 
o.o 

-7.3J3l-oo9739598t+10 
2.bl9l~47~11Jo03t-10 

-S.57o99o9t4i4o5~L-o~ 
-2.43831801J2lob3t+J7 
o." 
SJBMATRIX 2 2 
l.J3o799l/4~»93E+05 
o.o 

-o.7001304491/09Jl-ll 
o.o 
v.o 

-2.48J310vl82lob3E+07 
o.o 
6.527739j~blj99oL+l0 

-2.ol934-t74llObJ3t-lO 
l.2~6549S4624l98E-07 
2.4Jl3130lJ2lbblE+J7 
o.o 
TYPE •~Ul'i:R' l'IAS ,'IA( 
SUJMATRIX l l 
2. ~bl'>'74:.! 'J2',-6513 l:+02 
o.o 
2.l4oll491493219E+OO 
o.o 
o.o 
l.l~470llJ7~o3S3E+03 
o.o 
l.373b4l545~5660E+05 
o.o 
l.29850d2l267049E-ll 

-l.2o0602L9J3t017t+03 
o.o 
SUb:-tA TRIX 2 l 
9.J;62~b543S~H92t+OO 
o.o 
2o l'ot>3i491493219t: •OO 
O. ll 
o.o 
lol4470l2J19o303L+J3 
o.o 

b.1O078O44917b97E-ll 
-2.6193-.,.74ll0603E-10 

3 • 5 3 5 l 9779b 20971 E ♦07 
o.o 
o.o 

-s.02ssu533o68273E-lO 
o.o 

-l.072124)7l86831E-07 
o.o 
2.ll7455531lb4l4E+09 

-.26ti4994b74732bE-08 
9.o3575477bOOO~oE-08 

-3.37597556147122E-ll 
2.ol934474110603E-l0 

-3.5351~779620971E+07 
o.o 
o.o 

-4ol 8N!ITfo073561E-10 
o.o 
Z.l442-174373b63E-08 
o.:i 

-2.ll7~55569lb4l4E•09 
-2.144L4974373bo3E-08 

8.1956JS65661620E-08 

-b.7001 ::;J449 l 7o'f7E-l l 
-2.bl93447~110603E-1J 

3.535197796209/lE+Ol 
o.o 
ll.ll 

-3 o350:,9J2245S3-'t8E-10 
O.ll 
l .Zt:105 4~fl41>24198E-07 
o.o 
l. l l "?4555J9 l6<+14E +09 

-2. t 442-•H4373663E-08 
-d.lj5b3Jb56~1620E-08 

GLO NLlD 2 NOF t> 0 ISPL 

2.t4o31491493219E+OO 
Ooll 
2 .957l 4499390b5SE ♦02 
o.o 
o.o 
lo08209017722541E-13 
O.ll 
l .2935 032 l2b7049E-ll 
o.o 
l.22748-40728727E-27 

-5. 15 l l 55B5 83127E +02 
o.o 

-2 o l 4b3 l4'H493 219E +00 
o.o 
9o53il17)991>9db5E+OO 
o.o 
o.o 
1.ou209ul7722~41E-1J 
o.o 

A.5-15 

0 .o 
-2.4883l8O182loo3E+07 
o.o 

-4.2884~948747 ~oE-Od 
l .03679917425 b93 E+OS 
0 oil 
2.4883180132loo3E+07 
o.o 

-5 .0255 '1'5 33b33 ?.73E-l 0 -
9 .b 35 7 54 7760,109bE-OU 
o.o 
l.ll04b965395768E+ll 

o.o 
2.43831~1ll~2lbb3E+07 
o.o 

-4 .2884994074 7 326E:-08 
-l.03679917425693E+05 
o.o 
2.4S831B01321663E+07 
o.o 

-6.70070044917o97E-10 -
-9 .1>B57 54 77b00 :l96E-08 

C .u 
-~ .~ 10;05119083 286 E +10 

o.o 
2.4383l~lll82lbb3E+07 
o.o 

-2 .144249143-0 66.:tE-08 
1.u3o7~917425o93E+05 -
o.o 

-2.~083180182lo63E+07 -
u .:> 

-3.3503~02245884UE-10 -
-3.1~563Jb56blo20E-08 

O.J 
t.ll04J935395763E+ll 

X Y Z ROTA T X Y Z 

o.o 
-l.26060229337017E+u3 

0 .o 
-5 • 151155 19533 727E+02 

2.95714499390658E+OZ -
o.o 
1.l447012879b383E+03 
o.o 
l,0820901TT22541E-l3 -
o.o 
0 .o 
l.b51303958531B2E+05 

0 .o 
-l.02J8002U25575JE+03 
a.a 

-5.151155 795 Sl 12"fE+02 
9.53917739969366E+OO -
o.o 

-1.1~4701287~6383E+03 



ti> . 
CJ1 
I 

1--l 
en 

-l.3l364l54S5S660E+05 
o.o 
lo9925752o9l9Jl3E-ll 
l.02360023255150E+03 
o.o 
SUJMATRIX 2 2 
Zo9ol~7~~0l4o5l~E+J2 
o.o 

-2.l4oll4~l493219E+OO 
o.o 
o.o 

-l.14470llJ7'Jo3JJE+J3 
o." 
l.J7~b415455;660[+05 
o.o 

-l.9~~57526919313E-ll 
l. lo06022'JJ:>IOHl:+OJ 
o.o 

/.o~,10'- 0 

0 3.S~.11/0 

0 0 

-l.2985082l267049E-ll 
o.o 
lo88358845l84905E-2l 

-5.15ll5579583727E+02 
o.o 

-2.1463l4'11493219E+OO 
o.o 
2.9571449939065SE+02 
o.o 
o.o 
l.6o047~39149428E-13 
o.o 

-l.99257526~79313E-ll 
o.o 
2.8903e739300970E-27 

-5.15115519)63727E+02 
o.o 

J+. 1 

o.o 
l .66047939149428E-U -
o.o 
o.o 

-l.09547913258139E+05 

o.o 
l.2606022'1337017E+03 
o.o 

-5.15115)79583727E+02 
2.9571449939065SE+02 -
o.o 

-l.14470128796303E+03 -
o.o 
l.66041'139149428E-13 -
o.o 
o.o 
l.0;1a0395853182E+05 

Jt. ,2. 

o· 0 . 0 -l.1'f1'1'll1 
I I . I : I I 

. ! I 

0 ·o .o o I 
I I i :-r: > , I· 0 I , , I l"0..11\l •AC. o+ 

♦ f I l 

1.o,1~,or 2.4,ic,o 0 

Jt. 1 
I i I I 

I I ! • I I t 1 

o zAct11.1a1 tls1111~0 
, o i o 1 ; 1 : s ... i.. .... L-i .. ·,'J , 2.-1 , , I • 

I , . '. , 0 

0 0 O O 2. /11C1tl O . I ! : i i : , 
I I I I • • • . 

-.2.4~1C/01 0 : 0 . 0 0 I ll-'1/0'' . ' : I • I . I . . 
• ' : I I i I I I I ' I I ! 

Jt. l 

-------------+-- . ----~--•---
' ' I ' • ' I . 

l.o4-•IO D o i 1 0 o 2A'f•1il 1.o,l..,o' 0 0 o, O· 1.i.,•lb7 

() -3.54• ,o' 0 0 0 
I 

o I b 1s-4,. 101 0 0 0 

o I o 
I 

o I o 

0 

0 

0 

0 

-/.ot•ID/'. • 2.4~• lo' 

:Z4tt-107 -·1.n-.10"' 

0 

0 

0 

0 -.z.4~~1D7 i,S'3.( 16° 

1.o4• IC; ·1.4'Nd 0 

0 

I o 
I 

0 0 () -2./2t/0, o l o 0 0 0 1.12(101 

;·2.4~ •10
1 0 0 0 0 -1.1/-'110°12.41 •10

7 
0 0 0 0 

a 

0 

0 

0 

1.11 1 1o'' 



ECC SEISMIC DESIGN OF HIGHWAY BRIDGES STUDENT TEXT 

Appendix A.6 

SAMPLE PROBLEM 8 

Assume that Rte 80 Onramp u.c. will be placed over water and the 
bent footings will be modified to include a footing cap with 
several piles. The pile layout will be identical to that shown 
in problem 7 (Appendix A.5). The piles are imbedded in 25 feet 
of soil. Bent 3 and 4 piles pass through 40 feet of water. The 
stiffness matrix in kips and inches for a "zero length member" 
representing the stiffness properties of the pile group imbedded 
in soil is given below. Model bents 2 and 6 footings with 
uncoupled soil springs. Use a zero length member to model the 
piles below the soil line at bents 3 through 5. Use a 
superelement to model the piles passing through water. Perform a 
modal analysis to determine mode shapes and frequencies. 

STIFFNESS MATRIX-ZERO LENGTH MEMBER 

4.084 0 0 0 0 8.211 

0 13.575 0 0 0 0 

~ 108 0 0 4.084 -8.211 0 0 
= X 

0 0 -8.211 222.04 0 0 

0 0 0 0 129.22 0 

8.211 0 0 0 0 270.40 
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STRUOL 'PRCB. 8' 'RTE 80 ONRAMP - MODAL ANALYSIS WITH SOIL SPRINGS ' 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 

********************••··················· 
*** *** 
*** SEIS~IC DESIGN OF HIGHWAY BRIDGES ••• 
••• *** 
***************************************** 

SPONSORED BY: 

FEDERAL HIGHWAY AOMINISTRATIO~ 

S PRESENTED BY: 
s 
S ENGINEERING COMPUTER CORPERATION 
S 601 UNIVERSITY AVE. SUITE 213 
S SACRA~ENTO, CALIFORNIA 
s 
S PHONE: (916) 922-9316 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 

INSTRUCTORS: 

ROY A. IMSSEN 
RI CHARO V • NUTT 
JA!l!ES GATES 

PRINCIPLE INVESTIGATOR 

PROBLEM TO ILLUSTRATE THE USE OF ZERO LENGT~ ME~EERS, 
SUPERELEMENTS, ANO JOINT RELEASE SPRINGS TO MODEL THE 
FCUNOATION CONDITIONS 0N A MODIFIED VERSION OF THE 
ROUTE 80 ONRA~P UNDERCP.OSSING. 

ROUTE 80 IS MODIFIED 8Y ASSUMING THE BENTS ARE 
SUPPORTED ON PILE GROUPS SIMILAR TO THAT USED 
FOR SAMPLE PROBLE~ 7. ALL PILES ARE ASSU,ED 
TO BE IMBEDOED IN 25 FEET OF CCHESIONLESS SOIL. 
~ILES AT 8E~TS 3 & 4 PASS THROUGH 40 FEET OF 
WATER BEFORE REACHING THE SOIL. AT BENTS 2 & 
6, SPRINGS A~~ USED TO ~OOEL THE PILES AND THE 
SOIL, WHILE AT BENTS 3,4, & 5 A ZERO LENGTH 
MEMBER IS USED• A SUPERELE~ENT IS USED TO 
MODEL THE PILES PASSING THROUGH WATER AT BENTS 
3 & ,. • 

s 
s 
s 
s 

**************************••············•**************••······· 
••• STRUCTURE DESCRIPTION ••• 
····················································•*********** 

.TYPE SPACE FRAME 
UNITS FEET KIPS DEGREES 
JOINT COOROIMATES 

3011 10000.00 
1012 10000.84 
1013 10021.35 
1014 10042.38 
1015 10063.87 
1021 lOOAS.79 
1022 lOllA.29 
1023 101~1.'51 

LBM 

75.30 
75.30 
75.30 
75.30 
75.30 
75.30 
75.30 
75.30 

10000.00 
':2999.45 
9986.72 
9974.83 
996.3 • P.3 
'?953.71 

0

9940.66 
9929.56 
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s 
s 
s 
s 

s 
$ 

s 
s 
s 
s 

s 
s 
s 
s 
s 
$ 

1024 10185.32 75.30 9920.46 
1031 10219.62 75.30 9913.39 
1032 10244. 01 75.30 9909.65 
1033 10268.53 75.30 q906.93 
1034 10293.14 75.30 q905.24 
2035 10317.81 75.30 9904.58 
2036 10318.81 75.30 990 4 • 58 
1041 10333.81 75.30 9904 • 71 
1042 10362.45 75.30 9906.03 
1043 10391.00 75.30 9908.7'+ 
1044 10419.37 75.30 Q912.84 
1051 10447.52 75.30 9918.32 
1052 10475.36 75.30 9925.16 
1053 10502.84 75.30 9933.36 
1054 10529,38 75,30 9942.f\8 
1061 10556.43 75.30 9953. 71 
1062 10578.36 75,30 9963 • 83 
1063 10599.85 75,30 9974.84 
1064 10620.87 75,30 9986.71 
1065 10641.39 75.30 9999.45 
3071 10642.23 75,30 10000.00 SUPPORT 

40211 10085.79 SC.OD 9953. 71 SUPP CRT 
'40212 10085.79 58.43 9953 • 71 
40213 10085.79 66,87 9953. 71 

····························································•*** ••• 
••• 

A NEW NOOE IS DEFINED FOR THE ZERC LENGT~ 
MEMBER AT BE~T 5. 

• •• 
*** 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

4015 10447,52 sc.oo 9918.32 SUPPORT 
4C511 10447,52 50,00 9918.32 
40512 10'+47.52 58.43 9918.32 
It 0513 10447.52 66.87 9918.32 
40611 10556.43 50,00 9953.71 SUPPORT 
'+0612 1C556.43 58.43 9953 • 71 
'+ 0613 10556.43 66.87 9953,71 

····································•********••···············•* *** 
••• 

'+003 
'+013 

lt0311 
'+ 0312 
'+0313 

••• 
*** 

NEW NODES ARE DEFINED FOR THE SUPfRELEHENT 
ANO ZERO LE~GTH MEMBER AT BENT 3. 

10219,62 
10219.62 
10219.62 
10219.62 
10219.62 

10,00 
10.00 
50,00 
58.43 
66,87 

9913.39 
9913.39 SUPPORT 
9913 ,39 
9913.39 
9913,39 

NEW NODES ARE CEFINEC FOR THE SUPERELEr:E~T 
ANO ZERO LENGTH ~E~BER AT 8E~T 4. 

*** 
*** 

*** 
*** 

·····················~·········································· 
'+004 10333.Rl 
'+OH 10333.81 

40'+11 10333.81 
40'+12 10333.81 
40'+13 10333.81 

MEMBER INCIDENCES 

10,00 
10.00 
so.co 
58.43 
66.87 

'9904. 71 
9904. 71 
9904.71 
9904. 71 
9904.71 
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s 
s 
s 
s 

s 
s 
s 
s 
s 

5011 3011 1012 
5012 1012 1013 
5013 1013 1014 
SOH 1014 1015 
5015 1015 1021 
5021 lC21 1022 
5022 1022 1023 
5023 1023 lfl24 
5024 1024 1031 
5031 1031 1032 
5032 1032 1033 
5033 1033 1034 
503'+ 1034 2035 
5035 2035 2036 
5036 2036 1041 
50/l l 1041 1042 
5042 1042 1043 
50'l3 1043 1044 
5044 1044 1051 
5051 1051 1052 
5052 1052 1053 
5053 1053 1054 
5054 1054 1061 
5061 1061 1062 
5062 1062 1063 
5063 1063 106'+ 
5064 106'+ 1065 
5065 1065 3071 

901 1034 1041 
902 1034 10 '+ l 

70211 '+0211 40212 
70212 40212 40213 
70213 40213 1021 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
••• ZERO LENGTH MEM8ER AT BENT 3. ••• 
········•*···················•********************************** 

7013 4003 4013 
70311 40311 40312 
70312 '+0312 40313 
70313 4031! 1031 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
••• ZERO LENGTH MEMBER AT BENT 4. • •• ................................................................. 
701 IJ 

70'+11 
701J12 
701J13 

4COIJ 
40411 
40412 
401Jl3 

4014 
40412 
40413 

l OIJ 1 

.................................................................. 
*** 

7015 
70511 
70512 
70513 

40511 
40511 
'+0512 
40513 

ZERO LENGTH MEMEER AT BENT 5. 

'+015 
40512 
40513 

1051 

A.6-6 
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70611 40611 40612 
70612 40612 40fl3 
70613 40613 1061 

s 
s ******************************••································ 
s *** DEFifllE THE SUPE.RELEMENT INCIDENCES FOR *'** 
s *** THE PILES AT BENTS 3 & 4. ..... 
s •************************************************••············· 
s 
ELEMENT INCIDENCES 

7003 40311 4003 
7004 40411 4004 

MEMBER PROPERTIES PRISMATIC 
5011 THRU 5Cl5 AX 86.0 IX R62.0 IY 13000.0 IZ 3&0 .o 
5021 THRU 5024 AX 86.0 IX 862.0 IY uoco.o IZ 360.0 
5031 THRU 5C36 AX 86. 0 !X 862.0 IY 13000.0 IZ 36000 
SOH THQU 5044 AX 86.0 IX 1362.0 !Y 13000.0 IZ 360.0 
5051 THRU 5054 AX 86.0 IX 862.0 IY 13000.0 IZ 360.C 
5061 THRU 5065 AX 86.0 IX 862.0 lY 13000.0 IZ 360 .o 
M£11B PROP PRIS AX :n.o IX 146.0 IY 143.0 IZ 73.0 
70211 
HEMS PROP PRIS AX 33.0 IX 146.0 IY 143.0 IZ 73.0 
70212 
MEH6 PROP PRIS AX 33.0 IX 146.0 IY 143 • 0 IZ 73.0 
70213 
MEHB PROP PRIS AX 33.0 IX 146.0 IY 143.0 IZ 73.0 
70311 
HEMS PROP PRIS AX 33.0 IX 146.0 IY 143.0 IZ 73.0 
70312 
MEHB PROP PRIS AX 33. 0 IX 146.0 IY 143.0 IZ 73.0 
70313 
HEMS PROP PP. IS AX 33.0 IX 146.0 IY 143.0 IZ 73.0 
70411 
MEM8 PROP PRIS AX 33.0 IX 14&.0 IY 143.0 IZ 73.0 
70412 
MEMS PROP PRIS AX 33.0 IX 146 .o IY 143.0 IZ 73.0 
70413 
MEMB PROP PR ·IS AX 33.0 IX 146.0 TY 143.0 IZ 73.0 
70511 
MEMB PROP PRIS AX 33.0 IX 146.0 IY 143.0 IZ 73.0 
70512 
MEMB PROP PRIS AX 33.0 IX 146.0 IY 143.0 IZ 73.0 
70513 
MEMB PROP PRIS AX 33.0 IX 1% ■ 0 IY llt3.0 12 73 ;,Q 

70611 
MEMB PROP PRIS AX 33.0 IX llt6.0 IY llt3 ■ 0 IZ 73.0 
70612 
MEl'1B PROP PRIS AX 33.0 IX 146.0 IY 143.0 IZ 73.0 
70613 
ME!148 ER PROPERTIES PPIS"'ATIC 

901 TO 902 AX .02455 IX .000001 IY .000001 IZ .000001 
s 
s ********•********••···········•**************•*••··············· 
s *** INPUT THE STIFFNESS l'IATRIX FOR THE ZERO LENGTH *** 
$ *** MEMBERS. THIS MATRIX IJAS TAKEN FRCM A ••• 
s *** PROGRAM FOR CALCULATING STIFFNESS COEFFICIENTS *** 
s *** FOR PILE GRGUPS. *** 
$ *•********•w*************************•••••••~**************••••• 
s 
MEMBER PROPERTIES STIFFNESS 
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7013 ~ATRIX COLUM~S 1 2 3 4 5 6 ex .17261 CY o. CZ .98499 
4o084E8 O. O. O. O. 8.21C8E8 

o. l.3575E9 o. o. o. o. 
0• o. 4.084E8 -R.211E8 o. o. 
0. 0. -8.211E8 2.2204El0 O. o. 
o. O. o. O. 1.2922El0 o. 

e.2108E8 o. o. o. o. 2.7040El0 
7014 MATRIX COLU~NS l 2 3 4 5 6 ex -.02160 CY o. CZ .gq9g 

'+e084E8 o. o. o. o. 8.2108E8 
D. le3575E9 c. O. o. o. 
o. Oe 4.084E8 -8.211[8 O. O. 
o. o. -8.211E8 2.2204£10 o. o. 
o. O. 0, O. l.2922El0 O. 

8.2108E8 o. o. O. o. 2,7040El0 
7015 MATRIX COLUMNS l 2 3 4 5 6 ex -,21497 CY o. CZ .97662 

4e084E8 O. O. a. o. 8.2108E8 
o. l.3575E9 o. 
o. o. t+.084E8 
o. o. -8.211[8 
o. 

8e2108E8 
UNITS rncHES 
s 

o. o. 
0 • 0. 

POUNDS RADIANS 

o. 
-e .211E8 

2.2204El0 
o. 
0. 

0. 0. 
0. o. 
o. 0. 

le2922El0 0. 
0. 2o7C40ElC 

s 
s 
s 
s 
s 
s 

************************••······································ *** 
*** 
*** 

THE SUPER ELEMENT MATRIX WHICH IS l~PUT HERE IS THE 
SA~E MATRIX THAT WAS CALCULATED IN SA~PLE PROBLEM 7. 

THIS IS FOR A PILE GROUP PASSING THROUGH WATER. 

*** 
*** 
*** 

****************************••·································· 
ELEMENT PROPERTIES 
7003 7004 TYP~ 'SUPER' STIFFNESS MATRIX 
DISPLACE~ENTS X Y Z ROTATION X Y Z 
SUBMATRIX 1 1 

lo037E5 0. o. 
0. 
o. 
0. 
o. 

0. 
3.5.352£7 o. o. 

o. 
o. 
o. 

1.0368E5 ~.4883E7 
2o4883E7 8,5277El0 

-2.4e83E7 
SUB HA TR IX 2 1 

o. 
o. 
0. 

-l.0368E5 o. o. 
o. -3.5.352E7 0. 
o. 
o. 
0. 

-2.4883E7 
SUBHATR rx 2 2 

1.0368£5 

o. 
0. 
o. 
0. 

-l.0368E5 
2,48832E7 

0. 
0. 

0 • o. 
0. 
0. 
0. 
0. 

3.5352E7 o. 
O. l.03E8E5 
o. -2.4883[7 
o. 
0. 

o. 
o. 2.4883[7 

UNITS FEET 
s 

KIPS RADIAr~S 

o. 
o. 

o. 
0. 

-2.4883E7 
-7,333El0 

0. 
0, 

o. 
0. 

-2.4883E7 
8.5277El0 

o. 
o. 

GLOBAL NODES 2 NOF 6 -

0. -2. '+883£7 
0. o. 
0. o. 
0. a. 

2.1175E9 a. 
0. 1,1105Ell 

o. 2.48832E7 
0. o. 
o. o. 
0. o. 

-2. 1175E9 o. 
o. -9 .911El0 

o. 2.4883E7 
o. o. 
0 • 0. 
0. o. 

2. 1175£9 o. 
o. loll04Ell 

s 
s 
s 
s 
s 

************************•********************************•~***** 

*** 
*** 
••• 
••• 

THE EFFECT OF THE PILE GROUPS FOR BENT 2 ~ 6 ARE 
CONSIDERED SY USING JOINT RELEASE SPRINGS. IN THIS 

CASE THE FCRCES IN TH[ PILE GROUP ARE ~OT COUPLED 
AS THEY ~ERE FOR THE ZERO LENGTH ~EMBER. 

A.6-8 
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s **************************************************************** 
s 
JOINT RELEASES 
40211 TH2 .411734 KFX 4.084E8 KFY 1.3575E9 KFZ 4a084E8 -

KHX 2.704£10 KMY l.292El0 KMZ 2.2204E10 
~0611 TH2 -.411734 KFX 4.084E8 KFY l.3575E9 KFZ 4.084E8 -

KMX 2.704El0 K~Y l.292ElC KMZ 2e2204ElC 
UNITS DEGREES 

CONSTANTS 
DENSITY 150.0 ALL 
E 432000. 5011 THRU 5015 
E 432000. 5021 THPU 5024 
E 432000. 5031 THRU 5036 
E 432000. 5041 THRU 5044 
E 432000. 5051 THRU 5054 
E 432000. 50~1 THRU 5065 
E 432000. 70211 Tr.RU 70213 
E 432000. 70311 THRU 70313 
E 432000. 70411 THRU 70413 
E 432000. 70511 THRU 70513 
E 432000. 70&11 THRU 70~13 
E 432000. 7003 7004 7013 7014 7015 

E 2016000. 901 902 
BETA 23.5906 70211 THRU 70213 
BETA 9.9390 70311 THRU 70313 
BETA -1.2375 70411 THRU 70413 
BETA -12.4141 70511 THPU 70513 
BETA -23.5906 70611 THPU 70613 

MEMBER ECCENTRICITY 

s 

901 LOCAL STARTZ 12.88 ENO Z 12.88 
902 LOCAL STARTZ -12.sa END Z -12.aa 

MEMB~R 5011 P.EL END FOR X 
JOINT 3011 RELEASE MOM Y Z 
TH2 -33.1008 

MEMBER 5065 REL STA FOR X 
JOINT 3071 RELEASE MOM Y Z 
TH2 33 al CO 8 

MEMBER 5035 RELEASES E~O FORCE X ~OMENT Y Z 
INERTIA CF JOINTS LU~PEO 
DAMPING PERCENTS 5.0 18 

s 
s 
s 
s 
s 
s 

····························································•*** *** 
*** 
*** 
*** 
*** 

THE MASS OF THE PILE GROUPS ARE LUMPED AT THE 
APPROPRIATE ~GOES RY USING THE •I~ERTIA OF 

JOINTS ACO• COMMAND. THE EFFECTS OF THE MASS 
OF THE WATER IS NOT CONSIDERED IN THIS EXAMPLE, 

BUT COULD BE BY INCLUDING IT HERE. 

••• 
*** .... 
*** .... 

s •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
s 
INERTIA OF JOINTS ADD 
40311 40411 LINEAR ALL 114000. 
4003 4004 Ll~EAR ALL 185000. 
40211 40511 40611 LINEAR ALL 71000. 
PRINT STRUCTURAL DATA 

$ 

ASSE~BLE FCR' DYNAMICS fiEDUCE BAND 
INDEPENDENT DEGREE OF FREEDOM SELECT 
CONDENSE DYNAMIC MATRICES 
DUMP ORTHOGONALITY 

s ******************•············································· 
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s ••• FREE VIBRATION ••• 
s •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
s 

HOOAL ANALYSIS HOW 18 
LIST DYNA~IC NORMALIZED EIGENVECTCRS 
LIST DYNAMIC PARTICIPATION FACTORS 
FINISH 
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**************************** 
*RESULTS OF LATEST ANALYSIS* 
**************************** 

PROBLEM - PROB. 8 TITLE - RTE 80 ONRAMP - NODAL ANALYSIS WITH SOIL SPRINGS 

ACTIVE UNITS FEET KIPS DEG. FAHR SEC LBM 

EIGENVALUES 

/--NODE--/--EIGEtNALUE--/------FREQUENCY------1--------PERIOD--------/ 

l 0.2146270+06 0.463278D+03 0.777071D+OO 
2 0.4018780+06 0.6339380+03 0.567878D+OO 
3 0.7424450+06 0.8616520+03 0.417802D+OO 
4 0.8620860+06 0. 9284860+03 0.387728D+OO 
5 0.1014740+07 0.1007340+04 0.3573760+00 
6 0.1111480+07 0.1054270+04 0.3414700+00 
7 0.1506870+07 0.1227550+04 0.2932680+00 
8 0.1732100+07 0.1316090+04 0.273537D+OO 
9 0.2098740+07 0.144870D+04 0.2484980+00 

10 0.2566920+07 0.1602160+04 0.2246970+00 
11 0.3028600+07 0.1740290+04 0.2068620+00 
12 0.4925050+07 0.2219250+04 0.1622170+00 
13 0.6330050+07 0.2515960+04 0.143087D+OO 
14 0 .6824080+07 0.261229D+04 0.1378100+00 
15 o. 7571290+07 0.2751600+04 0.1308330+00 
16 0.7845410+07 0.2800970 ♦04 0.128527D+OO 
17 0.1105430+08 0.3324810+04 0.1082770+00 
18 0.1147350+08 0.3387260+04 0.1062810+00 
19 0.1424260+08 0.3773930+04 0.9539120-01 
20 0.1539830+08 0.392407D+04 0.9174140-01 
21 0.1864980+08 0.4318530+04 0.8336160-01 
22 o.2382130+08 0. 4880710+04 0.7375980-0l 
23 0.2679860+08 0.5176750+04 0.6954160-01 
24 0.2698820+08 0.5195010+04 0.6929720-0l 
25 0. 2718680+08 0.5214090+04 0.6904360-01 
26 0.2781290+08 0.527380D+04 0.6826200-0l 
27 0.282864D+OS 0.5318490+04 0.676883D-Ol 
28 0.2884960+08 0. 5371180+04 0.670244D-Ol 
29 0.3595780+08 0.5996480+04 0.600352D-Ol 
30 0.5104310+08 0.7144450+04 0.5038880-01 
31 0.5700010+08 0.7549840+04 0 .4 768310-01 
32 0.645933D+OS 0.8036990+04 0.447929D-Ol 
33 0.8616420+08 0. 9282460+04 0.3878280-01 
34 0.986532D+OS 0.9932430+04 0.3624490-01 
35 0.9960990+08 0.9980470+04 0.3607040-01 
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/--M00E--/--EIGENVALUE--/------FREQUEHCY------1--------PERI00--------/ 

36 0.9985560+08 0. 9992770 ♦ 04 0.3602600-01 
37 0.1047030+09 0.1023250+05 0.3518210-01 
38 0.1057380+09 0.1028290+05 0.3500960-01 
39 0 .1131350+09 0.1063650+05 0.3384570-01 
40 0.1258180+09 0.1121690+05 0.3209450-01 
41 0.1746080 ♦ 09 0.132139D+05 0.272440D-Ol 
42 0.176499D+09 0.1328530 ♦05 0.270976D-01 
43 0.2045670+09 0.1430270+05 0.251701D-01 
44 0,2051950+09 0.1432460+05 0.2513150-01 
45 0.2111900+09 0.1453240+05 0.247723D-Ol 
46 0.2208740+09 0.1486180+05 0.2422310-01 
47 0.2383800+09 0.154396D+OS 0.233167D-Ol 
48 0.3598980+09 0.1897100+05 0.1897640-01 
49 0.3607980+09 0.1899470+05 0.1895270-01 
50 0.405853D+09 0.201458D+OS 0.178697D-01 
51 0.4582350+09 0.2140640+05 0.1681740-01 
52 0.5161020+09 0.2271790+05 0.1584650-01 
53 0.5496420+09 0.2344440+05 0.1535540-01 

:x> 54 0.5744470+09 0.2396760+05 0.1502030-01 . 
55 0) 0.6002380+09 0.2449970+05 0.1469400-01 

I 56 0.6236940+09 0.2497390+05 0.1441510-01 
t-' 57 0.6429210+09 0.2535590+05 0.1419790-01 
I:\) 58 0 .6949680+09 0.2636220+05 0.1365590-01 

59 0.6982390+09 0.2642420+05 0 .1362390-01 
60 0.722136D+09 0.2687260+05 0.133965D-01 
61 0.7714100+09 0.2777430+05 0.1296160-01 
62 0.7779200+09 0.2789120+05 0.129073D-Ol 
63 0.785419D+09 0.2802530+05 0.1284550-01 
64 0.7945050 ♦ 09 0.2818700+05 0.1277190-01 
65 0.8131350+09 0.2851550 ♦ 05 0.126247D-01 
66 0.8325940+09 0.288547D+OS 0.124763D-Ol 
67 0.8597750+09 0.2932190+05 0.1227750-01 
68 0.8682410+09 0.2946590+05 0.1221750-01 
69 0.9211770+09 0.3035090+05 0 .118613D-Ol 
70 0.9642560+09 0.3105250+05 0.1159330-01 
71 0.9852510+09 0,3138870+05 0 .1146910-01 
72 0.1016550+10 0.3188330+05 0.1129120-01 
73 0 .1139970+10 0.3376340+05 0.1066240-01 
74 0.1294460+10 0.3597860+05 0.1000590-01 
75 0.1364290+10 0.3693620+05 0.9746520-02 
76 0.1421710+10 0.3770560+05 0.954765D-02 
77 0.147691D+lO 0.3843060+05 0.936754D-02 
78 0.1500980+10 0.3874240+05 0. 929213D-02 
79 0.1558060+10 0. 394 723D+05 0.912032D-02 
80 0.1627020+10 0.4033630+05 0.892496D-02 
81 0.1655360+10 0 .4068610+05 0.8848220-02 
82 0.191929D+lO 0.4380970+05 0.8217350-02 
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/--NOOE--/--EIGEHVALUE--/------FRE~UENCY------1--------PERIOO--------/ 

83 0.2003620+10 0.4476180+05 0 .8042570-02 
84 0.2010840+10 0.4484230+05 0.8028120-02 
8S 0.2038320+10 0.4S14770+05 0.7973820-02 
86 0.2726750+10 0.5221830+05 0.6894130-02 
87 0.3351510+10 0.5789220+05 0.6218450-02 
88 0. 3601120+10 0.6000930+05 0.5999070-02 
89 0.3624680+10 0.6020530+05 0.5979540-02 
90 0.3900660+10 0.6245530+05 0 .5764120-02. 
91 0.4083780+10 0.6390450+05 0.5633410-02 
92 0.4104540+10 0.6406670+05 O.S619140-02 
93 0.4104870+10 0.6406920+05 0.5618920-02 
94 0.4129900+10 0.6426430+05 0.5601870-02 
95 0.4216790+10 0.6493680+05 0.5543850-02 
96 0.4503400+10 0. 6 710740+05 0.5364540-02 
97 0,4510340+10 0.6715900+05 0.5360410-02 
98 0.4S30460+10 0.6730870+05 0.5348490-02 
99 0.4530990+10 0.6731260+05 0.53481€0-02 

100 0.5226850+10 0. 722 9690+05 0.4979460-02 
:i> 101 0. 5296820+10 0, 7277920+05 0.4946470-02 . 
O") 102 0.5351890+10 0.7315660+05 0.4920950-02 
I 103 0.5519330+10 0.7429220+05 0,4845730-02 

f--l 104 0.6797170+10 0.8244490+05 0.4366550-02 
w 105 0.6858360+10 0.8281520+05 0.4347030-02 

106 0.6932960+10 0.8326440+05 0.4323580-02 
107 0 .1289640+11 0.1135620+06 0.3170070-02 
108 0.1289880+11 0.1135730+06 0.3169780-02 
109 0,1290550+11 0 .1136020+06 0.3168950-02 
110 0 .1314610+11 0.1146560+06 0.3139810-02 
111 0 .1317110+11 0 .114 7650+06 0.3136830-02 
112 0.1526750+11 0.1235620+06 0.2913520-02 
113 0.1529290+11 0.1236640+06 0.2911100-02 
114 0.3606610+11 0 .1899110+06 0.1895630-02 
115 0.2158070+12 0.4645500+06 0.7749440-03 
116 0.2158070+12 0.4645500+06 0. 7749440-03 
117 0.2189060+12 0.4678740+06 0.7694380-03 
118 0.2189060+12 0.4678740+06 0.769.'.+380-03 
119 0,4352160♦ 12 0.6597090+06 0.5456950-03 
120 0.4419890+12 0.6648220+06 0.5414980-03 
121 0.4699360+12 0.6855190+06 0.5251500-03 
122 0.4699360+12 0.6855190+06 0.5251500-03 
123 0.4703550+12 0.6858240+06 0.5249160-03 
124 0.4703550+12 0.6858240+06 0. 5249160-03 
125 0.5515650+12 o. 7426740 ♦ 06 0.48'+7350-03 
126 0.5524770+12 0.7432880+06 0.4843340-03 
127 0.7751740 ♦ 12 0.8804390♦ 06 0.4088870-03 
128 0.7751740+12 0.8804390+06 0.4088870-03 
129 0 .1303790+13 0 .1141830+07 0.3152820-03 
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130 
131 
132 

0.1562540+13 
0.1562540+13 
0.156254D+l3 

0.1250020+07 
0.1250020+07 
0.1250020+07 

0.287996D-03 
0.287996D-03 
0. 287996D-03 
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I J SUM 

l 2 1. 7770-13 
5 6 -1.066D-13 
9 10 3.046D-14 

13 14 1.319D-14 
17 18 3.600D-15 

LIST DYNAMIC NORMALIZED EIGENVECTORS 
::t> . 
m 
I ..... 

CJ1 

********** ORTHOGONALITY CHECK********** 

MODES HAVE BEEH tlORMALIZED TO UNIT GENERALIZED MASS 

SUM=(MODECI))TRANS*INERTIA*MODE(J)) 

I J SUM I J SUM 

2 3 -1.5070-13 3 4 7. 707D-13 
6 7 -4.604D-15 7 8 1.6560-14 

10 11 -1.6510-15 11 12 7.182D-16 
14 15 1.1340-15 15 16 -2.047D-15 
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I J SUM 

4 5 9. 7490-13 
8 9 3.269D-14 

12 13 4.0040-15 
16 17 -1.666D-15 
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**************************** 
*RESULTS OF LATEST ANALYSIS* 
**************************** 

PROBLEM - PROB. 8 TITLE - RTE 80 OHRAMP - MODAL ANALYSIS WITH SOIL SPRINGS 

ACTIVE UNITS FEET KIPS DEG. FAHR SEC LBM 

NORMALIZED EIGENVECTORS 

MODE l MAXIMUM VALUE IS -l.280935E-02 AT JOINT 2036 IN DIRECTION DISP Z 

PAGE - 9 

JOIHT /-----------------DISPLACEMENT-----~-----------/1----~--------------ROTATION-------------------/ 
X DISP. Y DISP. Z DISP. X ROT. Y ROT. Z ROT. 

3011 GLOBAL o.o 0.0 0.0 -0.015709& -0.0866179 -0.0240977 
1012 GLOBAL -0.0412228 -0.0005037 0.0289577 -0. 0110776 -0.0866249 -0.0270958 
1013 GLOBAL -0.0216541 -0.0115147 0.0605045 0.1064170 -0.0909719 -0.0893002 
1014 GLOBAL -0.0016479 -0.0176196 0.0959481 o.,350417 -0.1034358 -0.1330898 
1015 GLOBAL 0.0200281 -0.0148039 0.1383975 0.3728952 -0.1242211 -0.1596975 
1021 GLOBAL 0.0443936 0.0001647 0.1913141 0.5184488 -0.1537329 -0.1707885 
1022 GLOBAL 0.0837663 0.0216616 0.2909868 0.4652838 -0.1933880 -0.1497692 
1023 GLOBAL 0.1229939 0.0247341 0.4099313 0.4107153 -0.2133637 -0.1321497 
1024 GLOBAL 0.1570010 0.0141282 0.5378114 0.3577384 -0.2174615 -0.1088053 
1031 GLOBAL 0.1831209 0.0002459 0.6665271 0.3079351 -0. 2110211 -0,0718213 
1032 GLOBAL 0.1963683 -0. 0048077 0.7546621 0.3247570 -0.2023067 -0 .0497367 
1033 GLOBAL 0.2054252 -0.0064666 0.8390270 0.3409509 -0.1917386 -0.0327495 
1034 GLOBAL 0.2105898 -0.0076221 0.9193097 0.3566491 -0.1824684 -0.0216901 
2035 GLOBAL 0.2127191 -0.0116348 0.9968778 0. 3720513 -0.1788911 -0.0175895 
2036 GLOBAL -0.1095571 -0.0119417 1.0000000 0.3726713 0.3788259 0.0481059 
1041 GLOBAL -0.1087280 -0.0003154 0.9009826 0.3819858 0.3770038 0.0464477 
1042 GLOBAL -0.1007734 0.0128970 0. 7148929 0.4669592 0.3653978 0.0474455 
1043 GLOBAL -0.0847203 0.0152672 0.5385097 0.5510438 0.3395178 0.0609474 
1044 GLOBAL -0.0625870 0.0095106 0. 3803502 0.6331793 0.2957748 0.0900575 
1051 GLOBAL -0.0380458 0.0003264 0. 2497618 0.7122900 0.2315746 0 .1374904 
1052 GLOBAL -0.0151649 -0.0016706 0 .1539727 0.5465837 0.1640984 0 .1575114 
1053 GLOBAL 0.0036505 0.0046404 0 .0888328 0.3905609 0.1088022 0.1422123 
1054 GLOBAL 0.0174092 0.0086334 0.0480257 0.2458492 0.0652953 0.0924408 
1061 GLOBAL 0.0260588 -0.0001482 0.0253951 0.1133636 0.0334491 0.0101220 
1062 GLOBAL 0.0301708 -0.0106113 0.0163961 0.0770819 0.0143787 0.0220565 
1063 GLOBAL 0.0315067 -0.0125694 0.0137267 0.0437663 0.0006839 0.0280691 
1064 GLOBAL 0.0306776 -0.0081890 0.0151570 0.0143718 -o. 0076348 0.0269050 
1065 GLOBAL 0.0285463 -0.0003538 0.0185728 -0.0101290 -0.0105629 0.0174987 
3071 GLOBAL o.o 0.0 0.0 -0.0110310 -0.0105676 0.0169209 
40211 GLOBAL 0.0000020 0.0000001 0.0000081 0.0001421 -0.0000119 -0.0000571 



PAGE - 10 

JOIHT /-----------------DISPLACEMEHT-----------------/1-------------------ROTATIOH-------------------/ 
X DISP. Y DISP. Z DISP. X ROT. Y ROT. Z ROT. 

40212 GLOBAL 0.0059239 0.0000549 0.0326433 0.4048012 -0.0512319 -0. 0770866 
40213 GLOBAL 0.0217218 0.0001098 0.1078504 0.5775647 -0.1025128 -0.1340416 
4015 GLOBAL o.o o.o o.o o.o o.o o.o 
40511 GLOBAL -0.0000027 0.0000001 0.0000175 0.0002069 0.0000179 0.0000323 
40512 GLOBAL -0.0053673 0.0001088 0.0414626 0.5166242 0.0771729 0.0690255 
40513 GLOBAL -0.0191971 0.0002177 0.1384815 0.7540024 0.1544196 0.1148710 
40611 GLOBAL 0.0000019 -0.0000001 -0.0000005 0.0000025 0.0000026 -0.0000210 
40612 GLOBAL 0.0070884 -0.0000494 0.0028750 0. 0388930 0.0111470 -0.0820650 
40613 GLOBAL 0.0199748 -0.0000989 0.0114016 0.0766857 0.0223047 -0.0786311 
4003 GLOBAL 0.0000002 0.0000000 0.0000011 -0.0000208 -0.0000024 0.0000083 
4013 GLOBAL o.o o.o 0.0 0.0 0.0 0.0 
40"311 GLOBAL 0.1625147 0.0001403 0 .5796597 0.0343049 -0.1792943 -0.0023966 
40312 GLOBAL 0.1656935 0.0001755 0.5944254 0.1601728 -0.1898657 -0.0384818 
40313 GLOBAL 0.1731935 0.0002107 0.6250809 0.2503364 -0.2004496 -0.0612169 
4004 GLOBAL -0.0000001 -0.0000001 0.0000014 -0.0000313 0.0000044 -0.0000060 
4014 GLOBAL 0.0 0.0 0.0 0.0 0.0 0.0 
40411 GLOBAL -0.0953247 -0.0001800 0.7931008 0.0360071 0.3203217 -0.0005323 
40412 GLOBAL -0. 0972685 -0.0002251 0.8110330 0.1991449 0. 3392082 0.0251478 

~ 40413 GLOBAL -0.1022241 -0.0002703 0.8493349 0.3130167 0.3581172 0.0404878 . 
Q) 

I 
~ MODE 2 MAXIMUM VALUE IS 9.521995E-03 AT JOINT 40311 IN DIRECTION DISP X 
--.J 

JOIHT /-----------------DISPLACEMEHT-----------------/1-------------------ROTATIOH-------------------/ 
X DISP. Y DISP. Z DISP. X ROT. Y ROT. Z ROT. 

3011 GLOBAL 0.0 0.0 o.o 0.4596117 -o .1105622 0.7050212 
1012 GLOBAL 0.6855015 0.0147452 -0.4490045 0 .4617375 -0.1105617 0.7032641 
1013 GLOBAL 0.7097610 0.3405188 -0.4093058 0.4146384 -0.1102224 0.5032417 
1014 GLOBAL 0.7317078 0.5130062 -0.3685464 0.2060864 -o .1091639 0.0337758 
1015 GLOBAL 0.7510818 0.4189765 -0.3272266 -0.1017805 -o .1071404 -0.6147590 
1021 GLOBAL 0.7677365 -0.0025828 -0.2859047 -0.4498206 -0.1037593 -1.3401813 
1022 GLOBAL 0.7966063 -0.6996462 -0.2321246 -0.3043292 -o .0929317 -0.7096878 
1023 GLOBAL 0.8180480 -0.8796484 -0.1851468 -0.0408677 -0.0742786 0. 2114693 
1024 GLOBAL 0 .8321448 -0.5276740 -0.1485741 0.1482700 -0.0533388 0.8420193 
1031 GLOBAL 0.8401901 -0.0096767 -0.1230324 0.1489253 -0.0344850 0.6483163 
1032 GLOBAL 0.8433456 0.1989439 -0.1108636 0 .10556 72 -0.0240803 0.2926807 
1033 GLOBAL 0.8448749 0.2558500 -0.1023009 0.0644479 -0. 016 7794 -0.0366554 
1034 GLOBAL 0.8451809 0.1852253 -0.0960735 0.0299231 -0.0127082 -0.2781861 
2035 GLOBAL 0 .8456 777 0.0391990 -0.0909774 0.0015593 -0.0114095 -0.3720011 
2036 GLOBAL 0.1155503 0.0327047 -0.0907783 0.0005030 -0.0261851 -0.1203791 
1041 GLOBAL 0 .1154736 0. 0041335 -0.0838921 -0.0156214 -0.0265418 -0.0868279 
1042 GLOBAL 0 .1133560 -0.0144666 -0.0702465 -0.0497778 -0.0285158 0.0000743 
1043 GLOBAL 0.1103553 -0.0017793 -C.0556067 -0.0795938 -0.0307460 0.0281887 
1044 GLOBAL 0.1064202 0.0129151 -0.0403444 -0.1019651 -0.0315180 -0.0056529 
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**************************** 
*RESULTS OF LATEST ANALYSIS* 
**************************** 

PROBLEM - PROB. 8 TITLE - RTE 80 ONRAMP - MODAL ANALYSIS WITH SOIL SPRINGS 
PARTICPATION FACTORS -(OUTPUT IN INTERNAL UNITS) 
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MODE /-----------------DISPLACEMENT-----------------/1-------------------ROTATION-------------------/ 
X DISP. Y DISP. Z DISP. X ROT. Y ROT. Z ROT. 

1 -12.9172020 -0.4295208 -116.128418 o.o 0.0 o.o 
2 103.398682 -9.0440159 -26.5034027 o.o 0.0 0.0 
3 -87.3408051 -19.3747559 -4.3783922 o.o 0.0 o.o 
4 -35.5992126 13.7899847 -31. 7531891 0.0 0.0 0.0 
5 -19.9290009 4.0885954 -7.9823093 0.0 0.0 o.o 
6 43.1997528 0.3892074 17.0993195 0.0 o.o 0.0 
7 22.7614441 1.0102539 -77.8030243 0.0 0.0 0.0 
8 -21.1449585 -19.1529236 -15.1347876 o.o 0.0 o.o 
9 8.6613655 -32.5593567 16.4158020 0.0 0.0 0.0 

10 13.3223181 -76.3327789 -2.4329376 0.0 0.0 0.0 
11 -8.3526611 .:88.6617889 -2.0735464 o.o 0.0 0.0 
12 16.6310730 -2.4464178 3.8976278 o.o 0.0 o.o 
13 -5.5614777 -8.5880108 -23.5689240 0.0 0.0 0.0 
14 3.3812809 -21.6340637 5.4007788 0.0 0.0 0.0 
15 -13.7043915 -1.5622244 11.2886524 0.0 0.0 0.0 
16 3.8110495 -14,7450075 0.8810353 o.o 0.0 0.0 
17 -3.5858784 -1.1516628 -4.7698870 o.o 0.0 o.o 
18 -4.0281353 0.8419144 -18.6003265 o.o 0.0 0.0 

FitlISH 



ECC SEISMIC DESIGN OF HIGHWAY BRIDGES STUDENT TEXT 

Appendix A.7 

SAMPLE PROBLEM 9 

Perform a time history analysis of Route 80 Onramp U.C. using 
transversly applied ground motion as developed by Seed and Idress 
for an 8+ magnitude earthquake. 

FIND: 

1) Maximum deck displacements at bents 

2) Maximum hinge restrainer forces 

3) Maximum shears and moments at column bases 

4) Maximum shears at abutments and hinges 

Plot the time history of bent 4 base moments in the longitudinal 
and transverse direction. 

Also, assume an electrolier is to be placed on the bridge at Bent 
4. It is desirable to have a simple means of evaluating its 
seismic response. Using the transient results for acceleration 
at Bent 4, develop and plot a response spectrum for base motion 
in the transverse direction at the electrolier. 

A.7-1 



ij 

~ 
~ 1 

t· 

I 
I 
I 

7 

I 
~ ~ 
u V, 
L 

~ 
•• 
V, 

il.S:J.1 

Lisf #Oddi 
Tr111Js. tftsvlls 

1/./.l 

11.1". l 
P-t1nsic11f 

JI llllJ.s'IS 

II. 5".J./ 

L1.5f 5fslcm 
7/?IIJS. ~s11//s. 

'1?/v//J -

E.f1f 

STRUDL FLOWCHART FOR PERFORMING TRANSIENT ANALYSIS 
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80/80 INPUT-CARD IMAGES 

•PRCB. 9' •RTE 80 ONRAMP - TRANSIENT A~AlYS!S • 

s ••••••••••••••••••••••••••••••••••••••••• 
s ••• • •• 
s *** SEISMIC DESIGN OF HIGH~AY BRIDGES••• 
$ *** ••• 
s *******************************•*•******* 
$ 

S SPONSORED BY: 
$ 

S FEDERAL HIGHWAY ADMINISTRATION 
s 
S PRESENTED BY: 
s 
S ENGINEERING COMPUTER CGRPERATION 
S 601 UNIVERSITY AVE. SUITE 213 
$ SACRA~ENTO, CALIFORNIA 
s 
S PHONE: <916> 922-9316 
s 
S INSTRUCTORS: 

ROY A• IMBSEN 
R !CHARD V • NUTT 
JAMES GATES 

PRINCIPLE I~VESTIGATOR 

THIS PROBLEM ILLUSTRATES THE USE OF A TIME HISTORY ANALYSIS 
TO DETERMINE THE MAXl~UM FORCES IN THE ROUTE 80 ONRAMP OCo 
THE SEED-IDRISS 8+ GROUND ACCELERATION rs APPLIED IN THE 
TRANSVERSE DIRECTION. 

s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
••• STRUCTURE DESCRIPTICN • •• 
•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

s 
JOINT COOROI~ATES 

3011 10000.00 75.30 10000.00 SUPPORT 
1012 10000084 75.30 999'3.45 
1013 10021.35 75.30 9986.72 
1014 10042.38 75.30 9':174 .,n 
1015 10063.87 75.30 9963.83 
1021 10085.79 75.30 9953 • 71 
1022 10118.29 75.30 9'3'+0 .66 
1023 10151.51 75.30 9':129.56 
1024 10185.32 75.30 9920.46 
1031 10219.62 75.30 9913 .39 
1032 10244.01 75.30 9909.65 
1033 1026e .• 53 75.30 9906.93 
1034 10293.14 75.30 9905.24 
2035 10317.81 75.30 990~-~8 
2036 10318.81 75.30 9904.58 
1041 10333.81 75.30 9904.71 
10~2 10362.45 75.30 9906.03 
1043 10391.00 75.30 9'?08.74 
1044 10419.37 75.30 9912.84 
1051 10",47.52 75.30 9918.32 
1052 10475.:!6 75,30 9925.16 
1053 10502.84 75.30 9933.36 
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1054 10529.88 75.30 9942.88 
1061 1055E,.43 75.30 5953. 71 
lOE,2 10578.3E, 75.30 9%3.83 
1063 1059'?.85 ·75. 30 997'+.8'+ 
lOE,4 10620.87 75.30 9986 .11 
1065 106'+1.39 75.30 9999.45 
3071 10642.23 75.30 10000.00 SUPPORT 

40211 1008!5.79 50.00 ?953.71 SUPPORT 
40212 1(1085.79 58.43 9553 • 71 
40213 10085.79 66.87 9953 • 71 
40311 10219.62 50.00 9913 • 39 SUPPORT 
40312 10219.62 58.43 9913.39 
40313 10219.62 6E.87 9913.39 
40411 10333.Bl 50.00 9904 • 71 SUPPORT 
40't12 10333.81 58.43 9904. 71 
lt0413 10333.81 66.87 3904.71 
40511 10447.52 50.00 9CJ18.32 SUPPORT 
40512 10447.52 58.43 9918.32 
40513 10447.52 66.87 9918.32 
40611 10556.43 50.00 9953. 71 SUPPORT 
40612 1055€:.43 58.43 9953 • 71 
'+0613 10556.43 66.87 9953. 71 

P'!Ef1BER INCI:JENCES 
5011 3011 101, 
5012 l 012 1013 
5013 1013 1014 
50H 1014 1015 
5015 1015 1021 
5021 1021 1022 
5022 1022 1023 
5023 1023 102'+ 
5024 1024 1031 
5031 1031 1032 
5032 1032 1033 
5033 1033 1034 
5034 1034 2035 
5035 2035 2036 
5036 2036 1041 
5041 1041 10'+ 2 
50'+2 1042 1043 
5043 1043 10 4'+ 
5044 1044 1051 
5051 l 051 1052 
5052 1052 1053 
5053 1053 1054 
5054 1054 1061 
5061 1061 1062 
5062 1062 1063 
5063 1063 1064 
5064 106'+ 1065 
5065 11')65 3071 

901 1034 1041 
902 1034 1041 

70211 40211 40212 
70212 40212 40213 
70213 40213 1021 
70311 4 0311 '+0312 
70312 40312 40313 
70313 40313 1031 
70411 40411 40412 
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70 1+12 40412 40413 
70413 40413 1041 
70511 40Sll 40512 
70512 40512 40513 
70513 40513 1051 
70611 40611 40612 
70612 40612 40613 
70613 40613 1061 

MEMBER PP.OPE:"RT!ES PRiSMATIC 
5011 THP.U 5015 AX 86.0 IX B62.0 IY 1'3000.C 12 360.0 
5021 THRU 5!!24 AX 86.0 IX 862.0 IY 13000.0 IZ 360.0 
5031 THRU 5036 AX 86.0 IX 862.0 IY 13000.0 IZ 360.0 
5041 THRU 5044 AX 86.0 IX 862.0 IY 13000.0 IZ 360.0 
5051 THRU 5054 AX 86,0 IX 8E2,0 IY 13000,C IZ 360.0 
5061 THRU 5065 AX 86,0 IX 862,0 IY 13000.C !Z 360,0 
HEHE PROP PR IS AX 33.0 IX 146.0 IY 143.0 IZ 73.0 
70211 
MEMS PROP PR IS AX 33,0 IX 146,0 IY 143,0 IZ 73.0 
70212 
MEH6 PROP P~ IS AX 33.0 IX 146 .o IY 143,0 IZ 73.0 
70213 
MEMS PROP PRIS AX 33.0 IX 146.0 IY 143.0 IZ 73.0 
70311 
MEHB PROF PRIS AX 33.0 IX 146.0 IY l't3.0 IZ 73.0 
70312 
MEMS PROP PRIS AX 33,0 IX 146,0 IY 1'+3,0 IZ 13.0 
70313 
MEMS PROP PRIS AX 33,0 IX 146.0 IY 143.0 12 73.0 
70411 
MEMS PROP PR IS AX 33,0 IX 146.0 IY 143.0 IZ 73.0 
70412 
HEHB PROP PRIS AX 33,0 IX 146,0 IY 143,0 IZ 73.0 
70413 
MEHB PROP PRIS AX 33,0 IX 146.0 IY 143.0 IZ 73.0 
70511 
MEHB PROP PR IS AX 33,0 IX 146,0 IY 143.0 IZ 73.0 
70512 
HEMS PROP PRIS AX 33,0 IX 146,0 IY 1'+3,0 IZ 73.0 
70513 
MEHB PROP PR IS AX 33,0 IX 146.0 IY 143.0 IZ 73.0 
70611 
HEMS PROP PRIS AX 33,0 IX 146,0 IY 143,0 IZ 73.0 
70612 
HEMS PROP PRIS AX 33,0 IX 146.0 lY 1'+3.0 IZ 73,0 
70613 
MEMBER PROPERTIES PRISMATIC 

901 TO 902 AX .02'155 IX .000001 lY .000001 IZ .000001 
CONSTANTS 
DENSITY 150 .o ALL 
E 432000, 5011 THP.U 5Cl5 
E 432000. 5021 THRU 5024 
E 432000, 5031 THRU 5036 
E 432000, 5041 THRU 5044 
E 432000, 5051 THRU 5054 
E 432000. 5061 THRU ~065 
E 432000, 70211 THRU 70213 
E 432000. 70 311 THRU 7C31.3 
E 432000, 70411 THRU 70413 
E 432000. 70511 T~PU 70513 
E 432000, 70611 THRU 70613 
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E 2016000. 901 902 
BETA 23.5906 70211 THRU 70213 
BETA 9.9390 70311 THRU 70313 
BETA -1.2375 70411 THRU 70413 
BETA -12.4141 70511 THRU 70513 
BETA -23.5906 70611 THRU 70613 

MEMBER ECCENTRICITY 
901 LOCAL START 
902 LOCAL START 

HEMBER 5Cll RfL E~D 
JOINT 3011 RELEASE 
TH2 -33.1008 

MEMBER 5065 REL STA 
JOINT 3071 RELEASE 
TH2 33.1oca 

z 12.as 
z -12.ee 
FOR X 

FOR X 

E~O 
END 

MOM 

MOM 

z 12.88 
z -12.es 

y z 

y z 

MEMBER 5035 RELEASES END FORCE X MOrENT Y Z 
INERTIA OF JOI~TS LU~PED 
DAMPING PERCE~TS 5.0 18 

$ 

s ······························••*••···················•********* $ *** LOADING CONDITION DESCRIPTION ••• 
s ························••**********••····••***********••······· s 
TRANSIENT LOAD 1 'TRA~SVERSE EQ' 
SUPPORT ACCELERATIONS 
TRANSLATION Z FILE 'RIECS!8+' FACTOR 1.0 
INTEGRATE FRC~ O.O TO 20.C AT DELTA 0.02 
ENO DYNAMIC LOADING 
PRINT OY~AMIC LOADIN~ DATA 
ASSEMBLE FCR DYNAMICS REDUCE BAUC 
INDEPENDENT DEGREE OF FREEDOM SELECT 
CONDENSE DYNAMIC ~ATRICES 
DUMP ORTHOGONALITY 
$ 

s ·····························•*****************••··············· $ *** FREE VISRATION *** 

s ··································••*********••················· $ 

MODAL ANALYSIS HOW 18 
$ 

s *****••···························••***************••··········· S ••• CREATE ~ODAL AND RIGID SOOY TRANSIENT RESULTS *** 
s ••• 
$ 

s 
s 
s 
s 

••• 
*** 
*** 

NOTE THESE RESULTS ARE CALCULATED AND TE~PORARILY STORED 
USING THE SAME LOADING DESCRIPTION IDENTIFIER AS THE 

ORIGINAL LOADING DESCRIPTION <I.E. I> 

TRANSIENT ANALYSIS L040S 1 
s 

*** 
••• 
*** 

s 
$ 

s 
$ 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
••• 
*** 
*** 

CALCULATE ANO LIST THE PHYSICAL SYSTEM RESULTS USING 
THE MODAL RESULTS STORED AFTER THE TRANSIENT ANALYSIS 

WAS PERFORMED 

••• 
••• 
*** 

s •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
s 
LIST DYNAMIC SYSTE~ TRANSIENT RESULTS ~AXIMU~ -

FORCES D!STCRTIO~S MEMeER 901 502 
LIST DYNAMIC tYSTE~ TRANSIENT RESULTS ~AXIMUM -

FORCES ~~MEER 70211 70311 70411 70511 70611 
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LIST DYNAMIC SYSTE~ TRANSIENT RESULTS MAXIMUM -
FORCES ~EMBER 5011 5035 5065 

LIST CYNA~IC SYSTEM TRANSIENT RESULTS ~AXIMUM -
DISPLACE~ENTS JOINT 3011 1012 1021 1031 2035 2036 -

1041 1051 1061 1065 3071 
s 
s 
s 
s 
s 

*** 
*** 
*** 

DESCRIBE SELECTED TRANSIENT CUTPUT DESIRED. THIS 
CESCRIPTION IS STORED UNDER THE ~AME SPECIFIED 

<I.E. 1 PLOTTH'> 

*** 
*** 
*** 

s ***********************************************•**************** 
s 
STORE TRANSIENT SET !DENT 'PLOTT~• 
USE MCCAL RESULTS OF TP.A~SIENT ANALYSIS 1 
JOINT TOTAL ACCELEP.ATIO~ 

1041 Z 
MEMBER START FORCES 
70411 Y Z 
MEMeER START ~O~ENT 

70411 Y Z 
ENO 
$ 

s 
s 
s 

*** 
*** 
*** 

NOTE THAT THE ABOVE COMMA~DS DESCRIBE THE RESULTS *** 
THAT WILL BE STORED WHEN THE REFERE~CEO NA~E *** 

IS GIVEN IN THE •co~PUTE AND STORE TRANSIENT' co~~AND *** 

s ····································~··························· s 
COMPUTE A~O STORE TRA~SIENT 1 PLOTTH 1 

s 
s 
s 
s 
s 
s 
s 

···························•*************••····················· *** OUTPUT THE DESIRED T~A~SIENT RESULTS STORED PREVIOUSLY ••• 
*** UNDER THE NAME 'PLOTTH'• THE TYPE A~O FORM OF THE OUTPUT*** 
*** IS SPECIFIED *** 

··························································•*••·· 
OUTPUT STORED-TRANSIENT RESULTS 
PLOT l ON 
ABSCISSA SCALE OF 1.67 
ORDINATE SCALE ON INDIVIDUAL BASIS 
USE STORE TRANSIENT SET ID 'PLOTTH' 
USE T~ANSIENT 1 
MEMBER STAPT MOMENT 

70411 Y Z 
END SUBSET REQUEST 
PLOT 1 OFF 
MEMBER START FORCE 

70411 Y Z 
ENO SUBSET REQUEST 
ENO 
s 

s 
$ 

s 

$ 

*** 
*** 
*** 

DESCRIBE SELECTED RESPONSE SPECTRUM OUTPUT TO SE 
STCREDo THIS OESCRIPTIO~ IS STORED U~CER THE NAME 

SPECIFIED Cl.E. 'PLOTP.S'> 

STORE SPECTRUM ICENT 'PLOTRS' 

*** 
*** 
*** 

RANGE OF PERIOD LIN .Ol .10 .01 .11 .51 .02 .55 1.0 .05 1.1 2.0 .05 
OSCILLATOP DArPI~GS RATIO 002 
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USE STORE TRANSIENT SET !DENT 'PLOTTH' 
USE TRA~SIENT 1 
JOINT TOTAL ACCELERAtICN 

1041 TRANS Z 
END 
$ 

$ 

$ 

$ 

s 
$ 

s 

*****************••····**********••····························· ••• THE ABOVE COMMANDS ARE USED TO DESCRIBE THE RESULTS *** 
••• TO BE COMPUTED A~D STOP.ED ~HEN THE 'COMPUTE A~O STORE ••• 
••• SPECTRA' COMMAND IS GIVEN. ••• 

·······················································•******** 
COMPUTE ANO STCRE SPECTRA FOR ID 'PLOTRS' 
s 
s •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
S ••• OUTPUT THE RESPONSE SPECTRU~ RESULTS STCRED U~DER ••• 
S ••• THE NAME •PLOTRS• IN TH~ ABOVE COMMANDS ■ THE FORMAT OF *** 
S ••• THE PLOT AND THE TYPE OF RESULTS ARE SPECIFIED. ••• 
s •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
s 
OUTPUT STORED SPECTRUM RESULTS 
PLOT l CN 
ABSCISSA LIN OF ■ 2 

ORDINATE LIN ON INDIVIDUAL BASIS 
OAHPING CURVES 1 
USE STORE SPECTRU~ !DENT 'PLCTPS' 
USE SPECTRA FROM TRANSIENT ANALYSIS l 
JOINT TOTAL ACCELERATIONS 

1041 TRANS Z 
ENO SUBSET 
END 
FINISH 
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**************************** 
•~lSULTS OF LATEST ANALYSIS• 
**************************** 

PAGE• l 

PWUHLEM • ASSIGN 4 TITLE• RTE 80 UNRAMP • THANSIENT ANALYSIS 

ACTIVE UNITS FEET KIPS OEG. FAHR SEC LBM 

/••LOAO••/••MEMB••/••••TIME••••/TVPE/••NODE••/•••~••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••I 
XT YT ZT XH YR ZR 

901 FOR 1034 o.25210lbE 02 o.998019bE•05 0,142b904E•05 o.1022334E•04 o.l948794E•04 o.97bo480E•04 
1041 o.2s21ntbE oz 0,998019oE•05 0,142oq04E•05 o.1022ll4E•04 u.754b&74E•U4 o.34978o8E•Ol 

Dis 1041 Oo207l883E•Ol O,l248025E•Ol Ool548227E•01 0.2954561E•01 0,544lOl9E•Ol Oolb97180E 00 
TIME VALUES AT MAXIMA 

FOR 1034 Ool52bOOOE 02 0,1474000E 02 Ool488000E 02 Ool48bOOOE 02 Oo1474000E 02 Ool48bOOOE 02 
1041 Ool52bOOOE 02 Ool474000E 02 0,1488uooE 02 Ool48bOOOE 02 Ool4R8oooE 02 o.t474000E 02 

DIS 1041 OolSZbOOOE 02 Ool474000E 02 0,147bOOOE 02 Oo148bOOOE 02 Ool47bOOOE 02 Ool474000f 02 

902 FOR 1034 0 0 43l2b2bE 02 0 0 b051159E•05 00 142b904E•05 00 1022ll4E•04 0 0 1948794E•04 0 0 4497217E•04 
1041 0.4l32b2bE 02 O,b051159E•OS O,l42b904f•OS o.1022334E•04 o.754bb74£•04 o.2b58283E•Ol 

DIS 1041 0,35b0740E•OI 0,439b407E•Ol 0,1548227E•Ol Oo2954581E•OI o.54410l9E•Ot Oolb97180E 00 
TIME VALUES AT MA~IMA 

FOR 1034 O,l9dl999E 02 0,1472000£ Oi 0,1488000E 02 0,148bOOOE 02 Oo1474000E 02 O,llObOOOE 02 
1041 Ool981999E 02 0,1472000E 02 0,1488600E 02 0,148bOOOE 02 0,1468000E 02 Ool474000E 02 

DIS 1041 0,1981999£ 02 0,1474UOOE 02 00 147b000E 02 0,148bUOOE U2 0.147bOOOE 02 0.1474000£ 02 

I-' LIST DYNAMIC SYSTEM TRANSIENT RESULTS ~AXI~UM • 
I-' FORCES ~EMRER 70211 70311 70411 70511 70bll 

C/l 
trl 
t-t 
trl 
("') 

t--3 
trj 
t:i 

() 
0 

~ 
e 
t--3 
trl 
:;.::I 

0 
C 
t--3 
1-tj 

e 
t--3 



~ 

~ 
I 

I-' 
~ 

•••••••••••••••••••••••••••• 
•R~SULTS OF LATEST ANALYSIS• 

························••** 
PRUfiLE~ • ASSI~N 4 TJlLE • RTE 80 ONRAMP • TRANSIENT ANALYSIS 

ACTIVE UNITS FEET KIPS OEG 0 fAHR SEC LBM 

PAGE• 5 

/••LOAO••/••MEMB••l••••TlME••••/TYPE/•aNOOE••/••••••••••••••••~--•••••••••••••••••••••••~•••••••••••••••••••••••••••••••••••~•••••/ 
XT YT ZT XR YR ZR 

1 5011 FOR 3011 o.o o.2283194E 03 o.3179bl4E 03 o.R55800HE 04 o.9109724E•05 o.387bll2E 02 
1012 o,o 0,2283194E 03 o.lt79bl4E Ol o.8558008E 04 o.3192224E 03 o.2538834E 03 

TIME VALUES AT MAXIMA 
FOR 3011 o.o o.147HoooE 02 o.1s14oooE 02 o.1472oooE 02 o.1s1aoooE 02 o.1412000E 02 

1012 o.o o,1478oooE 02 o.1S14oooE 02 o.t~7toouE 02 o.1S14oooE 02 o.147bOooE 02 

5015 FOR 2035 o.o o.2020b01E 03 o.t20lb92E 04 o.2008404E 04 o.1201101E 04 o.2020&00E 03 
203b o.o o,2020001E 03 O,l20lb92f 04 o.?.008404E 04 o.o o.o 

TIME VALUES AT MAXIMA 
FOR 2035 o,o 0 0 1488000E 02 0 0 l474000E 02 o.l4d8000E 02 o.t474000E 02 Ool488000E 02 

203b o.o o.14aaoouE 02 o.l474oooE 02 o.14aaoooE 02 o.o o.o 

soos FOR lObS o.o 0,2187927E 03-0 0 3023511E 03 0,718b375E 04 0 0 3035498E 03 0,245bOb9E 03 
3071 o,o Oo2187927E 03 O,l02l511E 03 o.7l8b37~E 04 O,b205408E•07 0,3254871E 02 

TIME VALUES AT MA~IMA 
FOR lObS o.o 0 0 l474000E 02 O,l448000E 02 O,l452000E 02 Ool448000E 02 Oe1474000E 02 

3071 o.o O,l474000E OZ O,l448000E 02 o.1452000E 02 Oo1470000E 02 Oel452000E 02 

LIST DY~AMIC SYSTE~ TPANSIENT RESULTS MAXIMUM• 
DISPLACEMENTS JOINT 3011 1012 1021 1031 2035 2036 • 

1041 1051 1061 lObS 3071 
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**************************** 
~~~SuLTS OF LAT~ST ANALY~lS• 
**************************** 

PRUbLEM • ASSIGN 4 TITLE• RTE 80 O~RAMP • TRANSIENT ANALYSIS 

ACTIVE UNITS FEET KIPS DEG. FAHR SEC LBM 

/••LOAD••/••••JOlNT••••/••••TlME••••l••TVPE••/•••••••••••••••••~••••~••••••••---•••••••••••••••••••••••••••••••••••••••••••••••••••/ 
XT YT ZT XR YR ZR 

l 30ll GLO REL DISP o.o o.o o.o 0.0472008 0 • 055H2<1 0.0725049 
TIME VALUES AT MAXIMA 

REL OISP o.o o.o o.o 14.779q997 l4.51Cil9995 111.7799997 

1012 GLO REL OISP O,Ob72b22 0,001511,3 Oo04528bS 0,0_457ZC>l 0, 055Hoq o,o7l530o 
TIME VALUES AT MAXIMA 

REL DISP 14,73999q8 14.77'l9997 14.7399998 14,5999994 l4,5199q95 14, 7799997 

1021 GLO REL DISP 0,0294983 o.ooos1et1 0.1208880 0,3231101'1 o.os2040o 0,122b0911 
TIME VALUES AT MAXIMA 

REL DISP 14,7599993 14.s199qq2 111.5400000 l4.7199Cil93 lll,7199Cil93 IS.2399998 

:i> 1031 GLO REL DISP 0.0212533 0.0000120 o.2137909 0.0923972 0,0293318 0,07b9905 
. TIME VALUES AT MAXIMA 
....:i REL DISP 1S.H91i99b 14.0199999 14. 7199993 14.7199993 14.87999q2 U,0400000 
I 
...... 2035 GLD REL OISP 0.0210241 0,0149993 0,24528b2 o.7589908 0.0229200 0, 12834bl w TIME VALUES AT MAXIMA 

REL OISP 15,019'1995 14 • 77999'H 14,7199993 14.71999H 14.6599997 14,71999CH 

2030 GLO REL DISP 0.0178999 O,Ololo37 0.2454510 0.759b425 0,04041110 0,0&71107 
TIME VALUES AT MAXIMA 

REL DISP 14, 779qqq7 14,7799997 14,7199993 14.7199993 111.15q9991 14,7599993 

1041 GLO REL DISP 0,0178158 0.0005299 O,i!380S81 0.7b927b4 o.ol8Clll54 o.o7o33bB 
TIME V~LUES AT MAXIMA 

REL DISP 111,7799997 14,8799992 14.7199991 14.7199993 111,7599993 14,7599993 

1051 GLD REL DJSP o. 0135289 o.ooo&b05 0.11119820 o.55911151 0,0421104 0,0918380 
TIME VALUES AT MAXIMA 

REL DISP 14,9799995 14,7399998 14, 7199qcn 14.7199993 14,7399998 lll,7199993 

lObl GLD REL OISP 0.0227079 o.0001oso 0.1022011 o.2893235 o.o42718ti 0,0488159 
TIME VALUES AT MAXIMA 

REL OISP 14, 7199993 14.7399998 14 0 0999996 14 0 0999998 111.71999q3 14,5199995 

10b5 GLD REL OJSP 0,0577230 0,0013005 0.0389352 0.01105371 0,01178818 O,Obb2lll 
TIME VALUES AT MAXIMA 

REL OISP 14,t,999998 14,7399998 l4,b999998 l4.7H9998 14,5199995 14,7399998 
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**************************** 
•Rt~ULTS Of LATlST ANALYSIS* 
**************************** 

PH0&LEM • ASSIG~ 4 TITLE• RTE 80 ONHA~P • TRANSIENT ANALYSIS 

ACTIVE UNITS FfET KIPS DEG, fAHH SEC LBM 

TRANSIENT LOAD l 

TIME HISTORY FUR MEMB 70411 START MO~ENT y 

Tl!.if VALUE TIME VALUE TIME VALUE TIME VALUE 

o.o o.o 2,000000E•02 •t,9750/J2E 02 4,000000E•02 •7,208811E 02 b,OOOOOOE•02 •l 1 450l49E Ol 
1,qqqqqaf-02 •2,302bbllE Ol q,qqqqqt,£-02 •3, 1877%[ 03 1,lqqqqqf•Ol •4,0l0485E Ol 1, 4001100f•O 1 •4,b0b04 7E Ol 
l,oOl/OUOE-ol •4,72QlJlE Ol .1, 7qqqqqf.o 1 •4,lb583bE ol 2,ooooooE-01 •2,907o'H,E 03 2.,oooouE-01 •l,0947'llE Ol 
2.399999E•01 l,Obl271E 03 2,bOOOOOE•Ol 3, lt 73o9E 03 2,800000E•01 5,3938b7E 03 1.ooooooE•Ol b,978777E Ol 
3.2ouoooE•01 7,783133E 03 3,400000E•01 7,b21934E 03 3,oOOOOOE•Ol b,4o0543E 03 3,800000E•Ol 4,414t,2~E 03 
4.oooouoE-01 1,737344[ 03 11,200000E-Ol •t,237109E 03 4,400000E•Ol •4,lb008bE 03 4,bOOOOOE•Ol •b,b88844t Ol 
4.fluu1101)E•ol •fl,4541>99E 03 4,qqqqqqf.01 •9,2HOb3E 03 s.200000E•Ol .;;q, o2H83E 03 5.400l}OOE•Ol •7,9bl~YOf Ol 
S 0 ','"l<J999E•OI •b,21'54',7E 03 s.t100000E-01 •3,977b9bE 03 o.ooooooE-01 •l 1 4b.H85E Ol b 0 199999E•Ol 1,0b299'H'. Ol 
b, II U J IJ U O t:. • (J 1 3.Jlltlbbf 03 b,bOOOOOE•Ol 5,10o438E 03 6, H9999E-o1 b,3927b2E 03 1.ooooooe.-01 7,1bb871E Ol 

:t> 7 .~11vuuoE-ot 7,409q30E 03 7.39999Q£-Ol 7,050238£ 03 7 .000000£-01 • b,OSl:ll29E Ol 1.soooooE.-01 ll,5034R4E 03 . 8.uuuuooE-ul 2,5113529E ul a,2ooooot-01 4.114868E 02 t1,aoouooE-ol •1,705&37£ Ol 8.oOOOOOE•Ol •J,b9tt2l'-f. Ol --:i 
I 8,8llUUl)OE•Ol •5,1157436E ol 9,ooooouE•ul •6,794379E OJ 9,200000E•01 •7 ,':i30l79E 03 9 0 400000f•U1 •7,bl7199E 03 

I-' 9 • t> 1> rJ o o o E • 0 1 •7,1079Q2E 03 9.tlOOOOOE•Ol •6 1 04bl83E 03 9.999Q9QE•Ol •4,4Q82311E 03 l, 020000E 00 •2,53102~E Ol 
,+::- 10 04\lUOOE 00 •2,151)6t5E 02 1.osqqqqf oo 2,303736E 03 l,oeooooE 00 4,74301bE 03 l 0 0Q9999E 00 b 0 84l1110E Ol 

l.1200\lUE 011 d,425Bi'OE 03 l, 139999E 00 9, 35H02E Ol l.lbllOUOE 00 9,492785E 03 1.179999E 00 8, 7l82HSE Ol 
1.2nu0 1lOE oo b 0 974938f 03 1,219999E OU 4,330/JOt>E 03 1,240000E 00 9,79o118E 02 1.2599Q9f 00 •2,797808E Ol 
1.2~:)vOOE 00 •t, 0 b':i70U4E Ol l.299999E 00 •l,Ol17l2E 011 1.320000E 00 •1,2blt.Olf 04 1. ll9999E 00 •l.380231E 011 
l.h,OOilOE 00 •1,35H78E. 04 l,l79999E 00 00 1, l 750l7E 04 l,400000E 00 •8,bb97B9E 03 t,4199Q9E 00 •4,59899bE Ol 
1.<J40000E. 00 •7,SR5112bE 01 l,459()9QE 00 4o334645E 03 l,4BovooE oo a,12112sE 01 l,4qqqqqf 00 l,O'H314E 04 
l .'l2ll00\)f uo 1,2'>33t3E 04 1,SQOOOOf 00 l,l95950f OIi 1,55999qf 00 l,221771E 04 1 0 51:iOOOOE 00 1,043421:iE 04 
1,5q9999E oo 7,877o39E 03 l,b20000E 00 4,88l395E 03 l,b39999E 00 1,75o7114E 03 t.bbOOOOE 00 •1,323':>':>l:IE 03 
t.o79999E 00 •4,204t17E Ol l,7001)00E 00 •b.7492bbE 03 1,719Q99E 00 •8,82b102E 03 t.740IIOOE 00 •1,0l2ll2E 04 
1. 759''199E 00 •l,118!39E 04 l,780000E 00 •l ,13<12l9E 04 1.7q9q9qf 00 •1,09208/JE. 04 l,li20oooE oo •<l,b24l44E Ol 
1. 8.5'l919E 00 •7,4317AlE Ol l,8bOOOuE 00 •4 1 428bb8E 03 l,879999f 00 •8,48250SE 02 l 0 900UOOE 00 2, qo371 SE 03 
1.'H9 1N9E 00 b,4291192[ Ol 1,9/JOOOOE 00 9,35b508E Ol 1.959999E 00 l,129b39E 04 1.91100001: 00 l,188272E 04 
l 0 9'-19999f oo 1,091&8/JE 04 2,020000E 00 8,Sbll55E:. Ol 2,040000E OU S,288531E 03 2.0~9999E 00 l,b31lll9E ul 
2.0dOOOOE 00 •2.0577blE Ul 2,099999E 00 •S,4040ut1E fJ3 2,l20000E oO •6,00329lE Ol z. l3(,1999t uo •9,55459111: Ol 
2.loOOOOE OU •9,97b070E 03 2,17QQ99E 00 •9,35Ybfl4E 03 2.2uooooE oo •7 ,9bOObbE 03 2.2199Q9E 00 •b,l32027E Ol 
2.2'-lllllOQE 00 •4,250238E 03 .?,259999E 00 •2,5b8784E Ol 2,2BOOOOE oo •l,15b318E Ol z,zqqqqqf oo •2,8b01111E 01 
2.3iOOOOE 00 8,0S389QE 02 z,,nqqqqf 00 l,4278llE 03 2,lbOOOO~ 00 2,0504b5E 03 2,l79999f 00 Z,92383bE 03 
2,400000E oo 4,18%33E OJ 2,4!9999E 00 S,80930lE 03 2,44ooooE 00 7 ,S86l75E 03 2.45QQ99E 00 9,J7b92t>E Ol 
2o4HOU00t 00 1,02b771E 04 2,499999E 00 l,Oc,4b99E 011 2,520000E 00 l,Ol31Q7f 04 2,540000E. 00 8,511ll25E Ol 
2.ssqqqQE oo 5,7921'11E Ol 2,580000E 00 2,074017E 03 2,599Q99E oO •2,10995bE 01 2.blOOOOE 00 •b,17HlflOE Ol 
2,bH99QE 00 •Q,b25590E 03 2,bbOOOOE 00 •1,205534E 04 2,o79999f uo •1,315389E 04 2.100000E oo •l,27lbSQE 04 
2.719999E 00 •1,07b~05E 04 2,740000E 00 •7,5b2o7bf 03 2,759999E 00 •3,498279E 03 2.1sooooE oo q• 72b77~E 02 
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Til-'IE Vi\LllE TI~E VALUE TIME VALUE TIP-4E VALUE 

2. ]Q'IQ9QE OI) ':>, 34 1H 13£ oJ 2,8?000(•E 00 q,ll42b2E Ol 2,8JQqqqf 00 leltlb802E 04 2,8bOOOOf. 00 1,3JQ120f. 04 
2,HT'IQ•Nt:: 00 l • .5b21)]of 114 2,'HIOOOOE 00 l,2olbl0E 04 2,q19qqqf oo l,Oll8lllllE. 04 2,q'IOOOOE OU 7,4t1ll.81>7E Ol 
2 • '15'Fl'1Qf. 00 l,o7t1152f OJ 2,9t10000E 00 •3,7lt>541E. 02 2,999999E 00 •4,lll4488E Ol l 0 0c!UOOOE OU •8,17.HiOi:!I:. ul 
.S,v(,I\JOOOE 00 •l, l 3&5QQE. OU 1.0":,qqqqf 00 •1 ,::Hs211oe: 04 J,oeooooE oo •l,Sl8391E 011 3 0 0991i9'H. OU •1,S5S252t. 04 
J 0 li:!O\JOOE 00 •l,48l 1n11E 04 J,lJqqqqf 00 •l ,3011b0bE 011 3 0 lbOOOOE 00 •loOli:!SllE 04 1.17q9qqf 00 •bo8b87boE OJ 
J.200U\JOE 00 •2 0 97187lE 03 3 0 219999E oo l ,Ob4057E 03 J 0 240000E oo 4 0 9591 1HE 03 3.259999E 00 8 0 4Ub4111E Ol 
l.2dOOOOE 00 lol2750lE 04 3.2Qqqqqf 00 lol25504E 011 3.320000E 00 1,431592E 04 3. B9999E 00 1.44 1H21E 04 
J,lbUOOOE 00 1, 377279E OU J • 3799Q9f O 0 1,2lb739E 04 3,400000E 00 9o74t!422E 03 3,419991if 00 b,bl7bi:>4E 03 
l.,; lvOOOt 00 2,QU58QJE Ol 3.459999f 00 •l 0 1061 lllf 03 3 0 480000E 00 .. 5.02111111E 03 3,49999Qf 00 •8 0 4lb7119E Ol 
3 • ', ~ ,) v JOE O 0 -1.oquqo3E 011 3.540000[ 00 •1.217511lE 04 3.SS999qf 00 •lol87951E 04 3.SBOOOOE 00 •l.0041H7t:. 04 
3.'ln499E OU •b 0 bll7b1bE OJ 3.b20000f OU •2.t>372?0E. 03 3.&.3Qqqqf 00 2, 035779E Ol 3~bbOOoOE C,O o,55Hl'lt: Ol 
l 0 n749QQ£ oo l. 044779E 04 1.100000E oo lo3l1927E 04 3_71qqq9f 00 lo487780E 04 3.7'10000f 00 1 0 49fl9.SM 04 
3.75'1Q9qf 00 1 •. 372428E 04 3.7AOOUOE 00 l.lllllbbE. 04 3. 799Q"l)f 00 8.5119973E 03 3.820000E OU ":>.saqaR3E 01 
3 0 tU9999t:. IHI 2o833'189E Ol 3,bbOoOOE 00 4obt14119E. 02 3.879999E 00 •lo38t177lf 03 .J. 9_oooooE 00 •2,61157 Dt Ol 
l.9l949QE 00 •l.Slo3nSE <IJ 3,9IIOOOOE 00 •4.1S2410E 03 3.959Q99E oO •4o7t>2805E 03 30 Ql!OOOOE 00 •S • 3U77 b2E Ol 
3 0 9<19999E oo •5 0 S2949bE OJ 4 0 020000E 00 •S 0 3455Qllf u3 4 0 040UOOE 00 •4 0 b9908bf 03 4.0599Q9f 00 •l 0 48'524UE Ol 
11.011ouooE oo •l.570585E 03 a,o99999E 00 loObolt2E OJ 4.120000E oo 4,229898E 03 4.1J9999E oo 7,52oS51E Ol 
ti.lb()UOOE 00 1.033119BE 011 4,179999E 00 1,217981E 04 4.200000E oo t.272Q81E 04 4.21911QQE 00 t.17':>lllE 04 
'' • 2 " I) u o o E O o 9 0 0'11539E OJ 4.is9q99f oo 4 • 77~809[ 03 4.280000E 00 .8,7884117E 02 4.29qqqQf 00 •7o28i:!1:17qf OJ 
4.3?.IIOOUf VO •l.359477E OIi 4,ll9999f 00 •t,899702E o4 4.JouoouE ol> -2.289728E 04 . u • . H999Qf 00 •2,4q2l7':SE 0'6 
II • ,; 1Hl (I O O E (I H •2.4<ll555E: 011 11,lll9Q99E 00 •2.29ll87E OIi 4.4110000f. 00 -l.9028o9E 04 ll.4~9'149E UO •l,3b8St1SE 04 
11 0 IJ I\ () i., IJ (J f. Q 0 •7, IUISJ<tSE Ol 4 0 119999<tE 00 • q.sso74BE. 02 11.s20000E oo • 5o250930E OJ 4.540000[ 00 l ,08'i003f:. 04 

:i> <lo5'.J'-fQ99E. 00 lo5b81157E 04 4.58000UE Ou 1,94b0l1E 011 4 0 S9999Qf 0.0 2.t8:S232E 04 '1 0 blOOOOE 00 2 0 25Q1Qbf 04 . 4 0 b39qqqf 00 2.l74361E 04 4ebbOOOOE 00 l.91111184E OIi 4 0 b79999E 00 I ,57~7113E 04 4.7000(J0f 00 1,0995!:lliE 04 
--:i t1 0 7tll999E uo 5,514598E 03 4 0 740000E oo •1,544333E 02 4 0 759999E OU .S,38&2J4E Ol 4,71lOUOOE 00 .,q.b'52902E Ol 
I 11 0 79999QE 00 • 1, 252775E 04 4.e20000E oo •l, 372073E OIi 4.839999E 00 •l,315814E 04 4 0 dbOUUOE 00 •1,I022l4E 04 I-'-

(Jl 11.~79999E oo •7,131520E 03 4.9oOoooE 00 •3,87b380E 03 4 0 919999E 00 •l,257394f 02 4 0 9110000t. 00 2.9087CUE Ol 
4 0 Q',QClQQE 00 11,761\St,JE 03 4 0 980000E 00 5,1b8707E 03 4.99999QE. 00 4oU8Q345E 03 s.ozooooE oo lo8874lll:. 03 
s.ouooooE oo •8,1170IOOE 02 5.0S9QQ9E 00 •3,4b0308E 03 s.oeooooE oo -5.340957E. 03 S 0 099999t. oo •b,Ol7121E. Ol 
5.120\JOOE 00 •5• 4393b3E ol 5,139999( 00 •3,bll2Bl7E OJ 5 0 JbOUUl)f 00 •9.3472o1E 02 s.119q9qf oo 2.1870lbf:. 03 
5,200UOOE 00 s.o8754lE 03 5.219999E 00 7,171703E 03 5 0 240000E 00 8,08206bE OJ 5.259999t. 00 7 0 7lbblJE. 03 
5 0 2tlOOOOE 00 b,lbb988E OJ s.zqqqQqf oo 3.b7Sl 77E 03 5,320000E 00 b.050'105E 02 s.339999t. oo •2 0 bl24,?8E OJ 
5,JtiOOOUE 00 •5,5121152E 03 5 0 l79999E 00 •J,5qlll34E 03 S.1100000E 00 •8,b4ll83E Ol s.,uqqqqf oo •8,7bSl09E Ol 
5 0 (,140000E OU •ll.1571QlE 03 5.45999QE 00 •b,974309E. 03 s.11eooooE 00 •So2b82llE 03 S 0 49999QE oo •l,17~10':,f 03 
5.52:JOOOE 00 •Q• 7H 177E 02 S.540000E oo 1o09b825E 03 5.55999<1E ou 2,'HH1533E 03 5.58000IIE oo 4o75H4t!E 03 
s.rs~q~q~E oo 0 1 3QQ125E OJ 5,b20000E 00 7, 720b25E 03 5,bH9Q9f 00 8,1119582E 03 5,ooonooE oo 8,2917731:. 03 
S.bH9'19E 00 7 • 332bROE 03 S.700000E 00 5,7lql115E 03 5.719QQ<1E 00 lo58lOlOE Ol 5.74000IIE 00 9.071077E 02 
s. 7'l<i999E oo •2,214o28E 03 5.7euoouE oo •S.45otil8E 03 s. 19qqqqf 00 •8,l7b027E 03 s.t12uouoE 110 •l,Oo.S429I:. 04 
':>. ~34999£ Ot) •l,l8bllt1E 04 5.BoOvOOE 00 •l,1888QOf U'I 5.1:17'199<'.IE 00 •l,Obbt>bbE 04 5.900000f. 00 •8,lS080lE Ol 
S.Ql-199QE 00 •ll,41808bE 03 5.940000E 00 l • 3o25l7E 02 s.9599qqE oo 4.q54590E 03 5 0 9flOOOOE 00 Q 0 4Bq8bf Ol 
s.99qq99f oo 1o30lb8bE 04 b.020UOOE 00 1,S2S43bE OQ c,,0110000E oo 1,St!27blE 04 b.059Q99E 00 l,455578E 04 
o. 08,JOOOE OU loll.12.?02E 04 c,.l)QQQqQf 00 b,b121173E 03 &.120000E oo 5,62.Sbqbf 02 b.llQq99f 00 •S.95':t01.13f. Ol 
o,loOOOOE OU •l.192Q73E 04 b.179qqqf 00 •1,b52238E 04 &.200000E oo •1,Q34308E 04 b.2t9999E 00 •2,010973E 04 
b.2~000UE Oil •l,6b2S84E OIi b.259999f 00 •t,49858bE 04 o.2bOOOOE 00 .9,c,59051E 03 b.299999E. OU •l. llo~8bE Ol 
o • .S20000E 0/J J,18b.lSoE 03 0 0 3l9999E oo 9,2345l9E 03 b.lbOOOOE 00 l ,434649E 04 o,379'199E 00 l,81Jl9oE 04 
c,,4rJUiJOOE 00 2.020225E 04 b.419999E 00 2,0338'54E OQ b.4'1000•>E 00 l,8'5t>o2QE 04 o.459«.99E 00 lo5121HE 04 
b • u ti ,, 0 0 0 E O 0 lo035Q2qf OIi b 0 4Q9999E 00 11.703949[ 03 o,520000E 00 •l,l85352E 03 o,540000E OU .7.45<,1JJ3E Ol 
b 0 ':,':>9499E 00 •l,3Ub503E OQ o,saoooot oo •t.779957E 04 o.599999E 00 •2el2o90lE 04 o.czooooE oo •2,JOl42oE 04 



t'AGE • 11 

TIME VALUE TJME VALUE TIME VALUE JIME VALUt 

o.td9QqqE on •2.27olo5E OIi b.bbOOOOt 00 •2.0l31100E 011 b.&1qqqqf 00 •1.5111873E 04 b.7oooool oo .Q.l9AS2Uf. O:S 
b • 7 I ci 9 q CJ E 0 ll •t.R91t1BbE Ol &0 7tlOIIOOE 00 5.737tQ51:-: Ul &.15qqqqf 00 lo2tlll88E 04 o.71iUIIOUE UO l 01l3ll•PHll: 04 
o.1~q9qqE Oil 2.l52(10H Otl &0fi2000IIE 00 2,209630E OIi o.fi5Q999E oo 2,02705Sf. OIi t, 0 ijbOOOOI: 00 t ,i>l42b'll:. 04 
b,87YY99E 00 lollb7&UIIE 04 &.qoooooE oo 1.qos1aoE 01 t,,91qqyqf 00 •l,l2tllb3E 03 b,9110000£ 00 .Q,58442of. Ol 
b,q<:,qyqqf 00 •l,4752UlE 04 b,9801)1}0( 00 •1,8lq0Rt>E 04 &.q999qqf 00 •lo98l529E 04 7,020000E 00 •l,98422bE 04 
1.0110000E 00 •l,81195o4E 04 70059999£ oo •I ,585251E 04 7.osooooE oo •l,212121E 011 7.099999[ 00 •7.&9q078E 03 
7.12UOOOt 00 •2.957581E 03 7,l39999f 00 l.952508E Ol 7.tbOOOOE 00 1,o&oqq2E Ol 7. 17q99qE 00 l 02l5b98E OQ 
7,2oooooE oo lo758477E OIi 1.2199q9f 00 2.2150l8E 04 7,240oooe oo 2.SliHSE 04 7,259999£ 00 2,b5B08bE 04 
7.260<JOOE oo 2,5b5bQUE 04 1.2qq999f 00 2,2B059E 04 7,l2UOOOE 00 l,b4b83bE 04 7 .H999qf. 00 8,315195E 03 
7. Hn1vuoe: ou •I .J127A1E Ol 7 • 379999f 0~ •l,l22l9lf 04 7 0 4000UOf 00 •2,0l0b28E OIi 1.419q9qf 00 .. 2,b77132f. 01.i 
7 • 4'40000E oo •3.032917E OIi 7.459999E 00 •3.0317l3E 04 7.480000E oo •Z.&7434bE. 04 7,49qq9qf OU •l,99959H. 04 
7.52llUOOE 00 •l,117447nE OIi 7,SIIOOOOE 00 •t.o79399E 02 7.ssqqqcie: oo 1,041111lbE 04 7,580000E 00 l 0 95o53ll OIi 
7.5Q'l999E oo 2,ti08801jf 04 7.62000UE 00 2,9b8439E 04 7 0 b39999E 00 1.01s1q3f 04 7,bbOOOOE. 00 2. 111qa1a. 01.1 
7 0b7C/99qE oo 2 019IIOB'5E 04 7,700000E 00 l ,427927E OIi 7 • 71 QQ99E 00 5,.H44b5E Ol 7.740000[ 00 -1.q11J977t:. 03 
7 • 75Y'lq9E 00 •l.257947E OIi 7,7800ll0E 00 •lo995979E OIi 7,799999£ 00 •2.5722bbE 04 7,820000E. 00 •2,957l38E 01.1 
7.dJ9999E 00 •l,121907E 04 7,8bOOOOE 00 •l,046405E OIi 7.t!79999f 00 •2,Hllllf 04 7,900000E oo •2,20115.HE OQ 
7.'HC/9991:: oo •lo509Bti9E 04 7,9110000E 00 •bo950750E Ol 7.959999E 00 1 ,'H,OU83E 03 7,980000E Ou lol0824lE 014 
7 09QQQ99E 00 l .9bb&?JE 04 a.020000E 00 2 0b884lbf 04 8,0IIOOOOE 00 l 020380bE OQ 8 0 059999E oo l,1159522E OQ 
a.ottooooE oo 3,1119535E 04 8,099999( 00 3o077707E OIi 8,120000E 00 2,450b511f 04 8, 1J9H9E 00 1,577%0E O" 
8.lnOOOOE 00 5 1 441l9b5E 03 8, l 79f./<19E 00 •5,ltlOOHE Ol a.200000E oo •lo52085oE 04 8,2t99QQf 00 •2,3011529E 04 
e.2~uOOOE 00 •2,78'il\77E 0" 8 02':19999E 00 •2.917973E o" 8,280llOOE 00 •2.&945/llE 04 8.299999t 00 •2,!U1>657I:. 04 
8.3~0000( 00 •1,348900E OU 8.339999E 00 •4 .• 14%48E Ol 8 0 lbOOOOE 00 So211b21E 03 8,379999E oo 1el4052bE 014 

::i> 8,I.IOOOOOE 00 l O 94A9 J/JE OIi 8 01119999E 00 2.260o57E OIi 8 0 (14QOOOE oo 2,30'l425E OIi a.11~q9q9t oo 2,0398051:. 04 . 8,IIAOOOOE 00 I o':>5!277E 04 8.499999E 00 9,191488E 0l 8.520000E 00 2.283086E Ol 8,~IIOOOOE 00 •4,l50875E. Ol 
....;i 8,55'1999E 00 •9,959492E Ol e,saooooE oo •l,110224bE 011 8,599999E 00 •lobl551bf 04 8,b20000E OU •1, 712ll 5£ 04 I 
t-L 8,o39999E 00 •1 ,bblb74E 04 8.b~OOOOE OU •1,510530E 04 8,&79999f 00 •I ,252911E OIi 8,700000E 00 •9,0ll329lf Ol 
(j) 8 0 7\99Q9E 00 •ll,85f\<118E 03 8 0 7"0000E 00 •l.20t\482E 02 8.75'1999f 00 5,04b707E Ol 8,7ttOOOllE 00 l 00411llb7E OQ 

e,79qq99E oo 1,575423E 011 8.820000E 00 2,049029E OIi 8 0 l:IH9'19E 00 2,401807E U4 8,tlbOOOOE 00 2,Sb77n7f. OQ 
8 0 ,H'l()9QE OU 2 0'5(1J3o7E 011 8,9oouooE oo 2,l9b9b3E OIi 8,f./19999[ 00 l 0bbl897E 011 6 0 94000Ul 00 9,110412':il:. Ol 
8.Q<;<./999E 00 Ao5blj7HE 02 8,980000t 00 •8• 073b05E (il a.q99qq9E 00 •l ,b0223UE O" 9,020i>ooE 00 -2.1as11a1:. o" 
9,040C/OOE 00 •2.495272E 011 9 0 059999E 00 •2.503U15E 04 9,osooooE oo •2,20tlb77E OIi 9.09999f./l oo •l,b32S8bl:. 04 
q • I 2 0 IJ O OE O 0 •do l74539E OJ 9,ll9999E 00 7.483594€ 02 9 0 lbOOllOE 00 9e7'l2027E Ol 9.179999£ 00 l,7112593E 04 
9.2.lOOOOE 01) 2,2917lbE 04 9.219999E 00 2.SbAltSE 04 90240000E 00 2o5lb175E O" 9,2599QQf. 00 2.1ao972E o" 
9 • ? 8 I) fl O O E O 0 l,52l402E 04 q,zqqqq9f oo bo1981111E 03 9.320000E oO •ia,178tib5E Ol 9,3l9999E 00 •1,llb4581E 011 
9,J-,OOOOE 00 •2.4IOt129E 04 9.37Q999E 00 •l.171573f. 04 9.IIOOOOOE 00 •3,b81170bE 04 9,.4199q9f 00 •3,89bll8E. 011 
9,u40UOOE 00 •3,771326£ Otl 9,4599q9f 00 •l,l090t17E 04 9 0460000E 00 •2,5487l9E 04 9,ll99999E 00 •l.'5&Q8l~E. 04 
9,52000uE Oil •4,b41082E Ol 9,5110000( 00 b,8b5lbOE 03 9 0 559999E 00 1,80530lE OIi 9,SaooooE 00 2, 7%915E 0" 
9.')C/Y9'19E 00 3.5511144E 04 9.o2ooooE 00 3.q91.123t!E OIi 9.t,39q99f 00 4,078J5qE 04 9,0::,00001:. 00 3,80822bE OIi 
9 0 0799()Qf Oil lo2157SOE 04 9.700000E 00 2,3b387bE 04 9 0719999E 00 l,llll257E 04 9,71100001:: 00 2.5bb.H3E 03 
9.759999£ 00 •7.717b80E 03 Q.780000E 00 •l,b41543E. 04 9, H9999E 00 •2o2bbb5bE 04 9,820000E OU •2,592412E 04 
9 0839999E 00 •2,o07972E OIi 9,8bOOOOE 00 •2.l114q28E 04 9,8H'l99E 00 •l,8bbll72E 04 9.900000E 00 •l,25~00bE 04 
9.919999£ 00 •b,05Bf\q5f. Ill 9.940000( 00 •1.2.559ti5E Ol 9 095<i999E 00 u.BObtlllE 03 9,960000E 00 7,l\35180f 03 
9 099c.iqq<1E oo 8,9429JIIE Ol 1.002000E Ol 8.45l035E 03 l.004000E 01 b,9D207E Ol 1.oobooot. 01 4,932~23f 03 
1.011soooE 01 3,0b4001E 03 l,OlOOOOE 01 1 ,&38772£ Ol l.Ol2000E Ol 8o451b7SE 02 l,014000E 01 7.5132b7E 02 
1.0lbOOOE 01 l,210Su2E Ol l • O 1 8 o O o·E O 1 1,84!>8U8E 03 1.020000E 01 2,20.S42SE 03 1,02200UE 01 l,99lb89f 03 
l.02llOOOE 01 l,llll531E 03 1,02bOOOE 01 •2,o37070E 02 1.02soooe 01 •2,05b348E 03 l,OJOOOOE 01 •4.005492E 03 
l,032tl00t 01 •5,841340E 03 loU34000E 01 •7,2ll992E 03 1,0lbOOOE 01 e7,742875E Ol 1,038000E 01 •7.2702b2E Ol 
l.040000E Ol •b,058b45E Ol 1.0112000E 01 •4,42b24bE 03 l,044000E 01 •a.5980b8E 03 l,04oOOOE 01 •b,1191~2.ll: 02 
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TI~tE VALUE TIME VALUE TIME VALUE TlME VALUE. 

l.O~hOIJIJE 01 l,2bbt:,QIIE OJ 1.osooooE 01 2.853000E 03 1, 052000E 01 3,92b272E. Ol 1,05IIOOOE 01 4 ,556738l Ol 
l • l• <; o u ll u t:. 0 I 4,Q7QQ6JE OJ l,056000E 01 5,l450F12E 03 l,ObOOOOE 01 5,5503?oE 03 l,Ob2HOOE Ol 5, HHbbOt Ol 
1 I 11 0 ~ \I\) 0 E O I 11, 1<117',0E OJ 1,0bbf)IJ(lf 01 l,841740E Ol t,Ob800UE 01 2. 707337f. ul l,0701JUOE 01 1,JllfllO~t. Ul 
1.u1toouE 01 •41,557241E 02 1.0111uooE 01 •2, 7l5325E 03 l,07bOOOE 01 •5,2bllLl9oE Ol l 0 078000E 01 •7 0 700l2SE. Ol 
1,08JOOOE Ol •Q,b210413E 03 1,082000E 01 •l,Ob7b71E 04 l,084000E 01 •l,Obbl35E 04 l 0 0lH1000E 01 •9 0 370b7bE 0] 
l,088000E 01 •b,b2b410E 03 lo090000E 01 •2.60b377E Ol 1,092000E 01 2,248906E Ol 1,094000E 01 7.l1H5l1E Ol 
l,O~l>OOOE 01 l,1887QQE 041 lo0Q8000E 01 1 .527924E 04 1,lOOOOOE 01 l,b9Sb88E 04 l,102000E 01 lob571127E 04 
1.10,wooE 01 1,JQl:lb18E 041 1,lObOOOE 01 9,271152E Ol l,108000E 01 2 1 8Cli!IIBE OJ t,llOOOOE 01 •4,590lROE 03 
l.112000E 01 •l,lb70ISE. 041 1,llllOOOE 01 •lo 73508bE 04 l,llbOOOE 01 •2,llOBf.lOE 04 l,ll8000E 01 •2,25o702E 0£1 
1.12ovooE 01 •2,145u?2E OIi lol22UOOE 01 •1,7801H2E. 04 1,124000E 01 •1,210840E 04 l.l2bOOOE 01 •5,l02'ittif Ol 
l,lcl<OUOE 01 2,296!53E OJ l, l30000E 01 q,l194R8E 03 l 0 ll2l)OOE Ol 1,S42b09E OIi 1.11110001:. 01 2.0ll7l4f. 04' 
1,13oilOOE 01 2,2Q3?7RE 041 l,138000E 01 2,3':i935lE 04 1,140000E 01 Z,2054119E 04 l,l42000E Ol l ,8IIIH180E 04 
1 • l II 'l l)l1 0 E lJ l l,322Q22f. 011 l 0 ltlbOOOI:: 01 b, 777422E Ol 1,148000E 01 •l,527949E 02 l,150000E 01 •7,obRl98f OJ 
1,1~2000E 01 •l 1 Llb76b3E 04 l.l54000E Ol •2,08Qbbt1E 04 l,l5bOOOE Ol •2,572151E 04 1,l58000E 01 •2.8l5518E. 04 
l.lt>OOovE 01 •2,824R17E 041 1,lb2000E 01 •2,52591BE 04 l,lb4000E Ol •1,9o4287E OIi l,lbbOOOE 01 •l,l938ilE 04 
l,lb!:IOOUE Ol •2,8133S3E 03 l.170000E 01 b 0 80t,887E. Ol l.172IIOOE Ol 1,5b7b09E 04 I. l7401>0E O 1 2,24923H: OIi 
l,17t>OOOE 01 2.blJ4941E 04 l.17800\lE 01 2, 737932E OIi 1.1eooooE 01 2,5H789E OIi l.lR2000E Oi 2,0b4432E OIi 
l.184000E 01 1.3btt,Q5f 04 lo18bOOOE 01 5,18bl21E Ol l,l88000E Ol •l,b08444E 03 1,190000£ 01 •1,17l'IOSE 04 
1.1ci2ouoE u1 •1 1 827b90E OIi l.lq4000E 01 •2,28b52f:IE 04 1,1%000E 01 •2.S47b35E 04 l~l98UOOE. 01 •2,b141848E 04 
t.?.-10000E 01 •2,Ll7Ll479E 04 1,202000E 01 •2,ll3930E 011 1,2011000E 01 •1 0 b33594E 011 l,20bOOOE Ol •l,021080E 04 
1.2,ll\OllOE 01 •3,21422~2E 03 l.210000E 01 4,4tl7293E 03 1.212000E 01 1,284434E 04 1,i:?14000E 01 2,135548E OQ 

► 1.21oouoE 01 2.qo27A8E o4 1.21tsoooE 01 3,475503E 04 l,220000E Ol 3 0 77lb77E 041 l,222000E 01 l,745821E 04 . 1.221.1000E OI 3.3S2275E 04 lo22bOOOE 01 2,573Q54E OIi 1.2280001:: 01 l.45t>1417E 04 1 ,2JOOOOE O l 1,111SLISf. 03 
-..,J 
I 1.232000E 01 •1,2qa5q3f 011 1.2lllOOOE 01 •2,587848E 04 l,23oOOOE 01 •3,582225E 04 l,238000E 01 •4,14941qlE 04 

I-'- 1,240IJ01)E 01 •4,2253S2E o4 1.242000£ 01 •3,800921E 04 1,2U4000E 01 •2,9114t8E 04 1,24bOOUE Ol •1 1 bS0743E 04 
....:i 1. 2tiBouoE o 1 •1,Bl71>73E oJ 1.2sooooE 01 l,2t!Ob41E 04 1.2s2000E 01 2o55l534E 04 1.2s11000E 01 l.SOObl~E 041 

l,2'1oOoOE 01 4,04t1350E 04 1,258000E 01 4ol'I09417E OU l,2bOOOOf 01 3o78153bE 04 1,2bi:?OOOE 01 3.012273E 041 
1.2ti~uooE 01 l,QJJ42bE OIi l.2bbOOOE 01 b,78b7fl9E 03 1.2t>BoouE 01 .6.o48254E o3 1 •• nooooE. 01 •l,7'17507E 04 
l.272000E:. 01 •2o8212h9E 041 l,274000E 01 •3.b184108E 04 1.27bOOOE 01 •4,1Bl%E 04 l,278oooE 01 •4.3l91128t. 04 
l. 28t)OOOE O I •4.14b5h8f 04 l,282000E 01 •3,b32118AE 04 1.284000E 01 •2.831l012E 04 1 0 28bOOOE 01 •l,7qb77BE 04 
l.28tiOtlOE 01 •5.8b&53QE 03 l .290000E 01 7•319582[ 03 l,292oOOE 01 2,0b048.3E 04 l,294000l 01 l,275398E 04 
l,2qoUOOE 01 4 0 252ROIIE ULI 1.2Q8000E 01 4,87n1101E 04 l,300000E 01 S,Ob4btlbE OIi 1.102000[ 01 4 0 7837118E 04 
l.3<11JOuoE 01 4,033Qu5E. 011 1.300000E 01 2.8Sbl21E 04 t.lollOOoE 01 1 0 .HlB7bf 04 l.l100UOE 01 •2,40517bE 01 
1.312000E. 01 •l,79000IIE 04 1.ltllOOuE 01 •J.07b512E 04 1.llbOOOE 01 .3. 9111305E 04 1.:usoooE 01 •4,298370E 04 
1.J20000E 01 •4,122112E OU 1ol22000E 01 •J, 449SS7f. OU 1,321lOOOE Ol •2ol8518oE 04 l, 1 32bOOOE 01 •l,0900.S4E 04 
1.32/IOOOE 01 2,525Llt7f 03 1,330000[ 01 1,11708b8E 04 l, 3lZOOOE 01 2,41"529[ 04 l.H4000E 01 2,99500bE 04 
1,3.S';)QQ()E 01 3,J57u95E 04 l • 33BOOUE 01 2o93981bf 04 1,340000E 01 Z,1112554E 04 1.342000E ot l.bb4529E 04 
1,31lUOOOE 01 8,02b031E Ol 1.lLlbOOOE 01 •bol98579E 02 1,34HOOOE 01 •8, 330b48E Ol 1.350000[ 01 •l.452129E 041 
1.3'52000E 01 •1,90bS07E 04 1.l54000E 01 •2,20b210E 04 1.3'5bOOOE 01 •2,l':i2ll1E OLI l,35HOOOE 01 •2,Hl~l!>E 014 
1,3oOOOOE 01 •2o1.:JtB79E OIi l,3b2000E lll •I, 798597E 04 1.lbilOOOE 01 •l,332159E 04 l, 3bbOOOE 01 •7,bb9578E Ol 
1,3~tlOOOE 01 •l 0 1Ubb1bE 03 l,370000E 01 b,195543£. 03 l,372000E 01 1,lb47SOE 04 1,3741000f 01 2,0l74170E 04 
1 • .s1ooooE 01 2,487991E oq l,378000E 01 2o71859bE 04 1,l80000E Ol Z.b82743E 04 l,382000E 01 2,3!>Fl0l1E 04 
1,31:lUOOuE 01 1o740797E. 041 t,3tlbOOOE 01 f\,819S08E Ol 1,388000E Ol .9,5b0854E 02 1,390000E 01 •l,0427148E 04 
1. l'12000E O l •l,8209J7E 04 l o·l94000E O l •2,32051t1E OIi l.39bOOOE 01 •2,47148bE 04 1.3qaoooE 01 •2,2b0934E 04 
l,400000E 01 •l, 720777E 04 l,40ZOOO'E 01 •9, 197b29E 03 1.404000E 01 3,8d7LIBOE 02 1,40b000E Ol 1,0205l4E 04 
l.40dOOOE 01 1o884b'14E OU 1,410000E 01 2,5285b5E 04 1.1112000£ 01 c!,898780E 04 1,414000E 01 2 1 9b57bijf 04 
l,~loOOOE Ol 2.7lb7bbE 04 1,418000E 01 2, l 71 l llE O 4 1,420000E 01 1 ,l82730E 04 l,422000f 01 4,325742f 01 
1,424000E 01 •5,945Q38E o3 l,426000E 01 •l ,bll9blE 04 1.112aoooE 01 •i,537892f 04 1,430~00E 01 •l,2902!>.JE 04 
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TIME Vi\LUE Tl~E VALUE TIME VALUE TIME VALUE 

l 0 H15Q9QE 01 2. 79h?U2f 04 l.8t7QQQE 0l 3.35t1515E' 04 l.820000E 0l 3 0 5b02h0E 0" l.821Q9QE 01 3.113311:>0E. 04 
l.'1t?l'I04E 01 3.0l7t125f OIi l.825QQQE 01 2.3111707E OIi l.1:12B000E OI t • H8Q 38E 04 l.829'i91il 0l lob'i79Q3E Ol 
l.~!St 0 '19t. 0l •1,0'lRf:ll0E 04 l.834tl00E 01 •2,21892t>E. "" t.835999[ 01 •3,201305E 04 1.t137«.i9QE. 01 .. ;s. 1H 78bb£ 04 
I. 1,U'l'JQqE 0 l •llo3003bllE 04 1.8112000E 01 •11.30871>1£ 04 l.t143QQ9E 01 •l.'IH7A3E 04 1.t145..,9'if. 01 •l.21Q044E 04 
l 0 1i4fJ000E 01 •2.221:>IIQSE 04 1.849Q98E 01 •lo055738E UII 1.8519'19E 01 1,5110113[ 03 t.85399QE 01 t.2ob177E 04 
1,85o000E 01 2olb43b7E 04 t.8'5799QE 0l 2.7'12910E 011 l.85Q9Q9E 01 2o91150bOE 04 lotlb2000E 01 2. 7bt1877E 011 
lollolJ\l00E 01 2.27'5Ll20E OIi l,8b5999F: 01 l.5bll024E 011 t.8bH99E 01 7,207852E 03 t.670000E 01 •l,b98832f. 03 
l 0 ll71999E 01 •9,Q277Q3E 03 l.87l99Qt 01 •l,b2bll93E 04 1.87S999E 01 •l,Q7H0bllE 04 l.878000E 01 •2,021l4bf 04 
t 0 b7t/499E 01 •1,78Q328E 011 1,tltl1Q99E 01 •l, 3118533E 04 1,884000E 01 •7.580254E 03 l.88Sq9QE 01 •7,17ij58of. 02 
1.8874Qqf Ill b,28AJ3t,E Ul l.88Q99~E 01 l,223243E 04 l.692000E 01 l ,blb283E 0Q 1.t191Ci99E 01 l,78'53t1t1f 04 
1, 1:1"5Qqqf 01 1,759li12E u4 l.8Q8000E 01 t.58b0b8E 011 1.89999t1E 01 1,ll307SE 04 t.901Q9qf. 01 9.79o071:1E- 03 
t 0 <1td'199E 01 o.178lbllE 03 l.90bfl00E 01 2, 7.311248[ 03 1.qo79qQf 01 l 0 11Ll84'55E 01 t.90QQQ9E 01 •l,b057lt>t 03 
1.qlcll\l0E 01 •2 0 lbo586E OJ 1.QJIH\00E 01 •2,00273bE 03 t.91S999E 01 •1,l5ll85E Ol l. 'H 7'i99f. 0 l •2,80527t>E 02 
l,92u,J1)t)E 01 l • 11 l 7 2 I 7 E 0 l 1.921999E 01 2,l9b428E 03 1.92J9'19f 01 2,745359E 03 J 0 Q25'199l 01 2.l5bl l2t. 0l 
l.9?dvOUE 01 9.313on8E •'2 1.929999£ 0l •l,483072E 03 1.9ll999E 01 •ll,70S03qE 0l t.9lll000E 0l •8,112Lil'l8E 0l 
1.'13599Qf 01 •1 ,232079E 04 1.937999E 01 •l,b0l9b7E 011 l,9l9999E 01 •1,'H952bE 04 l.q11zoooE 01 •2,1233blE 04 
l.91l3999E 01 •2.l2b0L13E 04 l.945999E 01 •1,651517E 04 l.948000E 01 •l,26b895E 04 l.9119«.191\E 01 •4 0 8t7l0lE Ol 
t.9~199</E 0l s.1112soE 03 1.953999£ 01 l.&2Ql40E 04 l,95b000E 0l 2,751055E 0" 1.957999E. 01 l.711951E 04 
l • 9599991:'. 0 l Liol110800E OIi t.9o2000E 01 4,505489E 04 l.9b4000E 01 "• 1110772E 04 1.%599QE 01 l,24110bbt 04 
1.9o7999E 0l l 0 H8111llE OIi l.Q70000E 01 l,b5009lE 03 1.97l999E 01 •l,71957oE 011 l.97399<iE. 01 •3,5011507t:. 011 
1,975999t. 01 •4,870oA8E OIi l 0 978000E 01 •5,oll20SE 04 1 0 979999E 01 •5,b8'1402E 04 l 0 9H1Q9QE 01 •5.114764[ 04 
t.98/JOO0E 01 •l,9b1421E 04 t.985999E 01 •2,36b83SE 04 1.987ti99E 0l •b,051125E OJ 1.989'i99f. 01 1,l117487E 0" 
l.992v00E vi 2ob239QbE 04 l.993999E 01 J.b0400bE 04 l,995999E OJ 3.990221E 04 l.998000E 01 lo8llb1oE. 04 

:ta> l,999998E 01 3,11i2929E OIi . 
-.J 
I 

1-4 MAXIMUM o,l90029E 0" TIME 1,454000f 01 HlNlMUM •7.l113438E 04 TIME 1,O2000E 01 
(Q 
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················~··········· •l<l:.StJLTS UF LAH.ST AtlALYSIS* 

························••** 
PRllhL[M • ASSIGN 4 TITLE• RTE 80 ONRAMP • TRANSIENT ANALYSIS 

ACTIVE UNITS FEET KIPS DEG. FAHR SEC LBM 

SPECTRUM IDENT PLOTRS 
SPECTRUM FROM JOINT 1041 ZT TOT 

TRANSIENT lDENT l 
DAMi>lNG a 0.020 

TRUE TRUE TRUE TRUE 
FREQUENCY DISPLACEMENT VELOCITY ACCELERATION G PERIOD 

o.3b1JOOOE OS •Oolb4l0(1E•03 •0.368b4lE•Ot Oob47840E 02 0,2011q3E 01 O,IOOOOOE•Ol 
II. l 80000£ 05 •O,b590b8E•03 •0,77718tlf•Ol O,b504q1E 02 o.2020lbE 01 0,200000E•Ol 
o.120000E OS •O.l4«>87tE•02 •O,llbb42E 00 O,b44244E 02 Oo20007bE 01 o,300000t.•Ol 
IJ.'IOOOOOE 04 •0,2b2100E•02 •0,15b7o7E 00 O,o4bb31E 02 0,2CI0817E 01 0.400000t:.•Ol 
o.120001JE 04 •0,40hb82E•02 •o,1qq5z7E 00 O,till2227E 02 0 0 19qq4qf 01 0,500000t:.•Ol 
11.'>Q9999f 04 •0,5'12852E•02 •0.238248E 00 O,bS0242E 02 0,20193QE Ol O,f>OOUOOE•Ol 
u.'JlLl28bE 04 •1Jefl09b9tlf•02 •0.281>027E 00 O,b525711E 02 0,202ot>3E 01 0,b'l99'19E•0l 
11.usooouf 011 •0,10'-~78f•OI •0,2872oqE oo O,b775b3E o2 0,210423E 01 o,rqqqqqt:.-01 

~ UeLIOOO(IOf. 04 •Oo 137222l•01 o,H757~E 00 O,bo9279E 02 0.207850£ 01 o,900000E•01 . O • .SoOOOOE 011 •O, p~qO'::,SE•O 1 o.~qllq58E 00 0,7811bc!4E 02 0,243bnE 01 O,IOOOOOE 00 
-..:i u,327273£. 04 0,211405of•Ol •0,'1057o1E 00 •0,79580bE 02 •0,247145E 01 0,1100001:: 00 I 0,27h'123f 04 O,l22bB9E•Ol 0,9585R5E 00 •0.751928E 02 -0.233516£ 01 O,l30000E 00 [\) 

0 u.24ooooE. 04 0,4'1b033E•Ol •0,114b25E 01 •0 0 B70747E 02 •0,2711418E Ol 0,1501100t 00 
o.2t17o5E 04 •O,b72925E•01 •O,l33b88E 01 0,9Pl899E 02 IJ,285372E 01 0,1700001:: OU 
o.t8947uE 04 0,8711341:•0l •Oo19bl26E 01 •O,qSH2lE Ol •0 0 29oOb1E 01 O,lCJOOOOE 00 
o.t71428E 04 •0,125ll3E oo 0,225115~E 01 Oolll920E Ol 0,3Q7578E 01 0.2100001:: 00 
0,1'::,o5c2l: 04 •0,185ti77E 00 -o.lS4b8bE 01 0,138Hl)f 03 0,429784E 01 0.2100001: 00 
0 • l LI LI O O (1 E O 4 •0,311182tiE 00 o,73715?E 01 0,217347E 03 0,b74992E 01 o.2soooot:: oo 
u.13.S.SBE 011 •0,3944lbE 00 0,80l414E 01 0,2122HE 03 0,b59128E 01 0,270000f 00 
o.1241:HIE 04 •0,4329119E 00 0,8llb42E 01 o.2011s1SE ol 0el3l5139E 01 O,c!90U00t. 00 
il,llbl2qE OIi •O,bl4151E 00 o,1l3071E 02 o,2S2962E ol o.785oS7f 01 o •. Hoooot oo 
u.to9o9tE 011 u,857'5B9E 00 •O, 15829"/E 02 -o.:u11112e: ol •ll,qbb279E 01 O,lJOOOOE 60 
0.1()2857£ 04 0,9411853E 00 o.1sq12sE 02 •0,304570E 03 •0,9458o9E 01 U,j50000t:. 00 
o.97?.972E 03 O,lllq890E Ol o,24'1733E 02 •0,430718E 03 •O• lll7blE 02 o. 371l000l 00 
0.92307oE 03 •0,229738E 01 •0 0 37082qE 02 0,5'16bl4E Ol 0,185284E 02 u.l90000t. 00 
o.117~049E 03 -o.zoq724E 01 •O,Hb24qE 02 0,119508bE 03 O, l53,7'HE 02 0.11100001:. 00 
0,837209E 03 •Ool4GOb3E 01 o,l092t5E 02 0,2(18321E ol 0 1 92tiiio2E 01 Oe4l000Uf 00 
0 • d O 1) 0 0 0 E O 1 •0,101l04bE 01 O,lllbl90E 02 0,1Qll560E 03 0 1 b0422t1E Ol 0,450000E. 00 
o.7o5957E Ol 0 0 12H48E 01 0,170i29E 02 -o.Uub20E u3 •O,b85154E 01 0,1170000E 00 
o.73Llb9iiE Ol •·O • 11 b 1 HE O l 0,159786E 02 Ool9ltl4qE Ol o,sq11sti11E 01 0,490U00t OU 
0,705!;82E Ol •0,8Q8098E 00 •O, ll2bll0E 02 O,llb740E 03 0,'1211b58E 01 o.s10000E oo 
o.b54545E 03 0,858987E 00 •0,125llqE 02 -o. 112788f 03 •O,l5u27.3E Ol o.5S0000t 00 
u.oOOOOOE Ol -o.111osoE oo -o.858l8qE 01 Oe790234E 02 0,24Slll4E 01 o.tioouoot uo 
o,55l84of Ol •0,So9Sol:IE 00 •0,710523£ 01 o.SJ1407E oz 0,1o50llE 01 OebSOUOOt. 00 
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ECC SEISMIC DESIGN OF HIGHWAY BRIDGES STUDENT TEXT 

Appendix 8.1 

SAP IV 
Program Description 

SAP is a structural analysis program for the static and dynamic 
analysis of linear systems. 

SAP IV is the version of SAP originally developed at the University of 
California at Berkeley. This version does not have many of the user 
enhancements available in the later versions (SAP V and SAP VI). It 
does, however, have the capability of solving most of the linear 
dynamic analysis problems encountered by the bridge designer. It also 
is a relatively simple program from a computer programmer's point of 
view and may be easily modified to suit the needs of a particular group 
of users. 

SAP IV is written using standard FORTRAN IV and was developed on a CDC 
computer. The program has also been installed with little effort on 
IBM and UNIVAC machines. The solution shown in this example was 
performed on a PRIME 400, one of a group of modern "mini-computers" 
which may be found in many moderate sized design offices. 

The structural systems to be analyzed may be composed of combinations 
of a number of different structural elements. The program presently 
contains the following element types: 

(a) three-dimensional truss element, 

(b) three-dimensional beam element, 

(c) plane stress and plane strain element, 

(d) two-dimensional axisymmetric solid, 

(e) three-dimensional solid, 

(f) thick shell element, 

(g) thin plate or thin shell element, 

(h) boundary element, 

(i) piee element (tangent and bend). 

These structural elements can be used in a static or dynamic analysis. 
The capacity of the program depends mainly on the total number of nodal 
points in the system, the number of eigenvalues needed in the dynamic 
analysis and the computer used. There is practically no restriction on 
the number of elements used, the number of load cases or the order and 
bandwidth of the stiffness matrix. Each nodal point in the system scan 
have from zero to six dis1,Jlace1i1ent de•Jrees of freedom. The element 
stiffness and mass matrices are assembled in condensed form therefore, 
the program is equally efficient in the analysis of one-, two-, or 
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three-dimensional systems. 

The formulation of the structure matrices is carried out in the same 
way in a static or dynamic analysis. The static analysis is continued 
by solving the equations of equilibrium followed by the computation of 
element stresses. In a dynamic analysis the choice is between 

1. frequency calculations only, 

2. frequency calculations followed by response history analysis, 

3. frequency calculations followed by response spectrum analysis, 

4. response history analysis by direct integration. 

To obtain the frequencies and vibration mode shapes, solution routines 
are used which calculate the required eigenvalues and eigenvectors 
directly without a transformation of the structure stiffness matrix and 
mass matrix to a reduced form. In the direct integration an uncondi
tionally stable integration scheme is used, which also operates on the 
original structure stiffness matrix and mass matrix. This way the 
program operation and necessary input data for a dynamic analysis is a 
simple addition to what is needed for a static analysis. 

Reference: 

Bathe, K. J.' wilson, E. L., and Peterson, F. E., "SAP IV: A 
Structural Analysis Program for Static and Dynamic Response of Linear 
Systems," Report No. EERC-73/11, Earthquake Engineering . Research 
Center, University of California, Berkeley, 1973 (PB 221 967) 
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Appendix 8.2 

SAP IV 
Example Problem 

Use SAP IV to perform a frequency analysis (frequencies and mode 
shapes) of the Route 80 Onramp Undercrossing. Save the results on tape 
and use the "restart" capabilities to perform a response spectrum 
analysis for both longitudinal and transverse seismic excitation. Use 
the CALTRANS design res~onse spectrum with the following properties: 

1. Maximum rock acceleration of .Sg 

2. Depth to "rocklike" material between 10-80 ft. 

3. Damping of 5 percent 

4. No reduction for ductility or risk 

SUPERSTRUCTURE 

L = 694 ft. 

R = 600 ft. 
Ax=86ft. 2 

Ix= 862 ft.4 

Iy = 13,000 ft 4 
h,. 360 ft. 

t'c = 3,250 psi 

ABUT. I BENT 2 

y 

X 

117.0 117. 0 

ROUTE 80 ON- RAMP OVERCROSSING 

B.1-3 

BENT 6 

SUBSTRUCTURE 

L=25ft. 

A= 33 ft _2 

Ix= 146 ft.4 

Iy=73ft.4 

h = 143 ft.4 
t'c = 3,250 psi 

ABUT. 7 
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SAP IV INPUT DATA ORGANIZATION 
(Frequency Analysis) 

I. Heading Card 

II. Master Control Card 

III. Nodal Point Data Cards 

IV. Element Data-Truss Element (hinge restrainer) 

A. Control Card 

B. Material Property Card 

c. Element Load Factors Cards 

D. Element Data Card 

IV. Element Data-Beam Elements (deck and columns) 

A. Control card 

8. 1-tater ial Property Card 

c. Element Property Cards 

D. Element Load Factor Cards 

E. Fixed-End Forces (not used) 

( 1) * 
( 1) 

(45) 

( 1) 

( 1) 

( 4) 

( 1) 

( 1) 

( 1) 

( 2) 

( 3) 

F. Beam Data Cards ( 4 3) 

v. Concentrated Load/Mass Data (one blank card) (1) 

VI. Element Load Multipliers (one blank card) (1) 

VII. Dynamic Analysis 

A. Mode Shapes and Frequency Control Card (1) 

*Number of input cards used for this example. Note--Refer to reference 
for special job control cards needed if .results are to be saved for 
subsequent restarts. These will vary depending on the computer used. 
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80/80 Listing of Input Card Images 

Free Vibration Analysis 

ROUTE 80 (11JR A r,p U ~:CE fl CR n SSH: C: - F;fSP'J~!S[ SP[CTRU" A~J ALYS IS - SA? IV 
45 2 18 1 

1 1 1 1 1 1 1 10000.co 75.30 10000.oc 
2 10000.E~ 75.30 9999.45 
3 10021 • .35 75. 30 9986.7.Z 
4 10042.38 75.30 9974.83 
C 10063.87 75.30 9963.83 .,; 

6 1 1 1 1 1 1 10085.79 so.co 9953.71 
1 10085. 7q 58.43 9953. 71 
8 lOC&':.79 66.87 ':1953.71 
9 10085.79 75.30 9953.71 

10 10118.29 75.30 9940.66 
11 10151.51 75.30 9929.56 
12 10185.32 75.30 9920 .46 
13 1 1 1 1 1 1 10219.62 so.co 991:3. 39 
14 10219.62 58 • 43 9913 ■ 39 
15 10219.62 66.87 9913.39 
16 10219.62 75.30 9913.39 
17 10244.0l 75.30 9909.65 
18 10268.53 75.30 9906 ■ 93 

19 10293 ■ 14 75.30 9905.24 
20 10317.81 75.30 9904.58 
21 10318.81 75 .30 9904.58 
22 1 1 1 1 1 1 10333.81 50.00 9904.71 
23 10333.81 58.43 9904.71 
24 10333.81 66.87 9904.71 
25 10333.81 75.30 9904.71 
26 10362.45 75.30 9906.03 
27 10391.00 75.30 9908.74 
28 10419.37 75 .30 9912.84 
29 1 1 1 1 1 1 104'+7.52 50.00 9918.32 
30 104'+7 ■ 52 58 .43 9918.32 
31 10447.52 6€,-87 9918.32 
32 10'+47.52 75.30 9916.32 
33 10475.36 75.30 9925.16 
3lt 10502 ■ 84 75 • 30 9933.36 
35 10529.88 75.30 9942.88 
36 l 1 1 1 1 1 10556.43 50.00 9953.71 
37 10556.43 58.43 9953.71 
38 10556.43 66.87 9953.71 
39 10556.43 75.30 9953.71 
,. 0 10578.36 75 ■ 30 9963.83 
41 10599.85 75.30 9974.84 
~2 10620.87 75.30 9986. 71 
lt3 10641.39 75.30 9999.45 ,. ,. 1 1 1 1 1 1 10642.23 75.30 10000.00 
lt5 2 2 2 2 2 2 10320.70 75.30 10'+92.84 

1 1 1 
1 2016000. .004658 ■ 04910 .150 

0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 

1 19 25 1 
2 43 2 1 
1 432000. .18 .0046583 .150 
1 86.0 862.0 360.0 13000.0 
2 33.0 146.0 73.0 143.0 

o.o o.o o.o o.o 
o.o o.o o.o a.a 
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80/80 Listing of Input Card Images 

(continued) 

o.o o.o o.o o.o 
1 1 2 45 1 1 100011 
2 2 3 45 1 1 
3 3 '+ 45 . 1 ... 
4 4 5 45 1 1 
5 5 '3 45 l 1 
6 6 7 45 l 2 
7 7 8 45 1 2 
e 8 '3 45 1 2 
9 c; 10 45 l 1 

10 10 11 45 1 l 
11 11 12 45 l 1 
12 12 H, 45 1 1 
13 13 14 45 1 2 
1lt 14 15 4 5 1 2 
15 15 16 45 l 2 
16 16 17 4 5 1 1 
17 17 18 45 1 l 
18 18 19 45 l l 
19 19 20 45 l 1 
20 20 21 45 1 l 100011 
21 21 25 45 1 1 
22 22 23 45 l 2 
23 23 24 45 1 2 
24 24 25 45 1 2 
25 25 26 45 1 1 
26 26 27 45 1 1 
27 27 28 45 1 1 
28 28 32 45 1 l 
29 29 30 45 1 2 
30 30 31 45 1 2 
31 31 32 45 1 2 
32 32 33 45 1 l 
33 33 34 45 1 1 
34 34 35 45 1 1 
35 35 39 45 1 1 
36 36 37 45 1 2 
37 37 38 45 1 2 
38 38 39 45 1 2 
39 39 40 45 1 1 
ltO 40 41 45 l 1 
41 It l 42 '+5 1 l 
42 42 43 '+5 l l 
43 43 44 45 1 l 100011 

0 1 
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PRINT OF FR[OUENCIES 

NOD£ CIRCULAR 0 
NUl'IB[R FREQUENCY FREQUENCY PERIOD i::: 

(RAO/Ste I (CYCLES/Ste I CSECI <+ 
"d 

1 0.1555[ 02 0,2H5E 01 0,4041[ DO I:! 
<+ 

2 0.1602[ 02 0,2550[ 01 0,3922£ 00 
:::0 

3 0 ,16"15[ 02 0,2619[ 01 0,381'[ 00 <D 
rn 

" 0,1832[ 02 0.2,;16[ 01 o. :H29E 00 i::: 
f-' 

5 0,200BE 02 0,3196[ 01 D,3129E 00 <+ rn 
6 0,2116E 02 0,3367[ 01 0,2970E 00 

1-rj 

7 002382[ 02 Oo3790E 01 Oo 2638E O 0 Ii 
IJj <D . 8 0,2566[ 02 0,"1083E 01 0,2H9E 00 <D 
I-' <: I , Oo2655E 02 0,4226[ 01 D,2367£ DD 
00 I-'· 

10 0,2819[ 02 0,"1"187[ 01 D,2229[ 00 o' 
Ii 

11 o.3087E 02 O,li913E 01 0,2035[ 00 II' 
<+ 

12 0•"528E 02 0,7206[ 01 0,1388[ 00 
.... 
0 

13 D,"1977E 02 0 • 7922[ 01 0,1262[ 00 
l::l 

1" Oo5563E 02 008853[ 01 001130[ 00 
ti> 
l::l 

15 0,5925[ 02 0 ,9"130E 01 0,lQE,OE 00 
II' 
f-' 
«: 

16 0,70611[ 02 0,1124[ 02 0 ,88'HE-Ol rn 
I-'· 

17 Oo7CJDJE 02 D,1258[ 02 O,T950E-Ol rn 
18 o .9.,2 8t 02 0,137JE 02 0,7283[-0l 

PAINT OF EIGENVECTORS 



N O D E 0 I s P l A t E "' E N T s I II 0 T & T l 0 N S 

NODE EIGEN- x- T• z- l• T• z-
NUMBER VECTOR TRANSLATION TRANSLHIC"" TRA~SLATION ROTATION ROTATION ROTATION 

-5 1 0.00000E 00 0,000COE 00 O,COOOOE: 00 O,OOOOOE 00 O,OOOOOE 00 O,OOOOCE 00 
2 0,00000E 00 O,OOOOCE co O.GOCOOE 00 o.oooco~ JO C,COCOOE oc O,OCOOCE 00 
3 0,00000E 00 o.ooocor co 0,COOOOE 00 0,0000JE: 00 0.00000.: 00 O,OOOOCE 00 

- 0,0000C( 00 C,OOOOCE co 0,00000E: 00 0,000COE: co c.cccoa, oc 0,0COOCE 00 
5 0,00COOE 00 O,OOCOOt co o.co:ioor DO O,OCOCJE i,O 0,00000£ 00 o.coocn: 00 
6 o.ooooor 00 C,OOOOOE co 0 .oooooc: DO O,OOOCJE OD c.oooooc: OD o,Dccoce: 00 
1 o.oocoor 00 O,OOOOCE co o.oooooe: 00 0,00DOJE co o.oooooe: cc O,OOOOCE 00 
8 0,00COOE DC C,OOOOCE: co O,OOOOOE: 00 O,OOOOOE 00 0,00000£ 00 o.00ooce: 00 
9 o.00000E 00 o.ccooce: co o .ooocoi:: 00 O,OOOCJE 00 O,OOOOOE 00 O,OOOOCE 00 

10 O,OOOOOE 00 O,OOOOCE 00 o.oooooe: 00 o.ooooaE 00 0,00000E 00 o.oooooE 00 
11 o.oooooe: 00 0,00000( co 0,COOOOE 00 O,OOOOOE ao O,OOOOOE 00 0.ooooce: 00 
12 0.00000.: 00 o.ooooci: 00 0,0000CE 00 0.0000::ie: 00 o.oooooE 00 0,00000( 00 
13 O,OOOOOE 00 O,OCOOOE 00 0,00000E: 00 0,00CCuE 00 o.oooooe: co o.oco0oe: 00 
H O,OOOOOE 00 o.oooooE CD o • .:ocooe: 00 0 ,OOOCCE 00 O,OOOOOE cc O,CODOOE 00 
15 0,00000E 00 O,OOOOOE 00 o .caoooE: 00 0.00000:: 00 o.oooooE 00 o.aoooce: 00 
16 0.00000( 00 0,00000E 00 0 ,C0000E DO 0.0000:n: ~0 0,00000( 00 o.0000cE 00 
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1~ -c ,59~6,.i:.-02 0,1.:~~~~-G.2 -o .1 ·.~•,,.t..[-02 -0.~1:·1:r:-:.! o.1~11,q:-a«. 0.114°~£-o.;: 
H -o,cp--,.s~~-0~ J.J7R7CE-i12 -C,41727~-c:, -c, 7~7 ✓-".E-r:.• -C,,.3~S7C:::-i"J5 O,lb7f.~E·02 
l 7 -G.c.~;.5Pt..-C2 o.1c~c::E-c2 -0.2:12!~-c: -c .~b~24E-O! ·C .~2<i~fl£-O~ 0.74172£-03 
IP -0,1~4bk~-02 -0.22-• ..:01::-os -O. 7f:lH![-C,! -c.1•1!a~-c3 C.l~l81E·J• 0,2H2'.E.'·O! 
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SAP IV INPUT DATA ORGANIZATION 
(Response Spectrum Analysis-Restart) 

I. Heading Card 

II. Master Control Card 

III.-VI. Omitted for restart 

VII. Dynamic Analysis 

A. Omitted for restart 

B. Response History Analysis-not used 

C. Response Spectrum Analysis 

1. Control Card 

2. Spectrum Cards 

a. Heading Card 

b. Control Card 

c. Spectrum Data Cards 

( l) 

( 1) 

( 1) 

( l) 

( 1) 

( 5 5) 

*Note--Refer to reference for s~ecial job control cards needed if 
frequency results are to be restored for a restart. 
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80/80 Listing of Input Card Images 

Response Spectrum Analysis 

ROUTE 80 ONRAMP UNDERCROSSING - RESPONSE SPECTRU~ ANALYSIS - SAP IV 
4= 2 18 -~ 

1.c o.o o.o 1 
AASHTO DES!GIJ SPECTRUM - .5G PEAK ROCK ACCELERATION - 10 TO 80 FT 

55 32.2 
.ooo 0.7180 
• 0 0 l 0.71AO 
.025 0 .':'100 
.oso 1.0560 
.075 1.1770 
.100 1•.!040 
• 125 lo3f\80 
.1so 1.4740 
.175 1.5420 
.200 1.5800 
.22s 1.6070 
.2so 1.6220 
.275 1.6300 

. • 30 0 1.6290 
.325 lo6220 
• 35 0 le6090 
.375 1.5920 
.400 1.5650 
.'t25 1.5400 
.450 1.s120 
.475 1.lffl20 
.soc 1.4480 
.525 1.4070 
.550 1.3670 
.575 1.3280 
.600 1.2900 
.650 1.2140 
o 700 1.1520 
.750 1.oa20 
.aoo 1.0200 
.s50 0,9620 
.900 009040 
.950 008550 

1.000 o.s100 
1.100 0.7280 
1.2000 0.6570 
1.300 0.5990 
lo400 o.5550 
1.soo OoSlffO 
lo6000 004800 
lo700 0.4500 
1.soo 0.4220 
lo900 003980 
2.000 003780 
2.200 003410 
20400 0.3110 
2o&OO 002850 
2.aoo 0.2610 
30000 0.2380 
30500 0.1982 
4.000 0.1625 
'fo500 Ool286 
s.ooo Q.1093 
s.soo 0.1093 
60000 0.1093 
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R E S P O N S E SPECTRU~~ A N A L Y S I S 

DIRECTION FACTOP.S 

X : 0.0000 y = 0.0000 z ::::: 1.ocoo 

INDICATOR FOR DISPLACEMENT OR ACCELERATIO~ SPECTRU~ = 1 

EQ.O DISPLACEMENT 
EQ.1 ACCELERATION 

MODAL PARTICIPATION FACTORS 

MODE 

1 

2 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

X-DIRECTION 

-0.6905E 00 

Oel045E 02 

0.4489E 01 

0.7326E 01 

0.3116E 01 

-0.8071E 01 

-0.9590E 00 

-0.4361E' 00 

0el323E 01 

0.1698E 01 

-0.1936E 01 

-0.2129E 01 

0.1295E 01 

-0.2643E 00 

-0 .1'178E 01 

-0.4092E 00 

-0.1641E 00 

-o.t7.35E 00 

Y-DIRECTION 

-0.2799E 01 

-0.7579E-Ol 

-0.1191E 01 

-0.5401E-Ol 

-0. 4 70 9E 00 

-0.2068E-Ol 

-o o l120E 01 

-0.9839E 00 

0.2430E 01 

-o. 8450 E O 1 

-0.9959E 01 

0.5431E-Ol 

-0 • 480 OE 00 

0.7384E-Ol 

0.2252E 01 

-0.1005E 01 

0.2060E 00 

-0.3305[ 00 

Z-DIRECTION 

-0.5445[ 01 

-0.6444E 01 

0.1287E 02 

Ool271E 01 

-0.1102E 01 

-0.3667[ 00 

-0.3893E 00 

0.4302E 01 

-0.7540E 00 

-0.3708E 00 

-0. l't24E 00 

o.2aaoE oo 

-0.2853E 00 

-0.2877E 01 

-0.2805E-Ol 

-0.233DE 00 

-0.4847E-Ol 

0.1145[ 00 
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N 0 D [ D l s p L A C £ M [ N T s / R 0 T A T I 0 N s 

NOD£ MOO[ x- .,_ z- x- .,_ z-
NUMBER NU116£R TRANSLATION TRANSLHIOIII TR~NSLHIOII RO TA TICN ROUT ION ROTATION 

., 1 o.oooooE 00 0,00000[ 00 0,00000[ 00 0,00000[ 00 0,00000( co 0,00000[ 00 
2 0.oooooe: 00 0,0000CE 00 0,COOOOE" 00 o.corooe: 00 o.ooco::t 00 0,00000[ 00 
3 o.0c000e: 00 o.oooooe: 00 0,000C0E 00 0,00000( 00 0.000oat 00 0,C0000E 00 

• o.00000r 00 o.0000or 00 0.ooocor 00 0.~00C0E 00 0.00000( 00 o.0000oe: 00 
5 o.000oor 00 0,00000( 00 o.00000e: 00 o.ooccor co 0,00000£ 00 o.0ooooe: 00 
6 o.0000or 00 0,00000[ co 0,00000( 00 0,CCCJOE 00 0,000COE 00 0,00000£ 00 
7 o.ooooot 00 o.00ocar 00 O,C00C0E 00 0,000COE 00 o.oooaat 00 o.coocor 00 
e a.ooooot 00 o.000ocr 00 O,OOOCOE co O,OOOCOE 00 O,OCOOOE 00 O,COOCOE 00 , 0.00000!: 00 0,00000( OJ o.00000t 00 0.ooco0E 00 0.occoo!: 00 0.ocooot:: 00 

10 o.000oor 00 0,00000£ co 0,00000£ 00 O,OOCJ0( 00 o.0000ce: co 0,0000:iE 00 
l1 o.00000E 00 0,00000( co 0,00000( 00 0,00000( 00 0,00000( co C,COOOOE co 
12 a.oooooe: 00 o.ocooot 00 0,00000[ 00 O,OOOJ0E co O,OCOOOE 00 0,000D0E DO 
13 o.ooooot 00 0,00000E 00 o.ooocoE 00 0,00000[ co o.ooacoe: co O,COOCOE 00 
14 o.ooooor 00 0.00000( co o.:;oocoE 00 o.oocJoE 00 o.oocooE 00 O,OOJOOE 00 
15 o.oooooe: 00 O,OCCOOE: 00 O,OOOCOE 00 o.occ:oE 00 o.cocoot ~o o.oocooE 00 
16 O,OOOOOE 00 O,OOCOJE co o.caocoE 00 O,OOO:OE 00 o .oc·oooi:: 00 O,OOOCCE 00 
17 o.0000oe: 00 0,00000( 00 0,000COE 00 o.~oo:oE co O,OOOOOE 00 O,OCOOOE 00 
18 o.oooooE 00 o.oocooE 00 o.ooocot 00 o.ooocor co o.oooooE 00 o.coocoE 00 
1'9 o.oooooE 00 O,OCOOOE 00 o.oooooE 00 0,000:JOE 00 o.ooooot 00 o.couooE DO 

·" l o.ooooot 00 0,00000( 00 o.oooooE co o.oooooe: 00 0,00000( 00 0.cccoce: 00 
2 o.0ooooe: 00 Q,COOOOE 00 0,0CCCOE 00 o.00000~ oc o.occcoE 00 0,00000[ QC 
3 o .0ooooe: 00 O,OOOOOE 00 o.coocoe: co O,OOJOCE 00 O,OOCOOE 00 0,00000( 00 

" 0.00000!': 00 o.oooooE co o.cooooE 00 0.occooe: 00 o.oooaoE 00 o.cooooE 00 
5 O,ODOOOE 00 O,OOOCOE co O,OOOOOE 00 o.oooooe: co o.oooooE OD o,oooooE 00 
6 o.oooooe: 00 0,00000( 00 0,00000( 00 o.oocooe: 00 O,OOOOOE 00 0,00000£ 00 
7 0.oooooE 00 O,OOOOJE 00 D.OoDoot 00 O,OOCOOE 00 O,OOOOOE 00 o.oooooE 00 
8 o.oooooE 00 o.ooooat 00 o.oooooE 00 0,00COOE co 0,0COOOE 00 o.oooooE 00 , o.00000E 00 0,00000( 00 o.0oooot 00 o.oooooE 00 o.0ooooe: co o.ooooot 00 

10 o.0ooooe: 00 0,00000£ 00 O,OOOOOE 00 o.ooooor co O,OOOOOE 00 0,00000( 00 
11 o.oooooe: 00 0,00000( 00 0,00000( 00 0,00000( 00 0,00000( 00 O,OOOOOE 00 
12 o.oooooe: 00 D,00000£ 00 0,00000E 00 O,OOOOOE 00 0,000COE 00 0,00000[ OD 
13 a.ooooot 00 o.oooooE DC 0,00000( 00 O,OOOCOE co C,OOCCOE 00 o.cooooE 00 
14 0.00000[ 00 O,OOOOOE 00 0,00000( 00 0,00uOOE 00 0,00000( 00 o.oooooE 00 
15 o.aoaoor 00 0,00000( 00 0,00000E 00 o.oooooE 00 0,0000CE 00 0,00000[ 00 
16 o.oooooe: 00 0,00000£ 00 o.oooooE 00 0,00COOE 00 O,OOOCCE 00 o.ooooot 00 
17 o.oooooE 00 0,00000£ 00 O,OOOOOE 00 o.oocoo£ 00 O,OOOOOE 00 O,OOOOOE 00 
18 o.ooooot 00 o.oooooe: 00 o.oooooE 00 o.cc::cor 00 O,COOOOE oc O,COOOOE oc 
19 o.aooooc 00 a.00000E 00 0,0DOOOE 00 0,00000E co o.00000E 00 o.oooooE 00 

•3 1 -o.37'I06E-04 -o,11ooot-0'4 -0.39412E-O'+ -0,66388(-0S -0.12432£-04 0,8i45'9E·05 
2 o. 12561£-02 0,26260(•04 0,64"110E•03 o. 756 □ 1E:-05 ·O ,144,.SE-03 -o ,26291E-O" 
3 0 ,17120E·01 -o.3"0"-1E-0J 0 ,llHOE-01 ·O, l 7<144 E-03 C ,21:80E-03 0 .29099E-03 

• Oo56081E-Dl -c .,44S':IE•02 0.36715E-Ol •Ool33HE•02 •0,42936E-05 Co2037'5E-02 
5 •O ,89464E•02 0,1830':!E•O" -D,6l660E•02 -0.50781[-06 -o ,2'5683[-03 -0,221C4E•04 
6 -0.40S81E·Ol -0.80939(-03 -0,26155£-0l ·0,4322'+E-03 0,34HlE-03 0.68019E•03 
7 OollSHE:•03 •O ,37:H3E-03 0,67103(-04 •Oo2C'+4BE•O~ ·0,70RE:8E-05 0,310'51E-03 
8 o.:s,,.51E-o:s 0 ,38%&(-04 0 ,29577(-03 0,222B6E•O'+ 0,31182£-0lt -0,31779(-04 , -o • 78522(-0 3 •0,2445~(-03 -C.'+6982E•03 -o • 13339':-i13 0.2::257(-04 0.20'+19E•03 

10 0.50500E•03 0,14065E·03 0 ,32435(-03 O, 76773(•0• -0,'52500E-0'5 -0,11710(-03 
11 •Oollll'SlE-02 •0,63472E-03 •O, H397E•03 •O .346'HE•03 0,,.8131E·C5 0 ,52813(-03 
12 o.33'+3ot:-o:s -a, ur.2-;e:-as 0,31596E-03 0,75Eo~~E-o6 C,80872E-0" O, Zll40E-05 
13 Oo6l'll2E-O" -0.17190(-05 0 .J?'<l9E-O'+ -0,95lo3E•06 -o ,6 7030(-0 & 0 ,1"217£-05 
14 •O ol88'16C-04 0 ,1870 .. (-06 •O .1'9JHE•O'I 0,17758E-07 -C.58107(-05 -0.21073(-06 
15 -0.255&2C-03 0, 13897(-04 -0,16576E•03 0,761B6E-05 0, 13405(-05 -o ,115"1(-04 
16 0 ol3046E-0'5 O. 11777E•04 0 .86692£-06 0,611l'<4E•05 0 • 10563£-07 -o ,97931(-05 
17 o.36024t-o5 0.2 .. '132£-05 C.2330CE-05 0,13&17E-O'! •O ,239C3E-O 7 -0,207311::•05 
18 -0.23260E•05 0.72176E-C6 -0.15591E·05 0 .J91o2'+E-C6 -c ,30112E-O 7 -0,600C'+E-06 
19 0.718'97(•01 O .2716,.E-02 0,'<6938(-01 0 ,14776E•02 0.51192E-03 0.22654E-G2 

•2 1 Ool2101E-Ol -0 .2'52111[-03 -0,29448(-03 ·O ,20891£•04 -o, 12'+2'1E•04 -0,30918(-05 
2 Ool0928E•02 0.58688E-03 •0,23ll2E•02 ·O ol6334E-03 ·O ,1"!83E-03 -a ,11932E-o3 
3 0.1113'51[-01 -C,773U,E-~2 0,15893E•Ol 0,152~At•03 0,21'+~',[-03 0, l7197E•03 .. Oo560%E•Ol -0.5536'3E-Cl Oo3b":;'+9E•Ol •O ,95J%E-0.3 -u.56555E•05 O.l'+'<l9E-02 
5 •0.569"5E·02 0 ,397DE-C3 -o, 11 ! 72E-O 1 -0,262~5E-03 •O ,2'+'JnE-03 -o ,l 713',[•03 
6 -0.114908£:-01 -o o1e1on-01 -O,l?C55E-Ol -o ,o'J•43E•0" 0, 340 HE·C! O ,597l8E-03 
7 0 o20';02E-03 -o.e2a!2£-02 •0,775l2E•O'+ -oo1s121e:-03 •0,6'HC3E-05 0,1900H-03 
8 a. 31781E•05 0.85926£•03 0,92331E•C3 0,'+0'+07[•04 0 ,2'95!:9[•04 -o ,46233[-0 5 , -o .10 37"(•0 2 •0,53710£-02 •OoliOO~'JE•OII •O, /'J'l5!E-O" 0,19<~lE-O'I 0.1Z'J9~E-O! 

10 0,56'!66[-03 C ,306l9E:•G2 O ,21 nH-03 0 ,4'l!73E-04 •0,5CJ45E-05 •0 ,6'1444(-CII 
11 -0.12021,(-02 -0 ,13650E-Ol • O, ~ • 31 H -o 3 -0 ,22"2 li:-03 C ,471'HE-C5 O,Z~'lZOE-03 
12 •0,61.069E-03 -0 ,24'H,<;E-,• 0 , I" C 1: 0 E- 0 2 o.]az•c;E-o" o. 71 792E-04 0,234l~t:-0." 
13 0 0692'1 Sf •O It •0,!354~E-C4 o ,20 1•oc-o• ·C, 71!21E·06 -c ,6l~nE-C6 0.24239E-06 
14 o.51ciBs<:-01t 0,!'+070E-05 -0.132%E-OJ -0.21352E-o~ -0., '1'JJ 3 E-0 5 -0 o l 32?4£-05 
15 •0,269,.A(•Ol 0,~'570~E-C3 •O ,l36'11E:-C3 0 .~94i6(•(J~ 0 .12P.C.2[•C'; -0,16990(-05 
16 0,llF,70'"•05 0.20't!·"E.:-C3 Ool0.l7n£-0'5 O,~l':7"::-cc 0 .b(JQ11'JE-t;P -0 ,'+O!oH.E-C~ 
17 0,38244!:-05 a.c.13Cf-.[-'J~ O,ll107QE-0'5 o,1or,1-.,-c, -c.22:cu:-01 C,UU4E-06 
18 -0.1'!1'1AE·05 Ooll495E:•04 •0,207""! •05 C1.!SlG7f-0R -0.21':::lE-07 0,7817'!(-07 
19 0 • 7.l',~5f-Ol o .&1;2or-:1 0,45730[-01 0.lCE.'tJE-02 O.':i:J 12'J[-O:! O.loE:.2E:.i:-02 
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0 1 Oo2bll74r-oJ -o, .1~~ .l•f •O 3 •Oo~5~R"[•OJ -a .JJ71:r-o• •O, I :•~OC•C• •0,17:!llbE•0" 

2 0 0. 111'1<,[ •0:! O,R•qlt,(•OJ •0,'1.•;•:~l-02 •O,.l47bJ[•UJ -0.1•:~0(-0J -0 o lH·n.:L•CJ 

3 Ooll7flj(-Ol •0,1117CE·OI 0 ,.:OJJ0£·0 l 0 ,:i&l~•l[•CJ 0 ,:C ➔ t,••t::•CJ O,J:s"7L-OJ 

" 0 o:lbO':lil(•O I •O • 7t•~7~f-0 1 Odbl00(•01 •Oe'>l<ll.?f•G• •Oo.:'•ll 1\ E•04 oo::•'> 78£•0" 
!I -0021101n-u;: C .~711'4(•UJ •U, lb.lll"[-01 -0.~1tJ7~c-0J •Oo::tt~SE·OJ -0 .:,J•1t:-0J 
6 -Oo•ll&7Al-Cl •Oo:•.,1:r-01 ·Ool1"~6C·Ol 0 .47:&Jf.•C3 0 ,J,,J0t •CJ a .:u.t.1c-0J 
1 0,211~)6(-0J •Ce lO~jt-(•O l -0.~~11=E•OJ -0,Ji~nc-r• •0 ,tib~Hlt-05 •0, 571;: lE•O'I 
8 -0.J:7q7£-CJ 0, llOJ:·[•O:.! 0,1501:!l•O:: 0 ,51~~1[-04 0.:,.:1•E•C• 0.JJH7•E•01t 
9 -0,1:!•7JE-O: •O.&tllltif•O:! OoJ02q5r-oJ 0 •. ::;i, 75E•O• Q,lOb5:.E-G4 -o • .:9•Sst-04 

10 Oe6:':rt7[-C3 C .310:-:C•QZ 0, I l ltttRl•OJ -o, 111~:n-cs -o.••o•or-cs 0.:i.1ci'1r-o" 

11 -O ■ l~4tHlE-~~ •0,if.JC.'E•Ol -o.~J1•21:-0.s O ,3:'f~~E-O• 00•0➔ ;1[-05 -0,lloH'!E•OJ 
12 •Oo1Jq71E•O:! -c ,:!157°(•0• 0.31~:•£·02 0, 77SlcE•C• o.•~a•:c:-o" 0,4ll'l3E•04 
13 0.7.J'+0(-04 -o.:•74"t:-o• o.u:~&E•04 •u ,lo~bSE•C& -C.'+7i,HE•06 -0,l3'11tlE•OS 
1" 0 olOOAH-03 o .2can:-oo; -o ,:1601~-03 •C oH215E•05 -0.:11,ast-as -o 022:H•H:-i;s 
l!I -0,27511E-03 0 ,1;116Q[•03 •O ,lO&:H•0J -o .ns:7t•o~ O,lll5'1£•C5 0,10'176(•04 
16 0,10~12E•05 Q.q55u~[-04 OolOIS7E•05 -o.s~o:5E-O!i •Oo56&89E•C8 Oo'1910'1E·05 
17 00::111•0:r-os 0, 1::91£ ·05 0,12HAE•05 -o.11n,;t-os •0,1~~47E•C7 0.:19:,;,c-os 
18 •0ol&C24£•05 •0,1•82SE·05 -o.:2JJ4E•OS •O ,J54J~i:-C6 •O ,97685E•C'! 0, i3'!HE•06 
1" 00754<t6E-01 Oo85'+5![•01 0 ,•6582£•01 0, '181,45( • CJ Oo47•4lE•CJ 0,56044(-0J 

'10 l Oo4067"E-03 •0 ,27Q30E•OJ -o ,82511[•03 -o ,464117[•04 •O ,l:&J7E:•C4 -0o315lt!E-04 
2 0o63"79E-02 C.6!15~[-03 •0,~377H•02 •O, S• IHE•U ! -o.1•1s1r-0J -0 o .:•.:&lE •:l 3 
3 o .,.::s0c-02 •0 ,ASO'ICE•O: 0 ,;47J'!E•01 C ,100:0E-02 0,201t6"E•03 0.22235£-0J 

" 0,56151t:-Ol -0 ,5737"E•O 1 0,J5205(•01 0o85JOSE-03 •0,44041 E·C• -0,1S171E•02 
!I -0o3789JE-03 C ,lt48:1E•03 -o.:o"'&sc-01 •0 ,8307CE-OJ -001qqs1c-0J -0,39J69(•03 
6 -0,51808E-Ol •O, 1H'+•E•01 -o ,51172(•02 Ool0183E•02 O,:<>R82E·03 -0 ol6255E•OJ 
1 0,35550(-03 -o, 700 lCE-02 •O.J6CS7E:-03 0, 69776E•C '+ -o,6:tiB3£-o5 •0,:?59'!3[•03 
8 -0,57798E-C3 o .66&37E•03 Dol'l751E•02 O,&nedE-04 0,18'123E•C4 0 063362£-0'1 , -Oo1"019E-02 ·C o3'H!8•E:-02 0,b2556E:•03 0.106~1E-03 Oo1Zd0'1E·04 -0,13895E•03 

10 0 ,660'15E-03 002011o~E-02 0,24€-26£•0• •O .1tti!FSE•O• -o ,3596"!:'•05 0 ,85':!JSE-0'1 
11 -0 ol2808t-02 -0.78'+5:E-02 -0,•286".'E-03 0 ,l 7267E-O! 0 ,'+5485[•05 -0 .39515E•OJ 
12 -0,17&89E-02 0,186~5E•05 0.3863JE•02 O,llS:lE•C! Ool5J0~£-04 O,S6"11E-04 
13 0.76080[•0• 0 • 5J77SE-05 0 ,J7&77E·05 •O ,58471E·06 •0 ,2~5'+6E·06 -0oll':'':!8E•05 
1" Ool1892E-03 •O ol'+750E•OS -o ,24 789(-03 •Co&6881E•05 ·0,70825E-07 -0.31&87£-05 
1!1 -o ,2717&[-03 •O ,12&HE•03 •0,7&475(-0'+ -0,&7707(•06 Oo92771E·06 0 ,503'+9(-05 
16 0,11332E-05 •0,16'130(-03 0 ,66301[·06 •Ool488'+E·05 -0o22558E•07 0 ,1"310E·05 
17 0,36350[•05 -0,3'i5~2E·04 0,77ZS8E•06 -Ool91C1E·06 •Coll453E•07 -0 o392'HE•0 7 
18 -0.14432(-05 •O. 11955E•04 •0,18'+8&E•05 -0.12721E•07 0 ,2;:':!9':!E·07 -o o':!0606E·O 7 
1' 0,772':!3£-0l 0, 61'+30£•01 0,49C67E-Ol 0,19546£-02 0,'14058£•03 0,16887E·02 

39 1 Oo53691r-o:, 0 074536£•05 •Ool1070E•02 •0,60'159(•04 -o olll49[•04 -Oo43250[-04 
2 o. 77810[-02 -0060665(-0'I -0,11507£-01 -o o 74079(-03 -o, 14393£-03 -o o28'109E-03 
3 0,72522£-02 •Oo73QEOE-04 0,29161E-01 0 ol42':!8E-02 Oo20'+40(-03 0 ,1"J86£•03 

" 0,56262£-01 0 ,9739.;E-04 0,33770£-01 O,l5064E'.-02 -o ,66985 E-04 -0,2'1463E·02 
!I 0,157'+7£-02 0, 13626E •O 3 -o ,24961E-O 1 -o ol12!2E•02 •0ol&906[•03 -0,47905£•03 
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7 0,'11632£-03 -o ,57765(-04 -0,'+9664E•03 0 • 71490[-04 -0o61038E·05 -Oo25191t[-03 
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10 Oo62481E-03 0063122£-0lt 0 • 77179[•04 -0o256&3E-OS -0,17331(-05 -0,35801£-0'+ 
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7 0,42749c-0J J,6708/IE-02 -0,07895£-03 0 • H6eSE-a 4 -0.58970£-05 -0,1'461[-CJ 
8 •0,82CJ6E-O 3 -o.s1os•E-0J 0 ,21tQ72[•02 0 ,S5<J45E-O 4 C,16S64E-C'5 0,45673E-04 
9 -o.15131r-02 0, l<>C HE-02 0,9'1857£-03 0,6530'1[-04 ~.19117::-05 -0,30&14[-05 

10 0,706::BE-OJ -o .~964ZE-C4 -0.%'1"0[-0'+ •O .'tJJ7~~-;:s -O,lllE.OE-05 -o.2•260E-o<+ 
11 -0,13302E-02 -0,79346[-02 -0,2019•E-OJ -o,111•2oe:-o~ C,39353£-05 0 .33934(-0 3 
12 -0.iaoon-02 -0,24633[-0 .. O,Z8437E-02 0,9tt07,E-04 -0.52'l17E-04 0.3~568E-O<+ 
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17 0,2COJOE-OS 0. 7283~[-04 -O,J2727E-06 0,729'HE-n -0,45936£-08 0,48957E-06 
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12 -0,79207E:-03 -o ,6670,E-os 0.t0E71E-02 0,2S561E-0" -0,75126[-0'+ 0,6d343E-05 
13 0,62999E-04 -o.11sJeE:-03 -o ... 474J[-06 0 ,32947E-C6 0,22994(-06 -0,52402[-05 
14 0,16671[-0 .. O,l792°E-05 0 ,2'? D7E-O ~ -0,56774[-06 0,54646E-05 0,18177E:-06 
15 -0,21396E-03 0,42361£-03 -o ,37022E-05 -0,107&&E-O'+ 0,2488![-06 0,46972[-04 
16 -o ,48643[-0 5 -0,10622[-04 -o ,&1J49E-os -0 ,99519E-05 -0,64514E-07 0,29890[-04 
17 0,64192E-06 -o ,23626!:-04 -0,92990[-06 -O,l3768E-05 -0.35359[-08 o.37876E-o5 
18 -0.12297E-05 -0.57281[-05 0,13945E-05 -0,12784E-06 C,20917E-07 0,38171E-06 
19 0,83456(-01 0,13584[ 00 0,6223,.E-Ol 0,3l925E-02 0,31707[-03 0,11540[-02 

33 l 0,91343[-03 0,83750E-03 -0,22Cl8E:-02 -0 • 13517E-03 -Ool3376E-04 -0,17090[-04 
2 0 ,11826E-O 1 -0,54761E-02 -0,22661£-01 -0,13~29E-02 -0,12611E-03 -o ,47982[-0J 
3 0 ,l8616E-02 0,436'+2E-03 0,,.4300[-Cl C,22567E-02 0,158%[-03 0,75998E-03 .. 0,58307E-Ol 0,5309:SE-01 0,23455[-0l -0,88129E-04 -o.1012aE-0:s 0.19663[-02 
5 0 ,'40874[-02 0 ,91900£-02 -O,Jl220E-Ol -0,1417RE-02 0.32428[-0lt -0,19131£-03 
6 -0.59969£-01 0,78A81[-0l C,16017':-01 0 ,11835C:-02 0,77125[-04 0,23705E-02 
7 0,40991[-03 0 ,38752[-02 -0,10091[-02 -0.95000(-04 -O,lt8497[-C5 0 .l 7J'+3[-0 3 
8 •D,64600£-03 -0 ,22610E-03 0,190"'2(-02 0 ,67830(-0lt -0.2268~[-04 0,33404[-05 
9 -O,l493H~-02 -0,79321E-04 0,66845(-03 0,17ij75[-04 -0.1J447[-04 0,47293E-04 

10 0,68969[-03 C ,?5674E-03 -o ,62243(-04 -0, 76121E-05 0 ,23671[-05 0 ,l2Jl7E-C" 
11 -0,13259[-02 -0.93929£-02 -0,482• □ E-OS 0, 77A38(-04 0,25522[-05 -0,35080E-03 
12 -0,15,.85E-03 0 ,20573E-04 -0,10784[-02 -o.45637E-o" -0,77245[-0'+ -0.13082[-0 .. 
ll 0,54110[-04 0,57403E-04 C .41479£-05 0,660&7E-06 0,23245[-06 -0,38'+'+0E-O~ 
l'I -0,24'+93E-04 -o ,57938E-05 0,16509E-03 0 ,39923E-05 0,41294[-05 0,11700£-05 
15 -o ,l 777'+E-03 -o ,81~02[-03 0,12925[-04 -o ,43140£-05 0,16290E-06 0,13747[-0 .. 
16 -a.Tar.HE-OS -0,57B87E-03 -0,8643'!£-05 -0.16.122[-05 -0,3898SE-07 -o ,351'llE-05 
17 •O .77592E•OI', -0, 7DS•7E•04 •0,14~1GE-C5 C ,86U1£-07 -0,13'2BE-OR -0,15324E-O~ 
18 -0,71'H6E'.-06 -0,619R4[-05 0,17250E-OS 0,90653(-07 -0,93569[-08 -0.29808[-06 
19 0,8 .. 629£-01 0,96237E-Ol 0,65334E:-Ol O,J226JE-02 0,296~2E-03 0,32383E-02 

32 1 0.10031E•02 -0,26315[-04 •0,25837(•02 •O,U,488 -03 -o, 14223(-0'1 0 ,40017E-05 
2 0 ,12692[-0l 0,~350~E-O~ -0,261!'.lE-01 -0,15404 -02 -0.12811E-03 -0,62069E-03 
3 o.n61si:-03 0 ,l~lt6E-03 0,4R63JE-Ol 0,2&?40 -n 0,15R32E-OJ 0 ,42107E-03 .. 0,588 .. 4£-01 -0,25127E-OJ 0,1716'lE-Cl -0.10492 -03 -0,21001E-OJ 0,1J713E-C2 
5 o ,Hl2,.E:-02 -0.202::1(-0J -C,29413£-01 -0.1591! -oz o ,91Ja2r-04 o.1002cr-0J 
6 -0,5'l'l94E-Ol o.1~1•11r-0J C ,l 7••7[-01 0,H8',2E -03 a ,2551H-0'+ 0 ,33573E-O: 
T 0. 38 J28(-0J 0.265~~(-03 -O.ll~~OE-02 -0,(,5402 -o 4 -0.'96~~"[ .. 05 -0.19831E-04 
8 -0.46036(-03 -0,22325i..-04 0,11•51£-02 0 •• 33 .. 2 -o 4 -0,31461(-04 o .16&01e:-04 
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12 0,3311~E-O..! o.;~~-;i;c-o~ -e..io nE-02 -o .11·•1 '; -rJ~ -t'l.'::17Cj7~•/j4 -0,24~f-2£-0't 

IJ O.~~b'13t-0'+ -0.<7!!7[-04 C • 72",'1~[-0~ -o ,27~7~ •(1 ~ C,11'-2s 0 •% G,!1079f-04 
l lt -0,452t7~-04 G,7Ml27':-01- 0.2'+~4!,C:-C3 0. E•, T ~,q E; - o•, , , 15',& I -oC'~ Jel<.t''.-17U:--C'".J 

15 -0.1:!':4qf.-C3 o.12r1-'-:r-o.! r;, :H ! l .. r: -r. '+ 0. l ~ h~ '3 -Q• !J • 1 'J ~·:: '+ -0 F, ·G, 7~453€:-0~ 
16 -0,10 7"-u- ~-G't ... 0 • "- "-. C 1 :- E -G '+ •C,'l'•.::2~[-G~ U, .! 144'; -Q.C. ·'1, l 'J 1

," 7 -c~ -0,15nll-04 
1 7 -0.217"':,:-o- -o. : r; :. (J[ - 0,. - ~ , l 7 ➔ ;~ ;: ~- - C '"~ -') 1 4': H·: -~~ :J. ~ {\ ·:;,, ~ .. r,~ 0.11·~·,-o·, 
18 Oel 74:.!l':-C 1 -o. (;l) 1♦ 1' f-O'j 0.1;:tt'-'~E-S~ -□• l l (, ·. 'J -8 t.. -'l, ~~ :·" l -P 0, 11 7';4( -c ,, 
1'1 a.~:Jl:4t-iJl 0. l.: 7 ;· t_ -r: ~ ~.&7•71Jt-Ci :J. '•; Q i;,; -~-: 'J • j I -'1;", .. rJ 1, G.~ ,c,,cr-o. 
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ll 1 a.1~"~:t-aJ -0,17~•"[•0• •0,1Z"~7F•Q~ -o.1~ .. 1•i--a.1 •O ,'10>'40[•0' •Q, ~2PCH •04 
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12 o.oooooe: DO O,OOOOOE 00 O,OOOOOE 00 O,OOOOOE QC o.oooooe: 00 o.cooooE 00 
13 o.oooooe: DO o.oooooe: 00 o.oooooE 00 o.oooaoE cc o.ooooor 00 O,OOOOCE 00 
u o.00ooor 00 o.oooaoE 00 o.caoaoe: 00 o.oocooE OC o.00000E 00 o.oooocE oa 
15 o.oooaoE 00 0 ,0COOOE 00 o.00000E 00 o.aoooae: 00 o.ooooae: 00 o.ocoooE 00 
16 o.ooaooE 00 o.cooooe: 00 o.oooooE 00 a.ooo:or 00 o.oooooe: 00 o.0aoocE 00 
17 o.ooooaE 00 o.oooocr 00 o.ooooae: co o.ooocoe: 00 o.ao000E 00 o.ooaooe: 00 
18 o.oooooe: 00 c.00000E 00 o.ooaooE 00 0.000.:oe: 00 o.oooaoe: 00 o.ocooc.:: 00 
19 o.oooooE 00 o.oooooE 00 o.oooooE 00 o.oooooE 00 o.ooooaE 00 Oo00000E 00 

B.1-23 



RESPONSE S P E C T R U M S T R E S S C O M P O N E N T S 

SUUAR[ ROOT OF TH[ SUH OF THE SQUARES OF THE MODAL STRESSES 
CFOR ALL ELEMENTS> 

ELE~£NT TYPE CTR USS ) / / / ELEMENT NUMBER ( 1) 

PIA P 
0,8111[ 0~ 0,4012[ 03 

ELE~CNT TYPE IB EA M I I I I {LEMENT NUHB[R ( 11 

Pl Ill V2111 V3llJ 11111 H2(11 MlCII PlCJI V2CJJ Vl&J> TllJJ H21Jt H3CJ> 
o.2~2sc-o, o.2s99£ ol o,4170£ 03 o,3936£ o, o.oooor oo o,ooooc oo o,8083E•07 0,259,c 03 0.4110c 03 o,3936£ o, o,4187£ 03 0,2609£ 03 

ELEMENT TYPC CB EA H I / / / [LEHENT NUMBER ( 21 

Pllll V2CI> V]CI) ll(l1 M2CII M3Cll Pl(JI V2CJI VJCJI TlCJ> M21J) HllJI 
0,~230[ OJ 0,2564£ 03 0,4122£ 03 0,3936£ 04 0,4190£ 03 0,2609£ OJ 0,2230£ 03 0,256,E 03 0,4122£ 03 0,3936£ o, 0,1036£ 05 0,6450£ 04 

t;Jj CLCHCNT TYPE CB [AH I I I I ELEMENT NUMBER C 31 

I-" Pl Cl) V2lll V3CI> Tllll M2CI) M3lll PlCJI V2CJ) V3CJ) TlCJJ H21J) H3CJI 
I o.,~90£ OJ 0,1957£ 03 0,2163£ 03 0,3999£ 04 0,1033£ 05 0,6,50£ 04 0,6,90£ 03 0,1957£ 03 0,2163£ 03 0,3999£ o, 0,1538£ 05 0,1117£ 05 
~ 
~ 

CLCHCNT TYPE lB [AH I I I I ELEMENT NUMBER C 41 

Pllll V2lll VlCII 11111 M2CI) H3CI) PllJI V2CJI V3&JI TlCJI H21JI H3CJI 
0,1070£ 04 0,9378£ 02 0,1578E 03 0,4183E 04 0,1533E 05 0,1117£ 05 0,1070[ o, 0,93l8E 02 0,157HE 03 0,4183£ 04 0,1412£ 05 0,1320[ D5 

ELCH[Nl lYPE CB EA H I I I I ELCHENT NUHBCR I 51 

PlCJI V2lll VlCII Tlll) H2CII MlCI) PllJI V21JI V31JJ TlCJI H21J) H31JJ 
0.1,asc o, o.1235E o3 o,3238£ 03 0,4435E o, 0.1,0,c os 0,1320c 05 o,1,85E o, o.1235E 03 o,3238£ 03 o,4435£ 04 o.1osoc 05 0.1190£ os 

CLCHCNT lYPE CB EA H ) / / / ELEMENT NUMBER ( 6) 

Plll) V211) Vl(I) TlCII H2CII H311> PllJ) V21JI V31J) TllJ) H2CJI H3CJI 
o,6169£ o3 0.1132c 03 0,2831E 04 o,3979E 03 o,4oo5c 05 o.1512r 05 o,6169£ 03 o,7132E 03 o.2e31c o~ o,3979£ Ol o.1625E 05 o.,129E 04 

CL[H[Nl llPC CB EA H ) / / / ELC"ENT NUHOER I 71 

Pllll V2CII V3CI> 11111 H2CII H31l1 Pl(JI V21JI V31JI Tl CJ> H21J) H3CJI 
0.6167£ 03 0,7098£ 03 0,2819[ 0~ 0,3979£ 03 0,1625E 05 0,9129£ 04 0,6167£ 03 0,7098£ 03 D,2819E 04 D,3979£ 03 O,l911E 04 0,3251[ 04 



CLEMENT TYPE CBC A" I I I I CLEMENT NUMBER C Bl 

Pl 111 V2CU Vll II TlCII fl2C II H:SCIJ PlCJI V2CJI VlCJI Tl CJI "21 JJ M]IJI 
0,61£2E Ol 0,£,84£ Ol 0,278:SE 04 O,l,79E Ol 0,7,11[ 04 O,l251E 04 Oo6162E Ol 0,6984E O:S Oo278JE 04 Dol979E OJ O,JJ1,E 05 Do2989E o, 

CLEMENT TYPE (8 CA H , I I I ELEMENT NUMBER ( 91 

Pllll V2tl I Ill ct I Tl 11 I H2<11 K3111 Pll JI 112(JI IIJCJI Tl (JI M2(J) M31J) 
0,812~£ OJ 0,4102[ 03 D,4445£ OJ 0,2012£ 04 0,2l28E 05 0,117£E 05 0,8124£ DJ 0,4102E OJ 004445[ OJ Oo2012E 04 Oo1471E 05 Oo2J2lE 05 

ELEMENT TYPE 18 EA H ) I I I . ELEMENT NUMBER C 10) 

P 11 ll 11211> IIJC II Tlll> H2CII Hllll PlCJ) V21JI VJCJI Tl C JI H21JI MlCJI 
0,3508[ OJ 0,1898[ OJ D,4423[ Dl 0,18:Sl[ 04 0,147:SE Q5 0,2327[ 05 O,l508E Ol o.1a,8E 03 P,4423£ Ol 0.18:Sl[ 04 0.100,r 05 0,2775E OS 

ELEH[r,;J TlPE 18 EA M ) I I I CLEMENT NUMBER I 111 

Pll II 112111 VJCJI Tlll> M2111 HJIII Pl IJI V21JI IIJIJI TllJI M21JI M31JI 
0,548q[ OJ 0,1980£ 03 0,4494£ Ol 0,2l02E 04 0,9990E 04 0,2775£ 05 0,5489[ OJ 0,1980[ Ol 0,4494[ Ol 0,2302[ 04 0,1538£ 05 0,2281£ 05 

OJ EL[H[l,;T TYPE (8 CAN ) I I I ELEMENT NUMBER C 12) . 
I-' Pll JI V21 II Vll II Tll II 11211 I H3C I> PlCJ) 112( J) 11.JCJ> THJ> H2CJ) fl.HJ> 
I 0,1070[ 0~ 0,48l~E OJ 0,4479E Ol 0,280:SE 04 0,1529E 05 0,2261£ 05 OolOlOE 04 0,4815£ 03 004419[ Ol 0,280:SC 04 Oo245JC OS OollllC 05 

I\) 
CJl 

lLEH[l,;J TlP[ 18 CAM , I I I CLCIIENT NUIIDCR C 1 JI 

PI I I I 112111 VJI II TllJI H2111 HJCII PlCJI V21JI VJIJI TUJI M2CJI M]IJI 
0,7544[ OJ 0,10:SlE 04 0,2£44E 04 0,40£4[ Ol O,ll7l[ 05 0,231££ OS 0,7544E OJ Ool031E 04 Oo2£44E 04 o,,D£4E Ol 001550[ 05 0,1450[ 05 

[L[ll(NT TlP[ ca EA" I I I I CLCHENT NUHB[R C HI 

Pll ll V2 C II llll I) Tl c I> H2CII H3CII Pl CJ> V2CJI VJCJI • TICJI H21J> M31J) 
O,l5ql[ OJ 0,1027E O• 0,2£32[ 04 0,4064£ OJ 0,1550[ 05 0,1450E 05 007541£ Ol 0,1027£ 04 Oo2632E 04 0,4064[ 03 0.7021[ o, 0.5957[ 0~ 

ELE"ENT TlPE 18 EA H , I I I ELEMENT NUHS[R C 15) 

PH II V2CJI VJCJ > TlCI> H211 > H3 II I PllJ) V21JI VJCJI TI (JI H2CJ) M31JI 
0,753iE OJ 0,1011[ 04 0,2598[ 04 0,40£4E Ol 0,7021[ 04 0,5957[ 04 o.753£[ Ol O,lOllE o, o.2598£ 04 0,40£4E 03 0,28l£E 05 003157[ 0~ 

EL[M[Nj TYPE ca [A" I I I I ELEMENT NUHBER C 1£1 

Pll II V2 II I IIJCII TlCI> H2CI I H31 II Pl<JI V2CJI V3<J> TlCJ> M2CJI M31J> 
0,1075[ 0~ 0,3233[ 03 0,3922[ 03 0,2889[ 04 Ool0~7E 05 0.1153E 05 Ool075E 04 Oo3233E 03 O.J922E 03 0.2889[ 04 0,1277[ 05 0,1271[ 0~ 



ELC"CNT TYPC CB [AN > I I I CL["CNT NUKBCR ( 171 

Pll II V2CII VlCll TlCII K2CI I K3CJ) PlCJI V2CJI VlCJI Tl CJI H2CJI KlCJ> 
o.,~J9C 03 o,166JC 03 0,2195E OJ 0.2153[ 04 0.1280£ 05 0.1211£ o5 o.683,E 03 o.1663E OJ o.21,5c Ol 0.2153£ 04 0.1488£ 05 D,1268£ 05 

CLEMENT TYPC CB C A H I I I I CLCKENT NUHBER C 181 

PlC II 112111 VJCl> TlCJI H21ll HJC JI PlCJI V2CJI V31JI TllJI H2CJI H]CJI 
0,325~[ OJ 0,1795[ OJ 0,1999[ OJ 002721£ 04 0.1489[ 05 Ool268E 05 0.3254£ 03 001795[ 03 Ool999E 03 0.2721E 04 0,1069£ 05 O,B766E 04 

CLENENT TYPE 18 C A " I I I I ELC"ENT NUKBER I 191 

Pll II V21ll 113CJ I Tllll 'M21 l 1 M3C II PHJI 112CJI IIJIJI TllJI M2C JI H3fJI 
0,2030[ OJ 0,3381£ OJ D,41JJE OJ D.2786E 04 D.1067E 05 0,8766E 04 0.2030E 03 0.3381[ 03 0.413JE OJ 002786£ 04 0,4894E 03 0,4279£ OJ 

EL[N[NT TYPE 18 [ AK I I I I CLE "ENT NU"BER ' 201 

Pll II 11211 I VJC 11 lllll H21 l 1 
""' J) 

P11JI 112CJI V31JI TlCJI HlCJI "JIJI 
0,0000£ 00 0,4279£ 03 0.4685£ 03 0.2789E 04 Oe4685E 03 0,4279£ 03 0,0000[ 00 0.4279£ 03 0.4685[ 03 0,2789[ 04 0,0000E 00 0,0000[ OD 

ELEMENT TYPE 18 CA" ) I I I ELEKCNT NU"BER I 211 

tJj P 1 I II V211 I VJII 1 TlCII M2Cll MJIII Pl CJ) V21JI IIJCJI TlCJI M2CJI "3CJI . 0,1063[ 03 0,4889£ OJ 0,5127[ 03 Oe2789E 04 0,2417£ 02 D,1J44E•05 Ool06JE 03 0.4889E OJ 0,5127E OJ 0,2789[ 04 0,7695£ 04 0,7334£ 04 .... 
I 

l\j 

en [LC"ENT TTP[ 18 [AH I I I I ELE"ENT NUHIIER C 221 

PHIi V2 C II v3n 1 TlCJI M21 l I HJCII P 1 IJI V21JI VJIJI TlCJI M21JI "lCJI 
9.eoa5c o:, 0.1010c 04 o.155BE 04 o.4551E o:s o.2059E 05 o.2J45C 05 o.aoasc OJ 0.1010£ 04 o.1558E o, 0,4551E 03 o.e383C 04 o,1494£ 05 

ELENCNT TYPE CBC AM I I I I ELE"ENT NUMBER I 231 

Pllll V2C ll VJIU TlC II 11211 I 113111 Pt IJI V2CJI VJIJI TllJI H2CJI "31 JI 
0,8082E 03 0,1005£ 04 0,1548[ 04 Oo4551E 03 O.BJ83E 04 Ool494E 05 0.8082[ 03 Oo1005E 0~ 0,15~8[ 04 o,,551[ 03 0,7805£ 04 0,6481[ 04 

(LC"ENT TYPE CB EA H I I I I ElE"ENl NUMBER ' 2111 

PlC II V2C II VJC II TlCII M2CI I 11311 I PICJ) 112CJI V3CJI TlCJI H21JI "3CJ) 
0.ao16E 03 o.9906£ oJ 0.1520E o, o.,551E OJ a.1ao5c 04 o.6,81£ 04 o.ao76E OJ o,9906E OJ o,1520E 04 0,4551E OJ o,1960E 05 0.2053c 04 

CLE"ENT TYPE 18 EA 11 I I I I ELEMENT NUMBER C 251 

Pllll 112111 VJC II TIC II M2C II MJC II Pl CJI V2CJI VJCJI TIIJI H2CJI HlCJI 
0.1215£ o, o.,535E OJ 0.1,05E OJ 0.2500c o, o.1&97E 05 0,7033£ o, 0,1275[ 04 0,4535E 03 o,790SE 03 0,2500E 04 0,1463£ 05 0,1170E 05 



CLCN[N1 1YPE Cl£ l N , I I I Elf:NENT NUNBER C 26) 

Pllll V2Cl) VJCU TllU H2CJI HlCI > PlCJ) UCJ> VJCJ) TlCJ> N2CJ) NlfJI 
0.961,C OJ D.2302[ OJ o.,569£ OJ Oo2555E o, 0.1,62£ 05 0,1170£ 05 Oo961•E OJ Oo2J02E OJ o.,569£ DJ 0.2555£ o• 0.2087£ 05 0,1805[ 05 

-
CLCNCN1 1YPE CB [ l H , I I I CLEMENT NUMBER C 27) 

PII 11 V2CI I VJC I) TlCJI H2Cl) HlCI I PlCJ> V2CJ) VJCJI TlCJ) N2CJI NJCJI 
0.1237£ Cl 0.1053£ OJ o,,121£ OJ 0,3010[ o, Do20RlC 05 0,1R05C 05 0,7237[ DJ D,l05JE OJ D,4121£ OJ 0,3010[ o, D,1,08[ 05 D,1816£ D5 

£LEHEhT TYPE CB El M I I I I ,ELEMENT NUMBER C 281 

PlCII V2CI I VJ(I I Tllll H2CII H31 ll PllJI V2CJI V31J) Tl C JI H21J) N:HJI 
0.6,J6E 03 0,3290£ 03 0,7762E DJ D,Jl96E o, D,1399£ 05 0,1816E 05 0,6,J6E OJ O,l290E OJ 0.7762E OJ O,ll96E o, 0,1556E 05 0,1369[ 05 

[LENCNT lYPE CB El M I I I I CLEHEHT NUNBCR C 29) 

Pl CI I V2CI I VJC I> TllJI H2CJI M3C I> PllJI V2CJI VJCJ) TlCJ) M2CJI N3CJ) 
o.,ot9[ Ol 0,9593[ OJ 0,1902E o, o.JJJ,E OJ 0,2346[ 05 0,214R[ 05 0,4019[ OJ 0,959JE OJ O,l902E 04 O,lll4E OJ 0,818SE o, 0,1343E 0~ 

ll:l 
[LEHfNT TYPE 18 El N I I I I CLEMENT NUNB[R C JOI 

. PlCII V2CJ I V3C II Tllll M2C II Nll 11 PllJ) V2CJI VlCJI Tl C JI N21JI Ml(JI .... o.,ot7E Ol 0.,5,sc OJ 0.1893[ o, O,JJJ,c OJ 0,8185[ 04 o.13q3( 05 D,4017[ DJ o,95q5c OJ 01189JE o, o.333q[ 03 D19839[ o, D,5514[ o, 
I 

1.\:1 
--:i 

CLENCNT lYPE CB [ l N I I I I [l[NCHl NUMBER C lll 

Pllll V:? CI I V3C JI Tllll N2CII NJC JI PlfJI V2CJI VlCJI Tl CJI N2CJI NlCJI 
o,,Ol:?E 03 0,9382£ 03 0,1867[ o, O,lll4C OJ 0,98l9E 04 o.~~14£ o, 0,4012£ OJ 0,9382[ OJ 0,1867E 04 O,lll4C OJ 0,2503[ 05 O,JO~BC o, 

CLCN[hl TYPE CB El N I I I I ELENCNT NUNBEII C 321 

P 11 11 V2 C ll VJCII TlCJ> N2CII H3C JI PlCJI V2(JI VJCJI • TlCJI H2CJI "lCJI 
0.1171£ o, o.,t29E OJ 0,7176[ Ol D,2496£ 04 D,1175£ 05 0,1355£ 05 0,1171E 04 0,4129£ OJ 0,7176[ 03 0,2496£ 04 0,1343£ 05 0,2137E 05 

[L[N[Nl IYP[ CB El N , I I I ELEMENT NUMBER C lJI 

Pll II V2 Cl) VJCI I TlCJI N21l1 N3C JI PlCJI V2CJI V3CJI Tl C JI "2CJI lllCJI 
0.8678E 03 0,195~£ 03 0,3180£ OJ 0,2l72E 04 0,1J46E 05 0,2137£ 05 0,8678[ OJ 0,1959[ OJ O,l180E OJ 0,2372£ 04 0,1948£ 05 0,2~54[ 05 

CLENENT TYPE CB£ AN I I I I CLEHCNT NUMBER C JO 

PHIi V2CU VlC II 111 II 112C II H3C JI PlCJI V2CJI V3CJI Tl (JI "2CJI NHJI 
0,628iE Ol 0,1893[ 03 0,4572[ OJ 0,2475[ 04 0,1947E 05 0.2,sqE 05 D,6289E OJ 0,1893[ 03 0,4572[ 03 0,2475[ 04 0,1D99[ 05 0,2136[ 05 



[LCNCNT TYPE 18 £AN I I I I ELENCNT NUN8CR I 3!11 

Pll J> V21U V31U Tl 111 N21 I I N3111 Pll J) V21JI V31JI 11 IJI N21JI NHJI 
0.5403£ 03 0.3850£ 03 Oo8104E 03 0,2595[ 04 0.1096[ 05 0,2136£ 05 0,5403[ 03 0,3850[ 03 0,8104[ 03 D,2595[ 04 0,1922E 05 0,1303[ OS 

CLENENl TTP[ 18 £ A N I I I I ELENUT NUNOER I 36) 

Pll II V21U V31 II Tllll H2111 H]l 11 P11Jl V2(JI V31J) TllJI N2 I JI IOIJI 
0,7303£ 03 0.6462E 03 0,1601[ 04 0,4356E 03 0,2122E OS 0,1389E 05 0,7303[ 03 0,6462[ 03 0,1601£ 04 0,4356£ 03 0,8260£ 04 0,8473£ 04 

EL[HENT TYPE 18 EA N I I I I ELEHEt.lT NUHBER I 371 

Pl C JI V2111 VJIJ> TIC U M2111 M3(1 I Pl<Jl V21JI V31JI lllJ> M2 I JI M31JI 
0.7JOO[ OJ 0,6426[ 03 0,1591E 04 0,4356[ 03 0,8260£ 04 0,8473£ 04 0,7300£ 03 0,6426[ 03 0,1591£ 04 0,4356[ 03 0,7043£ 04 0,31t6£ 04 

ELEMENT TYPE 18 E A H I I I I ELEMENT NUMDER I 38) 

Pl< I) V21 ll V31 J> Tll II M2(11 H311 l Pl<JI V21JI V31JI Tl IJI M2CJI N31Jl 
0,7~93£ 03 0,6306E 03 0,1563[ 04 0,4356E 03 0,7043E 04 0,3166£ 04 0,7293[ 03 0,6306£ 03 0,1563E 04 0,4356E 03 0,1955E 05 0,2554£ D4 

0:, ELEll[t.lT TYPE 18 £AN ) I I I ELEMENT NUMBER I 39) . 
t,-1. Pll II V2 Ill V3CII Tl 11 l H21 l I HHII Pl(Jl V21JI V31JI Tlf JI N21Jl H31JI 

I 0,108,c 04 o,9330E 02 o,3880£ 03 0,4211£ 04 0,6907£ oq 0,1319c os 0.1089£ 04 o,9330£ 02 o.3&8oc o3 o,,211r o4 o.111sr 05 0,1400c o5 
t\j 

00 

£LEMCNT TYPE 18 E AH I I I I ELEHCNT NUHBCR ' 40) 

Pllll V2CI l V31J> TICJI H2111 H31l1 Pl(J) V21JI V31JI ll(JI N2 ( JI MHJl 
o.1a2Jc 03 o.105ec 03 0,1877£ 03 0,3973£ 04 o,1124£ os 0,1400c D5 o,7823E o3 0.1050c 03 0,1877£ 03 o,3973£ 04 0,1,21£ os 0,1159£ 05 

ELEMENT TYPE 18 EA N I I I I [LENENT NUMBER I 411 

Pl I U V:?111 V3CJI Tl C 11 N2C 11 NJI JI Pl(JI V21JI V31JI Tl IJI N21JI "llJI 
0,4131£ OJ 0,2056£ OJ 0,17B9E 03 0.3740£ 04 Ool42BE 05 0,1159[ 05 0,4731E 03 0,2056£ 03 0,l789E 03 0,3740£ 04 0,1013£ OS 0,663~E ~-

ELEMENT TYPE 18 EA" I I I I ELEHENl NUMBER I 421 

PIii) V21JI V31 II Tl 11 > N21 l I M3111 Pll JI V21JI V31JI lllJI P12 IJI 1'3CJI 
0,1623[ 03 0,2636£ 03 0,40-BE 03 0,3624E 04 0,1017£ 05 0,6631tE Olt 0,1623£ 03 0,2636E 03 O,ltOltB[ 03 0,3621tE 04 0,4006E 03 0,2663£ 03 

CLEPl[t.lT fYPE 18 EA H ) I I I ELEHENT NUMBER C lt31 

Pll I) V21 ll V3C I) Tl C ll H21 I) M 3 C 11 PllJ> V21JI VllJI 11 IJ) M2C JI 1131JI 
O,lt09~[-07 0,2652E 03 0,4103£ 03 0,3622£ Olt 0,4120[ 03 0,2663[ 03 0,1228£-06 0!2652E 03 0,4103£ 03 0,3622£ 04 0•0000£ DO D,0000[ OD 



80/80 Listing of Input Card Images 

Response Spectrum Analysis 

R~UTE 80 GNRA~P U~CERCROSSI~G - RESPcisE SPECTRUM ANALYSIS - SAP IV 
45 2 18 -~ 

o.c o.c 
AASHTO CESIG~ SPECTR~M 

5S 
.ooo 
.001 
• 025 
• 050 
.075 
.100 
,125 
.1so 
,175 
.200 
.225 
,250 
.275 
.300 
,325 
,350 
,375 
,400 
,'+25 
.450 
.475 
.soo 
,525 
,550 
,575 
.600 
.650 
.100 
.750 
.aoo 
,850 
.900 
.950 

1.000 
1.100 
1 ■ 2000 
1 ■ 300 
1.400 
1.soo 
1.6000 
1,700 
1,800 
1,900 
2.000 
2,200 
2 ■ '+00 
2,600 
2,800 
3.000 
3.500 
4.000 
4.500 
5.ooo 
5.500 
6.000 

0,7180 
0,7180 
0.9100 
1.0560 
1,1770 
1,3040 
1,3880 
le47'10 
lo5420 
1,5800 
1,6070 
lo6220 
1,6300 
1,6290 
l,6220 
1,6090 
1,5920 
1,5650 
l,5400 
1.5120 
1,4820 
1,4480 
1,4070 
1,3670 
1,3280 
1.2900 
1,2140 
1. 1520 
1,0820 
1,0200 
0,9620 
0,90'+0 
0.8550 
0.8100 
0,7280 
0 ■ 6570 
0,5990 
0.5550 
0o5llf0 
0.lfR0O 
0,4500 
0,4220 
0,3980 
o.:nao 
0,3410 
0.3110 
0,2850 
0,2610 
0,2380 
0.1982 
0,1625 
0.1286 
0,1093 
0,1093 
0,1093 

1.0 1 
- .~G PEAK R~CK ACCELE~ATIC~ - 10 TC AO FT 

B.1-29 



N 0 0 [ 0 I s p L A C [ " t N T s I R 0 T A T I 0 N S 

NOOE 1'100£ •- T- z- •- Y- z-
NUl'l8ER NU1'18£R TRANSLATION TRANSLATION TR ANSLA TtON ROT& TION ROTATION ROTAl'ION 

,, 1 0.00000£ 00 0,00000£ 00 0,00000£ 00 o.coooot 00 D,OOOOOE 00 0,00000£ 00 
2 0,00000£ 00 0,00000( 00 O,OOOOCE 00 0,00000£ 00 0,00000£ 00 0,00000[ 00 
3 o.ooooot 00 0.00000£ 00 o.coooct 00 o.oooi::Jt 00 o.ooo~ot 00 o.cccoot 00 

- o.ooooor 00 o.oooGot 00 O,OOOOC[ 00 O,OOOOCE oc O,OCOCOE 00 0,00000£ 00 

' D,00000£ 00 0,00000£ 00 C,OOOOCE 00 o.ooocot oc 0,00000( oc 0,00000£ 00 
6 0,00000£ 00 0,00000[ 00 0,0000CE 00 0,00000£ 00 0,00000£ oc 0,00000£ 00 
7 0.00oc0t 00 O,OOCOOE 00 O,OCOOCE 00 0,00000( 00 O,COOCOE 00 0.00000£ 00 
8 o.ooooot 00 o.ooocot 00 o.oooooE 00 o.coooot 00 0.000001:: 00 0.00000[ 00 
9 0,00000£ 00 0,00000£ 00 O,OOOOCE 00 o.oooc~r co 0,00000( oc 0,00000£ 00 

10 o.ooooot 00 o.ooooor 00 0,00000£ 00 0,00000£ co 0,00000£ 00 0,00000£ OD 
11 0,00DODE 00 0,00000£ 00 C,00000£ co o.ccoccE oc 0,00000[ 00 0.00000£ 00 
12 o.ooocor 00 O,OCOOOE 00 O,OCOOCE 00 0,000COt 00 o.ooocae: 00 o.ocoooE 00 
13 o.ooaooE oc 0,00000£ 00 o.oooocE 00 0.00000!: 00 o.oooooE 00 o.ooooct 00 
1' o.ooocot 00 0,00000[ DO o.ooooce: 00 O,OOOOC£ 00 0,00000[ 00 0.00000[ 00 
15 0,00000( oc 0,0CCOOE cc 0,COOCOE 00 O,CCOCCE co O,OOOOOE oc 0,00000£ 00 
16 0,00000[ 00 o.oooooE 00 0,0COOOE 00 0,0000C!: 00 0,000COE OC O,OOOOGE 00 
17 o.00000E oc 0,00000[ 00 0,000COE co D,OOOOOE 00 0,0COCOE 00 0,00000[ 00 
18 0,00000( 00 o.00000E 0 O· 0,00000£ 00 o.ocoocE 00 o.oooooE 00 o.0000oe: 00 
1'J 0,00000£ 00 0,00000[ 00 0.00000£ 00 o.ooaocr co o.oooooc 00 0,00000£ 00 

-- 1 0,00000£ 00 O,OOOOOE 00 o.ooocoe: 00 0,00000£ 00 0,00000[ 00 0.00000£ 00 
2 o.0000ot cc o.ooccoe: 00 0,00000£ 00 O,OOOCOE 00 0,00000£ oc o.oooooE 00 
3 o.oooooe: 00 0.00000£ 00 o.oooooE 00 o.oooooE co o.oooooe: 00 o.ooooce: 00 

- o.0oooot 00 o.oooooe: 00 o.oooooe: co D .CGOOOE 00 O,OCOOOE 00 0.00000::: 00 

' o.ooooot 00 0,00000( 00 0,00000£ 00 0.00000::: 00 O,OOOOOE oc O,OOOOOE 00 
6 0.00000£ 00 0,00000( 00 O,OOOOOE cc O,OOO~OE 00 0,00000E 00 o.oooooE 00 
7 o.oooooc 00 O,OOOOOE 00 0,00000E DO o.ooc"oE 00 o.ocoaoe: 00 0,0000CE 00 
8 0.00000£ 00 o.oooooE 00 o.occoaE OD o.coocci:: co o.0ooooe: DO o.ooooce: 00 ., o.ooooot 00 0,00000E 00 o.oooooe: 00 o.ooocot OD o.ooooot 00 0,00000E 00 

10 o.oooooe: 00 0,00000( 00 O,OOOOOE 00 0 ,00000£ 00 0,00000( oc o.000oce: OD 
11 0,00000E 00 0,00000( 00 o.ooocoE 00 0,00000£ 00 O,OOOOOE 00 o.oooooe: 00 
12 o.oooooe: 00 0,00COOt 00 O,OOOOCE 00 o.caoooe: 00 O,OOOOOE OC o.00000e: 00 
13 0.00000£ OC o.00000E 00 o.cooooE 00 o.oooccE 00 o.oooooE 00 o.oooaoE 00 
1, 0.00000£ 00 o.00000E 00 0,00000( 00 o .oaoon: co 0,00000( 00 O,OOOOOE 00 
1, o.ooaooE 00 O,OOOOOE 00 o.ooocoE 00 o.oooooE 00 a.oooooE cc a.oaoooe: 00 
16 0,00000E 00 O,OOOOOE 00 a.ooocot 00 0,00000E 00 O,OOOOOE cc O,OOOOOE 00 
17 o.ooaoot oc O,OOOOOE 00 o.oocooe: co o .ooo"oe: 00 o.oooooE cc 0,00000( 00 
18 o.ooooot 00 o.oooooe: 00 o.ooocoE 00 a.aooocE 00 o.oaoooe:: QC o.ooooaE 00 
19 O,OOOOOE 00 O,OCOOOE 00 O,OOOCOE 00 0,00000E 00 D,OOOOOE 00 O,OOOOOE 00 

,3 1 -0.29'196E-OJ -o ,867110E-O II -0,31078E-OJ -0.5235CE-04 -0,98034E-04 0,68965E-04 
2 o.77453E-o3 O,l&l92E-04 O.II0024E-03 0,4662 □ (-05 •0,8~070E-04 -0,16211E-04 
3 0,49C7l!:-Ol -0.97596E-03 O.J2875E-Ol -o.sooc6'E-O! 0,&21HE-O~ o.a3,.oaE-03 

" 0 ,97335[-02 -0,42451[-03 0,63722E-02 -o .2!1:2::-0:3 -0,74519E-O& 0,35362E-03 
5 -0 ,J1635E-02 0.64740E-~5 -a ,2Ie03E-C2 -Ool7'l~~E-% -C ,90Pl7E-04 -o, 7816~!:-05 
6 -0.18to39E-02 -0,3!.777E-0" -o. 11884[-02 -0, l%•C::-01+ 0,15740[-04 0.30907E-04 
7 0 • .46873[-0'+ -0,15151!'::•03 0 .272!9E-O 4 -C,830C!E- □ 'I -0,287!:.7'::-0~ 0,12604E-OJ 
A 0.389211'::-02 ~-3~4•0~-~3 0.291791::-02 o.219e~~-a~ O.J0762E-C3 -O,JUSCE-03 
9 -o ·"'-745'::-0J -o.nc;,;0::-03 -0 ,27Cl2E-03 -a. u,o:,::-~" 0,11:113!::-04 0,11635!:-03 

10 0,11030£-03 o.J0121e:-o• 0.70B*5E-04 0 ,16768E-OII -O.ll467E-05 -0 ,25577E-04 
11 -o.a,2111r-011 -0.116695E-Oll -0.5'173JE-Olf -o.zs521::-011 O, 351109 E•C6 0 .38854£-011 
12 o.,,21~e:-0• -C,1A'+28E-Ot; 0 ,11273t+E-O'+ o ,10237E-06 0,10938(-0'4 . 0,2859JE•06 
13 o .135301::-0" -0.37860E:-~6 0,86218E-05 -o .2~%-C::-06 -0.1'1763E-06 0,31312£-06 
1, -o ,20 514£-03 0 .2035':'E-O 5 -a .21c2Je:-03 0 ,l'J:!30E-06 -0,6J248E-0" -0.22'137E-05 
15 -o.,11s22e:-o!I 0,26380E-06 -0.3141\SE-05 0 ,l446Ze:-o,; 0 ,25445'::-07 -0.21'106E-06 
16 0,7'1289£-06 0,67062E-05 0,4'1~"4(-0(, O ,3&63'1E-O~ 0 ,60 l45E-0& -0,55764(-05 
17 0.1061114(-05 a.73&63£-oe. 0,681!4JE-O& 0 ,40234(-0(, -0,7062'+E-05 -0,61251E-06 
18 -0.153115£-05 0,476HE-06 -0.10286E-05 0 .U,OORE-06 -O,l9P.65E-07 -0.39585[-06 
19 0,SOJ21E-Ol 0 ,11555E-02 O,J37l2E-Cl o ,&012n:-a:s 0 ,7H90E-03 0,97810E-03 

,2 1 o.,s111 n:-oJ -0 • 19AA2E-02 -0,23Z21£-C2 -o • 16474 -OJ -0 .98'11 E-O• -0,211380E-04 
2 0,190-71E-02 0, 3/;l P.P.E-0 3 -0,14251E-02 -0,10071 •O:! •0,886811!'.•0• -0,73'57EE-04 
3 0 ,41135E-O 1 •0,22178~-0l 0.•55':~E-01 0,'+3'120 -CJ 0.61537€-CJ O,l0834E-02 

- 0 .9736lE-02 -0.'16097E•02 0,63'+HE-02 •0,16661 ·03 -o. 16828 E-05 0,25026£-03 
5 -0.20lJ6E-02 O,l40AJE-03 -a .'+02ur-02 -0 ,'J2Rn -C'+ -0 ,811~77E-C4 -0,60603(-0" 
6 -0.20<t0'5E-02 -o.e22ne:-cJ -0 ,A6Sl<H-03 -a ,31554 -05 0,15A55E-C• o.21u5e:-oi. 
7 0.8322JE-04 -0,3362JE-C2 -0,3147:?E-04 -o ,6~P.l ~ -o" -C,2P-254E-C~ o.11141e:-01+ 
8 0,31352'::•04 0 .1••7&EE-02 o.•no•.•c:-02 0.3-J2~2 -03 0.29l&OE-C! -0.'+56C'lE:..04 
'I -0,5'1ll5E-OJ -o .Jo,;ou-02 -a ,45i."'+~-oi. •O.'t5~03 -~" O,lO~R7E-C4 0,740':JE-O'+ 

10 Ool2'+'+2E-OJ 0 .&6877E-03 0 ,'47H5E•C'4 0 ,107~4 -~- -C ,l~','1H-C5 -0,15161!E-04 
11 -0.811to76E-O'+ -0,100421':-02 -o,1+n1SE-04 -0,1649', -o• Cd517RE-~e 0 ,21276[-0 4 

12 -o ,A935'lE-04 -o .~37t,fE-C~ 0 ,2'.lf C~E-C:3 0.';172~ -~-== o ,'11100£-c~ 0,316F.C,E-O!\ 
13 0,15:'.'51,-0,. -0.7~~7C'E•f.!5 ij.',(.~,lE-0~ -o.1s10~ --n •C.13'.~'4€-C~ :.53.3P,~::-01 
l '+ 0 ,Sf.':iA4F:-03 C ,37C!i~E-G4 -(j .l'-"':"E-02 -o.2~24:, _,,. -c ,5• :1u£-o• -O,l447Cf-O~ 
15 -0.511~'-E-ac, 0.'-f47onE-t:'5 -o .2~~,7')[-05 Q i:,;:; -,r 1 

• II , -'17 ';.24~7~~-C7 -1'.! • .!2:'::f-07 
16 c.6641.t<lr-~6 a.11~J~f-'jii: i; .~·1 r:1~E-G6 (I. f.J ~ ~;:. ~ -nt J. 347'.'1°~-:P. -G,2!162f-06 
17 '.oll.300£-~S ~, l2~0~E-C4 0 .~3?~1 ~C..-Of:, 0 • ! 1 !'.., -H - j • ~ ' .. :J ~ .. - ~ < Odl~~H-07 
18 -0 .1~!-h'Jf-C5 a.7~~c_,or-cc; -,J .1 "'7 lr' c- -r;':i C. 2 3 ! ..: -QA -0.14;,~_ic-:1 0.5157~~:-01 
19 0 ,42,..30£-G 1 C.:'"-l~t.l-C·l rJ.471..,r.f-::1 C. F S. 7', -r'J ! :J.7-;:r.,r.~-C3 0.11:!CE-O: 
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•1 D,211"1£•0~ •0.~ff~0~[-0:! -o.•.~~~ .. r-o: •C,:h~•'E-~3 -o .~•:5o~-o• •D ,131.Jll:•D~ 
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!I -0,'l":~lt•03 o .:o::n-o, -o .5 7o~~r-o: -a .1q1:J!:•~~ •0 ,.<OFI 7£-0• •O,IC!7~E-OJ 

' -o.2:c-1111c:-o::- •O, 11:IOE•O:: -~.'5•.'7c,-oJ 0 ,:IH~E-c• 0.lotcQO£-C,.. O,q~•'ilE·OS 
7 0,11'5A!E•03 -O.'t4Y,1F:-o: -'J.Rq?~7~•0• •O .!J~.~•>.•C• •O. ~''i 0 8 ~E ·05 ·C,:Jl87E•O• 
8 -0.J:J~•i:-o: O,IOP• 0 ~•01 C,14~1C!.•01 0 .~08t-5f':•C~ o,:•~HE•OJ O,JJ417E•OJ 

" •0,71077[-0J -0.~Afl'-E•O: c,11:&•E·CJ 0 ,l4oJlE•.:• 0 , 0 •~o" E ·0'5 •0,167"•!:·0• 
10 O, 13'1°H-03 0 -~:>~:1[•03 rJ.=~cq1r-o~ ·0,17C ➔ !(•r~ •0 ,H;~•~•0b O,•A~JJE•O~ 
11 •0,'llA::E:•04 • O. 1 I~• 7f • C .'.' -O.JQ''L~7:-o• 0 .:q~,:SE:•C!i 0h\45,lQE:-IJE, ·O,l:J36E·O• 
12 •O,lAHq6E·03 -0 • .::!C'Jl~6E·C~ C.4!Y"~£-C.3 o .1052.r-c• o.ti .. '17'1r-o-s 0,5'57!,t·O~ 
13 0, 16313E·O" •0,5450QE•0!5 o.: 0 .:'6:E:-o, •0,37144[-~7 ·0,1050~!:•C~ •0,3070H:•O~ 
1• 0,10'178E-02 0,:1°4~E-04 -0 ,2~S5E:!:•C~ •Q ,4Rl:7E•C4 -0,3133~(-04 •O ,2•2SOE•C4 
15 •0,52:23E•05 o.2:'+42Qt-o~ -o.2c111~-c~ -o, 71~0•~-':7 0,:1S53E•C7 0 ,:OR34E•06 
16 0,6::'l34E•06 0. 25q6'.'E-C 4 0.~7P36£·C6 -0 .~ct'3:•E•C'~ ·0,3:':~0E-08 0 ,56435E-OS 
17 0,ll3•6E·C5 0,36~1H·C6 0 ,J742°~-C6 •O ,.!5JP.~E-CO •0,SC 0 ~.:i£-CB 0 ,64497(-Cb 
18 -0 .i 0'571 e:-os ·O ,'"77'1~E-06 -0.14734(•05 -0.;337qe:-cs -O.0411-\:E-O~ Oo021R6E•06 
l'l 0,355q3e:-01 0,!7CRCE•Ol C ,610:•E·Ol o .1 nHe:-cz O,!.oq61E•03 o .1onJe:-o: 

•o 1 o.:52one:-02 -o.22024e:-02 •J ,6~C6JE•C2 •0,36657E:·03 ·0,'l9648E·0• •0,2•AS3E•03 
2 0,3'll41E-02 0 .3e 0 44!:·03 ·0 ,~1656E·C2 •0,33381E•C3 •0,874J';IE·O• •0, 14%0(•03 
3 o.21015e:-01 -o.=,,eq!:-01 :t.1c~c 0 :-01 0,:'8720(•~= 0.~~57CE•03 0 ,i,J732E·03 

" 0 ,97456(•02 -c ,a9s11se:-02 0 ,6llC:t•C2 0, l480H•03 •O. 774RC E·OS -0,26341(-03 
5 -o ,133'1'1(-03 o .1ss4ae:-0J -0, 741J~E:-C2 -o ,:q374e:-o ·0,7056'lE•04 •0,1392SE:·03 

' •Oo23~HE·02 ·O o 7562H·O 3 •0,2~2S:E-C3 0 ,46269(•0• 0,13578E·C• •C,73S62E·05 
7 0,14430E-03 -o .,s..,t9E-o;: ·O ,lH·3oE·C3 0 ,2932<1E•C4 •0,2~52~E-05 ·C,10551£·03 
8 -o.sn1s1::-02 0,1,5737E•C2 0.1~485!-0l 0 ,6638 OE•C3 O,l8608E·03 o ... 2so n:-c 3 
'l •0,79R87E·03 -o .221ue:-o: 0 .~~647E•CJ 0.~0525E-~4 0, T:9PSE·05 ·O, 7'llelE•04 

10 Oo14425E·03 0 ,,.5 .. PE·C3 o .s~7e8e:-cs -o.1oo~ae:-c4 -0,78563E·O& 0,18770E•O'I 
11 •0,'l422~E-0<1 ·0,57716E•03 ·0,3153EE•C4 0,12703E•O• 0,33462E·06 ·0,29071E-C4 
l:? •0,23'?25E-03 0 ,25232E •O 6 o .s~.:s:c-c3 0 ,1602"E·O• o .~a 10oe:-05 ~.76974(•05 
13 0, 16756E-O• 0.118"4[•0'5 C,82'lP3E•C6 ·0,12878E•C6 -o .&2R 11 e:-o 1 •0,26'125E•06 
14 0,12944(•02 -0.16055(•04 ·O ,2c';'82E•C2 ·O, 727'l':'E•C4 ·0,77C'l2i:·06 ·0,3"490E:•04 
15 -o.51se1e:-os ·0,2•062E•05 ·O ol45l 7E•CS ·O ,128'52E•C7 0,17510(-07 O,'l55HE•C7 
16 0,64~:?6E•06 •C,'l35~~E•O• 0 ,3775~E-C6 -o.e•753E•06 -o.1::s•se:-01 0 ,81482E•C6 
17 0.10Hoe:-os •0,11&86E:•O• 0 .2;:P.27E-C6 -o ,5643<1E:•07 -o.JJ~JeE-oe -o, 11609[ -c ;' 
18 •O ,9'5209E•06 •O • 7e86"E•C5 ·O ,121'l5E•G'5 •0,83'll9E•Q8 0,15172!:•07 •O,S'l7'l'lE·07 
1'l 0,29@•8E•Ol 0,27507(-01 o ,7467ac-01 0 ,300'l:?E•02 0,63398£•03 0.99484(-03 
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3 0,20787E-01 •C,21l'l'l£•03 0 .a35e3e:-01 0,•0982E•D2 0,58586E:•03 0 ,41235E-C3 

" 0,'J7&4'JE•02 0, 16902£•04 o ,5e611e:-02 0,261'+5E·03 -o ,11&2&E:•04 -o ,42458(-03 
5 0,55680(•03 0,48180E-O• -o .ea2e2e:-02 -o .398'13[•0! -o ,5'l782t-o" •O. 1693'l'E·03 
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15 0 .9555&E-06 O,'+'ll03E•06 ·0,13915E·07 0, 361177(-07 0. 74,;1;e:-oa 0 .51'+72E•08 
16 •Oo 1'+4"5E•05 •O .1278 3E•OS o. 10 l'+7E•OS -0.3045JE-07 •0,66915E·08 ·0,15816E·06 
I7 0.7'1057E·O& o.2qo11::-o~ •C ,53120E·06 0,12C04E•C7 ". ,23"8"(•08 0,71%0(-07 
18 •O • 786'1~E-C5 0,!98'13E•05 0,4P78iE•05 -0.56133:'.-07 -0 .JJ2!2E•O 8 -0.43121E•06 
1'1 0.64'117E•Ol C .10316(•02 C,520'+6E•01 a ,47216!:•02 ~.591%(-03 o ,5S1"2E•02 

7 1 •0.53767E·02 •0,37625E·03 •0,18"31E•02 •0,47586E•03 0,741'.!8E•04 0,10172E·02 
2 0,1'l•7,E-01 0,15673(-03 ·O. lO'lS'IE•O 1 •0,23039E•02 •OoH,400E·0" -0,"10394[•02 
3 0.6250• .. •02 •0.31071E·OJ o.1cn&E-01 o.2Je.S•!"-02 •0.2R257E·03 •O • 14e!'1E•O 2 

- 0 ,22'l'10f-03 O ,16651',E•O• -0.J31~2E-0:5 •O .F.P.51HE•04 9 ■ !B1]3E-1S -0.40575:'.•04 
5 0,450q'+E•03 -o, l 7022(-05 0,1'+104(-02 0,3C408E·OJ •0,224l'lE•04 -0,10022[-0! 
6 0,2691qE-O'+ O,l40Q~E•O~ •C,12a30E•03 -IJ.2~7P:'4~•0't Ooll-~24E•05 •O ,5U2'1E•O~ 
7 •0,1284!(-0J -o ,1741"(·05 G,lH••H:•OJ o.2e"33!:·04 -o ,48699(-06 c.24A!cE-o• 
8 0,74488E•03 Oo9'13F,~.!:-05 o.Je 12st-02 o.en1•~-03 •Oo34R03E·04 •O o l HSOE·O ! ., 0 ,4876PE·OJ •O ,U1'01E•Q4 •0,474P4E·0" -o ,620'11 r-os -0,21254(•05 -0.'1592!E•0" 

IO 0,11555E•03 •0.4l"iP 7E•0" -~. 735".AE ·O 4 ·0,1427CE·O• 0.9372~E-07 ·O. :?12!AE•O" 
11 •0,23314(•05 ·Ooll"i',7[·05 ·C,.l7377E·06 -O,R%.~C'::•C7 0,13')?,8£•07 0.4A:!6Qt·O~ 
12 -0.37371,(-04 C, l'l67CE·OR ·C,77~4HE•04 ·Ool6~1,E·G• -0 .70~A'tE-rH, 0, 797GOE•O~ 
13 o ,.5f2r.~c--c,._ 0. lf.. 1 l ': r-C'+ •C:.H,"..lE·O• -0.29582'•05 •0,31b~O~-Q7 -C.l.l99~4E-O; 
14 •C,27H62!::-03 •O,lJ!OOE•C~ -r. -~343'1£-03 -0,lli.t2':!C:-~.~ •IJ ,l:!ll"SE-IJ'+ o.~9124~-o'+ 
15 0." "1 1Jf:1:9:. •06 0,24"i70E·O~ ·C, ~•, I F.llE-0 7 -~.1C46,.ir:-~7 (J_,!72~':IC.:-~II -c.a~252r-c1 
16 ·0,IC~O~f-05 -c.~,.ooar-or, C.57~7F-f-Cf.. 0,'J7:i'tl~-C7 "''J,!~4~~~-']H 0,1~~~.:r-:H, 
17 0.'5::-r,Qf.F"-Ot- O,l•'iL:E-% -i: .2'<?.'!. 7£-0~ -1).~C:'~1 -~ 7 IJ.!l'"'P.~f-GH •O .il~r60E·O 7 
l P. -o.•i>1e~r-as· 0, l '1'1°?c-- -r.i5 fJ. ;-•; I~ 1J'."-C "';. 0 • c..q I~! •Of. -o • 1 ,, ,., ~ ,, £ - !? n C .,;c 76 7f·C ~ 
1'1 0,2117~E-01 O.Sl~';Z!-03 C, l ~ D 3E ·O 1 0,34-,.i, -c2 l).~q":S-!O~-OJ C •""2P.~E-C~ 
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6 O,OOOOOf 00 O,OCOOOE 00 o,oroooE 00 0,000CO[ 00 0,00000£ 00 0,00000[ 00 
~ .0,00000~ 00 0,00000£ 00 o. o·c n c ni: 00 O,CCOOilE co 0,00000£ 00 0,0COCCE oc 
l 0,00000( 00 o.cooocr oc O,OCOOOf'. 00 0,0COCC£ co 0,00000£ OD O,OODOOE 0C 
4 0,0COOOE 00 0,00000( oc C,00000( 00 o.c:occE :o 0,.c_ouaot: 00 O,OCOOOE oc 

' O,OOOCOE 00 0,00000E 00 O,OCOOOE 00 0,C00CCE :o C,COCCCt co o.c~oooi: 0C 
6 0,00000E 00 0.00000£ 00 0,C0000£ 00 o.o~OOOE co C,OOOOCE 00 0,0COOOE 00 
7 0,00000E 00 0,00000£ 00 0,00000( 00 0,00000£ 00 o.oooooc 00 O,OODOOE 00 
8 O,OOOOOf 00 0,0CDOO( 00 o.ccooor. 00 0,0COOC( co o.coooo~ 00 0,00000[ 00 
9 o.oooooE 00 o.oooooE 00 O,OCOOO!: 00 C,CCOOOE :o C,00000( 00 O,OCOOOE oc 

1D 0,00000( 00 c.oc::,oc!: 00 O,OCOCOC 00 o,ccoc:E JO c.occcor co O,OCOOO( 00 
11 0,00000£ 00 c.ooooor 00 C,COCOOE 00 0,0COOOE 00 O,OOOOOC 00 0,00000£ DC 
12 0,00000( 00 C."OCOOOE 00 O,CC~COE 00 o.oaocor 00 0,00000£ 00 O,OCOOOE cc 
ll o.00000~ 00 0,00COOE co 0,0COOOE 00 o.ocoooE ~0 O,COCOOE 00 o.ocoooc oc 
14 O,COOOCE 00 o.ccooor oc 0,0COCOE 00 0,0COOC!: 00 C,00000( 00 0,00000( 0C 
1, 0,00000E 00 o.ooooor 00 0,00000£ DO 0,0000CE 00 C,OOOCOE 00 O,OCOOCE oc 
16 0,00COOE 00 o.ocoocc 00 C,OOOCOE oc 0,ococ:E co o.cooooe: 00 0,CCOOOE oc 
17 0,00000£ 00 c.oocooe: 00 0,CCOOOE 00 o,oooc:c 00 O,COCOOE 00 O,OCOOC(, 00 
18 0,00000£ 00 0,00000!: 00 O,OCOOCE 00 0,00000( 00 0,00000£ 00 O,OOOOOE 00 
1, o.aooaor 00 O,OOOOOE 00 o.oooooc DO 0,0000QE 00 o,ooooor 00 0,00000£ oc 

1 •0,68819E-02 0,4l'H,3E•Ol -0,17465£-01 -0 ,1:::7BE·J2 o.23•E.9E-03 •D • 7CS52E•03 
2 0,874SSE-01 0,42196£-01 -0,5!072E-Ol •0,GlJ4:E•B -o.•oQoQE-04 •0,8~!,J6E•O~ 
3 0,48030E•Ol C,54263!:•01 0,4S3S1E-Ol 0-4560Q~-,2 •0,85303E-03 -0.2~9':l~E-C:' 

• 0 ,,034:?E-O It -c ,20'I07E-o:: •0,120HE•02 •0,Zl!l~ee:-J• C.12062E•O~ 0 ,8S776E•O• 
s O ,228U.E-02 0,9747'1[•05 0,6H52E-02 0 ,JCQQ7E-03 -0,7Q&05E-O• •O,HH9E•03 
6 0,"'474':IE•O• 0,10693E-03 -C,57832£•03 -0 ,205HE-04 0,46J82E-05 0,61756(-05 
7 •0,331S6E-03 0,52016£•03 0,56346E·OJ 0 ,eSl~~E-05 •C,26172E-OS -o, :Sl65E·O• 
8 0 ,49031E-02 C,27807E•02 o_,H3HE•Ol 0.~~883E•03 •C,l 7116E-OJ -o.••018E-03 

" 0 ,13384£:-02 -c,J;:~e1E:-02 0,16122E•OJ 0, 7754:E-O 4 •0,9016SE-05 0 ,ll 732E•03 
10 O,l1404E•03 -o ,24a10E-02 -0,17248(-0J 0 ,391~5(-04 C,65349E-O~ 0,11030E•O~ 

11 •0,10125E:•OII •Od4~8CE•OII -C,2065'+E-05 0.4':l,~Stt-06 C,69085E-07 0 ,18628£-0! 
12 -0,20248(-03 -o, l 7S75E-06 -0,434l'+E-0l -0 ,13472(-C4 C,17087£-05 0,63943E•O~ 
13 0,32862c-04 •C,44172E-04 •C.14649E-04 •0,293,5!:-~5 •0,92952E-07 •O .5597 lE-05 
14 •0,16387E-02 -o ol012SE•O'+ -0,33663(-02 -o ,'13"~2E-04 C,69001E-06 0.45155E•O• 
15 •0,39955E•07 •0,17"80E•05 0,86446£-06 -0,21473!:-07 C,2!ll9E-08 -0,64306(-07 

16 0,31848E-05 0,96364(-05 -O,'l4569E•OS 0,11310E-n •0,11S84E-07 0,74569E-07 

17 •O,l4940E•05 -o ,67103(-05 0,39732(-06 -0,39004(-07 0,49705(-08 0,8157'lE•08 
18 0,,1157E•OS 0 ,8P.087E•04 -0,18140£-05 0,13062(•06 -0,21792(-07 -0,66044E•C6 
1, 0,10018( 00 O ,80715E•Ol 0,76094£•01 o ,30,21r-02 C,90571E•OJ 0,32377E•02 

1 •0,4218.flE-02 0,54876[•01 -0,12289(-01 -0,3525QE-03 C,21172RE-03 0 ,33247E•Ol 
2 0,87446[•01 C ,54955£-01 •0,56021tE•01 •0,12399(-03 -c.2,591E-04 0,20646E·03 
3 0.38629(-01 c.11aeoe:-01 0,26803E•01 0 ■ 2305BE-n •0,87038E-03 •0,10967E•C2 

- 0,23063E-03 •O ,2R732E•O 2 -0,93880£-03 -0 ,425H,E•04 0,128J3E-04 0,20684!:•04 

5 0,13312E·02 0,20239E•OII 0,49126£-02 0,19763£•03 •0,91015£-04 •0,106':15£-0J 
6 0,153,&e:-03 0,1!32~(-03 -0,468'12(-03 •0,l2314E•04 C,56282!:-05 0,65063£•05 
7 •0,37111tE-03 C,817"6E•03 0, 4"'799E•Ol 0 ,101RqE-04 •C,36662E•OS •0,85309£-C! 
8 0,26243E•02 C, 46272£-02 0 ■ l4030E•01 0 ■ 45031E•03 -0,23048(-03 -0~26887£-03 , 0 ,12367(-02 -0.55341E•02 •0,63411E•04 O,l5091E•04 -c ,11292(-0lt 0, 27122E-O• 

10 0,1254"E•03 •O ,'+521~E-02 -0,15558(-03 •O ,U572E-~S Col0125E-OS 0,37620(-0& 
11 -0,93301E-OS •O, 70977E•04 •0,25Q24E•06 •0,259ClE-07 C,9320'+E-07 0,B2906E•C6 
12 •0,16076(-03 C ,114371(•05 -o ,3S747E-03 •0,88533E•C5 C,5"184E-OS 0, 460 70£-05 
13 0 ,33210 !'.•04 0,18230E•03 -0.17251E•04 •0,34805E•05 -C.85217!:-07 •0,78S50E•C: 
H -o ,13955£-02 C,12597E•0" •0,2':l402E•02 •O ,61852E-OII C,39174(-04 0,32376(•0~ 
15 -0 .,o':'56£-o 1 C,17231E-05 0, 831SBE-05 -0,58654(-07 •C,67C98!:-C8 •C ,1"'+38E•C& 
16 0,33058E-05 •0,26437[-CS -0,13437!:-0S 0,32000E-06 ·C,13161(-07 O,S6981E-05 
17 •0,15842£-05 C ,20098E•06 0,5':'~45E-06 -o ,Z0664E-06 C,65104(-08 -o ,3671:E-06 
18 0 ,':l8715E-05 C,10':178E•04 -0,30776£-05 0,26241E-05 •C,42899(•07 Oo46880E•05 
19 0 ,,5756E-0l 0,10621E 00 0,65109£•01 0,23884(-02 0,93962£-03 0,12015£-02 

1 •0,12109E•02 0,37800E•Ol •0,69869E-02 0,44227£-03 C,25656E-03 0, l145<JE-02 
2 0,87377E•01 C,37915E•Ol -0,56670(-01 O,SSn'+E-03 •C,20504E•04 0,10777E•C2 

3 0028219£-01 D,49915E-Ol 0 ■ 82938E·02 0,196~1E•02 •0,88E,56E-03 0..6737CE•C3 
4 0 ,38"'12E-03 -0,20348(-02 •0,66321E-DJ •O ,5"8"4E•04 C,13436(-04 -0,41287£•0& 
5 0,l,068E·03 0, 15716(-04 0,29103E-02 0, 9J!55JE-0" •C,9':IOlltE-04 •0,:8340E•04 
6 0,2269DE-03 C, 11167!:•03 •0,34352E-03 -0,425~5E•05 C,63164E•05 O,ES021E•O: 
7 •0 ,1t2237E•03 0,6l':'59E•C3 0 ,414l'+E-03 0,15619E•04 •C,4J960E-OS Ool1913E•04 
8 -O,U82H•03 0,36013E•02 0,87333E-02 0 ■ 28584E•03 -o ,27137E•03 •0.50149E•04 
9 0 ,1098SE-02 •C,436211E-02 -0,32216E:-OJ •O ,678C6E-04 -c ,12837£-0'+ -0.10393£-0J 

10 0,14046E•03 -o, 36577(-02 -0, 13208(-03 -0 ,6 .. 239!:-04 =,12697(-05 -o, 79':157E•0" 
11 -o.a11Ju:-os -0,60ll5E•04 0,1926JE-OS -0,10731E•05 0,109J!7E-06 -0,1225QE•O'S 

12 ·0,7755CE•Olt 0,5283"E•0S -0 0213'+9(-,03 •O ,'+3034E-05 C,81096E-05 0 o26,0BE•05 
ll 0.33043(-04 0,2483SE•03 •0,19401E-04 0,2':l4!6E-05 •Co77D18E•07 0,31845E•OS 
H ·0,72857E•03 C,21981E•0'+ •O, l 79'+5E-02 -o ,30337e:•04 C,68109E•04 0,181t69E•O& 
15 •0,23283£-06 0,34599(-05 0,62006£-06 0 ,3S':l80E•07 •C,13730E-07 0,2507SE-07 

16 0,32968E-05 •O, ll,14E•04 -0, 1721JE-05 •O ,S65"1E-O 7 •O,l1t!l9£-07 -0,2888SE•07 
17 •0,15'nOE•05 0,69845£•05 0,R02'+7E•06 0 ,l 59'5'1E-07 0,77071!:-0~ ·O ol6608E•07 
18 o,,925l'::-05 •C,844551::•04 •0,4~571E•OS •0,15745E-07 -t,60229!:-07 0,56'+80E•C6 
19 0 ,,184U-Ol 0,7J,38E•Ol 0,58,.63£•01 o ,211asi::-02 0,'l6994E-03 0,17181(-02 

2 l 0,20873E-02 o,1r.,nE-02 -0,16789(-02 o.11,502c-03 0,26011E•03 0,1J864E-02 
2 0,87221£-01 0, 16633(-02 -0,570~'1[•01 0 ,90272E-03 -~, H,917E-04 0,13A85E-02 
3 0,16890£-01 ~-21'104'::•02 •0,'l9S71E-02 0,12369[-02 -0,89323!:-(3 o.11,1ar-c2 
4 0,5E,2elE•OJ -o ,p,,901£-04 -0.3P.491E•OJ •O ,4':179~E-04 :.1.~r,11::-c• -o. 74396!'.•0~ 

' -0,10'170!:-02 : •"'q~uE-06 o.-.•~eqE-03 0 ••06~2E-05 •c,10201E•OJ ~o ,21347E-O~ 
6 O,JO'l97E-03 ~.49'1e@r-as •0,210R~E-CJ 0,24P,<~(-05 ~.65737(-0S 0 •"3203[-IJ~ 
7 •0,4815P.E-03 0 o27940E•C4 0,J2~'l2E-03 0 ,154',0E-0" -0.46E.89E-OS o.23l!ttE-0" 
8 -o ,4012!!'.-02 0,16JlC!'.-Ol 0,29711£-02 o. n~25E-o• -,.2P.G60[-03 0,DOOSE•Ol , o ,93nr,r-o l -::.t9f:I0':.~-0J -o ,SQ•lHE-05 -a .io~•n-03 -c ,13"0'1!'.-04 -o ,H<;@4E•O! 

10 0,1';787~-0J -c, lf~C 7£-03 -0,H'CIE•O' •Q o'llG4',(-~I+ :,13<,7CE-O'i -a .1391:1cr-c! 
11 •0,674Z•E-CS -~.:79'7C!:-05 0. '-:! 7ij3f'-OS -0, l 'i.11 ',E-o• ~-ll~cn-o; -0,25243(-0~ 
12 O,Ju747E•04 ~ .276:A2E-C6 -0.!~ 717~-Clf -o.1,o:~c-01 -::.111 ~':>4'::-0~ 0.!4l~OE-oi 
13 0 ,32.lS'l~-04 '). 12 71HJ:::-04 -~.210ql'l~-o• O,e%~7!'.-05 -:. , ~-1,r.:-01 0,101,01~-c• 
14 o -~~ 1~,i::-0 J ,:;.12~~u:-oa; -0,2c:,~~5l-C~ -0 .~~G:~~-06 : . r• ~:7£-0" 0 ,IP,lff'.(-:' 

15 -0,tt~f.2~:-u~ ~.IP.71,;€-06 C, 3153'1:-o•. 0,10:•A,-o~ --.,lf,4~7E-C7 0 • ! 1:.~':.hf-:r, 

H, 0,3101~-as < ,u,e,u:E-06 -o.=o~ 3!~-a, -o. ~7ct'l7~-,~ -:.147'3':'t:-r.7 -o.~11uor-r.•. 
17 -0.1~•214f•C~ 'J ... zte:,,7£-CFJ /J.'lP,-,51[-C& a.: ~c ,If. -ry ~ '.,111754(-C~ o. :~ry~n-ot 
18 0,'l.":'.l?P'='.-05 -~.~Jo: ~r-o~ -o .~r.~1'jr-·"J~ -o,,•q ri.i,: -O"l •·;,b7l~qc-07 •0 •'- .. 0P.5~-~~ 

1' 0,RH'l73~-01 ':,!227~E-C2 0,~P.06qE-01 0. I 7P. ~r.-02 rJ ,"Ht;>tt !L-~3 0,2r.,7~9E-C.2 

:3.1-33 



1 1 o.oooooc 00 0.oooooc 00 0.00000c 00 o.ocoooc 00 0.00000[ 00 0.00000[ 00 
2 o.a00aoc 00 0.00000E 00 o.0oooor 00 o.ocoooc 00 0.00ooci: 00 0.cocooE 00 
J o.00000E 00 o.oooo~E 00 0.00000( 00 0.000001: 0C 0.000001: 00 0.000001: 00 

" 0.0000cc 00 0.00000c 00 0,00COOE OD O,OCOOCE 00 0.oooooE 00 0.00000!: 00 
5 o .oooocE 00 0.00000( 00 o.oooooi: 00 0.0:000~ 00 a.ooocoE co o.oooooi: 00 
6 0.000001: 00 0~000CCE 00 o.oooooE 00 o.ocooo!: 00 o.oooooE 00 0,00000( 00 
7 o.oooaoc 00 o.ooooct: co o.ooooot: 00 O.OQOOOt: 00 0 .(!OOOOE 00 a.ooooot: 00 
8 0.000001: 00 o.oooccE co 0.00000!: 00 o.ocooo!: oc o.cooooE 00 0.00000£ 00 
9 0,00000[ 00 0.ooocoE co o.ooocoE 00 o.ocooo!: 00 O,OOOOOE 00 o.oooooc 00 

10 o.oc0coc 00 o.ococoE 00 o.oooooi: 00 o.ocooc~ 00 O,CCOOOE oc 0,00000£ 00 
11 0,00000[ 00 0,0000CE 00 0,00000£ oc 0,0000Q~ 00 O,OOOOOE 00 c.ccocoE oc 
12 o.00000E 00 o.coccoi: 00 o.ooooot QC o.ocoooE OC o.ocoooE 00 O,OOOCOE 00 
13 o.oooooE 00 0.0000,!: co 0,00000!: 00 o.o:oco!: 00 o.000ocE 00 0,000COE 00 
1" o.oooooE 00 O,OOOOOE 00 o.ooc0oe: 00 0,0000CE 00 o.oooooe: 00 o.oooooc 00 
1, o.0000cE 00 o.cooooE 00 O,OOOOOE 00 O,OCOOOE 00 o.oooooe: 00 o.oooooE cc 
16 O,OOOOt'E 00 O,COOCOE 00 0,00000£ 00 o.ocoocE cc o.oooooE 00 O,OOOOOE 00 
1T o.oooooE 00 O,OOOCOE 00 0,00000E 00 o.ooocce: 00 o.oooooi: 00 o.oooooE oc 
18 0,0'0000E 00 o.oooooE 00 o.oooooE 00 o.ooooce: 00 o.ocoooe: 00 o.oooooE 00 
19 o.aooooe: 00 o.00000e: 00 o.oooooe: 00 O,OOOOOE 00 0.0000oe: 00 o.oooooE 00 
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RESPONSE S P E C T R U M S T R E S S C O M P O N E N T S 

SQUARE ROOT OF THE SUM OF THE SQUARES OF THE MODAL STRESSES 
IFOR ALL ELEMENTS) 

ELEMENT TYPE lT RUSS ) I I I ELEMENT NUMBER C 

PIA p 

0,6218E 04 0,3053E 03 

ELEMENT TYPE lB EA M , I I I ELEMENT NUMBER C 

Pllll V2 ll l VJ(I) ll(J) H21 II MJfll 

1) 

1) 

Pl (J) V2(J) V3(J) Tl CJ> M2lJ) M3CJ) 
0,1520E-06 0,3751E 03 0,4191E 03 0,8349E 04 0,0000E 00 O,ODOOE 00 0,506~E-07 0,3751[ 03 0,4191[ 03 0,8349E 04 0,4208E 03 0,3766E 03 

ELEMENT TYPE 1B EA H ) I I I ELEMENT NUMBER I 2) 

P 1 ll > V2 ti l V3C I> TlCl> M2111 H31 I l Pl(JI V21J) V3CJI Tl CJ) M2CJ) H3CJ) 
o,1409E 03 o,3724E 03 o,4148E 03 o,8342E 04 o.s4q3E 03 o,3766E 03 0,1409E 03 o,3724E o3 o.q14ec 03 0,8342E 04 o,1os3E os o,9J67E 04 

ELEMENT TYPE 1B EA H ) I I I ELEMENT NUH8£R l 3) 

pl( I> V2 CJ) VJ( I) TlCJ> H2ll) HJ Cl> Pl(J) V2(J) V3(J) Tl C JI M2CJ) M3CJ> 
o,qo99E oJ o,2827£ OJ o,2289E OJ 0,8140E 04 o.1069E o5 0,9367£ 04 0,4099E 03 0,2827£ 03 D,2289E oJ o,8140E 04 0,1617E 05 0,1617E 05 

ELEMENT TYPE CB EA H ) I I I ELEMENT NUMBER ( ,., 
PIii) V2 I I> V3C I> Tl I I> H2ll) M3 II l Pl(J) V2CJ) V3CJl Tl CJ) M2CJl M3CJ) 

0,6764E 03 O,l485E 03 0,7568[ 02 0,7874E 04 0,1630E 05 0,1617£ 05 0,6764[ 03 0,1485[ 03 0,7568[ 02 0,7874E 04 D,1535[ 05 0,1914£ OS 

ELEMENT TYPE CB EA H ) I I I ELEMENT NUMBER C 5) 

Pl(J) V2 C ll Vll ll TlCll M21 l) M:Hll PlCJI V2(Jl VJCJ) Tl CJ I M2l Jl f'l3CJ> 
D,9l9~E 03 0,2192[ 03 0,2596E 03 0,7701E 04 0,1544E 05 0,1914[ 05 0,9394E 03 0,2192[ 03 D,2596E 03 0,7701E 04 0,9975E 04 0,1797E 05 

ELEMENT TYPE CB EA M ) I I I ELEMENT NUMBER C 6) 

Pll ll V2 C ll VJ C ll TUI> M21I) M3 Cl) Pl CJ) V2CJ) V3CJ) Tl CJ> M2CJl M31Jl 
0,8718E 03 0,1247E 04 0,1878[ 04 0,9378E 03 D,2527E 05 0,2770E 05 0,8718[ 03 0,1247E 04 0,1878[ 04 0,9378E 03 0,1032E 05 D,1723E 05 

ELEMENT TYPE CB EA M ) I I I ELEMENT NUMBER ( 7) 

Pllll V2ll l V3 l J> Tl l I> H2 C 11 M3l I I Pl l JI V2CJI V3(JI Tl (JI 'H2(JI· H3CJI 
0,8716[ 03 0,1242E 04 0,1871[ 04 0,9378[ 03 0,1032[ 05 0,1723E 05 0,8716E 03 0,1242[ 04 0,1871[ 04 0,9378E 03 0,8694E 04 0,6916[ 04 



ELEHENT TYPE (8 EA M ; I I I ELEMENT NUMBER ( 8J 

Plll) V2CI> V3(U THU H2C l> H311 > Pl(J) V2CJI V3CJ> Tl (JI M2CJI H3(JI 
0.8713E 03 0,1222E 04 0,1850E 04 0,9378E 03 0,8694E 04 0,6916E o, 0,8713[ 03 0,1222E 04 0,1850[ 04 0,9378[ 03 D,2313E 05 D,4121E 04 

ELEHENT TYPE (8 EA H I I I I ELEMENT NUHBER ( 9) 

Pll I> V2(1) V3C I> THI> H2111 H3C I) PlCJ) ll2CJ> VJCJ) THJI H2CJI HJCJ> 
0,9897E 03 0,7205E 03 0,1033E 04 0,4706£ 04 0.2530[ 05 Ool79JE 05 0,9897E 03 0,7205[ OJ 0,1033[ 04 0,4706[ 04 0,1734E 05 O,JJ,6E 05 

ELEMENT TYPE (BE AM ) I I I ELEMENT NUHBER ( 10) 

Pll II V2CI > VJC J> THI> H2C II H3C II PlC.J> V2(JI V3CJI Tl CJI H2(JI H3CJI 
o.9J99E 03 o.J110E 03 o,4895E D3 o,5137E 04 0,1122c 05 o,JJ46E o5 o,9399E 03 o,3170E 03 o,4895E 03 o,5137£ 04 o,2918E os 0,403oE 05 

ELEHENT TYPE (8 £AM I I I I ELEMENT NUHBER ( 11) 

Plll> V2( I) 11311 > TlCI> H 21 I> Pl3C I) PlCJ> 112 CJ.> V3CJI Tl CJI H2CJ) l" .. HJ> 
0.1057£ 04 0,3388E 03 0,5591£ 03 0,6143E 04 0,2898[ 05 0.4030£ 05 Oo1D57E 04 0,3388[ 03 0,5591E 03 0,6143£ 04 0,1490E 05 0,3065£ 05 

0:, . ELEMENT TYPE 18 EA M ) 
~ 

I I I ELEHENT NUHOER C 121 

I PlC I> V2CI> 11311 I TlCII H2CIJ H3CI) Pl CJ> V2CJI 113CJI Tl CJI H2CJ) HJCJI 
~ 
~ 

0,1311E 04 0,8629E 03 0,1061E 04 Oo6601E 04 0,1470[ 05 0,3065[ 05 0,1311E 04 0,8629E 03 0,1061[ 04 0,66D1E 04 0.2909[ 05 0,1407[ 05 

ELEHENT TYPE CB EA H , I I I ELEMENT NUHBER C lJ> 

Pllll 112 Cl I 1131 II TUii H21 JI H3C I) PlC JI V2CJI 113CJ> Tl (J> H2CJI HJ(JI 
0,9166£ DJ 0,2231E 04 0,2347[ 04 0,6612E 03 Oo3003E 05 0,515JE 05 D09166[ 03 0,2231[ 04 0,2347[ 04 0,6612[ 03 0,1092[ 05 0,J273E 05 

ELEHENT TYPE CB EA H ) I I I ELEMENT NUHBER I 1'11 

PlC I I 112 Cl I 1131 I> TlC I) M2CII HJ(I I Pl CJ> V2CJ) 113CJI Tl ( J> H2 CJ) M3(J) 
0,9164E OJ 0,2222E 04 0,2338[ 04_0,6612[ OJ 0,1092£ 05 0,3273£ 05 0,9164[ DJ 0,2222£ 04 0,2338[ 04 o:6612[ OJ 0,1090[ 05 0,1401[ 05 

ELEHENT TYPE 1B EA H ) I I I ELEHENT NUHBER ( 15) 

PH II 112Cl > V3CI > TlC l> H2Cl > H3Cll PlCJ) 1121J) 113(J> Tl (J) H2 ( JI H3CJ) 
0,9160[ 03 0,2190E 04 0,231JE 04 Oo6612E 03 Ool090E 05 0.1401£ 05 Oo9160E OJ 0,2190£ 04 0.2313[ 04 0,6612£ 03 0,2972E 05 0,4612E 04 

ELEMENT TYPE CB EA H ) I I I ELEMENT NUMBER ( 16) 

PlCJI II 2 C 11 V3Cl > TUI> H2CII H3C I> Pl C JI V2(J) v:HJI TUJ> H2CJI H3CJ) 
0.7967[ 03 0,8652[ 03 O.J021E OJ o.J024E 04 o.7140E 04 o.1457[ 05 0.7967[ OJ 0.8652[ OJ 0,3021E 03 0,3024[ 04 0,1229[ 05 0,1578[ 05 



ELEMENT TYPE fB EA H ) I I I ELEMENT NUHBER C 17) 

Pllll V2 CI> VlC I> TlCII H2CJ > HlC I> PlCJJ V2(J> V3fJ> Tl f J> H2 f JJ HlCJI 
0.5111R[ Ol 0.401i8E Ol 0.1210E 03 o.2805[ 04 D.1234E 05 o.1578[ 05 0,5148[ OJ 0.4048[ DJ 0,1210[ Ol 0,2805£ o, 0,1435[ OS 0,2235[ 05 

ELEMlNT TYPE CB EA M , I I I ELEMENT NUMBER C 18) 

PlC II V2CI> V3C I) TlC I> M2CJ) M3C I) PlCJ> V2CJ) VlCJI Tl CJ> H2(J) M3CJI 
D,2132£ OJ 0.2207[ 03 0,1822[ 03 0.2585E 04 0.1~39[ 05 0,2235[ 05 Oo2132E 03 0,2207[ 03 0,1822[ Dl 0,2585[ 04 0,9953[ 04 0,1802[ OS 

ELEMENT TYPE CB EA M , I I 1• ELEMENT NUMBER C 19) 

PlCI) V2 C II Vl( I> TUii M2<J> MJ<J> PlCJI V2(J) VJCJ> Tl CJI M2f JI MHJ> 
0,181j7E OJ D.6908E Ol Ool880E OJ 002495£ 04 0,9976E Olj 0.1802[ 05 0,1847E 03 0,6908E 03 0,3880E DJ 0,2495E 04 0,409JE 03 0,9828E 03 

ELEMENT TYPE (8 EA H ) I I I ELEMENT NUMBER ( 20) 

PlCI) V21 I> Vll II Tl<I> 112< I> Ml ( I> Pl CJ> V2(JI V3CJI Tl CJ> 112CJ) 113CJ) 
o.oooOE 00 0,9828E OJ 0,1jll4E 03 0,2494E 04 0.,11,c 03 0,9828[ DJ o.ooooc DD 0,9828E 03 0.,11,c 03 D,2494E 04 D,ODODE DO o.ODODE 00 

tJj . ELEMENT TYPE (8 EA M ) I I I ELEMENT NUMBER ( 21) 
I-' 
I P 1 C II V2Cl I VlUI Tl l I I H21l1 Hl (I) Pl CJ) V2CJ) VlCJI Tl <J> M2CJI H3(J) 
~ Ool64"E 02 Doll68E. 04 0,4245[ 03 0,249,E 04 D.2162[ 02 D,2913£-05 Do1644E 02 D,1168E 04 D,4245£ 03 0,2,94[ 04 0,6365[ 04 0,1753[ 05 
N> 

ELEMENT TYPE (8 EA H ) I I I ELEMENT NUMBER C 22) 

Pllll V2 Cl> V3CI > Tl< I> H2<J> M3( I> Pl(J) V2CJI VlCJ> Tl CJ) M2CJI MlCJ> 
o,,J25E Ol 0,2561[ 04 o.l252E 03 o.6208[ 03 0,3691[ 04 0,5827E 05 0,4325[ 03 0,2561[ 04 0,3252E Dl 0,6208[ 03 0,16lJE 04 D,3674[ 05 

[LEHENT TYPE CB EA H ) I I I ELEMENT NUMBER C 23) 

Pllll V2CO V3( I) Tl<I> M2( I> Ml (I> Pl(J) V2CJ) VlCJI TllJ> M2<J> Ml(JI 
O,lil2lE OJ 0.2549E OIi O,l21j2[ 03 Oo6208E DJ 0,1633E 04 D,3674E 05 0,4323[ 03 0,2549E 04 0,3242[ 03 ~.6208E 03 0,2595E 04 0,154lE 05 

ELEMENT TYPE (8 EA M , I I I ELEMENT NUMBER ( 211) 

Pl I II V2 (I I V3CI> THI> M2(II Hlf I) Pl<JI V2CJ) V3CJI TlCJI H2CJI Hl(JI 
O.lil21E OJ D.2511E 04 O,l216E 03 0,6208E 03 0,2595E 04 0,154JE 05 0,4321E 03 0,2511E 04 0,3216E 03 0,620BE 03 0,5059[ 04 0.6894E 04 

ELEMENT TYPE (BE AM ) I I I ELEMENT NUMBER ( 25) 

PlCI> V2CI I V31U Tl< I) M2( II H3(1) PlCJI V2CJ> V3CJI Tl(J) M2CJI H3CJ) 
o.1,55E 03 o,8617E 03 0.1539£ 03 o.4604E 04 o,4719E o, 0.1102c o5 o.14ssc 03 o.8617£ 03 o.1s39E 03 o,,604£ o, o.,s19c o, o.9S97E 04 



ELEHENT TYPE CB EA" , I I I ELEHENT NU"BER C 26) 

PlCJ) 112 fl) VJ( U TUI) M2CI) MJCI) Pl CJ) V2CJ) VJCJ) TlCJ> M2CJ) MJCJ) 
0,1508E OJ O,JJ54E OJ 0,6739£ 02 004586[ 04 Oo4597E 04 Oo9597E 04 Ool508E 03 Oo3354E 03 006739£ 02 Oo4586E 04 o.,550E o, 0.1914E 05 

ELEHENT TYPE CB£ AM ) I I I ELEMNT NUHBER C 27> 

Plll> 112 Cl> VJCI) TlCI> M2CI) HJIJ) PlCJ) V2CJ) VJCJ) Tl CJ> M2CJ) MJIJ) 
0,1990E OJ 0,2654E OJ 0.1225E 03 o.,636E o, Oo4499E 04 0.1914E 05 0.1990[ 03 Oo2654E 03 Ool225E 03 0.46J6E 04 0,1491E 04 0,1698[ 05 

ELEMENT TYPE 18 EA M ) I I I ,ELEHENT NUMBER ( 28) 

PH I) V2 (I) VJC J) TlCI>. H2CII HJC I) PlCJ) V21J> V3(J> Tl CJ> M21J> MJCJ) 
0,2915E 03 0,6932£ OJ Oo2024E OJ 0.4623£ 04 Oo1530E 04 0.1698E 05 0.2915[ 03 Oo6932E OJ 0.2024E 03 Oo4623E o, 0,5246( 04 0,1759E 05 

ELEHENT TYPE CB£ AM ) I I I ELEMENT NUMBER C 29) 

P lC I I V2 CI> VJ( I) Tl I I) H2CI > HJ II) PlCJ) 112(J) VJ( J) TlCJ) M2(J) MJCJ) 
0,3026£ OJ 0.1767E 04 0 ■ 7134[ OJ 0 ■ 6D12£ DJ D ■ 9JJ4E 04 0 ■ 4176E 05 003026£ DJ Doll67E 04 Oo71J4E 03 Oo6012E 03 OoJJBOE 04 0,26e9E 05 

tl:l ELEH(NT TYPE CB EA M ) I I I EltHENT NUHBER I JD> . 
I--" Pl(J) V2UI VJ( I) TUI> M21 I> Ml< I> PlCJ) V2CJ) IIJ(J) Tl CJ) H2CJ> MJ(J) I 
~ O,J02~E OJ D ■ 1759E 04 Oo7104E OJ Oo6012E 03 O.JJBOE 04 0 ■ 2689[ 05 OoJ025E OJ Do1759E 04 Dol104E OJ 0,6012E OJ 0,2823£ 04 Oa1212E 05 
w 

ELEMENT TYPE CB EA M ) I I I ELEHENT NUHBER I Jl) 

Pllll 11211) IIJ(J) TlCI> H2(1> HJCI> PlCJ> 112CJ) IIJCJ) THJJ H2CJI MJCJ) 
O.J024E OJ 0 ■ 17JJE 04 0.7016E OJ 0 ■ 6012E OJ 0.282JE 04 0 ■ 1212[ 05 Oo3024E OJ Oo1733E 04 0,7016£ OJ 006012£ OJ 0.8661E 04 Oo3151E 04 

ELEMENT TYPE CB EA H ) I I I ELE HENT NUMBER C 32) 

PHI> 112 Cl> 113(1) TlCI> H2CJ) HJCI) PlCJ> 1121J) IIJCJ) TllJ) H2CJ) MJCJ) 
D ■ J254E OJ 0 ■ 6502E DJ Oo2126E OJ 0 ■ 56J6E 04 0.9762[ 04 0 ■ 1709£ 05 O.J254E OJ Oo6502E OJ 0,2126[ OJ ~.5636£ 04 0,4582£ o, Oo2JA2E 05 

ELEMENT TYPE CB EA H ) I I I ELE HENT NUHBER C 33) 

Pl<I> 112Cl > 11311> Tl CI) H2CJ > HJCI > Pl CJ) 1121 J) IIJCJI Tl CJ> M2CJ) MJCJI 
0,2249£ OJ 0 ■ 2666£ OJ 0 ■ 1891£ OJ 005421£ o, Oo4836E 04 0.2382£ 05 Oo2249E OJ Oo2666E OJ 0,1891£ 0~ 0,5421£ 04 0.3046£ o, 0.2902£ 05 

ELEMENT TYPE CB EA H ) I I I ELEMENT NUMBER C 34) 

PlCI> 11_2(11 113(1) TlCI> H21I) HJII) PlCJI 112CJ) IIJCJ) Tl(J) M2CJ) HJIJ) 
0.1280E OJ 0 ■ 2248E OJ 0.1J46£ OJ 0.5439E 04 0 ■ 3013£ 04 0.2902£ 05 0,1280E 03 0,2248£ OJ OolJ46£ 03 Oo5439E 04 0,4596£ o, 0,2580E 05 



ELE"ENT TYPE CB [A" , ' I I I ELE"ENT NU"BER I 35) 

Pl<II V2CJ > V31 I> Ttlll M21 I> 113(1) PUJ> V21J) V31JI TlC J> "2(J) "3CJ) 
0.1742£ 03 0.5135E 03 Ooll49E 03 0.5624[ 04 0.4369E 04 0.2580[ 05 D,1742E 03 0,5135£ 03 0,1149[ 03 D,5624E 04 0.5718E 04 Oel776E 05 

ELEHENT TYPE CB EA" > I I I El[IIENT NUHBER C 36) 

P 11 I I V2 C ll V 3CI > TlCI> 112(1) 113( I> PlCJI V2CJI V3(JI Tl <JI "2(J) "3(J) 
o.1567[ 03 0.9905E 03 0.8838[ 03 0.6514£ 03 0.1273[ 05 0.2256[ 05 0,1567E 03 o.9905E 03 o.8838E 03 0,6514£ 03 0.5304[ 04 0.1426[ 05 . 
ELEIIENT TYPE CB EA" , I I I ELEIIENT NUIIB[R I 37) 

Plfll V2 Cl> V3<1) Tl< I> 1121 I> 113< II PlC J) V2(J) V31JI Tl <JI 112(J) "3(J) 
0.1566£ 03 o.9855£ 03 o.8197£ 03 o.6514£ o3 o.5304£ 04 o.1426£ 05 o.1566£ 03 o.9855£ o:, o.8197£ 03 0,6514£ 03 0.2286£ 04 o.6139£ 04 

ELE"ENT TYPE fB EA" , I I I ELEIIENT NUIIB[R ( 38) 

Pl()) V2< II V 311 I Tl< I I 112( I> 113 CI> PlCJI 112(JI V3(J) Tl I JI 112CJ) H3CJI 
0,1565[ 03 0.9684[ DJ 0,8671[ 03 0.6514£ 03 0,22B6£ 04 0,6139£ 04 0.1565[ 03 0.9684[ 03 0,8671£ 03 0.6514[ OJ 0.9501£ 04 0,3060£ 04 

0:, ELEIIENT TYPE CB EA" I I I I ELEIIENT NUIIBER ( 39) . .... Plf 11 V2< II V3< II Tl<I> 112(11 113(11 Pl( JI V2(JI V3CJI Tl C JI 112(JI 113(J) 
I 
~ o,5645£ o3 0.2196£ 03 0.1375£ 03 o.10J2E o, 0,455~£ 04 0.1111c 05 o,5645E 03 o.2196£ 03 o,1375£ 03 o.10:,2c 04 o.5658£ 04 o.182JE 05 
~ 

[lEHENT TYPE CB t A II I I I I ELEIIENT NUMBER I '10 I 

Pl III V21l1 V3(1) Tl(II 112(11 11311) Pl(JI V2CJI V3(JI TlCJI H2CJI HJCJ) 
o.4175£ 03 0.1533£ 03 D,7091£ 02 o.6825[ 04 o.5906£ 04 0.1023£ 05 0.4175£ 03 0.1533£ 03 0.1091£ 02 0,6825£ 04 0,62J4E o{ o.1518£ o5 

ELEMENT TYPE CB EA II I I I I ELEMENT NUMBER ( till 

Pl<II V2 <l 1 V 3 < II Tl CJ I 112(1) "34 I) PlCJI V21JI V31JI Tl IJI H2(JI II JCJ) 
0.2577£ OJ 0,2677£ 03 D.9767£ 02 0,6635£ 04 0.6435[ 04 0.1518E 05 0,2577£ 03 0,2617£ 03 0.9767£ 02 Q,6635[ 04 Oe4193E 04 0.8750£ 04 

ELE"ENT TYPE CB EA II I I I I ELEMENT NU"BER ( 42) 

Pl< II V2CI I V3C JI Tt<II 112<1 I HJ C JI Pl<JI V2CJI VJCJI Tl C JI "2CJI "3(J) 
o,B960E 02 o.3477£ o3 o.1779E 03 o.6519£ 04 D,4371£ 04 o,8750E 04 D,896DE 02 o,J477E 03 0,1779£ OJ 0,6519£ 04 0.1368£ o3 o,3518£ o3 

ELEIIENT TYPE CB EA II , I I I ELEMENT NUIIUER I 43) 

Pl< II V2<1 I VJ< II Tllll 112111 P13C II Pl<J, V2(JI V3<JI Tl cJ, "2(J) "3(JI 
0,2888£-07 0,350~[ 03 0,1799[ 03 0,6518[ 04 0,1606[ 03 0,3518E 03 0,866'1[-07 0.350~£ 03 0,1799£ 03 0,6518[ 0~ O,OOOOE 00 0 ■ 0000[ OD 



Appendix C.l 

EAC/EASE2 - Program Description 

EAC/EASE2 is a static or dynamic, finite element, linear analysis 
program. Emphasis is on ease of input, utility of output and cost 
effectiveness. The program is particularly well-suited for the 
efficient analysis of very large structural models. Operational on CDC 
CYBER 70, 170 and 6000-Series computer systems, the program is avail
able in batch mode through Control Data's CYBERNET Services, and 
McDonnell Douglas Automation Company. 

ANALYSIS OPTIONS 

The analysis options available in EASE2 are as follows: 

Static--Loading conditions include temperature, thermally induced 
bending in beams and shells, normal pressures and edge tractions on 
membranes and shells, distributed beam and pipe loads, and face 
pressures on solid elements. Load cases may be assembled automatically 
into linear combinations. Data generation options are provided in all 
sections of the input, and output production is user-controlled. Print 
formats are user-selected, displacements/reactions can be referenced to 
special coordinate systems, a choice is given between stress and/or 
stress resultant element outrut, and solution results can be selec
tively diverted to external tape. 

Eigenvalue Extraction--Two eigenvalue analysis algorithms are available 
in EASE2: 

1. Determinant search, a polynomial iteration method for small 
bandwidth models. 

2. Subspace iteration, a vector iteration method which is very 
effective for the low mode response of large models. 

The eigenvalue problem is solved directly without transformation to 
standard form; that is, tne system mass matrix can have zero diagonal 
elements. No computational advantage is realized by lumping masses at 
hdynamic'' degrees of freedom only; to the contrary, more realistic 
eigenvalues are calculated when a refined mass matrix is used to model 
continuous systems. With EASE2 the transition from statics to dynamics 
is nominal. A dynamic analysis is executed by appending new data to a 
static analysis deck. Frequencies and mode shapes can require as few 
as two additional data cards. 

Transient Response Analysis--Two types of dynamic response analysis are 
available in EASE2: 

1. Mode superposition, effective for long duration input, low 
mode response (for example, seismic excitation of a building). 
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2. Direct integration, effective for short duration input, higher 
mode res2onse (for example, pressure transients in a piping 
network). 

Forcing functions are either external, time dependent loads or base 
(ground) acceleration histories. Static load cases define spatial 
distributions, and arbitrary function tables assign time dependencies 
to the applied forces. Any static load distribution (such as element 
pressure or span loading) is allowed to act dynamically that is, time 
of dependent loads are not limited to being concentrated nodal forces 
only. 

Printed output is organized into user-requested component versus time 
tables printer plots and/or max/min summaries only. The components 
that can be re4uested include element stresses or stress resultants, 
node displacements, velocities or accelerations, and inertial, damping, 
elastic or applied forces at selected degrees of freedom. 

Response Spectrum Analysis--Modal response maxima due to independent X, 
Y, or Z-direction ground shock spectra are combined using the absolute 
sum, the square root of the sum of the squares or the closely spaced 
modes method. Several "response cases'' can be analyzed in the same 
run. The applied shock spectra and/or the method of modal combination 
can be varied from response case to response case, and the maxima of 
all response cases will be printed for each stress and/or displacement 
component. 

EASE 2 SYSTEM 

The EASE2 system includes the following programs: 

E2IN - A pre-processor which reads and checks the structural model 
data. 

EASE2 - A linear static or dynamic structural analysis program. 

E2PLOT - A post-processor which creates initial or deformed geometry 
plots. 

E2SPEC - A post-processor which plots structural output versus time or 
wich will create spectral response curves from EASE2 acceleration 
output. 
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The following figure outlines the EASE2 analysis process: 

PROGRAM FEATURES 

~PLOTSTATIC~FREEVIIAATION 
-~MODESHAPESOROYNAMICOISPI..M:SoENTS 

Input Pre-Processor--E2IN is a multi-pass pre-processor that reads and 
checks input at low core. During the initial pass, card input is 
checked for admissibility, and the actual number of cards in each data 
block is noted. The second pass checks all cards for valid formats and 
notes any difference between actual and specified lengths of the data 
sets. Finally, the model data are tested in detail: 

1. All integer references are checked for range. 

2. All elements are tested to ensure finite length, area or 
volume. 

3. Core requirements are determined and 
allocation procedure is executed. 

an optimum core 

4. Omitted or extraneous data entries are noted. 

Plotting Capabilities--The E2PLOT post-processor generates undeformed 
geometry plots, allowing: 

1. Node/element number labels. 

2. Special symbols for boundary nodes. 

3. "Blow-ups" of specific areas of the mesh. 

4. User-selection of which elements are to be plotted. 

E2PLOT also plots static displacement vectors, 
shapes or dynamic dis~lacement, velocity or 
Deformed geometry plot options include: 

free vibration mode 
acceleration vectors. 

1. For reference, the undeformed structure can be drawn with 
dashed line segments. 
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2. Rotations can be shown for deformed beam, 
element types. 

shell or pipe 

In an EASE2 transient res~onse analysis, any output component can be 
plotted versus time on the line printer. As an alternative, the E2SPEC 
post-processor will create component versus time plots on external 
plotters. E2SPEC will also read acceleration histories from an EASE2 
analysis and generate spectral response curves for up to six dampiny 
ratios. 

Restart Provisions--The decomposed stiffness matrix can be reinstated 
to: 

1. Solve additional static load cases. 

2. Solve the eigenvalue problem. 

3. Continue a direct integration analysis. 

Eigenvalues/vectors can be reinstated to: 

1. Solve for additional eigenpairs. 

2. Solve for the transient response of the system. 

3. Perform a response spectrum analysis. 

To continue a transient response calculation, dynamic system vectors 
can be reinstated as initial conditions. A static system vector can be 
read as initial displacements for a transient response analysis. 
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Appendix C.2 

EAC/EASE2 
Example Problem 

use EAC/EASE2 to perform a 
Onramp U.C. for both 
Global coordinate system). 
following properties: 

response spectrum analysis of Route 80 
transverse and longitudinal excitation (see 

Use the CALTRANS design spectrum with the 

1) Maximum rock acceleration of .Sg 

2) Depth to "rocklike" material between 10-80 ft. 

3) Damping of 5 percent. 

4) No reduction for ductility or risk. 

FIND: 

1) RMS displacements. 

2) HMS hinge restrainer forces. 

3) RMS shears and moments at column bases. 

4) RMS shears at abutments and hinges. 

use the EASE2 plotting post-processor, E2PLOT, to plot the first 10 
mode shapes. 
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SUPERSTRUCTURE 

L = 694 ft. 

R=600ft. 
Axs86 ft. 2 

Ix= 862 ft.4 

Iy = 13,000 ft 4 

b • 360 ft. 
f'c = 3,250 psi 

ABUT. I BENT 2 

y 

X 

117.0 117. 0 

ROUTE 80 ON-RAMP OVERCROSSING 
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SUBSTRUCTURE 

L = 25 ft. 

A= 33 ft.2 

Ix= 146 ft. 4 

Iy = 73 ft.4 

h = 143 ft.4 
f'c= 3,250 psi 

BENT 6 
ABU"t 7 



() 

...,. 
I 

--.:i 

lERO MEMBER AREA USED TO 
MODEL EXP. JT. HINGE~ 

1034 20J~~ 2&36 
1041 

0 
13 20 9 

1041 1042 1043 1044 1051 

FLIMSY SPACE FRAME (BEAM) 
MEMBER TO MODEL E.Q. RESTRAINER 

10521053 
4413 1054 

4412 - 1062 4411 
-,..A." 

STRUCTURE IDEALIZATION 

ROUTE 80 ON - RAMP 
(EASE 2) 

.a. 1061 

1063 



1 • 

2. 

3 • 

4 • 

5 • 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

EASE2 

NODES 

VECTORS 

SKEW NODES 

RESTRAIJ'.IJTS 

MATERIALS 

SECTIOJ'.IJS 

BEA1'1S 

DYNAMIC JOB 

INPUT DATA ORGANIZATION FOR EASE2 
(Input via E2IN, an EASE2 pre-processor) 

EIGENVALUES 

SPECTRUM 

SHOCK TABLE 

RESPONSE CASE 

RSA OUTPUT 

*NOTE: A echo ~rint of the input card images is included in the 
attached partial computer output listing. 

C.1-8 



I- - - - - E A S E 2 C A R D I M A G E L I S T I N G - - - - -I 
•••• + ••• 10 •••• + ••• 20 •••• + ••• 3o •••• + ••• 4o •••• + ••• 50 •••• + ••• 60 •••• + ••• 10 .••• + ••• eo 

EASE2 5 2 EASE2 l 
RESPONSE SPECTRUM ANALYSIS OF ROUTE 80 ONRAMP UNDERCROSSING EASE2 2 

FHWA 'SEIStlIC DESIGN OF HIGHWAY BRIDGES' EASE2 3 
NODES 44 4613 HODES l 

3011 10000.00 75.30 10000.00 HODES 2 
1012 10000.84 75.30 9999.45 NODES 3 
1013 10021.35 75.30 9986. 72 tlODES 4 
1014 10042.38 75.30 9974.83 HODES 5 
1015 10063.87 75.30 9963.83 NODES 6 
1021 10085.79 75.30 9953.71 HODES 7 
1022 10118.29 75.30 9940.66 NODES 8 
1023 10151.51 75.30 9929.56 HODES 9 
1024 10185.32 75.30 9920.46 HODES 10 
1031 10219.62 75.30 9913.39 NODES 11 
1032 10244.01 75.30 9909.65 NODES 12 
1033 10268.53 75.30 9906.93 tlODES 13 
1034 10293.14 75.30 9905.24 NODES 14 
2035 10317.81 75.30 9904.58 HODES 15 
2036 10318.81 75.30 9904.58 HODES 16 
1041 10333.81 75.30 9904.71 HODES 17 
1042 10362.45 75.30 9906.03 HODES 18 
1043 10391.00 75.30 9908.74 NODES 19 
1044 10419.37 75.30 9912.84 HODES 20 

() 1051 10447.52 75.30 9918. 32 NODES 21 . 
f--' 1052 10475.36 75.30 9925.16 HODES 22 
I 1053 10502.84 75.30 9933.36 NODES 23 

c.n 1054 10529.88 75.30 9942.88 NODES 24 
1061 10556.43 75.30 9953. 71 HODES 25 
1062 10578.36 75.30 9963.83 NODES 26 
1063 10599.85 75.30 9974.84 NODES 27 
1064 10620.87 75.30 9986. 71 NODES 28 

·1065 10641. 39 75.30 9999.45 NODES 29 
3071 10642.23 75.30 10000.00 NODES 30 
4211 10085.79 50.00 9953. 71 NODES 31 
4212 10085.79 58.43 9953. 71 NODES 32 
4213 10085.79 66.87 9953. 71 NODES 33 
4311 10219.62 50.00 9913. 39 tlODES 34 
4312 10219.62 58.43 9913.39 NODES 35 
4313 10219.62 66.87 9913.39 NODES 36 
4411 10333.81 50.00 9904. 71 NODES 37 
4412 10333.81 58.43 9904.71 NODES 38 
4413 10333.61 66.67 9904. 71 tlODES 39 
4511 10447.52 50.00 9918.32 NODES 40 
4512 10447.52 58.43 9918.32 NODES 41 
4513 10447.52 66.87 9918.32 NODES 42 
4611 10556.43 50.00 9953. 71 . NODES 43 
4612 10556.43 58.43 9953. 71 NODES 44 
4613 10556.43 66.87 9953. 71 NODES 45 

VECTORS 14 VECTORS l 
4 2 3011 1012 VECTORS 2 

•••• + ••• 10 ••.• + ••• 20 •••• + ••• 3o •••• + ••• 4o .••• + ••• 50 •••• + ••• 60 •••• + ••• 10 •••• + ••• ao 



/- - - - - E A S E 2 C A R D I 11 A G E L I S T I N G - - - - -/ 
•••• + ••• 10 •••• + ••• 20 •••• + ••• 3o •••• + ••• 4o •••• + ••• 50 •••• + ••• 60 •••• + ••• 10 •••• + ••• ao 

5 2 4211 4213 VECTORS 3 
6 3 4 5 VECTORS 4 
7 2 1065 3071 VECTORS 5 
8 2 4611 4613 VECTORS 6 
9 3 7 8 VECTORS 7 

10 2 1015 1022 VECTORS 8 
11 2 1024 1032 VECTORS 9 
12 2 2036 1042 VECTORS 10 
13 2 1044 1052 VECTORS 11 
14 2 1054 1062 VECTORS 12 

SKEW NODES 2 SKEW NODES l 
3011 4 5 SKEW NODES 2 
3071 7 8 SKEW NODES 3 

RESTRAitns 7 RESTRAINTS l 
30110RRROO RESTRAINTS 2 
4211RRRRRR RESTRAINTS 3 
4311RRRRRR RESTRAINTS 4 
4411RRRRRR RESTRAINTS 5 
45llRRRRRR RESTRAINTS 6 
4611RRRRRR RESTRAINTS 7 
30710RRR00 RESTRAINTS 8 

MATERIALS 2 MATERIALS l 
() 

lCOUCR .150 432000. .18 MATERIALS 2 
. 2STEEL .480 2016000. .26 MATERIALS 3 
..... SECTIONS 4 SECTIONS l 
I l 86.0 13000. 360.0 862.0 SECTIOUS 2 ..... 2 33.0 143.0 73.0 146.0 SECTiotlS 3 0 3 .04910 SECTIONS 4 

4 13000. 360.0 862. SECTIONS 5 
BEAMS 44 BEAMS l 

l 3011 1012 l l 2 BEANS 2 
2 1012 1013 BEAMS 3 
3 1013 1014 BEAtlS 4 
4 1014 1015 BEAtlS 5 
5 1015 1021 BEAMS 6 
6 1021 1022 BEAMS 7 
7 1022 1023 BEAtlS 8 
8 1023 1024 BEAMS 9 
9 1024 1031 BEAtlS 10 

10 1031 1032 BEAMS 11 
11 1032 1033 BEANS 12 
12 1033 1034 BEAIIS 13 
13 1034 2035 BEAMS 14 
14 2036 1041 BEAMS 15 
15 1041 1042 BEAMS 16 
16 1042 1043 BEAMS 17 
17 1043 1044 BEANS 18 
18 1044 1051 BEANS 19 
19 1051 1052 BEAMS 20 
20 1052 1053 BEAtlS 21 

•••• + ••• 10 ••.• + ••• 20 •••• + ••• 30 .••• + ••• 40 •••• + ••• 50 .••• + ••• 60 •••• + ••• 70 ..•• + ••• 80 



I- - - - - E A S E 2 CARD I M A G E L I S T I N G - - - - -I 
•••• + ••• 10 •••• + ••• 20 •••• + ••• 3o •••• + ••• 4o •••• + ••• 50 •••• + ••• 60 •••• + ••• 10 •••• + ••• 80 

21 1053 1054 BEAMS 22 
22 1054 1061 BEAMS 23 
23 1061 1062 BEAtlS 24 
24 1062 1063 BEAMS 25 
25 1063 1064 BEAMS 26 
26 1064 1065 BEANS 27 
27 1065 3071 BEAMS 28 
28 1034 1041 2 3 BEAMS 29 
29 4211 4212 l 2 10 BEAMS 30 
30 4212 4213 BEAttS 31 
3142131021 BEAl1S 32 
32 4311 4312 11 BEAMS 33 
33 4312 4313 BEAIIS 34 
34 4313 1031 BEAMS 35 
35 4411 4412 12 BEANS 36 
36 4412 4413 BEA11S 37 
37 4413 1041 BEAtlS 38 
38 4511 4512 13 BEAMS 39 
39 4512 4513 BEAtlS 40 
40 4513 1051 BEAtlS 41 
41 4611 4612 14 BEAMS 42 
42 4612 4613 BEAl1S 43 

(') 
43 4613 1061 BEAMS 44 

. 44 2035 2036 l 4 2 011 BEAMS 45 
.... DYNAMIC JOB 1 32.2 OYNAtlC JOB 1 
I EIGEtNALUES 18 18 1161 l EIGE~lVALUE 1 .... SPECTRUM 1 2 1 SPECTRUM 1 .... SHOCK TABLE l 54 2 32.0 SHOCK TABL 1 

ACCELEATIOH SPECTRUM FOR AASHTO .76 SIIOCK - 10 - 80 FT ALLUVIUM - DAMPING .05 SHOCK TABL 2 
.1667 .1093 .1818 .1093 .2000 .1093 .2222 .1286 SIIOCK TABL 3 
.2500 .1625 .2857 .1982 .3333 .2390 .3571 .2610 SIIOCK TABL 4 
.3846 .2850 .4167 .3110 .4545 .3410 .5000 .3780 SHOCK TABL 5 
.5263 .3980 .5556 .4220 .5882 .4500 .6250 .4800 SIIOCK TABL 6 
.6667 .5140 .7143 .5550 . 7692 .5990 .8333 .6570 SHOCK TABL 7 
.9091 .7280 1.0000 0.8100 l. 0526 0.8550 1.1111 0.9040 SIIOCK TABL 8 

1.1765 0.9620 l.2500 1.0200 l.3333 1.0820 1.4286 1.1520 SHOCK TABL 9 
1.5385 1.2140 l.6667 1.2900 1.7391 1.3280 1.8182 l. 3670 SHOCK TABL 10 
1.9048 1.4070 2.0000 1.4480 2.1053 1.4820 2.2222 1.5120 SHOCK TABL 11 
2.3529 1.5400 2.5000 1.5650 2.6667 1.5920 2.8571 1.6090 SIIOCK TABL 12 
3.0769 1.6220 3.3333 1.6290 3.6364 1.6300 4.0000 1.6220 SHOCK TABL 13 
4.4444 1.6070 5.0000 1.5800 5. 7143 1.5420 6.6667 1.4740 SIIOCK TABL 14 
8.000 1.3880 10.0000 1.3040 13.3333 1.1770 20.0000 1.0560 SIIOCK TABL 15 

40.0000 0.9100 1000.0000 o. 7181 SHOCK TABL 16 
RESPONSE CASE 1 LONGITUDINAL DESIGN EARTHQUAKE RESPONSE C 1 

1 1.0 RESPotlSE C 2 
RESPONSE CASE 2 TRANSVERSE DESIGN EARTHQUAKE RESPotlSE C 1 

1 1.0 RESPOllSE C 2 
RSA OUTPUT 0 RSA OUTPUT l 

NOOE RSA OUTPUT 2 
BEAM RSA OUTPUT 3 

•••• + ••• 10 •••• + ••• 20 •••• + ••• 10 •.•• + ••• 4o •••• + ••• 5o •••• + ••• 6o •••••••• 10 •••• + ••• 80 



E I G E N V A L U E T A B L E 

RESPONSE SPECTRUM ANALYSIS OF ROUTE 80 ONRAMP UNOERCROSSING PAGE 5 
FHWA 'SEISMIC DESIGN OF HIGHWAY BRIDGES' 22 NOV 76 

ROOT E I G E N V A L U E S CIRCULAR FREQUENCY FREQUENCY PERIOD 
NUMBER (RADIANS/UNIT TIHEl**2 (RADIANS/UNIT TIME) (CYCLES/UNIT TIME) (TIME/ONE CYCLE) 

1 .24166626119937E+03 .155521E+02 2.4752 .404006 
2 .25656949474062E+03 .160176E+02 2.5493 .392263 
3 .27155616199573E+03 .164790E+02 2.6227 .381264 
4 .33611674067592E+03 .163335E+02 2.9179 .342715 
5 .40345093186865E+03 .200861E+02 3.1968 .312813 
6 .44767958142647E+03 ,ell584E+02 3.3675 .296959 
7 .56762800908658E+03 .238291E+02 3.7925 .263677 
6 .66182696742511E+03 .257260E+02 4.0944 .244235 

() 9 .70498675390941E+03 .265516E+02 4.2256 .236641 
10 .79473760882097E+03 .281911E+02 4.4868 .222878 

1--' 11 .95312134083148E+03 .308727E+02 4.9135 .203519 
I 12 .20501301083788E+04 .452784E+02 7. 2063 .138768 

1--' 13 .24787344197206E+04 .497869E+02 7.9238 .126202 I.\J 
14 .31105797247042E+04 .557726E+02 8.8765 .112657 
15 .35615583056347E+04 .596788E+02 9.4982 .105283 
16 .50095657082390E+04 • 707783E+02 11.2647 .088773 
17 .62592409162787E+04 .791154E+02 12.5916 .079418 
18 .75448383424468E+04 .868610E+02 13.8244 • 072336 



RESPONSE SPECTRUM ANALYSIS OF ROUTE 80 OHRAMP UNDERCROSSING PAGE 8 
FHWA 'SEISMIC DESIGN OF HIGHWAY BRIDGES' 22 HOV 78 

COORDINATE X (OR X*l Y (OR Y*l Z (OR Z*I X IOR X*I Y (OR Y*I Z (OR Z*I 
NODE SYSTEM EIGEH- TRANSLATIONAL TRANSLATIONAL TRANSLATIONAL ROTATIONAL ROTATIONAL ROTATIONAL 

HUMBER HUMBER/TYPE VECTOR COMPONENT COMPONENT COIIPOHEHT COMPOtlENT COttPOllENT COMPONENT 

1012 0/0 1 -.013052 -.009034 .010209 -.004880 -.001385 -.007556 
2 .836709 .015874 -.547646 .008614 -.000166 .013253 
3 .091554 .011447 -.054177 .006470 -.004807 .009388 
4 -.029659 .004723 .020358 .002619 -.000782 .003906 
5 .097929 -.000074 -.075217 -.000387 .009246 .000165 
6 .067905 .001116 -.046174 .000556 .001426 .000963 
7 .108059 - .,006323 -.071943 -.003495 .000991 -.005237 
8 .102750 -.004494 -.075777 -.002671 .007082 -.003599 
9 .114744 -.024782 -.072979 -.013504 -.001792 -.020649 

10 -.035075 .037169 .023337 .020333 -.000310 .030917 
11 .005578 .002347 -.003524 .001286 -.000107 .001951 
12 -.061446 -.000435 .059568 • 000063 -.016110 -.000558 
13 .035076 .013871 -.022853 .007581 -.000094 .011537 
14 -.048746 -.000263 .051716 .000104 -.016496 -.000381 
15 -.007044 .002767 .004934 .001515 -.000268 .002300 
16 -.010299 .002067 .006720 .001128 .000020 .001719 
17 .040808 -.009354 -.026600 -.005107 -.000100 - .007779 
18 .151638 -.043746 -.098786 -.023886 -.000417 -.036376 

() . 
1013 0/0 l .004513 -.206038 .038473 -.002456 -.001366 -.006214 ..... 

I 2 .838223 .361863 -.543532 .005283 -.000200 .010308 
..... 3 .152503 .260853 .044189 .010418 -.004770 .003430 
uJ 4 -.019729 .106887 .036273 .002952 - • 000768 .002126 

5 -.018785 -.002193 -.262797 -.008947 .008974 .005269 
6 .049873 .024922 -.074959 -.000914 .001371 .001430 
7 .095469 -.140207 -.091720 -.003488 .000933 -.002723 
8 .013931 -.099174 -.218134 -.007241 .006703 .001006 
9 .136959 -.543090 -.036608 -.008359 -.001715 -.012984 

10 -.031128 .808919 .029467 .014221 -.000288 .017674 
11 .006896 .050455 -.001363 .000907 -.000101 .001024 
12 .136589 -.008245 . 376596 .007618 -.014305 -.004737 
13 .035984 .270260 -.020727 .003193 -.000095 .003472 
14 .152129 -.004654 .372780 .006308 -.014166 -.003345 
15 -.003730 .051067 .010048 .000529 -.000223 .000361 
16 -.010389 .035986 .006166 .000178 .000025 .000101 
17 .041251 -.156319 -.023867 -.000427 -.000117 .000220 
18 .153116 -.707197 -.087335 -.000640 -.000469 .003524 

1014 0/0 1 .020525 -.299106 .066690 .001831 -.001315 - . 001763 
2 .838874 .524512 -.53728b -.001256 -.000284 .002011 
3 .208491 .375561 .143743 .012346 -.004680 -.005896 
4 -.010677 .150911 .052028 .002377 -.000733 -.001164 
5 -.122157 -.002915 -.444291 -.017917 .008250 .009696 
6 .034036 .034195 -.102169 -.002677 .001221 .001413 
7 .084567 -.184944 -.109471 -.002212 .000776 .001882 
6 -.061233 -.127330 -.348907 -.011130 .005667 .006724 
9 .155450 -.688848 -.002115 .002044 -.001504 .003292 

10 -.027728 l.000000 .034792 .000285 -.000229 -.008336 
11 .007963 .059569 .000639 .000034 -.000085 -.000703 



MA S S M O D A L P A R T I C I P A T I O H F A C T O R S 

RESPONSE SPECTRUM ANALYSIS OF ROUTE 80 ONRAMP UNOERCROSSING PAGE 25 
FHWA 'SEISMIC DESIGN OF HIGHWAY BRIDGES' 22 HOV 76 

NODE GLOBAL X GLOBAL Y GLOBAL Z 
NUtlBER DIRECTION DIRECTION DIRECT JOH 

1 -.633298E+OO -.261626E+Ol -.531738E+Ol 
2 -.104291E+02 .623861E-Ol .646334E+Ol 
3 -.458982E+Ol .115823E+Ol -.129230E+02 
4 -. 72901SE+Ol .738300E-01 -.1168b0E+Ol 
5 -.312564E+Ol .465193E+OO .UOOOSE+Ol 
6 -.807786E+Ol -.229628E-Ol -.306409E+OO 
7 -.969248E+OO -.110079E+Ol -.426563E+OO 
8 -.423779E+OO -.106244E+Ol .426218E+Ol 
9 -.132246E+Ol -.241094E+Ol .680192E+OO 

() 10 -.169453E+Ol .84456SE+Ol .376006E+OO . 11 -.193069E+Ol -.996586E+Ol -.144936E+OO ...... 12 -.212102E+Ol .538410E-Ol .285239E+OO I 
...... 13 -.127823E+Ol .439674E+OO .280307E+OO 
If::>. 14 -.252421E+OO .748770E-Ol -.287439E+Ol 

15 .147875E+Ol - . 213960E+Ol .289862E-Ol 
16 .385264E+OO .998528E+OO .234423E+OO 
17 .166383E+OO -.222494E+OO .379816E-Ol 
16 -.157175E+OO -.929350E+OO .677468E-01 



RESPONSE SPECTRUM ANALYSIS OF ROUTE 80 ONRAMP UHDERCROSSING PAGE 27 
FHWA 'SEISMIC DESIGN OF HIGHWAY BRIDGES' 22 NOV 78 

tlODE RESPONSE X-TRANSLATION Y-TRANSLATION Z-TRAtlSLATION X-ROTATION Y-ROTATION Z-ROTATION 
NUtlBER CASE DISPLACEMENT DISPLACEMENT DISPLACEMENT DISPLACEMENT DISPLACEMENT DISPLACEMENT 

1012 1 .l40655E+OO* .294754E-02 .920653E-Ol* .160587E-02 .468459E-03 .245659E-02 
2 .887473E-Ol .317016E-02* .579163E-Ol .175197E-02* .983896E-03* .262621E-02* 

IMAXIMUMI .140655E+OO .317016E-02 .920653E-Ol .175197E-02 .983896E-03 .262621E-02 

1013 l .141018E+OO* .669320E-Ol .919502E-Ol* .124822E-02 .45885SE-03 .182284E-02* 
2 .916678E-Ol .722377E-Ol* .S82484E-Ol .209858E-02* .971391E-03* .166195E-02 

IMAXIMUMI .141018E+OO .722377E-Ol .919502E-Ol .209858E-02 .971391E-03 .182284E-02 

1014 l .l41442E+OO* .959069E-Ol .924253E-Ol* .108361E-02 .434839E-03 .655927E-03 
2 .956291E-Ol .104318E+OO* .648844E-Ol .238931E-02* .940957E-03* .120391E-02* 

IMAXIMUMI .141442E+OO .104318E+OO .924253E-Ol .238931E-02 • 940957E-03 .120391E-02 

1015 l .141890E+OO* .724466E-Ol .932297E-Ol* .201864E-02 .405230E-03 .192872E-02 
2 .100092E+OO .792735E-Ol* .758985E-Ol .309400E-02* .906692E-03* .321208E-02* 

li1AXIMUMI .141890E+OO .792735E-Ol .932297E-Ol .309400E-02 .906692E-03 .321208E-02 

1021 l .142255E+OO* .108690E-02 .942242E-Ol* .312142E-02 .381073E-03 .329230E-02 
2 .104658E+OO .150266E-02* .894928E-Ol .414671E-02* .888077E-03* .502829E-021f 

IMAXIMUMI .142255E+OO .l50266E-02 .942242E-Ol .414671E-02 .888077E-03 .502829E-02 

0 
1022 l .144743E+OO* • 713118E-Ol .966134E-Ol .236029E-02 .332449E-03 .225260E-02 

. 2 .lll919E+OO .166784E+OOtt .lll773E+001f .500157E-02* .821206E-03* .526521E-02* 

..... (MAXIMUM) .144743E+OO .166784E+OO .lll773Et00 .S00157E-02 .821206E-03 .526521E-02 
I ..... 1023 l .146804E+OO* .778955E-Ol .970307E-Ol .278043E-02 .291983E-03 .247894E-02* 

C.11 2 .ll7535E+OO .245741E+OO* .l31972E+OO* .658722E-02* .686927E-03* .210053E-02 
IMAXIMUMI .146804E+OO .245741E+OO .131972E+OO .658722E-02 .686927E-03 .247894E-02 

1024 1 .148332E+OO* .702491E-Ol • 942SllE-01 .368038E-02 .326143E-03 .120137E-02 
2 .121107E+OO .1SS459E+OO* .147661E+OO* .843396E-02*' .S99508E-03* .388015E-02* 

IMAXIHUMI .148332E+OO .155459E+OO .147661E+OO .843396E-02 .599508E-03 .388015E-02 

1031 l .149096E+OO* .l31954E-02 .894157E-Ol .458788E-02 .381094E-03 .329843E-02 
2 .123038E+OO .159008E-02* .160808E+OO* .960912E-02* .616643E-03* .359635E-02* 

IMAXIMUMI .149096E+OO .159008E-02 .160808E+OO .960912E-02 .616643E-03 .359635E-02 

1032 1 .150707E+OO* .774627E-Ol* .864811E-Ol .450796E-02 .408824E-03 .206330E-02 
2 .125077E+OO .742213E-Ol .170743E+OO* .984946E-02* .626302E-03* .220028E-02* 

IMAXIMUMI .150707E+OO .774627E-Ol .170743E+OO .984946E-02 .626302E-03 .220028E-02 

1033 1 .151822E+OO* .109355E+OO* .838481E-Ol .440653E-02 .434760E-03 .997044E-Ol* 
2 .126455E+OO .103388E+OO .l80285E+001f .100514E-Ol* .S83028E-03* .930794E-03 

I MAXIMUM I .151822E+OO .109355E+OO .180285E+OO .l00514E-Ol .583028E-03 .997044E-03 

1034 l .152432E+OO* .910962E-Ol* .815183E-Ol .435700E-02 .455993E-03 .232409E-02* 
2 .127158E+OO .793169E-Ol .188437E+OO* .102543E-01* .531472E-03* .221038E-02 

I MAXIMUM I .152432E+OO .910962E-Ol .188437E+OO .102543E-Ol .531472E-03 .232409E-02 

1041 l .850494E-Ol* .142654E-02* .775173E-01 .442480E-02 .429341E-03 .38ll33E-02* 
2 .164172E-01 .751224E-03 .189334E+OO* .106248E-Ol* .571117E-03* .139927E-02 

I MAXIMUM) .850494E-Ol .142654E-02 .189334E+OO .106248E-Ol .571117E-03 .38ll33E-02 

1042 1 .856638E-Ol* .100249E+OO* .745542E-Ol .421657E-02 .400803E-03 .296303E-02* 
2 .162169E-Ol .297529E-Ol .178541E+OO* .990643E-02* .542280E-03* .127272E-02 



RESPONSE SPECTRUM ANALYSIS OF ROUTE 80 ONRAMP UNDERCROSSING PAGE 28 
FHWA 'SEISMIC DESIGN OF HIGHWAY BRIDGES' 22 NOV 78 

tlODE RESPONSE X-TRANSLATION Y-TRAtlSLATION Z-TRANSLATION X-ROTATION Y-ROTATION Z-ROTATION 
NUMBER CASE DISPLACEMEtlT DISPLACEMENT DISPLACEMENT DISPLACEMENT DISPLACEMENT DISPLACEMENT 

1043 1 .858052E-Ol* .143203E+OO* • 725677E-Ol .402534E-02 ,366722E-03 .950795E-03 
2 .158377E-01 ,380669E-Ol .167713E+OO* .923044E-02* .564350E-03* .112480E-02* 

I MAXIMUM I .858052E-Ol .143203E+OO .167713E+OO .923044E-02 .564350E-03 .112480E-02 

1044 1 .854085E-Ol* .975557E-Dltt .7D4451E-01 .383150E-02 .339272E-03 .3D4539E-02* 
2 .154478E-Ol .232316E-Ol .155574E+OO* .858096E-02* .588751E-03ll .124369E-02 

IMAXIMUMI .854085E-01 .975557E-Ol .155574E+OO .858096E-02 .588751E-03 .304539E-02 

1051 1 .844326E-Ol* .709203E-03* ,680597E-Ol .364484E-02 .313586E-03 .368571E-02* 
2 .153894E-Ol .537128E-03 .142896E+OO* • 792037E-02* .560084E-03* .129556E-02 

(MAXIMUM) .844326E-Ol .709203E-03 .142896E+OO .792037E-02 .560084E-03 .368571E-02 

1052 1 .839894E-Ol* .955376E-Dltt .658147E-Dl .325743E-02 .294756E-03 .322226E-02* 
2 .163165E-Ol .123496E-Ol .131179E+OO* ,665851E-02* .521033E-03* .224070E-02 

(MAXIMUM) .839894E-Ol .955376E-Ol .131179E+OO .665851E-02 .521033E-03 .322226E-02 

1053 1 .828445E-Ol* .134816E+00ll .625784E-Ol .321476E-02 .316731E-03 .115980E-02 
2 .181330E-Ol .245575E-Ol .118697E+OO* .564164E-02* .540328E-03* .230922E-02* 

(MAXIMUM I .828445E-Ol .134816E+OO .118697E+OO .564164E-02 .540328E-03 .230922E-02 

(") 1054 1 .809381E-Ol* .883446E-Ol* .579144E-Ol .333814E-02 .371294E-D3 .230224E-02* 
2 .210748E-Ol .249083E-Ol .104339E+OO* .487602E-02ll .589103E-03* .171639E-02 ...... IMAXIMUMI .809381E-Ol ,883446E-01 .104339E+OO .487602E-02 .589103E-03 .230224E-02 I 

...... 
0) 1061 1 .783642E-Ol* .128675E-02ll .526132E-01 • 287242E-02 .414932E-03 .251653E-02* 

2 .253084E-Ol .276036E-03 .885342E-01* .430559E-02* .615265E-03* .936478E-03 
IMAXIMUMI .783642E-Ol .128675E-02 .885342E-Ol .430559E-02 .615265E-03 .251653E-02 

1062 1 . 766877E-Ol* .608765E-Oltt .488854E-Ol .196262E-02 .443855E-03 .167573E-02* 
2 .302453E-Ol .276913E-Ol .751973E-Ol* .301959E-02* .632595E-03ll .974251E-03 

I MAXIMUM I .766877E-Ol .608765E-01 .751973E-Ol .301959E-02 .632595E-03 .167573E-02 

1063 1 .748224E-Ol* .847092E-Ol* .462626E-01 .994982E-03 .478218E-03 .564757E-03 
2 .361433E-Ol .372919E-Ol .615568E-Ol* .173301E-02* .668127E-03ll .102322E-02* 

I MAXIMUM I .748224E-Ol .847092E-01 .615568E-Ol .173301E-02 .668127E-03 .102322E-02 

1064 1 .729439E-Ol* .606949E-Ol* .453238E-Ol .105625E-02* .505385E-03 .165071E-02* 
2 .430934E-01 .262692E-Ol .477013E-Ol* .643782E-03 .700051E-03ll .113352E-02 

I MAXIMUM I • 729439E-Ol .606949E-Ol .477013E-01 .105625E-02 .700051E-03 .165071E-02 

1065 1 • 712442E-Ol* .269317E-02* .465101E-Ol* .146485E-02* .516129E-03 .224610E-02tt 
2 .Sl0602E-Ol .116137E-02 .342007E-01 .609613E-03 .713200E-03ll .98343SE-03 

(MAXIMUM I .712442E-Ol .269317E-02 .465101E-Ol .146485E-02 . 713200E-03 .224610E-02 

2035 1 .152741E+OO* .591474E-Ol* • 799673E-Ol .438054E-02 .465140E-03 .310345E-02* 
2 .127471E+OO .239843E-Ol .195524E+OO* .104747E-Ol* .508073E-03ll .296543E-02 

I MAXIMUM I .152741E+OO .591474E-Ol .195524E+OO .104747E-Ol .508073E-03 .31034SE-02 

2036 1 .851043E-Ol* .590327E-Oltt .799324E-01 .438286E-02 .436048E-03 .403029E-02* 
2 .164449E-Ol .225675E-Ol .195809E+OO* .104840E-Ol* .589960E-03* .159225E-02 

IMAXIMUMI .851043E-01 .590327E-Ol .195809E+OO .104840E-Ol .589960E-03 .403029E-02 

3011 1 .168106E+OO* .411929E-17* .256348E-17 .398709E-16 .468474E-03 .293612E-02 
2 .105969E+OO ,411444E-17 .371573E-17* .835809E-16* .983916E-03ll .315764E-02* 



RESPONSE SPECTRUM ANALYSIS OF ROUTE 80 ONRAMP UNOERCROSSING PAGE 29 
FHWA 'SEISMIC DESIGN OF HIGHWAY BRIDGES' 22 NOV 78 

NODE RESPONSE X-TRANSLATION Y-TRANSLATION Z-TRAtlSLATION X-ROTATION Y-ROTATION Z-ROTATION 
NUHBER CASE DISPLACEMENT DISPLACEMENT D ISPLACEtlEIH DISPLACEMENT DISPLACEt1ENT DISPLACEHENT 

3071 l .850805E-Ol* .407076E-l7* .265694E-17 .365443E-16 .516147E-03 .268276E-02* 
2 .614519E-Ol .180891E-17 .346762E-17*, .652136E-16* .713221E-03* .115669E-02 

(HAXIt1IJl1I .650605E-Ol .407076E-17 . 346 762E-17 .652136E-16 .713221E-03 .266276E-02 

4211 l .244127E-16* .612765E-17 .157333E-16* .260395E-15 .402543E-17 .337404E-15* 
2 .169012E-16 .846944E-17* .147678E-16 .282107E-15* • 938112E-l 7* .246308E-15 

IMAXIMUMI .244127E-16 .846944E-17 .157333E-16 .282107E-15 . 938112E-l 7 .337404E-15 

4212 l .315263E-Ol* . 362346E-03 .187573E-Ol* .395603E-02* .126974E-03 .654140E-02* 
2 .211457E-Ol .500823E-03* ,160702E-Ol .344192E-02 .295909E-03* .442368E-02 

(MAXIMUM) .315263E-Ol .500823E-03 .187573E-Ol .395603E-02 .295909E-03 .654140E-02 

4213 1 .946028E-Ol* . 724980E-03 .584436E-Ol* .496154E-02* .254099E-03 .748867E-02* 
2 .648716E-Ol .100214E-02* .518929E-Ol .471366E-02 .592168E-03* .551073E-02 

(MAXIMUM I .946026E-Ol .l00214E-02 .584436E-Ol .496154E-02 .592168E-03 .748867E-02 

4311 1 • 252964E-16* .743879E-17 .123367E-16 . 259071E-15 .402565E-17 .356134E-15* 
2 .252067E-16 .896232E-17* .201829E-16* .484579E-15* .651385E-171t .347244E-15 

(HAXIMUMI • 252964E-16 .896232E-17 .201829E-16 .484579E-15 .651385E-17 • 356134E-15 

4312 1 .326477E-Ol* .439878E-03 .147940E-Ol .321817E-02 .126981E-03 .678849E-02* 
n 2 .283592E-01 .529969E-03* .238330E-Ol* .529673E-02* .205466E-03* .584212E-02 
,_,. (MAXIMUM) .326477E-01 .529969E-03 .238330E-Ol .529673E-02 .205466E-03 .678849E-02 
I 

f....l 4313 1 .984345E-Ol* .880124E-03 .494199E-Ol .471003E-02 .254113E-03 • 7e4896E-02* 
--.:i 2 .837447E-01 .106045E-02* .833921E-Ol* . 84 7238E-02* .411177E-03* .647712E-02 

I MAXIMUM I .984345E-01 .106045E-02 .833921E-Ol .847238E-02 .411177E-03 .784896E-02 

4411 1 .155428E-16* .804205E-17* .100786E-16 .235072E-15 .453531E-17 .206327E-15* 
2 .303681E-17 .423439E-17 .254137E-16* .578801E-15* .603294E-17* .351754E-16 

I MAXIMUM I .155428E-16 .804205E-17 .254137E-16 .578801E-15 .603294E-17 .206327E-15 

4412 1 .183681E-Ol* .475550E-03* .118158E-Ol .261243E-02 .143057E-03 .380443E-02* 
2 .310091E-02 .250392E-03 .292107E-01* .644304E-02* .190297E-03* .640418E-03 

IMAXIMUMI .183681E-01 .475550E-03 .292107E-Ol .644304E-02 .190297E-03 .380443E-02 

4413 1 .550548E-01* .951495E-03* .408761E-Ol .408392E-02 .266284E-03 .447547E-02* 
2 .935751E-02 .501019E-03 .l00537E-t001t .997456E-02* .380820E-03* .864598E-03 

I MAXIMUM I .550548E-Ol .951495E-03 .l00537E+OO .997458E-02 .380820E-03 .447547E-02 

4511 1 .183826E-16* .399954E-17* .1D4420E-16 .215696E-15 .331254E-17 .232989E-15* 
2 .452597E-17 .302770E-17 .185364E-16* .425272E-15* .591640E-17* .507854E-16 

I MAXIMUM I .183828E-16 .399954E-17 .185384E-16 .425272E-15 .591640E-17 .232989E-15 

4512 l • 201107E-Ol* .236505E-03* .ll2834E-Ol .244977E-02 .104487E-03 .410835E-02* 
2 .488671E-02 .179037E-03 .222308E-Ol* .489561E-02* .186621E-03* • 958463E-03 

IMAXIl1UMI .201107E-Ol .236505E-03 .222308E-Ol .489561E-02 .166621E-03 .410835E-02 

4513 l .583353E-Ol* .473142E-03* .375676E-Ol .358516E-02 .209099E-03 .444275E-02* 
2 .128550E-Ol .358237E-03 • 762477E-01* .752802E-02* .373463E-03* .809667E-03 

IMAXIMUMI .583353E-01 .473142E-03 .762477E-01 .752802E-02 .373463E-03 .4r+4275E-02 

4611 l .153837E-16* .725544E-17* .763907E-17 .143446E-15 .438310E-17 .208230E-15* 
2 .462643E-17 .155517E-17 .124981E-16* .256393E-15* .649930E-17* .471426E-16 
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RESPONSE SPECTRUM ANALYSIS OF ROUTE 80 ONRAMP UNOERCROSSitlG 
FHWA 'SEISMIC DESIGN OF HIGHWAY BRIDGES' 

tlODE RESPOtlSE X-TRANSLATION Y-TRANSLATION Z-TRANSLATION 
HUMBER CASE DISPLACEMENT DISPLACEMENT DISPLACEMENT 

4612 l .177743E-Ol* .429036E-03* ,928233E-02 
2 .669346E-02 .919621E-04 .149124E-01* 

(MAXIMUM! .177743E-01 .429036E-03 .149124E-Ol 

4613 1 .527059E-Ol* .858362E-03* ,299809E-01 
2 .188714E-01 ,184044E-03 .495136E-Ol* 

(MAXIMUM) .527059E-01 .858362E-03 .495136E-Ol 

PAGE 30 
22 HOV 78 

X-ROTATION Y-ROTATION Z-ROTATION 
DISPLACEMENT DISPLACEMENT DISPLACEMENT 

.198621E-02 .138256E-03 .366733E-02* 

.32355SE-02* .205007E-03* .135197E-02 

.323555E-02 .205007E-03 ,366733E-02 

• 277077E-02 .276676E-03 .412326E-02* 
.466320E-02* .410258E-03* .133151E-02 
.466320E-02 .410258E-03 .412326E-02 

.. 



RESPONSE SPECTRUM ANALYSIS OF ROUTE 80 ONRAMP UNDERCROSSING PAGE 32 
FHWA 'SEISMIC DESIGN OF HIGHWAY BRIDGES' 22 NOV 78 

BEAM RESPONSE END l END l END l END l END l END l END 2 END 2 
NUtlBER CASE X-THRUST Y-SHEAR Z-SHEAR X-TORQUE Y-MOMENT Z-MotlENT Y-MOMENT Z-MotlENT 

l l .870837Et01* .411929Et03* .256348Et03 .398709Et04 .148379E-03* .699210E-07 .257384Et03 .413594E+03* 
2 .552060Et01 .411444E+03 .371573Et03* .835809Et04* .919114E-04 .819658E-07* .373075E+03* .413107Et03 

(MAXIMUM) .870837Et01 .411929E+03 .371573E+03 .835809E+04 .148379E-03 .819658E-07 .373075E+03 .413594E+03 

2 l .229654Et03* .407191E+03 .252843Et03 .398699Et04 .257384Et03 .414538Et03 .636085Et04 .102330Et05 
2 .145955E+03 .407219Et03* .368896E+03* .835098E+04* .373075E+03* .537939Et03* .927801E+04* .103386E+05* 

(MAXIMUM> .229654Et03 .407219Et03 .368896E+03 .835098Et04 .373075E+03 .537939E+03 .927801E+04 .103386Et05 

3 l .651769E+03* .213485E+03 .192744E+03 .404688Et04 .636085E+04 .102095E+05 • ll0070E+D5 .151853E+OS 
2 .414164E+03 .224334E+03* .279757Et03* .815010Et04* .927801E+04* .104977E+05* .160099E+05* .158716Et05* 

(MAXIMUM) .651769Et03 .224334E+03 .279757E+03 .815010E ♦04 .927801E+04 .104977E+OS .160099Et05 .158716E+05 

4 l .106945E+04* .156576E+03* .927618E+02 .422441E+04 .110070E+05 .151369E+OS .129910E+05 .139365E+05 
2 .679879Et03 .755608E+02 .146184E+03* .788553E+04* .160099E+05* .160047E+05* .189272Et05* .150499E+05* 

I MAXIMUM) .10694SE+04 .156576E+03 .146184E+03 .788553E+04 .160099Et05 .160047E+05 .189272E+05 .150499E+05 

5 1 .147992E+04* .320681Et03* .126341E+03 .446797Et04 .129910E+05 .138604Et05 .117178E+05 .103722Et05* 
2 .942101Et03 .256413E+03 .217869E+03• • 771158E +04* .189272E+05* .151398E+05* .177142E+05* .976409E+04 

!MAXIMUM) .147992Et04 .320681Et03 .217869E+03 .771158E+04 .l89272Et05 .151398Et05 .177142E+05 .103722E+05 

6 1 .803265E+03 • 440871Et03 .413959Et03 .200342Et04 .115730Et05 .231589Et05 .231445Et05 .145285Et05 
0 2 . 964606E+03* .100346E+04* • 721411E+03* .468361E+04* .176688E+OS* • 246811Et05* .333828E+05* .170701E+OS* 

(MAXIMUM I .964606E+03 .1D0346Et04 • 721411E+03 .468361E+04 .176688E+05 .246811E+05 .333828Et05 .170701E+05 .... 
I 7 l .344708Et03 .440038Et03 .191815Et03 .185140E+04 .231445E+OS .145487E+05 .277239E+D5 .995149Et04 .... 

CD 2 .914593Et03* .477724E+03* .316567E+03* • 511916E +04• .333828Et05* .169446Et05* .402989E+D5* .283927Et05* 
(MAXIMUM I .914593Et03 .477724E+03 .316567E+03 • 511916E t 04 .333828Et05 .169446E+05 .402989Et05 .283927E+05 

8 1 .544744Et03 .443216E+D3 .196512E+03 .232210E+04 .277239E+05 .985230Et04 .228168Et05 .152929Et05* 
2 .103525Et04* .548385E+03* .338419E+D3* .610860E+04* .402989E+D5* • 281963Et05* .306360Et05* .145926Et05 

IMAXIMUMI .103525Et04 .548385Et03 .338419Et03 .610860Et04 .402989Et05 .281963Et05 .306360Et05 .152929E+05 

9 1 .106320E+04 .439223Et03 .481440E+03 .280891Et04 .228168E+05 .152110E+05* .111458E+05 .241945E+05 
2 .129426E+04* .103246E+04* .863617E+03* .655157E+04* .306360E+OS* .143992E+05 .137754E+OS* .285240Et05* 

(MAXIl1UMI .129426E+04 .103246E+04 .863617E+03 .655157E+04 .306360E+OS .152110E+05 .137754E+05 .285240E+05 

10 1 .105700Et04* .389262Et03* .325856E+03 .287553E+04 .113728E+05 .103497E+05* .127817E+05 .1269D6E+D5* 
2 .791791E+03 .298390E+03 .861899Et03* .294815E+04* .142682E+05* .707571Et04 .158856E ♦OS* .120288E+05 

(MAXIMUM) .1057D0Et04 .389262Et03 .861899Et03 .294815E+04 .142682E+05 .103497E+05 .158856E+05 .126906E+OS 

11 l .669742Et03* .216848E+03* .164272E+03 .274008E+04* .127817E+05 .127205Et05* .128508E+05 .148030E+OS* 
2 .510308E+03 .120888Et03 .400713Et03* .273674E+04 .158856Et05* .120787E+OS .224648E+05* .140545E+05 

(MAXIMUM) .669742E+03 .216848E+03 .400713E+03 .274008Et04 .158856E+OS .127205E+OS .224648E+OS .148030Et05 

12 l .315918E ♦ D3* .198228E+03* .179953E+D3 .270736E+D4* .128508E+OS .148091Et05* .890968E+04 .106337E+D5* 
2 .208753Et03 .178252E+03 .221705E+03• .252004E+04 .224648E+05• .140950Et05 .180751E+05* • 975780Et04 

(MAXIMUM> .315918E ♦03 .198228E+03 .221705E+03 .270736E+04 .224648E+05 .148091E+05 .l80751E+05 .106337E+05 

13 l .193373E+03* .411298E+03* .343760E+03 . 277142E +04* .890968E+04 .106172E+D5* .431622E+03 .483838Et03* 
2 .178100E+03 .380453Et03 .693289E+D3* .242881E+04 .180751E+05* .978090Et04 .972861E+03* .399676E+03 

(MAXIMUM I .193373E+03 .411298E+03 .693289E+03 .277142E+04 .180751E+05 .106172E+OS • 972861E+03 .483838Et03 

14 l .988617Et02* .503207E+03* .489520E+03 .277484E+04* .l82582E-06 .240487E+D2* .734307E+04 .755319E+D4* 
2 .149720E+02 .413874E+03 .114604E+04* .242830E+04 .536366E-06* .210453E+D2 .171913E+OS* .620636E+04 



RESPONSE SPECTRUM ANALYSIS OF ROUTE 80 ONRAMP UNDERCROSSING PAGE 33 
FHWA 'SEISMIC DESIGN OF HIGHWAY BRIDGES' 22 NOV 78 

BEAM RESPONSE END l END l END l END l END l END l END 2 mo 2 
NUMBER CASE X-THRUST Y-SHEAR Z-SHEAR X-TORQUI; Y-MOMENT Z-MOMENT Y-Mot1ENT Z-t10t1Etff 

15 l .127161E+04* .784261E+03* .456697E+03 .250610E+04 .704355E+04 .188378E+OS• .117070E+05* .144209Et051t 
2 .136964E+03 .150436E+03 .862702E+03* .451971E+04• .16703SE+051t .470762E+04 .977803E+04 .438385E+04 

I MAXIMUM I .127161E+04 • 784261E+03 .862702E+03 .451971E+04 .167038E+05 .188378E+05 .ll7070E+05 .144209E+05 

16 l .958429E+03* .454145E+03* .231560E+03 .255809E+04 .117070E+051t .144118E+05* .181000Et05 .206446Et05* 
2 .145395Et03 .669702E+02 .335995E+03* .449796E+041t .977803E+04 .440617E+04 .193511Et05* .433683E+04 

(MAXIMUM I ,958429E+03 .454145E+03 .335995E+03 .449796E+04 .117070E+05 .144118E+05 .193511Et05 .206446E+05 

17 l • 718447Et03* .406689Et03* .106374E+03 .300845E+04 .181000E+05 .205838E+05* .182154E+05* ,139919E+05* 
2 .195933E+03 .116510E+03 .263817E+03* .454467E+041t .193511E+051t .428785E+04 .170189E+05 .140598E+04 

(MAXIMUM) • 718447E+03 .406689E+03 .263817E+03 .454467E+04 .193511E+05 .205838E+05 .182154E+05 .139919E+05 

18 l .633320E+03* • 767146E+03* .330893E+03 .339365E+04 .182154E+05* .139035E+05* .137274E+05 ,153693E+05* 
2 .29D825E+03 .193393E+03 .693083E+03* .453268E+04* .170189E+05 .144419E+04 .171510E+05* . 501511E + 04 

I MAXIMUM I .633320E+03 . 76 7146E +03 .693083E+03 .453268E+04 .182154E+05 .139035E+05 .171510E+05 .153693E+05 

19 l .116578E +04* .712717E+03* .414834E+03 .251290E+04 .135792E+05 .116768E+05* .215145E+05 .133410E+05* 
2 .326952E+03 .212735E+03 .649609E+03* .561031E+04• .166 719E+05* .988125E+04 .235728Et051t .459226Et04 

IMAXIMUMJ .116578Et04 • 712717E +03 .649609E+03 .561031E+04 .166719E+05 .116768E+05 . 235728E+05 ,133410E+05 

() 20 l .864498E+03* .315695E+03* .194544E+03 .238906E+04 .215145E+05 .133637E+05* .247091E+05 .193391E+0511 . 2 .224456E+03 .191184E+03 .265569E+03• .539292E+041t .235728E+051t .484571E+04 .287961E+05* .289273E+04 
1---' I MAXIMUM I .864498E+03 .315695E+03 .265569E+03 .539292E+04 .235728E+05 .l33637E+05 .287961E+05 .193391E+05 
I 

l'v 21 l .627134E+03* .454324E+03* .189256E+03 .249144E+04 .247091E+05 .193262E+05* .214753Et05 .108841E+05* 0 
2 .123433E+03 .135746E+03 .225656E+031t .541482E+04* .287961E+05* .285151E+04 .255459Et05* .462303E+04 

I MAXIMUM I .627134E+03 .454324E+03 .225656Et03 .541482E+04 • 287961E+05 .193262E+05 .255459Et05 .108841E+05 

22 l .537557Et03* .805217E+03* .387764E+03 .261083E+04 .214753E+05 .108561E+05* .130316E+05 .191041E+05* 
2 .171748E+03 .111040Et03 .514516Et031t .560455E+041t .255459E+05* .439109E+04 .175002E+05* .580986E+04 

(MAXIMUM) .537557E+03 .805217E+03 .514516E+03 .560455E+04 .25545~E+05 .108561E+05 .175002E+OS .191041E+05 

23 l .108567E+04* .385245E+03* .945735E+02 .423741E+04 .132023E+05 .684149E+04* .140114E+05 .110480E+05* 
2 .576689E+03 .137009E+03 .219508E+03* .704987E+041t .175083E+05* .459464E+04 .179995E+05* .570927E+04 

I MAXIMUM I .108567E+04 .385245E+03 .219508E+03 .704987E+04 ,175083E+05 .684149E+04 .179995E+05 .110480E+05 

24 l .781361E+03* .186359Et03* .105809E+03 .400254E+04 .140114E+05 .111353E+05* .116055E+05 .1409£i6Et05* 
2 .427319E+03 .698821Et02 .151127Et031t .683776E+04* .179995E+05* .596167E+04 .150120E+05* ,626912Et04 

IMAXIMUMJ .781361Et03 .186359E+03 .151127Et03 .683776E+04 .179995E+05 • lll353E+05 .150120Et05 ,140946E+05 

25 l .475006Et03* .177356E+03* .205758E+03 .377149E+04 .116055E+05 .141582E+05* .664598Et04 ,100460E+05* 
2 .265063E+03 .985526Et02 .264597Et03* .664283E+04* .150120E+05* .647532E+04 .865667Et04* .4210DOE+04 

I MAXIMUM) .475006E+03 .177356E+03 .264597Et03 .664283E+04 .150120E+05 .141582E+05 .865667E+04 .l00460E+05 

26 1 .167137Et03* .401625E+03* .264115E+03 . 365571Et04 .664598Et04 .100887E+05* .266768E+03 .397139E+03* 
2 .943957E+02 .178907E+03 .343992E+03• .652252E+041t .865667E+04* .439408E+04 .348163E+03* .133535E+03 

IMAXIMUMJ .167137Et03 .401625Et03 .3!;~992E+03 .652252E+04 .865667E+04 .100887E+05 ,348163E+03 . 397139E+03 

27 l .639129E+Ol* .407076E+03* .265694Et03 .365443E+04 .266768E+03 .408722E+03* ,129470E-04* . 212792E-07* 
2 .345076E+Ol .180891E+03 • 346762Et03* .652136E+04* . 348163E+03* .181622E+03 .76492DE-05 .123131E-07 

IMAXltM11 .639129Et0l .407076E+03 .346762E+03 .652136E+04 • 348163E+03 .408722E+03 ,129470E-04 .212792E-07 

28 1 .398495E+03* O. o. o. o. o. o. o. 
2 .302831E+03 o. 0. o. o. o. o. o. 



RESPONSE SPECTRUM ANALYSIS OF ROUTE 80 ONRAMP UNDERCROSSING PAGE 34 
FHIIA 'SEISMIC DESIGN OF HIGHWAY BRIDGES' 22 NOV 78 

BEAM RESPONSE END 1 EHO 1 END 1 END 1 END 1 END 1 EHO 2 EtlD 2 
NUtlBER CASE X-THRUST Y-SHEAR Z-SHEAR X-TORQUE Y-MOtlENT Z-MOtlENT Y-ttotlENT Z-NOHENT 

0 

29 1 .612765Et03 .281028E+04* .733148Et03 .402543Et03 .154635Et05 .397159Et05* .930492Et04 .160951Et05tt 
0, 2 .846944E+031f .186313Et04 .125145E+041f • 938112E+03tt .277392E+05* .251606E+05 .172298E+05* .103055E+05 µ 

I MAXIMUM I .846944E+03 .261028E+04 .125145E+04 • 938112E+03 .277392E+05 .397159E+05 .172298E+05 .160951E+05 
~ _, 30 l .612525E+03 .279830E+041t .729732E+03 .402543E+03 .930492E+04 .160951E+05* .324931E+04 .788285Et04 

2 .846774E+031f .185586E+04 .124580Et041t • 938112E+031t .172298E+05tt .103055Et05 .687539E+041f .850384E+04tt 
I MAXIMUM I .846774E+03 .279830E+04 .124580Et04 .938112Et03 .172298E+05 .160951E+05 .687539E+04 .850384Et04 

31 1 .612046Et03 .276228E+D4* .718233E+03 .402543E+03 .324931E+04 .788285E+04 .311922E+04 .309880E+05tt 
2 .846435E+03* .183463E+04 .122660E+04* . 938112E+03tt .687539E+04* .850384E+04* .415806E+041f .228252E+05 

(MAXIMUM) .846435E+03 .276228E+04 .122660Et04 • 938112E +03 .687539E+04 .850384E+04 .415806E+04 .309880E+05 

32 l .743879Et03 .261860E+041f .103150Et04 .402565Et03 .232219E+05 .374197Et05* .145588E+05 .154014E+05* 
2 .896232E+031f .232305E+04 .224293E+04* .651385E+03* .516463E+05* .297760E+05 .327441E+05* .108501E+05 

(MAXIMUM) .896232E+03 .261860E+04 .224293E+04 .651385E+03 .516463E+05 .374197E+05 .327441E+05 .154014E+05 

33 l .743620Et03 .260727E+04* .102698Et04 .402565E+03 .145568E+05 .154014E+05* .601546Et04 .691624E+04 
2 .896042E+03* .231425E+04 .223371E+04tt .651385E+031f .327441E+05* .108501E+05 .139119E+051f .107232E+051f 

I MAXIMUM I .896042E+03 .260727E+04 .223371E+04 .651385E+03 .327441E+05 .154014E+05 .139119E+05 .107232E+05 

34 l .743101E+03 .257306E+04tt .l01155E+04 .402565Et03 .601548E+04 .691624E+04 .313547E+04 .284435Et05 
() 2 .895661E+031f .228910E+04 .220197Et04* .651385E+03* .l39119Et05* .l07232E+05* .478427E+04* ,293613Et05* . IMAXIMUMI .895661E+03 .257J06E+04 .220197E+04 .651385E+03 • l39ll 9E t 05 .107232E+05 .478427E+04 .293613E+05 
~ ... 
I 35 1 .804205E+03tt .154503E+04* .l02197E+04 .453531Et03 • 237115E+05 .203976Et05* .151034Et05 .828187E+04* t\J 

J-4 2 .423439E+03 .334895Et03 .253744E+04* .603294Et03* .578627Et051f .379335E+04 .365266E+05* .154905Et04 
IMAXIMUMI .804205E+03 .154503E+04 .253744Et04 .603294Et03 .578627E+05 .203976E+05 .365266Et05 .828187Et04 

36 1 .803919E+03* .153537E+04* .101764E+04 .453531E+03 .151034E+05 .828187E+04* .653972E+04 • 772853E +04* 
2 .423334E+03 .333821E+03 .252638Et04* .603294E+031f .365266E+05* .154905Et04 .154051E+05* .251793Et04 

IMAXIMUMI .803919E+03 .153537E+04 .252638E+04 .603294E+03 .365266E+05 .828187E+04 .154051Et05 .772853Et04 

37 1 .803347E+03* .150773E+04• .100270Et04 .453531E+03 .653972E+04 .772853Et04* .209647Et04 .194404E+05* 
2 .423122E+03 .331072E+03 .248850E+041f .603294E+031f .154051E+05* .251793E+04 .671857E+04* .509416E+04 

IMAXIMUMI .803347E+03 .150773E +04 .248850Et04 .603294E+03 .154051E+05 .772853E+04 .671857E+04 .194404E+05 

36 1 .399954E+03tt .167992E+041f .967217E+03 .331254E+03 .216676E+05 .232060E+05* .135498E+05 .811318E+04* 
2 .302770Et03 .716040E+03 .176885E+04* • 591640E +03* .417828E+05* .941024E+04 .268919E+05* .342750Et04 

IMAXIMUMI .399954Et03 .187992E+04 .176885E+04 .591640E+03 .417828E+OS .232080Et05 • 268919E+05 .811318Et04 

39 1 .399704E+03* .187106E+04* .962397Et03 .331254E+03 .l35496E+05 .811318E+04* .556608E+04 .972468E+0411 
2 .302687E+03 • 713015E+03 • l 76117E+04* .591640E+03* .268919E+0511 .342750E+04 .120971E+051f .277825E+04 

(MAXIMUM I .399704E+03 .187106E+04 .176117Et04 .591640E+03 .266919E+05 .811318E+04 ,120971E+05 .972468Et04 

40 1 .399203E+03* .164616Et0411 .945951E+03 .331254Et03 .556606E+04 .972466E+04* .307314Et04 .247327E+0511 
2 .302522E+03 .704226E+03 .173466E+04* .591640E+03* .l20971E+051t .277825Et04 .315462E+04* .864438E+04 

IMAXIMUMI .399203E+03 .184616E+04 .173466E+04 .591640E+03 .120971E+05 .972468Et04 .315462E+04 .247327E+05 

41 l .725544E+031t .159012E+04* .649354E+03 .436310E+03 .139937E+05 .210605E+05* ,854554E+D4 .818485E+0411 
2 .155517E+03 .895857E+03 .996201E+031t .649930E+03* .226647Et05* .128806E+05 .143174E+05* .535541E+04 

I MAXIMUM I .725544E+03 .159012E+04 • 996201E+03 .649930Et03 .226647Et05 .210605Et05 .143174E+05 .818485E+04 

42 1 .725175E+03* .158036E+041f .645775E+03 .438310Et03 .854554E+04 .818485E+04tt .320743E+04 .700415E+04* 
2 .155536E+03 .891640E+03 • 991181E+031t .649930E+031f .143174E+05* .535541E+04 .613655E+04* .232356E+04 



RESPONSE SPECTRUM AHALYSIS OF ROUTE 80 OHRAHP UHOERCROSSING PAGE 35 
FHWA 'SEISMIC DESIGN OF HIGHWAY BRIDGES' 22 HOV 78 

BEAM RESPONSE END 1 EtlD 1 END 1 END l END 1 END 1 END 2 EHD 2 
HUtlBER CASE X-THRUST Y-SHEAR Z-SHEAR X-TORQUE Y-MOHENT Z-MONEHT Y-MOMEHT Z-NOl1EHT 

43 1 .724440E+03* .155226E+04* .633693E+03 .438310E+03 .320743E+04 .700415E+04* .253005E+04 .194294E+05* 
2 .155569E+03 .878904E+03 .974107E+031t .649930E+Ol* .613655E+04* .232358E+04 .305933E+04* .965056E+04 

(MAXIMUM) .724440E+03 .155226E+04 .974107E+03 .649930E+03 .613655E+04 .700415E+04 .305933E+04 .194294E+05 

44 1 0. • 463175E+Ol* .431622E+03 .277495E+04* .431622Et03 .463175E+031t O • o . 
2 o. .402199E+03 • 972861E+031f .242840Et04 .972861E+03* .402199Et03 o. o . 

(MAXIMUM I 0. .463175E+03 .972861E+03 . 277495E +04 • 972861E+03 . 463175E+03 o. o. 

~ 



1. E2PLOT 

2. VIEW 

3. FRAME 

INPUT DATA SECTIONS USED FOR E2PLOT 
(An EASE2 plotting post-processor) 

*NOTE: The input card images for E2PLOT and the resulting mode plots 
are included at the end of this section. Special job control 
cards are needed to use the plotting post processor. Refer 
to the user instructions for more information. 
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£:2FLOT l 2 
ROUTE 80 O~RAMP UN:JERCRO~SING MOCE $~APES 

VIE ti 1 100.c 1co.c y 3 
3 DIMENSIONAL VI E.i 

1 a • o 
1111111111 
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FR A ~1 E 1 1 1 
MOOE 1 
BEAM l 42 1 l 

FRAME 2 l 2 
MODE 2 
BEA~1 l 42 1 1 

FRAM~ 3 1 
!'!ODE 3 
BEAM l 42 1 1 

FRAME 4 1 
MODE 4 

BEAM 1 42 1 1 
FRAME 5 1 5 

MOOE 5 
BEAM l 42 1 1 

FRAME 6 1 6 
MODE 6 
BEAM 1 lt2 1 1 

FRAME 7 1 7 
MODE 7 
BEAM l 42 1 1 

FRAME 8 1 8 
MODE 8 
BEAM 1 42 1 l 

FRAME 9 1 CJ 
MOOE 9 
BEAM l 42 1 1 

FRAME 10 1 10 
MODE 10 
BtAH l 42 1 1 
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1. INTRODUCTION 

Several methods for evaluating the effect of local soil conditions on 

ground response during earthquakes are presently available. Most of these 

methods are based on the assumption that the main responses in a soil 

deposit are caused by the upward propagation of shear waves from the 

underlying rock formation. Analytical procedures based on this concept in

corporating nonlinear soil behavior, have been shown to give results in 

good agreement with field observations in a number of cases. Accordingly 

they are finding increasing use in earthquake engineering for predicting 

responses within soil deposits and the characteristics of ground surface 

motions. 

The analytical procedure generally involves the follon.ng steps: 

1. Determine the characteristics of the motions likely to develop in 

the rock formation W1derlying the site, and select an accelero

gram with these characteristics for use in the analysis. 

The maximum acceleration, predominant period, and effective 

duration are the most important parameters of an earthquake 

motion. Empirical ~elationships between these parameters and 

the distance from the causative fault to the site have been 

established for different magnitude earthquakes (Gutenberg and 

Richter,1956, Seed et al~ 1969, Schnabel and Seed, 1972). A 

design motion with the desired characteristics can be selected 

from the strong motion accelerograms that have been recorded 

during previous earthquakes (Seed and Idriss, 1969) or from 

artificially generated accelerograms (Housner and Jennings, 1964). 
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2. Determine the dynamic properties of the soil deposit. 

Average relationships between the dynamic shear moduli and 

damping ratios of soils, as functions of shear strain and static 

properties, have been established for various soil types (Hardin 

and Drnevich, 1970, Seed and Idriss, 1970). Thus a relatively 

simple testing program to obtain the static properties for use 

in these relationships will often serve to establish the dynamic 

properties with a sufficient degree of accuracy. However more 

elaborate dynamic testing procedures are required for special 

problems and for cases involving soil types for which empirical 

relationships with static properties have not been established. 

3. Compute the response of the soil deposit to the base-rock motions. 

A one-dimensional method of analysis can be used if the soil 

structure is essentially horizontal. Programs developed for 

performing this analysis are in general based on either the 

solution to the wave equation (Kanai, 1951; Matthiesen et al., 

1964; Roesset and Whitman, 1969; Lysmer et al., 1971) or on a 

lumped mass simulation (Idriss and Seed, 1968). More irregular 

soil deposits may require a finite element analysis, 

In the following sections the theory and use of a computer program 

based on the one-dimensional wave propagation method are described. The 

program can compute the responses for a design motion given anywhere in the 

system. Thus accelerograms obtained from instruments on soil deposits can 

be used to generate new rock motions which, in turn, can be used as design 

motion for other soil deposits, see Fig. 1 (Schnabel et al., 1971). The 

program also incorporates nonlinear soil behavior, the effect of the elas

ticity of the base rock and systems with variable damping. 
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2. THEORY 

The theory considers the responses associated with vertical propagation 

of shear waves through the linear viscoelastic system shown in Fig. 2. The 

system consists of N horizontal layers which extend to infinity in the 

horizontal direction and has a halfspace as the bottom layer. Each layer 

is homogeneous and isotropic and is characterized by the thickness, h, mass 

density, p, shear modulus, G, and damping factor, S. 

2.1 Propagation of harmonic shear waves in a one-dimensional system. 

Vertical propagation of shear waves through the system shown in Fig. 2 

will cause only horizontal displacements: 

u • u(x, t) (1) 

which must satisfy the wave equation: 

(2) 

Harmonic displacements with frequency w can be written in the form: 

u(x, t) • U(x) • 
iwt 

e (3) 

Substituting Eq, 3 into Eq. 2 results in an ordinary differential 

equation: 

d2U 
(G + iwn) - • pu.i2-u 

dx2 
(4) 

which has the general solution 

u(x) • Eeik.x + Fe-ikx (5) 

in which 

Pw2 Pw2 
k2 • -~- • --

G +iwn G* 
(6) 
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where k is the complex wave number and G* is the complex shear modulus. 

The critical damping ratio, B, is related to the viscosity n by 

wn = 2GB 

Experiments on many soil materials indicate that G and Sare nearly constant 

over the frequency range which is of main interest in the analysis, It is 

therefore convenient to express the complex shear modulus in terms of the 

critical damping ratio instead of the viscosity: 

G* = G + iwn = G(l+2iS) (7) 

where G* can be assumed to be independent of frequency. 

Equations 3 and 5 give the solution to the wave equation for a harmonic 

motion of frequency w: 

u(x,t) = Eei(kx+wt) + Fe-i(kx-wt) (8) 

where the first term represents the incident wave travelling in the nega

tive x-direction (upwards) and the second term .represents the reflected 

wave travelling in the positive x-direction (downwards). 

Equation 8 is valid for each of the layers in Figo 2. Introducing a 

local coordinate system X for each layer, the displacements at the top and 

bottom of layer mare: 

u (X• 0) = (E + F )eiwt (9) 
m m m 

ik h -ik.mhm iwt 
u (X=-h ) =- (E • e m m+ F e ) • e (10) 

m m m m 

The shear stress on a horizontal plane is: 

au+ a2 u au T(x,t) • G • n -- a G* -ax . axac ax (11) 
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or by Eq. 8: 

ikx -ikx iwt 
T(x,t) • ikG*(Ee - Fe )e (12) 

and the shear stresses at the top and bottom of layer mare respectively: 

T (X•O) • ik G* (E -F )eiwt (13) 
m mm m m 

ik h -ik h 
T (X•h )• ik G* (Ee mm - Fe m m)eiwt (14) 
m m mm m 

Stresses and displacements must be continuous at all interfaces. Hence, by 

Eq. 9, 10, 13 and 14: 

ik h -ik h 
mm+Fe mm 

m 
(15) 

(16) 

Subtraction and addition of Eqs. 15 and 16 yield the following recursion 

formulas for the amplitudes, Em+l and Fm+l' of the incident and reflected 

wave in layer m+l, expressed in terms of the amplitudes in layer m: 

ik h l -ik h 
E ~21 (l+a )e m m+-F (1-a. )e m m 

m+l • m m 2 m m 

ik h -ik h 
m m+ lF (l+a )e m m 

where a is the complex impedance ratio 
m 

2 m m 

k G* p G* l/Z 
a • -,--m_m.....,.,._ .. ( m m ) 

m km+lG:+1 Pm+lG!+-1 

which again is independent of frequency. 
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At the free surface, the shear stresses must be zero, In addition, 

Eq. 12 with Tl and x
1 

equal to zero gives E1 = F1 --i.e., the amplitudes 

of the incident and reflected waves are always equal at a free surface. 

Beginning with the surface layer, repeated use of the recursion formulas 

Eqs.17 and 18 leads to the following relationships between the amplitudes 

in layer m and those in the surface layer: 

(20) 

(21) 

The transfer functions e and f are simply the amplitudes for the case 
m m 

E = F = 1, and can be determined by substituting this condition into 
1 1 

the above recursion formulas. 

Other transfer functions are easily obtained from thee and f m m 

functions. The transfer function A between the displacements at level n 
n,m 

and mis defined by 

A (w) = u /u 
n,m m n 

and by substituting Eqs. 9, 20 and 21: 

e (w) + f (w) 
A (w) 

m m (22) = 
n,m e (w) + f (w) 

n n 

Based on these equations the transfer function A(w) can be found between 

any two layers in the system. Hence, if the motion is known in any one 

layer in the system, the motion can be computed in any other' layer. 

The amplitudes, E and F can thus be computed for all layers in the 

system, and the strains and accelerations can be derived from the displace

ment function. Accelerations are expressed by the equation: 
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and strains by: 

i.i(x, t) 2(E i(kx+wt) + F -i(kx-wt) - w e e ) 

y •au= ik(Eei(kx+wt) _ Fe-i(kx-wt)) 
dX 

(23) 

(24) 

2.2 Ratio between rock outcrop motions and base rock motions. 

If the amplitudes of the incident and reflected wave components,¾ 

and FN, in the elastic halfspace, Fig. 3a, are known, the motions in the 

halfspace with the soil system removed, Fig. 3c, are easily computed. The 

shear stresses are zero at any free surface; thus FN = ¾• and the 

incident wave is completely reflected with a resulting amplitude 2~ at the 

free surface of the halfspace. The amplitude of the incident wave in the 

halfspace is independent of the properties of the system above it since 

the reflected wave is completely absorbed in the halfspace and does not 

contribute to the incident wave. The incident wave component,~• is 

therefore equal in all systems shown in Fig. 3. 

The ratio between the base motion,~, and the motion,~' at 

the free surface may be computed from the transfer function: 

(25) 

The transfer function between the motion at the surface of the deposit, u1 , 

and the motion at the free surface of the halfspace is: 

~.1 (w) • ~~w) (26) 

If the halfspace is the rock formation underlying a soil deposit, Eq. 25 

shows the ratio between the motion in the base rock and in the out

cropping rock. The ratio between the amplitudes of the base rock motion 
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and the outcropping rock motion is always less than 1, with minimum values 

at the resonance frequencies of the deposit. Transfer functions for the 

deposit used in the example, (Sect. 6), are shown in Fig. 4. The amplitude 

of the base rock motion is only 65% of the amplitude of the rock outcrop 

motion at the fundamental frequency of the deposit. This difference is a 

function of the impedance ratio between the deposit and the rock and of the 

damping in the deposit. 

The differences in the computed responses resulting from the use of a rigid 

base, relative to the use of an elastic base, depend also on which frequencies 

are dominant in the rock motion. Rock motions with frequency dominance near the 

resonant frequencies of the deposit will be considerably more affected than 

motions with frequency·dominance between the resonance frequencies, see Fig. 4. 

The effect of the elasticity of the base rock is, therefore, not only a function 

of the impedance ratio between deposit and rock and of the damping in the 

deposit, but also of the frequency distribution of the energy in the rock 

motion relative to the resonance frequencies of the deposit. 

An approximation for the free surface motion for one of the layers in 

the system, Fig. 3b, may be obtained in the same way as for the halfspace, 

provided the incident wave component in the outcropping layer and in the 

layer within the system are equal--i.e. E = E'. This is approximately the 
m m 

case when the properties of layer m and all layers below are equal in the 

two systems and when the impedance, p V, is of the same order of magni
m m 

tude as for the halfspace. This is the case for example, in sedimentary 

rock layers overlying a crystalline rock base. For a more accuate solution, 

the motion in outcropping layers must be computed in a separate system from 

the motion in the halfspace. 
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2.3 Transient motions 

The expressions developed above are valid for steady state harmonic 

motions. The theory can be extended to transient motions through the use 

of Fourier transformation. 

A digitized seismogram with n equidistant acceleration values, iij(j•~t), 

j • O, .••• ,n-1, can be represented by a finite sum of harmonic motions: 

n/2 
u<t> - [ 

s=O 

iw t 
s 

(a e 
s 

-iw t 
+ b e s ) 

6 

where w , s•O, •••• ,n/2· are the equidistant frequencies: 
s 

2TT 
w - -- • s s n· ~t 

a and b designates the complex Fourier coefficients: s s 

n-1 
a - .!. [ 

s n . 
0 3= 

-iw t 
"( ) s u t e 

n-1 
b • .!. L 

s n j•O 

iw t 
··c > s u t e 

,21) 

(28) 

(29) 

and each term in Eq, 27 is a harmonic motion oscillating with frequency 

ws. 

If the series in Eq. 27 represent the motion in a layer m, a new 

series representing the motion in any other layer n, is obtained by 

applying the appropriate amplification factor from Eq. 22 to each term in 

the series: 

iw t -iw t 
ii (t) -n A (w ) • (a e 6 + b e 

9 
) 

m,n s m,s m,s 
(30) 

The representation of a discrete motion with its Fourier transform 

gives an exact representation of the motion at the discrete points t • j·~t, 

j • O, •••• ,n-1. Cyclic repetition of the motion with the period T • n·~t 
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is implied in the solution. The solution applies, therefore, to an infinite 

train of identical accelerograms rather than the given single accelerogram, 

For systems with damping this is not of any significant consequence since 

the individual accelerograms can be separated by a quiet zone of zeros causing 

the responses from one cycle to damp out before the beginning of the next 

cycle. 

The Fourier Transformation can be performed in several ways. The SHAKE 

program utilizes the Fast Fourier Transform algorithm developed by Cooley 

and Tukey (1965), which is faster by a factor n/logn over the conventional 

method. This technique computes all values in the series simultaneously. 

The method requires that the number of terms in the series be some power of 

2. A typical analysis using an acceleration record of 800 terms with time

step 6t = .02 sec. will use 1024 values in the Fast Fourier Transform, with 

all values between 800 and 1024 set equal to 0. This will satisfy both the 

requirements of a quiet zone after the acceleration record and that the total 

number of terms must be a power of two. 

3. DESCRIPTION OF PROGRAM SHAKE 

Program SHAKE computes the responses in a system of homogeneous, visco

elastic layers of infinite horizontal extent subjected to vertically 

travelling shear waves. The system is shown in Fig. 2. The program is based 

on the continuous solution to the wave-equation (Kanai, 1951) adapted for 

use with transient motions through the Fast Fourier Transform algorithm 

(Cooley and Tukey, 1965). The nonlinearity of the shear modulus and damping 

is accounted for by the use of equivalent linear soil properties (Idriss and 

Seed, 1968, Seed and Idriss, 1970) using an iterative procedure to obtain 

values for modulus and damping compatible with the effective strains in each 

layer. 
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The following assumptions are implied in the analysis: 

1. The soil system extends infinitely in the horizontal direction, 

2. Each layer in the system is completely defined by its value of 

shear modulus, critical damping ratio, density, and thickness. 

These values are independent of frequency. 

3. The responses in the system are caused by the upward propagation 

of shear waves from the underlying rock formation, 

4. The shear waves are given as acceleration values of equally spaced 

time intervals. Cyclic repetition of the acceleration time 

history is implied in the solution. 

5. The strain dependence of modulus and damping is accounted for by 

an equivalent linear procedure based on an average effective 

strain level computed for each layer. 

The program is able to handle systems with variation in both moduli 

and damping and takes into account the effect of the elastic base. The 

motion used as a basis for the analysis, the object motion, can be given in 

any one layer in the system and new motions can be computed in any other 

layer. 

The following set of operations can be performed by the program: 

1. Read the input motion, find the maximum acceleration, scale the 

values up or down, and compute the predominant period. 

2. Read data for the soil deposit and compute the fundamental period 

of the deposit. 

3. Compute the maximum stresses and strains in the middle of each sub

layer and obtain new values for modulus and damping compatible with 

a specified percentage of the maximum strain. 
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4. Compute new motions at the top of any sublayer inside the system 

or outcropping from the system. 

5. Print, plot and punch the motions developed at the top of any 

sublayer. 

6. Plot Fourier Spectra for the motions. 

7. Compute, print and plot respo~se spectra for motions. 

8. Compute print and plot the amplification function between any two 

sublayers. 

9. Increase or decrease the time interval without changing the pre

dominant period or duration of the record. 

10. Set a computed motion as a new object motion. Change the accelera

tion level and predominant period of the object motion. 

11. Compute, print and plot the stress or strain time-history in the 

middle of any sublayer. 

These operations are performed by exercising the various available options 

in the program. A list of these options is given in Section 5, Required 

Input Data. 

4. SYSTEM AND OPERATION DOCUMENTATION 

4.1 Computer equipment 

The program has been developed on a CDC 6400 computer using FORTRAN IV 

language. The CDC 6400 has a 131 k core memory and uses a 60 bit words. 

The program has been run without modifications on CDC 6600, 7600 and 

UNIVAC 1108 computers, and with minor modifications on IBM 360 and 370 

computers. 
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4.2 Storage requirements 

The program requires approximately 50,000 octal words of storage 

excluding the blank common X. The additional storage is a function of the 

maximum number of terms used in the Fourier Transform as shown in 

Table 1. 

Table 1. Storage Requirements 

Number of Length of Field length 
terms array X octal 

0 0 50,000 

512 3220 57,000 

1024 6420 65,000 

2048 12820 102,000 

4096 25620 134,000 

8192 51220 220,000 

4.3 Runtime 

The runtime is a function of the number of terms, n, used in the 

Fourier Transformation and of the number of sublayers in the deposit. The 

time involved in the Fast Fourier Transformation is proportional to 

n·logn; all other operations are approximately proportional ton. In the 

computation of strain compatible soil properties, the time will also 

increase in proportion to the number of sublayers. 
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Table 2. Runtirnes. 

Number of Time Run time 
terms interval, sec. sec. 

512 .04 45 

1024 .02 80 

2048 .01 170 

5. REQUIRED INPUT DATA 

5.1 Organization of input data. 

Following is a description of the operations performed by the different 

options, the required format for the input data, and explanations of some 

of the input parameters. 

The various options can be executed and repeated in any logical sequence. 

The operations in an option will be performed on the data given or computed 

in the program when the option is called, and the data may be changed at any 

time during the execution by repeating the option with new data. 

For example, in order to compute new motions in a sail deposit, (Option 5) object 

motion (Option 1), soil profile data (Option 2), specification of location 

of object motion (Option 3), dynamic soil property-strain relation (Option 8), 

and strain iterations (Option 4--if strain compatible properties are desired), 

must precede Option 5. Soil responses for a new (additional) soil deposit 

may be obtained by repeating Options 2, 3, 4, and 5. The last-read soil 

deposit may be subjected to a new earthquake by repeating Options 1, 4, and 5. 
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5.2 Initialization card (15,FlO.O) 

Cols. 1-5 MAMAX Maximum number of terms to be used in the 
Fourier Transformation in any of the problems 
to be run. Must be a power of 2 such as 512, 
1024, 2048, etc. 

6-15 SKO Coefficient of earth pressure at rest for sand 
layers. If blank the value is set equal to 
0.45. May be left blank if all layers are clay. 

After the initialization card follows one run option card. 

5.3 Run option card (IS) 

Cols. 1-5 KK Run of option 

0 - stop, no more data 
1 - read input motion, and set as object motion 
2 - read soil profile data 
3 - assign the object motion to a specified 

sublayer 
4 - iterate to obtain strain-compatible soil 

properties 
5 - compute new motions at the top of specified 

sublayers, print maximum accelerations and 
punch acceleration time history 

6 - print or punch acceleration time history of 
object motion or any specified computed 
motion 

7 - roodify object motion or set the motion in any 
specified sublayer as new object motion 

8 - read relations between dynamic soil properties 
and strain 

-9 - compute response spectra for any specified 
motion 

10 - increase time interval in motions 
11 - decrease time interval in motions 
12 - plot Fourier Spectrum of object motion 
13 - compute and plot Fourier Spectrum of motion 

in any specified sublayer 
14 - plot acceleration time history of object 

motion or any specified computed motion 
15 - compute and plot amplification function 

between any two specified sublayers 
16 - compute and plot stress or strain history in 

the middle of any specified sublayer. 

After the run option card follows the data set for the selected 

option: 
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5.4 Data cards and explanatory notes for the various options 

Option 1. Read Input Motion. 

Operations performed 

(1) Acceleration values are read from cards. 

(2) The sequence of the cards is checked" 

(3) The maximum acceleration value in the record is found, 

(4) 

(5) 

(6) 

(7) 

The acceleration values may be scaled either by a specified 
factor or to a specified maximum acceleration. 

Trailing zeros are added to the record to obtain sufficient 
length on the quiet zone (a) and a total number of values 
which are a power of 2. 

The higher frequencies in the record are removed and the 
maximum acceleration in the modified record is found--optional" 

The motion is set as t~e new object motion, 

Data Cards 

1st Card (2I5,Fl0.0,5A6) 

Cols. 

2nd Card 

Cols. 

1-5 NV 

6-10 MA (a) 

11-20 DT(b) 

22-50 TITLF.(I) 

(3Fl0.0) 

1-10 XF 

Number of acceleration values to be read 
from cards 

Number of values to be used in Fourier 
transform Must be a power of 2, 

Time interval between acceleration values 
(sec.) 

Identification for earthquake. 

Multiplication factor for acceleration 
values, Used only if XMAX is 0, left 
blank otherwise, 

11-20 XMAX Maximum acceleration value to be used. 
The acceleration values in the record will 
be scaled to give maximum acceleration= 
XMAX, unless XF is left blank. 

21-30 FMAX(c) Maximum frequency to be used in the 
calculations. Acceleration amplitudes 
at all frequencies greater than FMAX are 
set equal to 0. 

3rd and consecutive cards. Acceleration record. (8F9.6,I7) 

Cols. 1-72 X(I) 

73-79 K 

8 acceleration values. (g's) 

Card number. W3rning will be given for 
cards not in sequence. 
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Explanatory notes for Option~-

(a) The acceleration values bet~een NV and MA are set equal to 0. in the 

program. Cyclic repetition of the motion is implied in the Fourier 

transform and a quiet zone of O.'s or low values are necessary to avoid 

interference between the cycles. For most problems a quiet zone of 2-4 

seconds is adequate with longer time required for profiles deeper than 

about 250 ft andior damping values less than about 5 percent. 

(b) The predominant period of the earthquake record can be changed by 

altering the time interval 6t from that originally assigned to the 

acceleration record. If the original record has time interval 6t, and 

corresponding predominant period T1 , a new predominant period r 2 is 

obtained by changing the time interval to 

(c) Frequ£ncies above 10-15 c/sec carry a relatively small amount of the 

energy in earthquake motions, and the amplitudes of these frequencies 

can often be set equal to 0 without causing any significant change in 

the responses within a soil system. Table 3 shows the maximum accelera

tions and strains in the soil system used in the example run, sect. 6, 

computed for the Pasadena motion with time interval 0.02 sec and a 

maximum frequency of 25 c/sec. Results are also shown for the same 

motion with all amplitudes above 5 c/sec set equal to 0, The difference 

in maximum accelerations was less than 6.5% and in maximum strains less 

than 0.7% in the two cases. The difference in response spectral values 

was less than 1% for periods above 0.2 sec and less than 10% for periods 

from .O co 0.2 sec, 

D.1-23 
339-890 0 - 81 - 29 



t;:j . 
1-J 
I 

N 

""" 

Depth 

0 

7 

20 

30 

42 

62 

80 

100 

120 

Table 3. Effect of the Higher Frequencies on the 
Maximum Accelerations and Strains. 

Maximum acceleration, g's Difference Maximum strain.% 
f .. 25 c/sec 5 c/sec % f ""25 c/sec 5 c/sec max max 

.0971 .0962 .9 
.00725 .00724 

.0958 .0949 .3 
.1292 .1283 

.0600 .0599 .1 
.0391 .0390 

.0553 .0556 .6 
.0287 .0287 

.0508 .0507 .2 
.00982 .00989 

.0470 .0469 .2 
.0505 .0504 

.0319 .0299 6.3 
.0349 .0348 

.0239 .0235 1.7 
.0320 .0319 

.0178 .0189 6.2 

Difference 
% 

.1 

.7 

.3 

-
.7 

.2 

.3 

.3 



In the computation of responFes in deep soil systems from a motion given 

near the surface of the deposit, errors in the higher frequencies will be 

amplified and may cause erroneous results, To avoid this source of error, 

the amplitudes of all frequencies above 10-20 c/sec, may be set equal to 0,, 

since these frequencies generally are of little interest and do not affect 

the response. Several runs should be performed with different amounts of 

the higher frequencies removed to investigate the effect on the response and 

to ensure a stable solution. 

Removal of the higher frequencies in a motion has a smoothening effect 

on the acceleration time history as shown in Fig. 5 for a segment of the 

Pasadena motion. In this case the maximum acceleration for the modified and 

original motion were approximately equal, but the maximum accelerations may 

decrease or increase with the removal of the higher frequencies depending on 

the shape of the acceleration curve near the maximum value. 

Option 2. Read Data for Soil Deposit. 

Operations performed 

(1) The properties of the soil deposit are read from cards. 

(2) The sequence of the layer cards is checked. 

(3) The layers are subdivided into sublayers--optional. 

(4) Effective pressures in the middle of each sublayer are 
computed. 

(5) The fundamental period of the deposit is computed, 

let Card (3I5,6A6) 

Cols. 1-5 MSOIL 

6-10 ML(a) 

Data Cards 

Soil deposit number. Can be left blank. 

Number of layer cards to be read including card 
for halfspace. There is one card for each 
layer whose properties are individually 
specified,(b) 
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Cols. 11-15 MWL 

17-51 IDNT(I) 

Number of first submerged sublayer (b). 
{If no ground water table present, put 
groundwater table at top of halfspace.] 

Identification for soil profile. 

2nd and consecutive carda. One card for each layer including 
halfspace. (3I5,6Fl0.0,FS.O) 

Cols. 1-5 K 

10 

11-15 NLN(a,b) 

16-25 HL (a) 

26-35 GMOD(d) 

36-45 B(d) 

46-55 w 

56-65 vs<d) 

66-75 FACTOR(c) 

76-80 BFAC 

Layer number. The layer cards must be in 
sequence with the surface layer as layer 1. 
Note that the number of layers may be~ the 
number of sublayers(b). 

Soil type 
1 - clay 
2 - sand 
3 - rock 

Number of sublayers in layer K. The Kth 
layer will be divided into NLN sublayers of 
thickness• HL/NLN.* 

Layer thickness (ft.) 

Initial estimate of shear modulus (kips/sq.ft.) 
Not necessary if VS is given. 

Initial estimate of critical damping ratio 
(decimal). 

Unit weight (kips/cu. ft.). 

Initial estimate of shear wave velocity 
(ft/sec). Not necessary if GMOD is given. 

Factor for shear modulus 
Clay - F • undrained shear strength 

c (kips/sq. ft.) 
Sand - F • factor modifying the average 

s curve read in under Option 8. 
Set F • 1. for no change. 

s Rock - FR• Shear wave velocity for low strain 
values-in thousands of ft./sec. 

Factor modifying the standard damping curve read 
in under Option 8. For example, a factor of 1.2 
increases each and every value by 20 percent. 

For the elastic half space, soil layer card number ML, it is sufficient 

to give values for K, GMOD or VS and W. 

*Maximum total number of sublayers including the base is 20. 
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Explanatory notes for Option 2. 

(a) With the wave propagation method the responses can be computed in a 

homogeneous layer of any thickness. A soil deposit will, however, have 

varying properties not only due to the variation in the soil itself but 

also due to the differences in the strain-level induced during shaking. 

Since the soil deposit must be represented by a set of homogeneous 

layers, each with a constant value of modulus and damping, the thickness 

of each layer must be limited based on the variation in the soil 

properties. For a fairly uniform deposit, a sublayer thickness 

increasing from about 5' at the surface to 50-200' below 100' depth 

should give sufficient accuracy. Accuracy may be checked by making a 

trial run and comparing results with a subsequent run where more layers 

and/or sublayers are used. 

(b) The division of a layer into sublayers is for convenience to avoid 

punching of several cards with the same properties, and all sublayers 

are treated as separate layers in the following computations. The 

sublayers are numbered consecutively starting at the top of the soil 

deposit and the halfspace is counted as the last layer and the last sub

layer in the deposit. 

(c) Computations of shear moduli for the different soil types are based on 

the following expressions: 

Clay G • K • F 
C C C 

Sand G =- K • 1000 . (o')l/2 . F s s m s 

Rock G • KR • p . (1000 • FR) 2 /2000. R 
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where 

K • strain function given in Option 8. 

F • factor given as input (FACTOR) 

p • mass density in kips/cu. ft. 

cr' • mean effective pressure (psf). 
m 

The strain function for clays.K I gives the average relationship 
C 

between G/S and strain for saturated clays. While the undrained shear 
u 

strength of the clay 1 S , is normally used in this modulus-strain 
u 

relation, the factor for clay, F, should be given a value which gives 
C 

the correct modulus-strain relation; thus F is not neceasarily equal 
C 

to S • If the modulus of the clay is found from seismic investigations, 
u 

the value of F should be set to G /K where K is the value for 10-~ 
C C C C 

percent strain in the curve given in Option 8. 

(d) The modulus and damping are in general used as initial values on the 

first iteration for the computation of strain-compatible properties, 

but they can also be used directly to compute the responses for the 

values given, by omitting Option 4. Typical values of the modulus for 

strong shaking are of the order of 500 kips/sq. ft. near the surface 

increasing to 3000 kips/sq. ft. at 100-200' depth for sand. 500-

2000 kips/sq.ft. for clay with values as low as 50-100 kips/sq. ft. for 

soft clay. Usually 3-5 iterations are sufficient to obtain strain 

compatible values within a 5-10% error limit. 

The results are not highly sensitive to errors in the damping ratio 

and values selected between 0.05 to 0.15 will usually give strain

compatible values with 2 to 3 iterations. 
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Option 3. Assign Object Motion to a Specified Sublayer. 

Operations performed 

The object motion is assigned to the top of one sublayer in the soil 

deposit. 

1st Card (215) 

Cols. 1-5 IN 

6-10 INT 

Data Cards 

Number of sublayer where object motion is 
assigned. 

Type of sublayer 
0 - Outcropping(a) sublayer 
1 - sublayer within profile 

Explanatory notes to Option 3. 

(a)See Section 2.2. 

Option 4. Obtain Strain Compatible Soil Properties. 

Operations performed 

(1) Parameters for the iterations are read from card. 

(2) Maximum strains, stresses and times for the maxima are computed 
in the middle of each sublayer. 

(3) Effective strains are obtained from the maximum strains and used 
to compute new soil properties. 

(4) The operation is repeated until strain-compatible soil properties 
are obtained within a given error limit or until a specified 
maximum number of iterations is reached. 

(5) The fundamental period of the deposit is computed after the final 
iteration. 

(6) A set of soil data cards with the new strain compatible properties 
is punched--optional. 
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1st Card (2I5,2Fl0.0) 

Cols. 1-5 KS(a) 

6-10 ITMAX(b) 

11-20 ERR(b) 

21-30 PRMUL(c) 

Data Cards 

Set equal to 1 for punched set of soil data 
cards with the soil properties after final 
iteration. Leave blank if punched cards are 
not wanted. 

Maximum number of iterations. 

Maximum acceptable difference between the 
last-used modulus and damping values and 
the strain-compatible values (percent). 

Ratio between effective strain and maximum 
strain (decimal). 

Explanatory notes for Option 4. 

(a) The most time consuming part of the computations is to obtain strain 

compatible soil properties. A set of soil data cards with strain

compatible properties may save computer or punching time if 

additional computer runs are to be made subsequently. 

(b) The iterations stop when the specified maximum number of iterations 

(ITMAX) is reached or when the difference between the modulus and 

damping used and the strain-compatible modulus and damping values 

is less than the acceptable difference (ERR). Usually 3-5 itera

tions are sufficient to obtain an error of less than 5-10%. The 

values given as "new values" in the final iteration are used in all 

computations following Option 4, and the actual error is less than 

the error values given in the final iteration. 

(c) The effective strain is used to compute new soil properties. The 

ratio between the effective and the maximum strain has been 

empirically found to be between 0.5 and 0.7. The responses, however, 

are not highly sensitive to this value and an estimate between 0.55 

to 0.65 is usually adequate, with the higher value appropriate for 

giving more uniform strain histories. 
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Option S. Compute Motion in Specified Layers. 

Operations performed 

(1) The acceleration time history is computed at the top of specified 
sublayers. 

(2) The maximum acceleration and times for maxima are printed for the 
computed motions. 

(3) 

(4) 
The computed acceleration time histories may be punched--optional. 

The acceleration time histories may also be printed or plotted 
(Option 6, 7 and 14)(a). 

Data Cards 

1st Card (1515) 

Cols. 1-75 115(1) 

2nd Card (1515) 

Cols. 1-75 LT5(1) 

3rd Card (1515) 

Array showing the numbers of the sublayers at 
the top of which the motion is to be computed. 
Maximum of 15 locations. 

Array specifying types of above sublayers. 
0 - outcropping {b) sublayer 
1 - sublayer within profile 

Cols. 1-75 LP5(l)(a) Array with mode of output for the computed 
motions. 

0 - max. acceleration value only printed. 
1 - punched cards giving acceleration time 

history in addition to the printed 
maximum acceleration value. 

Explanatory notes for Option 5 

(a) The acceleration time histories can be printed or plotted through 

the use of Option 7 where a specified motion is set as the new 

object motion. Subsequent use of Options 6 and 14 give respectively 

a printed and a plotted output of the acceleration time history of 

the motion. 

(b) See section 2.2. 
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Option 6. Print or Punch Object Motion. 

Operations performed 

(1) Maximum acceleration and time at which maximum occurs are found. 

(2) The object motion is printed--optional. 

(3) The object motion is punched on cards--optional. 

Data Cards 

1st Card (IS) 

Col. 5 K2 Selects mode of output. 

K2 ... 0 
1 
2 

Max. acc. only 
Punched output 
Printed and punched output. 

Option 7. Change Object Motion. 

Operations performed 

(1) A motion at the top of a specified sublayer can be set as the new 
object motion and printed or punched (Option 6) or plotted 
(Option or used for subsequent computations--optional. 

(2) The time step in the object motion can be changed--optional. 

(3) The acceleration level in the object motion can be changed-
optional. 

Data Cards 

1st Card (2I5.2Fl0.0) 

Cols. 1-5 LLl Number of sublayer. Use O if object motion 
originally assigned is to be retained(a). 

6-10 LTl Type of above sublayer 
0 - outcropping Cc) sublayer 
1 - sublayer within profile 

11-20 XF Multiplication factor for acceleration values--1. 
for no change. 

21-30 D'INEW New timestep (b). 

Explanatory notes for Option 7 

(a) The acceleration level and timestep can be changed either on the 

motion originally set as the object motion, or on the computed 
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motion which is set as the new object motion through Option 7. 

(b) A change in time interval will change the predominant period of 

the motion. If the time interval and predominant period of the 

original motion are ~t
1 

and T
1

, respectively, a new predominant 

period t 2 is obtained by changing the tima interval to 

Cc) See section 2.2. 

tion 8. Read the relation between the Effective Strain 
an the Dynamic Properties 

Operations performed 

(1) Effective strain values with corresponding values for damping 
and moduli a.re read from cards. 

(2) Parameters are computed for interpolation of modulus and damping 
values using a linear semilogarithmic relation between the given 
values. 

(3) The relationship between the dynamic properties and the strain is 
plotted--optional. 

1st Card (3I5,FlO,O,1OA6) 

Cols. 1-5 NSOILT 

10 NPL(b) 

11-15 NN(b) 

16-25 
26-80 

SC 

Data Cards 

Number of different soil or rock types to be 
read, Maximum 4,(a) 

Set equal to 1 for plot of curves. 

Number of strain-values in each logarithmic 
unit to be plotted. 

Maximum value of the ordinate in the plotting. 
Title or identification data. 

Next follows two sets of cards for each soil or rock type. The first 

set gives the relationship between the shear modulus parameters (C) and 

the effective strains; the second set give the relation between the 

critical damping ratios and the effective strains. 

shown on page D,1-49. 
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First Set: 

1st Card 

Cols. 

(15 ,F5. O,ll.A6) 

1-5 NV(L) 

6-10 FPL(L)(b) 

12-76 ID(L,I) 

Number of strain values to be read. 
Maximum 20. 

Multiplication factor for shear-mod~lµe 
parameter. Used for plotting only.lb) 

Identification for first data set. Used 
for plotting only. 

2nd and consecutive cards (8Fl0.0) 

Cols. 1-80 X(L,I) Effective strain values in percent 
beginning with the lowest value. 8 values 
per card with maximum of 20 values. 

Consecutive cards (8Fl0.0) 

Cols. 1-80 Y(L, I) 

Second Set: 

Values of the 
corresponding 
above. Eight 
maximum of 20 

(c) 
shear modulus parameter 
to the strain values given 
values per card with 
values. 

The input format for the second set is identical to that for the first 

set with values of critical damping ratios in percent instead of the 

values for the shear modulus parameter. 

Explanatory notes- for Option 8. 

(a) Three different soil or rock types can be used in the program as 

described in Option 2. The relationships between effective strains 

and the dynamic properties must be read in the same sequence as the 

soil type using the notation: 

1 - Clay 

2 - Sand 

3 - Rock 

(b) The values for the shear modulus parameter and the damping can be 

plotted against the effective strains. If plotting is specified 

(NPL • 1). values for the shear modulus parameter and damping are 
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computed for a specified number of effective strains (NN) in each 

logarithmic unit. The computed values should be scaled (FPL(L)) to 

obtain good representation of all curves on the same plot. The 

scaled values and the corresponding effective strains are also 

printed. 

(c) The values are used to compute the shear modulus for the different 

soil types. The relationship for sand and clay used in the program 

is based on the expressions given by Seed and Idriss (1970): 

~(~ 
Clay K (y) = --

c Su 

Sand 

The relationship used for rock is the scaled ratio between the shear 

modulus at low effective strain (10-~ percent) and the shear modulus 

at a specified effective strain: 

Rock 

Option 9. Compute Response Spectra 

Operations performed 

(1) The motion is computed at the top of a specified sublayer. 

(2) Times for maxima in the acceleration, velocity and displacement 
spectra are computed and printed. 

(3) Acceleration and velocity spectra may be plotted and/or punched on 
cards--optional. 

1st Card (215) 

Cols. 1-5 

10 

LLl 

LTl 

Data Cards 

Sublayer number. Use O if the response spectra 
are to be computed for the object motion. 

Type of sublayer. 
0 - outcropping sublayer 
1 - sublayer within profile. 

The response spectra are computed for the motion at 
the top of the sublayer. May be left blank if LLl is O. 
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2nd Card (515) 

Col. 5 ND 

3rd Card 

10 KP 

15 KAV 

20 KPL 

25 KPER 

(6FlO.O) 

Total number of damping values to be used. 
Maximum 6 values. 

Set equal to 1 for punched output. 

Select plot and punch option: 
0 - plot and/or punch velocity spectrum 
1 - plot and/or punch acceleration spectrum 
2 - plot and/or punch acceleration and velocity 

spectrum. 

Set equal to 1 for plot of spectra according to KAV. 
All spectra computed since last plotting will be 
plotted together. 

Select periods to be used in the computations: 

KPER • 0 
9 steps from 0.1 sec to 1. sec 
5 steps from 1. sec to 2. sec 
4 steps from 2. sec to 4. sec 

KPER • 1 
18 steps from 0.1 sec to 1. sec 
10 steps from 1. sec to 2. sec 

8 steps from 2. sec to 4. sec 

KPER • 2 
38 steps from 0.05 sec to 1. sec 
20 steps from 1. sec to 2. sec 
30 steps from 2. sec to 5. sec 

KPER • 3 
Logarithmic increments with 10 steps in each 
log. unit from 0.1 to 5. 

KPER • 4 
Logarithmic increment with 25 steps in each 
log. unit from 0.05 to 10. 

Cols. 1-60 ZLD(I) Values of critical damping ratios in decimal 
to be used in the spectral analysis. ND 
number of values must be given. 

Option 10. Increase the Time Interval 

Operations performed 

The time interval is increased. 
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Data Cards 

1st Card (IS) 

Cols. 1-5 IFR(a) Factor for increasing time interval. Must be a 
power of 2. 

Explanatory notes for Option 10 

(a) The Fourier Transformation of a given acceleration time history 

consists of a series of harmonic motions 

n/2 iw t 

ii(t) • L (ase s + b
8

e 
s•O 

-iw t 
s ) 

With the harmonic motions given, acceleration values can be computed 

for any value of the time, t, and a new acceleration time history 

can be generated with a time interval different from the original. 

Suppose, for example an acceleration record is given with 2048 

values and a timestep ~t • 0.01 sec. Through Option 10 with IFR • 2 

a new record with 1024 values and timestep 0.02 sec is generated. 

The acceleration values in the two records are identical at all 

times n • .02 sec., n • 1,2 .•• 1024. The new record has a maximum 

frequency of 25 c/sec. compared to 50 c/sec. in the original 

records, and frequencies from 25 c/sec. to 50 c/sec. are lost in the 

operation. 

Increasing the time interval reduces the computer time as shown 

under sect. 4.3. For computation of maximum accelerations a time 

interval of 0.02 sec. will generally give adequate accuracy while 

a time interval of 0.04 sec. may be sufficient for the computation 

of the stresses and strains in a deposit. 
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The difference in maximum accelerations and strains resulting 

from the use of different time intervals are shown in Tables 4 

and 5 for the example run. The effect may be somewhat higher 

for earthquakes with lower predominant periods and for stiffer 

soil systems. 

Option 11. Decrease the Time Interval 

Operations performed 

The time interval is decreased. 

1st Card (IS) 

Col. 1-5 IFR(a) 

Data Cards 

Factor for decreasing the time interval; must be 
a power of 2. 

Explanatory notes for Option 11. 

(a) See explanation to Option 10. Through Option 11 a new time history is 

generated with the time interval reduced by a power of 2. Compared 

with the usual linear interpolation, this method has the advantage 

of not introducing additional frequencies to the motion. 

Option 12. Plot Fourier Spectrum of Object Motion 

Operations performed 

(1) The Fourier Spectrum of the object motion is plotted. 

(2) The spectrum may be smoothed--optional. 

Data Cards 

1st Card (315) 

Cols. 5 Kl Select for plotting: 

339-890 0 - 81 - 30 

0 - Store spectrum for later plotting. Max. of 
2 spectra can be plotted together. 

1 - Plot all spectra stored since last plotting. 

6-10 NSW(a) Number of times the spectrum is to be smoothed. 

11-15 N Number of values to be plotted--maximum of 2049. 
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Table 4. Effect of Time Interval on Maximum Strain. 

Depth Computed Maximum Strain% 

6t • .01 6t • .02 6t • .04 

3.5 .00727 .00725 .00725 

13.5 .129 .129 .127 

25. .0392 .0391 .0390 

36 .0287 .0287 .0285 

52 .00982 .00982 .00981 

71 .0505 .0505 .0505 

90 .0350 .0349 .0348 

110 .0320 .0320 .0316 
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Table 5. Effect of Time Interval on Maximum Acceleration. 

Depth Maximum Acceleration 

6t • .01 llt • .02 6t • .04 

0 .0971 .0971 .0967 

7 .0960 .0958 .0954 

20 .0598 .0600 .0590 

30 .0554 .0553 .0548 

42 .0508 .0508 .0498 

62 .0471 .0470 .0462 

80 .0317 .0319 .0318 

100 .0238 .0239 .0242 

120 .0181 .0178 .0178 
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Explanatory notes to Option 12. 

(a) The expression used to smooth the spectrum is: 

where Ai is the acceleration amplitude for the i th frequency. 

Option 13. 
(c) 

Plot Fourier Spectrum of Computed Motions 

Operations performed 

(1) The motions at the tops of the specified sublayers are computed. 

(2) The Fourier Spectra for the computed motions are plotted and 
printed. 

(3) The spectrum may be smoothed--optional. 

1st Card (SIS) 

Cols. 1-5 LL(l) 

10 LT(l) 

15 LP(l) 

16-20 LNSW(l)(a) 

21-25 LLL(l) 

2nd Card (SIS) 

Data Cards 

Sublayer number. 

Type of sublayer: 
0 - Outcropping(b) sublayer 
1 - Sublayer within profile. 

Select for plotting: 
0 - Store spectrum for later plotting; 

max. of 2 spectra can be plotted 
together 

1 - Plot all spectra stored since last 
plotting. 

Number of times the spectrum is to be 
smoothed. 

Number of values to be plotted. 
Max. of 2049. 

As for Card 1 for a second motion. A blank card must be used if only 

one spectrum is to be computed. 

Explanatory notes for 02tion 13 

(a) See Option 12. 

(b) See section 2.2. 

(c) See section 2.3. 
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Option 14. Plot Time History of Object Motion(a). 

Operations performed 

The time history of the object motion is plotted. 

1st Card (2I5) 

Cols. 1-5 NSKIP 

Data Cards 

Number of values skipped in the plotting. 
0 - every value is plotted 
1 - every second value is plotted 
etc. 

6-10 NN Number of values to be plotted. Max. of 
2049 values. 

Explanatory notes to Option 14. 

(a) The time history of a computed motion can be plotted by setting 

this motion as the object motion through Option 7. 

Option 15. Compute Amplification Spectrum. 

Operations performed 

(1) The amplification spectrum between any two sublayers in a given 
soil system is computed. 

(2) The maximum amplification and the corresponding period are printed. 

(3) The amplification spectrum may be plotted and printed--optional. 

1st Card (SIS, F5.0,8H6) 

Cols. 1-5 LIN(a) 

6 LINT 

11-15 LOUT(a) 

20 LOTP 

25 

Data Cards 

Number of first sublayer. 

Type of first subt~Jer 
0 - outcropping sublayer 
1 - sublayer within profile 

Number of second sublayer. 

Type of second sublayer 
0 - outcropping sublayer 
1 - sublayer within profile. 

Select for plotting: 
0 - Store spectrum for later plotting. 

Maximum of 8 spectra can be stored. 
1 - Plot all spectra stored since last 

plotting. 
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26-30 DFA Frequency steps. The amplification factor is 
computed for the first 200 frequencies with 
interval DFA c/sec. beginning at 0. 

32-78 IDAMP(I) Identification. 

Explanatory notes to Option 15. 

(a) The amplification factors are computed from the first sublayer 
to the second. 

(b) See section 2.2. 

Option 16. Compute Stress or Strain History in the Middle of Specified 
Sublayers. 

Operations performed 

(1) The stress and/or strain time history in the middle of any two 
specified sublayers are computed. 

(2) The computed time histories may be plotted or punched on cards. 

1st Card (5I5,Fl0.0,5A6) 

Cols. 1-5 

10 

15 

20 

21-25 

26-35 

37-65 

LLL(l) 

LLGS (1) 

LLPCH(l) 

LLPL(l) 

LNV(l) 

SK(l) 

ID(l,) 

Data Cards 

Sublayer number. The stress or strain history 
is computed on the middle of the sublayer. 

Select type of response: 
0 - strain 
1 - stress 

Set equal to 1 for punched output. 

Set equal to 1 for plotting. 

Number of values to be plotted; maximum of 2049. 

Scale for plotting--i.e. maximum value of 
ordinate. If blank, the largest value in the 
response is set as the maximum value of the 
ordinate. 

Identification. 

2nd Card. As for Card 1 for second sublayer. Use blank card if only 
one response is to be computed. 
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6. EXAMPLE RUN 

6.1 Selection of soil system and input motion. 

An example problem is shown in Fig. 6. Maximum accelerations, stresses 

and strains in the soil deposit and response spectra for the surface accelera

tions are wanted for a magnitude 7.4 earthquake occuring 100 miles from the 

site. 

Based on the relations given by Seed and Idriss (1970), the soil system 

shown on Fig. 7 was selected for analysis. The factors used for clay are 

equal to the undrained shear strength in kips/sq. ft. The factors for sand 

are estimated from relative densities and content of gravel. 

The motion in rock for a magnitude 7.4 earthquake 100 miles from the 

causative fault is estimated to have maximum acceleration of .02g and a 

predominant period of 0.65 sec (Schnabel and Seed, 1972; Seed et al., 1969). 

Among the available strong motion records, the Pasadena record from the 1952 

Kem County earthquake seems to have characteristics most similar to those 

desired. The magnitude of the earthquake was 7.7, the record was obtained 

some 75 miles from the fault, the maximum acceleration was 0.057g and the 

predominant period was 0.65 sec. Modification of this record to·give a maximum 

acceleration 0.02g gives the desired characteristics for the motion in an 

outcropping rock formation near the example site. 
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Depth Soil Deposit 

0- :: :·. ·: . : ·: :. Sand Dr= 45 % 

Clay Su= 250 psf 

Clay Su = 750 psf 

~ Clay Su= ll50psf 

. . . . 
50 -

. · .. ~--: 
Sand .. with . . . . . . 

•• 0 
some gravel 

... 
·O .•. 

. . 

Cloy Su= 1400 psf 

~ 
Distance from causative 

Cloy Su= 2000 psf 
fault: 100 miles 

100 

~ 
Earthquake magnitude: 7.4 

Clay Su= 2250 psf 
W.L. _ _c-

///.::::_'/// 
Rock Vs= 8000 fYsec 

Fig. 6 EXAMPLE PROBLEM 
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Depth 

o-

50-

100-

Soi I type Factor 

2 0.7 

0.25 

0.75 

1.15 

2 1.25 

1.4 

2.0 

2.25 

Half space V5 = 8000 ft/sec 

Motion in outcropping rock: 

Pasadena record from 
the 1952 Kern County 
earthquake sealed to 
0.02 o maximum accel
eration. 

Fig. 7 SYSTEM USED IN THE ANALYSIS OF THE EXAMPLE 
PROBLEM 
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6.2 Input data for the analysis. 
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ECC SEISMIC DESIGN OF HIGHWAY BRIDGES 

Appendix D.2 

EXAMPLE SHAKE PROBLEM 

STUDENT TEXT 

Given: Example Boring Log & Data (Fig. D.2.1) 0.35g peak outcrop 
acceleration. 0.2 sec predominant period in rock motion. 
(Use rock motion R0l--Appendix D.3) For soil property/strain 
relationships, (Option 8), Use the Standard Option 8 data in 
Appendix D.l. (28 cards) 

(1) using the SHAKE Program: 

(a) Model the soil column using at least 10 layers. 

(b) Compute 5 ~ercent damped spectra at: 

(1) rock outcrop 

(2) footing level 

(2) Compute and plot a smooth amplification spectra (S) at the footing 
level by dividing the footing level response by the outcrop 
response: 

Plot for at least the following periods (sec): 

0.1, 0.15, 0.2, 0.3, 0.4, 
0.6, 0.8, 1.0, 1.5, 2.0, 
3.0, 4.0 and 5.0 sec. 

(3) Compute and plot a smooth elastic design spectra (A.R.S), using 
A=0.35g, the computed S spectra and the normalized rock spectrum 
(R) used in AASHTO [Interim 1975 pg.21). Compare this computed 
spectra with Standard AASHTO elastic spectra. 
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-0.00~37 -C.17127 -0.3C640 -0.31SS3 
0,24098 -0,11575 -0,29563 -0.17409 
0,C7539 0,1634r. C,20504 0,12226 

-o, □ ~725 -0,07471 
-C.ll60S -o.:c734 

0.1C24:? 
G.~::2~5 

-fJ,13042 
-0 ,22416 

C.00902 
0 ,Ht:15 

o.:;.2112 
O,l2c5" 
C,4::344 O ■ ':F:.43 C,02522 

-o.1s&35 -0,1R408 -o.1~r;,a 
o.01e23 o, □ 4651 o~os2°1 

-0.17613 -0.14252 -0.09449 
0,00590 -0,32528 -0,50340 
0,146q2 0,00101 -0.04467 
D ■ 1CA72 0,20794 0,1~324 
0,1&629 0,21324 0.3~968 

-Q.2f247 -0.3~272 
-O.l4C?4 -c.c~SE3 
-Q.C~~l~ -0.11787 
-Q. 1l:'27 

0,17leS 
-Q.3G49~ 

0.11060 
-0.00337 
-0,47P43 

0,04861 
-0.03:.270 

0.54237 

-fJ.44372 
Q,4£;002 

-o.s1°11 
0,1'::E:S3 
0.17$12 

-o ,2';.383 
0,16305 

- 0 , 2·0 6 5 S 
C ,"f?E:3 

-C,?.21C8 
0.013(~.Q 

-0.10~10 

-0.17fP5 
S.Ot.1:4 

- 0., 0 1: 3 E- D 
-0,46257 -0.12107 
0.-Sl □ E::0 0,42:0G 

-C.~R~88 -C.~1447 
O,lCCC'~ -0,03':33 
C.?.8598 0,47521+ 

-0,03E8q 0,173b5 
G,lb:-.73 0,07342 

-C,194~2 -0,03232 
D,?3626 -0.034bB 

-o.3ro3s -o.2sc5g -n.l84~S 
-O,OOE43 0,31°48 C,4~1S9 

0,07466 0,21584 C,30692 

-0.1"133 -0.1078~ -Q.28~26 
o,35n22 0.017P4 -D.2S42C 
0,33315 O,ln211 -O,l~F02 

-C.342'J7 
-o • .:s:e::,n 
-c,.s:se.rrn 

-0,4030i:: 
0,1443c; 

-0.17022 

-C,C2C07 0,154SB 0,04728 
0,03E-,72 

-O,CP995 -0,00755 
-0,11R73 -C,1G~40 

Cl.14317 G.3')556 0.3259C G.13648 
-0,15413 -C,C71S~ 

0,5C720 0,?.1406 
-0,24:.245 -O,C9427 

o.os22"' o.o~u,s 

0.034!:l 
-0.0::249 

o,l24cG o.2oos1 
-0,31517 -0.4f803 

-0,0597S 
O,OPE,48 

-o, 12i?,42 
0,07b21 

o.c1~s1 o.231sr o.11s1s o.011c~ 
O,c~c7~ -0,0312~ -G,092~~ -0.03~17 

-Q.040µc - □ ,12P73 -C,09P~8 O.G48~1 
0,1-117 C,1787~ 0 .~o~~7 -n,2~E~~ 
C • Q 2 ~ l~ ~; - r • 2 ,. ~ 4 ~ - C , 2 ~ --: : ~ 'J • C ~- ~: 7 ~-

-0.1,'307? 
-O.CS37P 
-C.r'467l 
-0.83771 
c.a2n2 

-0,rlP:'2 
C • -.: .: l. ':. f 

Ool2P7E 
-G.0:1P8 

0.3:SO? 
-0,:2158 
-o.12s22 
-o.~:7s-;;;4 

;_;, C 2 7 2:: 
C.1'"'5C 7 

'I .- (' 4 1 r~ (1 

C • ': ;: ': _' 

c.22c:44 
-o.147r.;4 
-Q.15125 

0.42277 
-C,50643 
-o.oor;60 
-G.3b4~2 

-•l(_.qc __ 

:.07'.:71-=-

c.::-2r:20 

-';,11~.73 
-C.Ol'-:'76 
-C',07427 
-C,2·1457 
-c.o:·-:-r,:.-

-O.Uf:-87 
0 • 1 ~ (, 0 7 

0.1CrJ8 
-o,,,7c,_97 

0,17;:'12 
Q,2:::174 
o,32c-1s 
c.o7~ss; 
O,Oe:R □ 7 

'J.P253 
-r.1·"'~7=· 
-C.20722 

do3,0i::P.,0 
-C.17113 

0-11426 
0,3'~474 
0.22=91 

-0,42738 
0.2° 0 98 

-0,39103 
-0.14573 

0.0:::343 
-J.00=47 
-c.on121 

O,Gi:6F,4 
-'.J.Cl:':31 

0.30736 
0,06'i06 

-J,146!":,R 
-O,l"'"'.277 

0.33143 
0.?4120 
0,0'.28°5 
C.11444 

-0,::1,1~12 
-0.21::481 
-0,1'.?f=.t3 
-~i.(:l.84 

J,32FC4 

-0.18~25 
'.LE-1178 

-D,41021 
o.c:c~.21 

-0,?lH,q 

0,0·":~7E 
o.1:c13 
o.::?~ 0 9 

2 • 0 :·5 ~ 4 7 - L • 1 ~ 2', :. 7 - C • ;:-- ~ ;:_~. 7: - .-1 
• ..._ 1 6 ~- -J - C: .. 2: 2. 2 ·~ .__ • 3 ~; 7 

::-, 4 

D.2-7 

- -, 

:' 4 
. C, 

/ ,_ 

,~ 0 

£, 1 

47 
4S 
49 

:1 

S3 

55 
': 6 
'5 7 
So 

-, 

:..4 

71 
72 

C '.J 

1 



0.02::tq 0.40/:'.35 
-0.54847 -J.3:707 
-0.0SF-7~ -c.1c?7~ 
-~.14106 -0.20~24 
-O.S3322 -0.~4P72 
-0.0114~ -c.c215~ 

0,1~,:'"7 C.14:':'?7 
o.1t.<3'7" c.012~.l 
o.2'.}531 o.1.c9cc 

-0.30(72 - □ .42f 0 2 
0.1'346° [l .. !scs;;; 

-0.01483 C.1=423 
2 

C 
-c 
-f) 

0 
-o 
-o 

0 
'] 

0 
-c 

C 
(I 

ot:':5?1 . 1 7 E~7 
.11.12c1 . c·~~'JlS . C C ': C; 4 

.. 12(;03 
• 1 l 1 70 . 12Sll 

• 352c:.2 
"l r 7 ·i, '"".< . ---~ ...... ,._..£.. 

.. 277;~4 
,32075 

c. 7 :, 196 
-c .C70:::4 

C • C :? P 2 2 
C • 1 4 '; 7 :':· 
Q • c:.. -: 7:, 3 

-o . 06852 
0 1 1 :, 7 4 • .j. 

c. 1 C'J3~-
C • J~054 

-o .213650 
C • 0(!704 
0 • "18°2 

09 1 -~ _, 3 EXAMPLE 1 '):: "- .., FT COL 
1 C: 1 "5 • 
2 ~- 1 -·. 
7 " - '· 1 s. 
4 .:; 

1 "' J. ~-: . 
5 2 l r::: ... 
6 1 1 C , 
7 ~ 1 1 C , 
8 ~ 

L 1 l G • 
C 1 10 • 

1 0 " '- 1 1 0 • 
11 .:. 1 25. 
12 ') ,. 1 ,, c::. 

'- ...... 
13 

3 
13 0 

I:. 

0 lC s.c G. 6 =· 
c::. 

l " .:: 7 11 13 13 
C 

, 
~ 1 1 1 r, ,, 

0 G 0 0 0 0 
9 
0 0 
1 0 " 0 .:. '-

0 • 0 ~ 
9 

2 1 
1 0 1 

0 • 0 :-

0. 4351 t=, G . 
0 . C 2::Pl 0 . 
C 1 ...... ,-.. C ":l r, . 1 ~ '..., . ·' ~ . 
Q !. 4 2 ~~ 2 " • '"' . 
C . 32C 1P 0 . 
G "" 072 17 . ;.., ·-~ . 
~ 

l) • 2 lE 2 ·~ 0 . 
-c • 1 3330 -c . 
-a • o~.u~7 C . 
-0 • 3'::22 3 -0 • 
-o • C573 '.} -o . 

0 ,45251 ,., 
I., • 

• 1 
• 1 
• 1 
• 1 
• l 
• 1 
• 1 
• 1 
• 1 
• l 
• 1 
• 1 

D.2-8 

c::~ll 
14777 
C: ~ l t, 

C3 7 G2 
1 f: S· 5 C 
l <:; 12 . 
?i73L2 
4 E 51 C 

f1421 4 

4 77':: 4 
1190'.':' 
45f:..'f' 

.122 
1 ,., " .. ..: .:: 

.122 

.122 

.122 

.122 
, 13- 7 
• 1:37 
• 137 
,137 
• 14 4 
.144 
.155 

-o. 37DFF -J.s 2 cs1 
" u 

-(; 

-c 
0 
C 
0 

-o ,, 
0 

-c 
-o 

0 

• 2 1 ':' G 7 D.1:'24 
-131 79 

• lqlc:3 

I 07~~c . 182.74 
.43t:J2 

J.17:9,S 
o.:::21.g4 

-:J.:~r~E . 75C35 . l0".:, 4 2 -'J.C)l.::i3 

• 4 3 f1 '1 s -C.152 7 iS . 1::.&s1; - CJ .11::: b':l 
.423::;l !J.?·1122 

? 0 '] • 
3']8 • 
c, CO , 

8 'J O • 
200. 
;~CO • 

1100. 
1100 • 
1100. 
l 1 0 0 , 
1600. 
1;00. 
3000, 

.... .J 

.. 7 

=- s 
, __ 7 

.-.g 

LO 



w 
w 

"' I 

"' "' 0 

0 

"' µ 

w 

"' 

t:J 

t'v 
I 

(.0 

YAX, NUH~ER OF TERMS IN FOU~IER TRANSFORM= 
NECESSARY LEliGTH OF fLANK COMMON X = 
EARTH PR[SSURE AT kESl FOR SANO = 

40')6 
:'Sf 19 
0.400 

...... CPTIO~ B ••• READ RELATION BETWEEN SOIL PROPERTIES ANO STRAIN 

CURVE"$ FOH RHAllOIJ SlRAIN VERSUS SHEAR MOCULllS AliD Ot.HPING 

MO[·Ul.l,s ANC DAMPING VALUES AP.[ SCALED FOR ncnrnG 

SHEAR ~OOULUS CLAY MAY 24 - 1972 
OA~PI~G CLAY ~AY 24 - 1972 
~HEAR ~DQULU~ SAND SQ,PQOT REL, MAY 24-1972 
Ot~Pl~G SAN~ F[HRUARY 1971 
AlTE~UATlON OF ROCK AVERAGE APRIL 1971 
A~FI\G I~ RC[K AVERAG~ 9/4 APRIL 1971 

MULT!PLJCATICN FACTOR= 
ruLTIPLlCATION FACTC~ = 
MULTIPLICATION FACTO~= 
~ULllPLICATION FAClCP: 
~ULTIPLlCAllD~ FACTC~ : 
~ULT!PLICATICN FACTCR: 

0,010 
1.000 
0.500 
1,COO 
0,010 
1,000 



o.roo1 
a.con 
o. noo;, 
0,0003 
o.roo3 
o.rcG4 
0, GOO~ 
O,~CO& 
G. L1 CQ~ 
o.rc10 
0, 1,013 
0. ,101(, 
0,['G20 
C.l~02~ 
C. ,, 0 :,2 
U, CO 1• 0 
0, C (; ':JO 
C. Qtjt,J 

0, °. 0 79 
u, ll l O 0 
0. Cl 2C 
C • ;-1 1 ~ t4-

t:1 ("; ••I::?~\ Q . o. :2s1 
~ o. (1 ~ 1 r-
I c.r3~;~ 
f--l c.0~01 
0 o.or,31 

0.07',"• 
0. l u O 0 
C, 1 2 ~'i 

C • : ~. !1
• 5 

J. i <"/ 9 ~-
e . : ~, 1 2 
C, ~1(,2 
0 • ·~ c-i ~! l 
C •CO!~ 
0, f 31 J 
0 • 7 C"J 4 3 
1 • '.,CO 0 
l •: ,--' ,1 'J 
1. ! f\ 40 

l.' ~ 5 3 
;, • 

0 119 
3, 1 G ~ 3 

3, ',' E 11 
~, ·J l l '1 

(,. 'O'? 6 
7. 4 33 

l O. ~00 
1 2. t92 

, *.'It*. 

100 P[R C[NT CORR[SPO~OS TO ~0.0000 
0 10 20 

+ 
30 40 50 60 70 AO 90 HO P£R cri:r 

♦ ♦ + .. + + 

·~~•2••··················••+•+++ ♦♦ ++++++5++++1+++++++••····••J••····································· 
+64 2 5 l 3 • 
+64 2 5 l 3 
+64 2 5 1 3 + 
+6 42 5 1 3 
+6 4 2 51 3 
+6 q 2 l~ 3 
+( 4 2 l 5 3 + 

+ 64 2 1 5 3 
+ 64 2 1 5 ~ 

• 6 42 1 5 3 
• 6 4 2 
• 6 42 l . 
.... ..: l, ~ " J + 
... ,. ,. ,~ • ::J .J + • . () 

+ b 
6 
6 
f, 

42 
~4 

2 1t 
2 q 
2 4 

!, 2 q 
f, ~ 

0 2 
~ f ,, l 

E; 12 

1 
l 

1 
41 
1 4 

4 

4 

1 
1 

1 

3 
3 

':, 

5 
5 
5 

5 3 
53 

:5 5 
5 

< _, 

~ 

3 
3 

3 

CUflVE 1 
CURVE 2 

SHEAR ~ODULUS CLAY MAY 24 - 1972 
DAMPING CLAY HAY 24 - 1972 

6 1 2 4 3 ~ ., CL:RVE 3 SHEAR roouLu~ Sl~D SC.ROUT REL. MAY 24-1972 
+ 6 
+ 6 
+ 6 1 

l, 1 

+ 

)( 

16 

1 

6 3 

l 
+ 1 
+ 1 :! 
+ 1 3 
• 1 3 . n 
♦ 1 3 
•l 3 
•l 3 
•l 3 
+l 3 

•l 3 
1 3 
I 3 

3 
3 

G 3 
36 

3 6 
(, 

6 
6 
6 

', ,, 
E, 

6 
6 
6 
6 

2 3 4 

2 3 
X 

3 2 
~ 2 

3 2 
,2 

5 
5 
5 

5 
5 
5 

5 
5 

5 
5 

5 
6 5 
6 5 
6 5 

5 CURVE 4 DA~P!NG SA~ □ FEPRUARY lqll 
4 5 CURVE 5 AlT["IUATJLII! 1:F P.C!CK AV[RAG( 

45 CURVE 6 D~MP!~G I~ ~OCK AVERAGE 9/4 
5 4 

5 4 
5 4 

s 4 

X 4 

5 2 4 
5 2 4 

2 q 

2 4 
2 q 

2 4 
2 4 

2 4 
2 4 

X 
4 2 

4 2 
4 2 
4 2 
4 2 • 
4 2 

1++34++++ ♦ +++65••············••++++++++••··••++++++q++••·••2••······································· 
+ + + ♦ + ♦ • • + ♦ + 

STRAIN IN PfRCE~T 

APP IL !"Ill 
f,PR !L !97! 



i3s;ssA CURVE l CURVE 2 CURVE 3 CURVE 4 CURVE 5 Cl:P.VE E 
J, 0001 22,5997 2,0500 30,3999 1,0600 20.0000 0.4~00 
0,J002 22.1995 2,1000 30,2999 1,1200 20,0COO 0,4AOO 
0, COC2 21,7992 2, l:: 00 30,l'JCJR l,lllOO 20,0000 0,5200 
o.ooo~ 21.~9Cj0 ~-2000 20, 0')')7 l, 2 1t 00 20,0000 o.5eoo 
O,GCG3 ~o. c.;<.11s 2,2500 29, 0 991 l, :10 C 0 15.9e91 0,6000 
C,0004 20.2qfl2 :: • 30 0 0 2'? • 6YCJ::' 1,3600 19.')412 0.(,~00 
o .ouc~ 1 'i .·~c:,e 7 2,3500 2",3994 1,4200 l9,H"34 0,6800 
0,0G0b 1 B, flY9 l 2,4000 2'-, 0996 l,4ROO 19,8456 o. 7200 
Q.GCCP l[i,1996 ;- • ~ !] 00 ;'!,1,79')/l 1,5400 19. 7c, 1e O,HOO 
0 , CO I 0 11,'.:oro 2,5000 21,,5000 l, 60 00 lY,7500 0,8000 
: • :, G: 3 1 (. '.;9°4 2. 7(' 0 l 27,1\356 l ,~1!16 19,t,033 0 ,117GO 
0 , CC l;, l~,.6Yh'J 2,9002 27.1792 2, 2 372 19, 456E- 0,"400 
O,D020 l". 7'!P 3 3,1cr,4 26.~lf\8 2, 55'.. 7 19,30')9 1,0100 
U. fJ C ;' S 13,b977 .L 30C5 2 ls. 05A 3 2,!1743 19,lf-31 1,01!00 
D. G (1 32 1:,Y976 3.5008 25,19(;7 3.23 73 l'l,OC41 1.1:00 
0 • GO i.t 0 12 .23111 3, EC(; :14,1~74 3, 74 "8 111, E032 1.2200 
C, 0 [1 'c 0 11 ,47H, 4,00(5 23 .1181 4 .20 2't lll,6024 1. 2900 
0,(.0(:' IO, 71 '!0 4,2503 22,07H7 4, 774') 16, 4 o I 6 1,3600 
0. 0 C79 q,95q~ 't. 50 r.2 21.0.394 5, :.,11 74 lll,?008 l ,4~no 
0, GI O 0 9,2000 4,F,00 20.0000 5.~00I) p,rooo l,SCOO 
lJ. ~ 12b e.. '.: :9(, s.1oc2 lf,, f.992 6.~7~5 17,6227 l .6~00 
G • 0 1 '. t< ; .9) ''? 5, 4'.,G4 1 7. J•.10 Lt 7.3510 17,2455 1.~000 
(l • ~• ~ t,: 0 7, 27f1 8 5. 1, 0 C7 l(,,0',76 11,12(,4 1 6, Ii 6 ll2 1.•J~ co 
J • ,_;:: ~ l 6. (, 3f 4 f>.150Y 14,7')67 Ii, 90 l 9 ! 6 • 4 ~/ Q ~l 2. IO 00 
J • ii~' J (, ~-. 'J9 l14 6.~,017 13,4963 'J, 75Hl lb.1256 ?.2500 

t:I L • l: ~, ,. f- ~ •• '+Q~i,. 7,0514 12, '.''l 7 0 l 0, I• 8 f, 5 15 ,PODS 2,4000 . Q. O ~ l' l 4, c_,;9q 1 7,6Cl0 11,0970 12,014'1 15,4754 2,5500 
tv ~, :,~ 3 I 4,49q4 B,1~07 9,H<-J85 13,1432 15, I ~,02 2,70CO 
I C. C 7''4 3. 'J9<: 7 8,70C3 fl. f>99 3 14,2716 l 4, ll ;'51. 2.~~00 

J-1, G,lGOO ~.5oco S' • 25('0 7.~,000 15.40LO ]4,5000 3,00CO J-1, 
0 • 1:? ~, 9 :~. 1 4 <) t 1 0 • 1 '.a l1 f, (, .c ,,95 16.~'.:>27 14,150 0 3, l 'oC 0 
0 • ! C. ,t· ~ 2,79% 11,0~i'll :0 • k9c.'0 17,70~5 13 ,/JOO J 3. :120 0 
(J • J ~ q ~- 2, 4 4<; 3 1J.'J"l7 ~ - ('98 ~' J 8. B5fo.2 13,4500 3,4Bl'O 
0 , : ~ 12 2, ()991 l~.85::'2 11, 2Y&O 20.0110 13,1000 3. f.1 11 r, 0 
a • .i ! •~ ~ l. 74'!4 1:: .• 15~.C) 3,'i9P.B 21.07')/j 12.1~00 3,kC00 
0 , ~ ·; f•, J l • ~; t.l 7 ~ 15. 0 0 !, l 3.0~'JO 21.flh::1,5 12,4000 3. 9[,(l 0 
t, '.Cl~ 1 •. rn~ 1 l~.2r):_>3 2 ,l,C)lj 3 ?2,6476 11,0500 4 • 1200 
0 , ' 31 0 1 • ~ 0 3 f1 17,5016 2,:-:uq~ t'3.4317 11,70~0 ... ? ~ (• 0 
r: • ·1c.. 4 3 l , 0 2 ! '1 l/',7°:('li 1, S'.•9R 24 .~·1 ~-:) 11.~:,0Q '+, 4 4 0 0 
I , , G G G (l, 8 1100 ;:o.oacc 1, ", 0 0 C n,.0000 11.0000 4 • f, a o o 
l. =. =:: f19 0. 7 31 r; 21 ,20C7 1, soo 0 25,05~0 l Ll • t. ~1 0 0 4,HtO 
1 • ~.ML \J 0,623') :--2.'-+015 1,5000 25,1000 10 •. rnoa 4,9200 
l • l)'; ~ 3 0. ~] ~.:J 23,60:'2 1, ~ 0 0 0 ~5.1500 9 • CJ:. Q Q 5.croc 
? • '.. 1; 9 C," 0 7 7 24.8030 l , ~-0 0 0 25,?00C ':I,(, GO 0 5 •. ~."480 
3, If,'.'' G •? '.l ,, '-' 2 f>. 0 0 J ') 1.5000 z~,.25UO I.)•? :1 U (, ~. ~ r. C 0 
., •op! 1 o.:~qn U, ',Cl5 I , ,,a O 0 ?5.30t0 8 • "O O 0 5.S~OO 
~. 0 l l '' (l • ;J l ~1'1 ~· 7. 2 (111 l,~,GOG 25,3'100 8.~.~100 5.7200 
S. _co~H: r. 11,00 :· 7. RC, D 7 1.~000 2';,4000 A. 2 0 [; J ~) • ~ f'. n ~ 
~·. £\l; "'~ J, 14 0 0 ?P,!,0~4 1,5000 ?5,4500 7 .f)~)Qf] f,, C,4f 0 

JC.C008 G. 100 l' 2'1,0000 1.~:000 25,5CCO 1.~Jnao 6.2il~O 
1 ~I • '.)~ lJ 2 0, 0£.00 ~C;l.5996 1,5000 25.~,500 7.1'.:JGO 6.3600 



. . . . . . CPTION l ... READ INPUT P':CTION 

URTl-'r.UAK~ - ROCK MTIO~I ROl 

I', G 0 •CCELERAllON VALUES AT TIHf. INTEl<VAL 0,0200 

Tt<r U~LUE~ ARE Ll~TED POW HY RC~ A~ READ FROM CAPOS 
TR~IL!~G ZEROS ARE ADDED TO GIVE A TOTAL OF 40~6 V4LUES 

0,000000 -0,271500 -o.:H5~·'<0 -0,293730 -0.120010 0,061560 0,170350 0 ,2238':0 
0,272760 (l,320470 0 ,32!,f,fO 0 ,2457')0 0, Qfl''3~0 -o ,1 ()5700 -O,U,2410 -0.'.''32450 

-o ol ': 0 480 0,05E430 O,l'JJ710 0, l,.'321'0 -0,()17760 -0,151990 -0,173400 -C.l4'J!l0 
4 -o.11e420 -0,.?4:660 -0.~24130 -0,080820 0,0!'1880 0,!33410 0,0"2070 0,102470 

0,230490 0 ,34U40 C ,272650 0,021470 -0,1('0900 -0,140750 0,001~80 0,2399':0 
f, 0,177760 -0,027330 -0,1'!01'.:!C -D,23~790 -D,228:.'>10 -0,23!370 -C,215170 -OolO~f~O 

0,0(,445(: 0.~09A20 0 ,27(,020 0 ,2'::56CO 0,2%7'!0 0,2333SO G ,057£,'SO -0,H0(:'.'0 
fl -c.u,2120 -0.171170 O,CG6140 0,104730 O,C'>63UO 0,09'1730 G,18P~~O 0,~5JC7C 
" o,1ro0Fo -O,GP,~~-20 -0.2':~l·.20 -0.1771(0 0.00'170 ~.;11110 0,1424~0 -0,',l:C~,O 

1 n -O,?CJ.{490 -0 .: 1t3HO -0.22~540 -0.J~5Ct0 0.0~9070 0,:.'~43'JO o.~1,H.co G,40il210 
1 1 -0,117J:.'C -0, (,4 l'fl 10 -O,Hll\?,00 -0,501llf0 -o .12<Jc,;, 0 -0.027270 -C,l'H790 -o. '.:-o, re 
l '• -o, 21,2';10 -C,00~330 0,174540 0,127270 -0. 0 Un', 0 -o.:3~soo -o ,29f",20 -o.,rooEo 
13 -o • ;.4',fi40 -C ,2U5?0 -o ,1 tit;70U -o, 0«4 0'.,0 0.0~6230 0, 2 4 '., 770 0,4204CO o.:-2.~t10 
l•t 0, "'.;~:IC 0.5b0440 0,£,44060 0,f.74~40 0,5:?4C.70 0,15~010 -O,?(f:'•10 -0, 14f:E:-l~O 
1·- -o.~.rn1'lo -o.r.~n10 0 ,O'lP:'80 0 ,03':(40 -0,115bBO -C.J'J0':'30 -o, 1 7~-:?80 -O.J~"4~0 
16 -0,15'!910 -0.0757fl0 0,153300 0,411~10 0,4'.")340 0,35~.450 C,12f<210 0,'.IC477G 
1~ 0 ,013220 0,034"20 -0 ,01U50 -0 .O~U30 -0.l~·Ol'cu -0.1213~0 -0 ,14 ~440 -0, J r;3<~2(J 
I~ -O,l(.3:'20 O ,C27%0 0.2'll\BO 0.4£.:3000 0,41331,0 o.2oosao -0 .0~6440 -G,'.H3:0 
1~ -~.4:(.060 -c,.~~47(;0 -Od(,:H.O -O.~G:':140 0,111070 o.ic;:c30 -c .050490 -0 , J 1 P :, 1, 0 
:- ;j 0. 0 J ~ -, ! 0 C.l~HO;,>O 0,15~650 -0,0:>1970 -C,22BE.70 -0,2lf.7l\O -O.Q4'lU-0 O,C244~0 
: I -0 .114~•~0 -0,3Ie220 -0.3£.4120 -0. 2~, l H 0 -0,0':17270 -0.0110871) -O,OH'J730 o.r.3~0fo 
?2 o.~1s400 0 ,42"910 0.359330 0.1(-2870 0,055oro 0,103370 0,162210 O.G775~0 

t:J ':!3 -C,109400 -C.2l(B')O -0,152890 -0,0234'+0 0,007510 -0,08:'lP.O -o, l 5'l51'0 -0,ICi!HO . 04 o.J~.or,10 0,11:'3~0 0,043430 -0,121730 -0,2<.'J'lf'.0 -0.151'100 0.120',40 o. 447cr.c, 
I.\:) 

2 ~. 0,613350 0,4772HO 0 ,111140 -0 ,2"6:?CO -0,3C613C -0,15~510 -Q ,02~,Ci';,Q -0 • 1 ~ 5c;7'Q I 
~l, -0,404'.,30 -0.~312~0 -0,:.'·179~0 0.11711'10 0,4f:67!0 0,537020 0,3'1~170 0,1fP3"0 f--l 

r:..:, 27 -0,0'.:1730 -0.~002'10 -0,53li:i4C -0. 51,f' 2':iO -o ,:lf4:,00 0. 02 c,6'10 0, 31U,40 C .?.!4U€-0 
;:-ri 0,131:270 -0,077450 -o ,1~321'0 -0.177120 -0,100450 0 ,02l)l60 0.tllOf\70 0 ,271?90 
j', 0. ?35470 0.11~•670 0 ,0571140 0.111~"'0 0.}1'7790 0,153110 O,OOC.230 -O.Jl5PO 
3 (l -0.11!380 -C.O<t: 1 'l20 -O,C~l810 -0,1!7nO -0,1~9070 -0,1291:110 -0,0~4'.lOO -O,Cil'l7(0 
31 -o, 0'•4&00 0,01"':130 0,264870 0,506Lt0 0.5C5620 0,24( 040 -O,G242f,O -O.C7H70 
3:' 0,0'-550C 0 ,0'.13920 -o ,047350 -0 ,2251'~-0 -0,232f>90 -0 ,O':iCfJlO -0,037260 -o ,214570 
-. ' -o. ➔ .:3650 -0,41\t,440 -o .J llf 090 0,2:'0470 0,4!4£,40 0,364170 O.t".11170 -o.02u•o 
~. ~ -c.1:u10 -0.1•. 0 :>40 -o .11,1310 -O,Of.11810 0,0E750 0, 15~,2.30 o.on2140 -o.rr:2orc 
.3 ~· -0,217730 -0.1"2910 -O,Olt7~50 Q • 1 01; e1, 0 0 , 1 f• % 9 0 C.17~420 O,C'H.HO 0.013""0 
' - -0,001(40 Ci, 0 R 4 2'10 0.:'20~10 0,3012't0 0 .2771'.00 0.220110 (J.2246~0 o.~(371'0 
? 7 O.Jf!4190 -0,102320 -o ,45fl330 -0,6!'l~GO -0,4776(,L -0,209370 -0 ,Oll6~-10 -O,llU7r 
~l! -0, ~ .l'l~l 70 -c, 091 '•90 0 ,22YOOO 0. 4€, c .. ,,o 0,433170 0,230:.160 0,0856.20 0,108070 
~u 0, l ',5 I 4 0 O,lfll~,50 0.011\790 -0,203A50 -o. ~£ o~~ o -o, 366%0 -0,194420 0,10801<0 
4 r· 0, 3 t•', 4 E. 0 C,,451100 0,20~050 -0,1'14:::E.O -0.4S13;:0 -o.~.312~0 -0 ,39f,l 70 -0.;>12F.70 
~ ! -0,2l60YC -0,143110 0,001500 0,1316~0 0,131050 0,040780 0,0314f0 0,172120 
"0 Oe2°'.,,6"0 O,l'Jf.POO -0,123350 -0,3012~0 -0,334550 -0,045450 0 .200'120 0,221740 
4 I o.1101eo o.c•.~,<JO 0.105020 0,120~f0 0,042070 -0.007760 0,111fl10 o.~291f'O 
44 O,Jqf.670 O,Hl5'l0 -0.144760 -0.277~(0 -o. rne1c,o 0.}60060 o.244a20 0,f.7~~~0 
't5 -0, l 7328G -0.29':i~,00 -o ,26071\0 -0,14"~10 -0.0~2:.,~·o O,Ol'll90 0 ,073200 0,0ll8070 
'6 O,Oo::i':-00 -0,07~430 -0.19~fJCO -o ,2F7420 -0.320470 -0,251130 -0,059'130 o.iees~o 
47 G, 149740 0,31R2f'O 0.137e20 -o.o~P.470 -0.1CA4'l0 -0,111390 -o ,139310 -0,)557~0 
~[' -0,1%b30 -O.tl::'790 -0,0~4!70 -0,107:50 -0,272430 -0,371ll~O -o .3:?7<Jf0 -0,2071'?0 
~ <· -0,1~9620 -O,H4£10 -0 ,03.H50 0,3!:01'70 0,829970 l,COCOOO o ,u71'790 0,'llE880 
5(' -o.ori3110 -0-353Cfl0 -a .404r;30 -0,370C20 -0.328/'JO -0,2A4310 -0.22<,390 -0,1711!0 
5 J -0,10~950 -0.0011~70 0 .0890(\0 0,123530 0,0720.30 0,0124(,0 0 ,03R090 0,!14~(0 
5 :' 0, 0 /, P. 7 4 0 -0.10~·930 -o .302~20 -o ,?382~ 0 0,133,70 o.~ . .312ea 0,6lf730 0,:'547',0 
C ·• o.o•c.91G -o.ri~oeo 0,14'-420 o.210;2a 0,2051~0 o.onAeo 0,001070 G,22G~JC 
~ it 0,j210~•0 0.:?153HO O,OC.3270 -o.u:,410 -O.t~71CO -0.20GO~O -o. 3~.4(-00 -o.,.3nf'o 
: '.·· -0.3~34•0 -3,Qlj3570 0. l')Pfl00 C,201900 0,0.33~50 -o.oG;4:r.o o.o~.''l7D 0. ?'l""bC 

0. 4 '.: ~ 1 7 C :J.'tl?U20 0,234(70 0 ,0186~0 -O,ll'90UO -o,:,;1:.~,-,40 -o ,'t53~50 -o. ~'JlQ~O 
5 ·; -0,2ll10~0 -o.oo~:<JO 0 ,061'.~ll'O -o.nc<J~70 -0,lilnO -0,3[1f4CO -n.31 e-1-.r:,n -0.14,;p~ 



~e Ool!,1220 0,439940 0,486720 0,240':180 -0,115750 -o, :?95630 -0,174090 0,0°34PO 
50 0,247520 O,l':17800 0,084450 C,075!90 0 ,1(.3490 0,205040 0 ,122.:60 -0,005470 
60 -0, 0 E, 7250 -0,074710 -o, 130420 -0.262470 -o.3r,2120 -0.321080 -0.176P50 -0.01,1210 
El -0,1160£:,Q -0,207340 -o • .'24160 -0,14C'l 1•0 -0,03%30 0 ,0138',0 0,0 .. 1540 O,Oe6640 
6? 0,127120 0,102420 0 ,OO'J020 -O,OP.3E,O -0,117870 -0.10~100 -o ,083f,00 -0,013!10 
6~ 0.1:'85'10 0. 2~2'J~0 0,16bl50 -O,ll'l270 -0,443720 -0,%!•570 -o.121n10 0.JOPCO 
64 0.453440 0,275'130 0.085220 0,171Ef-0 0,4(0020 0,610FOO C ,42~,QOO o. u,~c,n 
E, ~ -c.1,n50 -o.1e4oeo -0 ,H'l71\0 -0.304~(,0 -0,51':1110 -C,51'b880 -0,414470 -0,l<iUfO 
V, O,QlP230 G,04E510 0 .052"10 c.110~00 0,1~(,6!0 O,lOOOYC -o .Q.!Cj3JQ -0.]~·2-:'70 
,, 7 -C,17hl:'10 -0.11.t:i~~o -n .o""'•<JD -o.oc•~10 0,175120 0.:: flS'ifiO 0,475240 o.::::!il4~Q 
(,P 0 ,005';00 -o.:.,2~~eo -0,50~400 -0,47r4~0 -0,2~~-!l:O -c.0311eso 0,173650 0,::41;:co 
l_,'?- 0.146'•:20 0.001010 -0,04H70 C,04PUO 0.100::0 0. lE,S 730 C ,073420 O,Q2A"~0 
7" C,108720 0,2079~0 0,16~2'+0 -0,033700 -0,206!:.EC -G,194520 -O,t32320 0,1144•0 
7 ! 0.tU::'JO 0,2):1240 0,35'l{,fl0 0,542!70 0 ,561:H:.30 c.~362cO -0,034l\flC -0,?15120 
7: -u. ~-.nn~so -0.2'Jr.S90 -o ,184%'0 -0,1~1~30 -0,lY71150 -0,2116260 -0.34::070 -0,21'-'+?10 
1! -0 .~0,1430 0,3l'l4t:O 0 ,491(,90 o. 3~1J2;:o 0,0l7R·H -o ,::'f.4:"00 -0.2c:1A~RO -0,l~P'l~O 
7 .. , C,074hf,C 0,215840 0,301:,'120 (I• !.331~0 0,192110 -U.l~f;0.30 -0 .~.HRPO -0,£~41'40 
7" -0 .4C~,CLO -0,020070 0.154580 0, C472RO -0,009':~,o -O,Q07550 C, • ~ 2 P, 4 'I 0 0,326f.•O 
7 - o • 1 1, 14 3';G -o ol 18730 -0,16~400 C ,03F7:'0 0 ,215'.".;0 0, 1 :'.I· 71l 0 -0,147'.40 -o •. •oqc•'u 
77 -0,170220 0,t 1dl70 0,35!'.~60 0,!25"JOO 0,1~64h0 -0 ,V'ilfiF.O -o.1~.12,:,0 -o, )11~::'~,0 
71• -0,1'"4130 -0.07!5':'0 0 ,034(10 0,1?42"0 0,200510 0.31~01;0 o.<ir::-10 0,f]l7PO 
·1-: 0,5E,7200 0,314060 -o ,0324')[1 -0,3l'il70 -O.H8030 -0.!:21580 -0.~064!0 -c.,,10210 
fl J -o. :,, 3450 -0,094270 -0,059790 -0,l2A41'0 -o.aono -O,l::6A20 -0,0C9t00 C,P63210 
111 0,0(2'.?90 C,C,%R50 0 ,08E~60 0 ,076210 -0.0637110 -o.::1s540 -0,3i,4C.20 -0,: 1 ll ''0 
~ - 0,07CC10 0,237580 0 .175160 0,011020 -0,046710 o.c~7cEo 0,189~20 o.~-0"~"0 
A, 0.0•-;,1;:.o -0.0312~0 -0.092950 -o.or.~110 -0.0~7710 0,027220 O,OEHO 0,,·~57f'G 
f, 'I -0,U40fl90 -0,1211730 -0.09fl~ll0 o.oqH5l0 0. 11:282 0 0,195070 0,130~20 0.11c-i1~G 

t:I R , • O,lhJ170 o.1rnno 0 .0011970 -0,206530 -Q,2JH520 C,01,1990 n.32'i2C0 0 • _1. ~ r ~, r: 0 . P,,'. o.o;·e1co -0.263't50 -o ,239330 0,058730 0,3245€0 o • .352~.no 0 ,238790 0, l'l((.f0 t\J d7 o.~r~l\60 C,:?f0210 0 ,Oli,.470 -0,153570 -0,2~8710 -o .::1 £590 -0,?142PO -o.:~•35•0 I Rr} -o, f[, 1/l90 -0 .6 tr33C -0,357170 -0,027~40 0,094310 -0,046070 -0,2 1•GJ80 -O,.C3b2'0 ~ l! ~I 0.0:~.~10 0,40IJ.l~O 0,69~i210 0, 73l'l(O 0,'lfi5lb0 0.052110 -0,370~8C -O,'~C~.10 w 
CJ n -0 ,54H'+70 -0 ,.3~7C70 -O,l71ll70 -0.070~40 0,025fll0 0,147770 0,21"070 o.1:!if)24D 
'l l -O.O':l-120 -C,l'l37&0 -0,1'12010 0,021\2::'0 0 ,l::'.O'l30 0,03514G -0,1317<JC -O,:·O'JPlO 
<) ~ -O,lqOfO -0,00!>240 O ,09'll80 0,1497'. 0 O,l,.21s20 G,037020 -0,191<>10 -0. 446~ 0 .C ~· ~ -0 ,5~ 3F,20 -0.341!7tl0 -o.oosc~o 0,257~30 0.3001/iO O.t!l'.,~00 0 ,OH VlO O,C237eO 
94 -o ,011,,'Jo -0,081')90 -0.120030 -0,06!\~P-O 0,05071!0 0,151210 O,Je.3740 0 • ! 7~>~f..0 
9' 0,1(5'+70 0,145970 0 ,111700 0,115740 0 ,2lll260 o ,3na20 0 ,436:i20 0,324~~0 ,,, 

0,143940 0 ,0726f.0 0,12(;110 0,109330 -0,133300 -o .46~1<)0 -0,550~50 -c.~3o~~c 
9 7 o.2~~310 0, lf'J<JC9 0 0 ,3~2'.i20 0,060~40 -0,0~4570 0 ,04;2140 0,106'+20 -a .n,13~.~o 
9~ -O,.H0720 -0,42t920 -0,363320 -o, 21!6~ 00 -o.~~2!!30 -o ,477640 -0,43f"'60 -O,l'.27f0 
~ 'J 0,l"<tf,90 0 ,35%'.'0 0,277A40 0,0870•0 -o.o~noo -0.11'3090 -O,Df~,60 -0.!13fQ(j 

100 -0,014[130 0,154230 0,320750 0,4ltl920 0,452510 C,45f.£00 0,423~10 o.~11220 

~AX!"UM ACCELERATION= 1,00000 
AT TJF[ = 7.78 SEC 

Thl V~LU[S ~ILL ff ~Ul11PLl[D BY A FACTOR= 0,351) 
h :IVE NE~ MAXIMUM A(C~LERATlO~ = 0,35000 
~EA~ ~LUAR~ fq[QU[~CY = 4,65 C/5EC, 



...... OPTION 2 ••• READ SOIL PROFILE 

~rw ~OIL PROFILE NO, q9 Ir EN TI FICA TI ON EXAMPLE 125 FT COL 

~~~~rR OF LtY[RS 13 DEPTH TO BEDROCK 125,00 
~u~~fk OF FIH~T SUDM[RGEO LAY[R 3 DEPTH TO WATER LEVEL 10,00 

L ~YER TYPE FiCTOh TH I Cl( r,Ess DEPTH EFF, PRESS, MODULUS CAMPING UNIT IJEIGTH SHEAR VEL 
f-':01). O.tMP, 

2 2,97 1 , 4 1 5,00 2, !iO 0, 30 2q25, 0 ,100 0,1220 800, 
:? 2 1 , 71 1,20 5,00 7,50 0, '.l l 2425, 0 ,100 0,12:?0 800, 
~ ;-, 1 ,4 0 1,12 5,00 12.50 1,37 2425. 0.100 0,1220 800, ,, 2 1,27 1, 08 5,CO 17,50 1, 6 7 2425, 0.100 0,l220 8GO, 
':, 2 l, I 7 1,05 5,CO ;?2 ,50 1 ,95 2425, 0,100 0, l :::'20 800, 
t 2 l, 0 E 1 , 01 10, 0 0 30,00 2, 41 ;:'425, 0,100 0,1220 8CO, 
7 '.' 1, 9 A ll,5't 10.00 40,00 3, Oil 51 't8, 0,100 o.i:no 110 G, 
I: ;, 1,78 0, ':' 2 1G,00 50,00 3.£3 51 tt ri, 0,100 0.1~·,o 1100, 
9 1 , f'. 3 C, f b 1 0, 0 G 60,00 4 -~ 7 ~- 1411, 0,100 0, 13 70 1100, 

• 0 :? 1 , 51 o.~s 10,GO ' - 7 0, 00 5,32 5148, 0,100 0 ,1.370 1100, 
: 1 0 2, 9'J O,El 2c.. r. o '· 87,50 6,71 114411, 0 ,100 0,1440 1£,00, 
12 ~ 2,l2 o.76 25,0Q 112, 50 ll, 75 11448, 0, 10 0 0,1440 160n, 
13 fl~SE 4~J23, 0,000 0,15~0 3000, 

t:I 
f'lRIG[\ : 0,41 FROM AVERA~[ SHEARVEL, = 1216, 

tv ~•~r~,~ ArPLlflCAlIO~ = 7,27 
I F :T Fh[GU[ NCY = 2,77 C/SEC, 

I-'- P,R!OC = 0,36 SEC, 
~ 

CPT!ON. 3 ••• READ WHERE OBJECT MOTION IS GIVEN 

ORJfCT ~OTlON IN LAYER NUMBER 13 OUTCROPPING 



t::, 

I:\:> 
I 

1--l 
CJl 

...... CPTION 4 ••• OOTAIN STPAI~ COMPATIBLE SOIL PROPERTIES 

MAMP'UM ,;u~"ER OF IT[RAlJ0NS ::: 10 
MAXT~UM fPRnR I~ PE~fENT = 5.00 
FACT~R FCR EFFECTIVE STRAIN lN TIME OOMAIN = 0 ■ 65 

E!RTHCUAf[ - RCCK rOTION RO] 
SOIL PROFILE - EMAMPLE 125 FT COL 

l HF:~ TIO:. l,'1Mf~[f{ .,.,~ ,:AL[LU T 1CN HAS Bf.EN CARRIED OUT IN THE TIME DOMAIN UITH EFF. STRAIN: 
!....AYf~ nFE DEPTH EFF. SlflAI~ I\EW DAMP ■ DAMP USED 

1 2 ■ 5 0.00467 0.058 0. l O 0 
2 7.5 0.0131\11 0.083 0 • 100 
2 12,5 0,02265 0 ,096 0 • 100 

" l-:'.5 0.0~070 o, l CJ If 0, 1 Q 0 
~) ,~ 22.5 0 .03775 0 ■ 111 0.100 
6 ::! ::', ~. 0 O.OH,05 0 ■ 117 0.10c 
7 4 0, 0 0.02'.i49 0, 0 l'.6 0, l O 0 
0, " ~•O, G O,C2'll0 0,0H6 0,100 
'J " 60, 0 0.03154 O,OH6 0, JOO 
G 70,0 0,03415 O ■ OH6 0.100 
1 f, 7 -5 0.0111B 0.063 0.100 

112, ':> 0.0200R 0.062 0. JO 0 

VALUES I\ 11 ~[ DC' r.~ t. I~! 

LAY[~ TYPr THlfKNES~ DEPTH MAX STRAIN MAX STRESS 
fl Fl PP.CNT PSF 

\ 2 5,0 2,5 0,00719 135. 32 
2 2 5.0 7.5 0.02135 311 ■ 16 

2 s.o 12 ■ 5 0 ■ 03485 4~0.35 
~ 

,, 
5 ■ 0 17 ■ 5 0.04723 51R.12 < 

'• s.o 22,5 o.o5eoi; 5f\6 .:18 ' 
', l O • 0 ~a. a 0 ,07085 t-~L. ~-a C 

7 2 l O, 0 40,0 0. 0 3' 12 1 'H<3 ,t,! 
E ;, 10.0 50,0 0.04477 106~.P.4 
9 ;> l O. 0 60,0 0.04fl52 1117.5.3 

l 1 2 1 C • 0 ?O.O 0.0525't 1172.% 
l 1 ~ 2 ~J. 0 fl7. 5 0,0274'1 1·,,,0.30 
'" ;; 2s.r 112, 5 0.030!:''l lll~O.r,E 'C 

so.• ~AX ■ STRAIN 
ERRCR NEU G G USED ERROR 

- 72 • 'I 1881.433 2424.81!~ -28." 
-21.0 1457, 129 2424.845 -66.tt 

-q.5 123!:.002 21;~4.845 -96.3 
3.7 l0',7,112 2424.1\45 -121.0 

10.2 1 co<i. ~-3'1 2424 ,R4"i -140,2 
1'1 ■ 5 'l2( ,469 242'• ,l'.45 -161.7 

-1 £.." 2508.2~7 ~14f.137 -105.2 
•16.0 2380,651 5148,137 -116 ■ 2 

-16 ■ 2 2303.193 514!<,ln -123,5 
-1 ~- .6 2232.318 5148.}37 -130, f, 
-~9.A 6:.142.715 11 1;~8.447 -8G.5 
-62,3 60Bt<,742 1l't•18,'t47 -88.0 

Tl PIE 
SEC 
7 ■ <JO 
7,90 
7 ■ YO 
7 ,9 0 
7 .9 0 
7,'JO 
7, ll!J 
7,80 
7.llH 
2.20 
2.20 
2, 1 B 



EAR THOU AKE - ROCK l'OTJON ROl 
SCIL PP.OFILE - [XA~PLE 125 FT COL 

JT['lATJO!'; P(Ul",fl[R 2 
THE CALC~LAllCN HAS REEN CARRIEO OUT IN THE TIME OO~AIN WITH [FF. STRAIN: 10 ■ • PAX ■ STRAIN 
LAY!:H lYPE OEPlH [FF. STRAIN NEW DAMP. DAMP USEC ERRCR NEW G G USED ERROR 

2 2.s 0 ■ 00622 0,01;7 o.ose 13 ■ '1 1777,'128 1881.'133 •5 ■ 8 
~ 2 7.S 0, 0 2 :!-63 0. lo'< o .oe ~ 20 .6 1215,flOl 1'157.12'1 -15.8 
3 2 12,5 0,04~05 0 ,129 O ■ O'H 25,E 935,695 1235 ■ 0C2 -32,0 
~ 2 17.5 0 ■ 06768 0.1% 0,104 28.7 765 ,"68 1097,112 -'13.~ 
~ 2 22.5 o.oee23 0,155 0, l ll' :!P.. 1 651f.~,52 1009.5:H -5'..2 
f, 2 :rn. o 0,11090 0,160 0 ■ 11 7 27,1 573,315 926,lf69 -61 , 6 
7 ;> 40,0 0,0,522 0 • 1l C C • C !IE 22,2 l'JA3,131 2501J,257 -26. 5 
8 2 50,0 C.G5~40 Doll~, 0 ■ OAf. 2lt .'3 lf10:>,llOC 23110,f,~1 -32 ■ 1 
9 2 60.0 0,06426 0 .11 7 O.CAE 26 ,4 H71,138 2303,1')~ -:n.,i 

10 2 70.0 O,Of,91l7 0. 116 O,OBE 25. 7 15~16,L25 223~ ■ 3!A -39.8 
l l 2 B 7 .'> 0,02626 0,073 0,063 1 If • 4 55]1f,477 631f2,7!~ -1 ~, 0 
12 2 112 .5 0,0298'1 0,072 0,062 14 , 1 5240,651 6081!, 742 -IE ■ 2 

VA~IJ•S I" 1 T~!: OCHA IN 

LA YU< nPE THICKNESS DEPTH MAX STRAIN PIA)( STRESS Tll'E 
C, FT Fl PRCNT PSF SEC . I 2 5.0 2,5 0,00957 170,14 7 • '!4 
t\) 2 2 ~.c 7,5 O.O~f.35 44l ■ 'J8 7,54 
I 3 2 5,0 12,5 0. 0 6':l3 0 E,40,45 7.94 
~ 4 2 5.0 17,5 0,10412 7%,99 7 .C:'4 m 5 2 s.o 22.5 0,13'i74 R0t1,50 7,94 

( 2 10.0 3C.O 0,17062 ,; 71l, l 7 'I. 9 4 
7 2 lC,O 40,0 0,06957 1379,65 2, 21: 
e - 10. (J so.a 0,011524 1~~6.65 2.24 
9 2 1 0 , 0 60,0 o ,o'.i P.e6 1652,13 2, 2ll 

1 C 2 l O, 0 70,0 0,10749 1716,48 2 ,2'4 
11 2 25.0 fl7 • 5 0,06039 2227,47 2,:22 
12 ;? 25.0 112,5 0,04:90 2405,59 2,20 



[ARTHCUAH - ROCK 1".0TI~N ROl 
SCIL FRCF ILE - [~AMPL[ 125 Fl CCL 

IT(RHIO~, ~u~e[R 3 
lHE CALCULATION ~AS PEEN CA~RIED OUT IN THE TIME DOMAIN 111TH £FF ■ STPAIN: SD ■• ~AX ■ STRAIN 
LH[P hPl DEPTH EFF ■ STRAIN NEli DAMP ■ DAl"P U!.lO lRRCR NEIi G G USED ERROR 

2 2.5 0,00520 0.061 o.oe,7 -9.2 1843.149 1777.928 3,5 
2 2 1.5 0.02210 0. 103 0,104 -1 ■ 6 1233,'l42 1215,801 1 ■ 5 
~ 2 12,5 0, 0 '• 763 0, 132 0.129 2.3 '312,328 93!'>,695 -~.6 
4 2 1 7, 5 0,07665 0 ■ 152 0,146 4 ■ 3 713,375 765.HB -7.J 
5 :' 22.s 0,11237 O,HO 0, 15~ 7.5 569,00 ,,54.552 -14, 9 
6 2 ?-0. 0 0.l~f\74 0 ■ 179 O.lLO 10.1 473,212 573.315 -21,2 
7 2 40.0 0,05403 0,119 0 .110 7.0 182:,.037 1983.131 -e. 1 
8 " 50,0 0,CE,£,f,7 0,123 0 .J 15 6,9 11,35, 774 1802,800 -10.2 ' 
9 " 60,0 0,07730 0,125 0 ■ 117 6,4 1507,083 1671,13/l -1 r,. ') L 

H < 7r ,0 C,OP.504 0.1?~ O,JH 6 ■ f 1422,4~6 159(,, 82~, -1;:,3 
11 :: 1,7,5 0 ,02721 C,074 G,073 1 ■ 3 5438,363 5514,477 -1." 
12 2 112. '5 0,03470 0,077 0,072 7,2 '1932.';-14 52~0.651 -6.2 

VALUES JN TIM[ DO~AIN 

t, 
Ln(R TYP( THICKN[f,S CEPTH MAX STRAIN MAX SlRESS TIME 

f'T FT PRCl\:T PSF S[C . 
1 2 5.o 2.5 0.00799 1n.3:, 7,98 1:-.) 

I ? 2 5,0 7,5 0.03493 430,99 7,9e 

I-'- 3 2 5,0 12 ,5 0,07328 668,59 7 ■ 98 

--l ~ 2 5.0 17 ■ 5 0,11793 1141,29 7,98 
~, 2 5.0 22,5 0,17288 984 .e.o ~.JO ,, 2 10.0 30, 0 0,24'•21 1155,f,3 2,30 
7 ~ l 0, 0 40,0 0,08313 1517,13 2, 2fl 
P. 2 H,O 50.0 o.1ona lf-l:2, 1.18 2,2f 
9 2 10.0 ro.o o. 11e.r;3 1792.~2 2,U, 

J(, l 0. 0 70, 0 0,130li2 1860 ,1'8 2,24 
11 2 25. G 117,5 0.04185 2276 .~o 2.20 
12 2 25,0 112, 5 0 ■ 05338 2633,42 2. 18 



[ ARlHCUA'<[ - ROCK MOT'!OIII ROl 
'.,~IL PRCJFILE - (XAMPL[ 125 FT COL 

lll!<.ATl □ r. ~.Ul".BER 4 
T~E CALCLLA~JCN ~AS et[~ ciRRIED CUT IN THE TIME 001".AIN WITH EFF, STRAIN= 10,• ~AX, STRAIN 
LAY [ i~ TH'[ DEFT~ [,F. ~TRAIN NEIi □ A rip, OAl'P u~rc ERRC.R IJEII G G USED ERROR 

~ 2,5 0,00460 0,057 0, QF, 1 -6,7 1887,563 1843,149 
2 ·" 2 7,5 0,02034 0, Oqfl 0 ,10~ -4,5 12113,f\45 1233,942 3,9 

~ 2 12 ,5 (l, 0 4 (-()0 O,DO 0, 132 -1.5 926,919 912,32R 1,6 
4 2 17,5 0,0P.120 0,155 0 ,152 2,0 609,292 713,375 -3,5 
'· ;:> 22.5 0,12639 0,174 0, 168 J.6 536,821 !,69,630 -6,l 
6 2 30.0 0,lfl'J58 b ,ll\7 0. l 7'l 4, fl 4, :3, 6<t5 473,212 -11, 7 
7 40,0 o,oc,637 0. 121 0 , 11 ':I 1, E 11e7,451 182"l,037 -2,1 
ll :' 50, 0 G, 0 (,'JI 0 0,12~ 0 ,17.~ l, 2 lf'05,58~, 16~5-774 -1, 9 
9 ~ 60,0 0, 0 f\ :>07 0.1n 0. l ?5 2,0 14~13,'.101 1507,01!3 -3,7 ,. 

l[, 2 7 0, 0 0. Q<)24'J 0.120 0 .J 25 2,7 l347,A5~ 1422,43(; -5.5 
ll 2 8 7 ,<; 0,027~2 0,074 0,074 0 ... 5414,105 543P,363 -o. 'I 
l? 2 l l :'. 5 0,0367(, 0. 07'l 0,077 2,7 41116 ,875 493::' ,914 -2.4 

VALufs IN TIME OQMAI'/ 

LtY(k TYPE Tl'IC'<NESS CEPT11 HAX _STRAIN MAX STP.fSS THE 
0 FT FT PROJT PSF SEC . ,_ 2 5,0 :? • 5 0,00707 13~-"8 7,9R 
tv 2 

., 5,Q 7.5 0,03129 401,70 2.~2 ~ 

I 3 2 ~-0 12,5 0,07077 655.'19 2.32 ...... l, 2 5,0 1 7 • ~, 0, 124'1;:> BU ,07 2,32 
00 2 5,0 2:>,5 o. 19445 1043,113 ., . ,, , ........ 

( 2 1 C, C 30.0 0,29166 12?~.f,2 2,30 
7 ,, l O, O 40,0 0,0Uf.72 15~,0.14 2,28 
f< 2 IO, 0 ~o.o 0,10644 170/J,"5 2,2t 
9 ~ 10. C 60, 0 0,12,,27 111?,5.~.l 2,26 

10 2 l O. 0 70,0 0,1422~] l 'Jl7, f,3 2, ;:4 
11 -~ ~5.0 07.~ 0,04233 22~1.R6 2, :'O 
12 2 25,C 112, 5 0,C5(,5f. 272~ .~O 2,18 



f ARTHOUAKE - flOCK MOTION ROl 
Su IL PRCF ru - EXAMPLE 125 FT COL 

!TCR~HON r;•Jl-',PER 5 
lHE CALCULATION ~AS PEEN CARRIEO OUl IN THE Tlr.E DOMAIN WITH EFF, STRAIN= SO,• ~AX, STRAIN 
LAY[f, TYPE DEPTH [FF, STRAIN Nt. DAl'P, DAMP US[!) fRRCR NEil G G IJHO ERROR 

1 2 2,5 0.004311 0,056 0,057 -3,J 1908,696 1887,563 1 • 1 
2 2 7.5 o.01q49 0,0% 0,098 -1,R 1303.4';,8 1283,845 1,5 
J 2 12,5 0 ,04r,c5 0. 129 0.130 -0,5 93~,.671 9?6.919 o.9 
4 2 17,5 0,08375 0,157 0,155 l.C (;,7E, .340 6P'J,292 -1. 9 

2 22.s C,13406 0, 177 0,174 1.1 520.~80 53f,821 -J.2 
f, 2 30,0 0.::'0631 0,192 0 ,l R 7 2,2 'ICO .o:rn '42~.645 -5,9 
7 2 40,0 C.05579 0,)20 0.121 -o." 17%.557 17R7,it51 0,5 
8 50.0 0, 06P,f\4 0.125 0,125 -0.2 1605.567 1(,05.583 0.:, 
q 2 60,0 C .C~3=0 0,128 0,127 0.6 1'131l.662 145:'-,<lCl -1, 1 

10 ;' 7 0, 0 0,096f0 0 • 130 0 ,1 ?8 1,4 130'1, l'J~ 1347, ll'.::ll -3,0 
: I 2 8 7. '5 0,02764 0,075 0,074 0,2 54C~,15J 5414,lO~ -0.2 
12 2 11?, !: 0,03768 o.ouo 0.07':i 1,1 4770,011 4811<,R75 -1.0 

v•L~ES ,~ TIME oc~~IN 

LAY[P. TYP[ THICKNESS DEPTH MAX STRAIN MAX STRfSS TIP'E 
d Fl FT PRCll<T PSF SEC . 

1 2 5,C 2.5 0,00667 127,JJ 2,32 t\J 
I 2 2 5.0 7,5 0,02996 ~9 0, !'-6 2.32 

' 2 5,0 12,5 0,06'JJ1 F.4/l, 47 2,32 I-' 
tD 2 ~.n 17,5 0,121185 fl 71, 4 7 2,32 

5 2 5,0 22,5 0,2C624 107:',25 2,32 
~ 2 10,0 30,0 0,31740 126'9,7J 2,30 
7 ~ 10,C 40,0 O,Oll~R4 1542.JJ 2,2A 
f. 2 10,C !:'O, 0 0, l O!:'J J 170~.18 2, 21! 
~ 2 l C, C f,0, 0 0 .121• 4 5 184/1,02 2 ,26 

1 0 2 1 0, 0 70, 0 0,l'l!J62 1945,"/2 2 .2lf 
11 2 25. 0 07,5 0,04253 2290,31 2.22 
12 2 25,0 1]2, 5 0,057911 2765 ,4 7 2,20 



EARTHQUAKE • ROCK ~OTICN ROl 
SQIL PROFILE - [XA~PLE 125 FT COL 

IT[RATJO~ ~v,BER 6 
THE CALC~LAllON HAS B[[N CARRI[O OUT IN TH[ TI~[ DOMAIN WITH [FF. STRAIN= so.• ~AX. STRAIN 
LAY[,~ TYPE , DEPHt EFF, STRAIN NEI.I DAtlP, CAMr US[O fRRCR tffl.l G G USED ERROR 

2 2,5 0,0042A 0,055 o.o~~ -O.ll JqJ3,492 1908,f,qf, 0,3 .. 2 7.~ 0,01909 0, 09(: .O,O'Jf, -a.a u12.-.9r 1303,4511 0,7 
~ 2 12,5 o.~4437 0 ol2R 0, 12'1 -0.7 ':!42, 01, 7 'l35,&71 0,7 

" 2 17.5 0, 0 fi 41\B 0, 1 :II 0 • l ~ 7 0.4 670.774 676,340 -0.k 
5 

,, 22,5 0,13762 0, l 7 8 0,177 0, II 5!3,C54 . 520,31!0 -1,4 
f 2 .~o. o 0.216:!,8 0, 1 'l4 0 ,l '.'2 1,2 ~li l~. 7 3lf 400,c~r, -3 .4 
7 z 40,0 0,(~458 G, 119 0,120 -0,'l 1816,C'l6 17%,557 l ■ 1 
C 2 so.a O,OC.7B3 0,124 0,12= -o.s 1!,2~.0P.4 l 60'l, 'Jf. 7 o.e 
<J ic.o 0,01\372 0.1~8 0,1211 0.1 143(,.245 1431\.662 -0.2 

1 Q 2 7G.O 0,0'J'll0 0 , l 31 0, 13 0 0, ft 121\E,.~5I\ 130 ➔• 1<;8 -1,6 
11 ;> P. 7 .5 C ,02772 0,075 0,07~ 0.1 53':ttl,329 54 o,, ,153 -0.1 
l2 2 112 .'c 0,03806 o.ou1 0,0B0 0,5 4750,528 4770.011 -0.4 

VALUfS IN TIME DOt-:AlfJ 

0 LAY( k TYPE THI CK'l[SS DEPTH MAX STRAIN MAX STRESS THE . FT FT PRCNT PSF SEC 
1:1,) 1 2 5,0 2,5 0,00658 12!',97 2, ~2 
I ,_ 2 s.o 7 ■ 5 0.02937 3A5,53 2 ■ 32 

I.\J 3 2 ~;. 0 12,5 0,06fl26 £.43,0l 2.32 
0 4 2 5,0 17,5 0,13058 1175,08 ~, 32 

~ 2 5,0 22,5 o.~1173 101!6,28 2.32 
2 10,0 30,0 0,332'!0 1287,42 2.~2 

1 2 10.0 40.0 0.011357 1524.97 2.2€ 
I\ 2 1 0 , 0 50,0 0,10436 1693,H, 2,2e 
':' <. IO. 0 60, 0 0,12!<80 1A49 ,':<4 2.~6 

1G 2 1 0, 0 70.0 0.15246 l'H.1,46 2,24 
1 I 2 25.C 87,5 0,04264 2302,08 2. ~2 
12 2 25.0 112 .5 0,05855 27lll ,48 2,20 

P[RlOD = 0,67 FROM AVERAGE SHEARVEL, : 747, 
~AXl~~M A~PLIFICATION = 5,E,6 
FCR FFsEOIJF:tl:CY = 1,~.4 C/S[C, 

P, Kl QO = C ■ 65 SEC. 



t:1 . 
t\) 

I 
t\) 
1-l 

•••••• OPTION ~ ••• CO~PUTE MOTION IN NEW SUBLAYERS 

fARTPCUAKt - RCCK ~OTJCN ~~1 

SOIL O[P()'.i 11 - EXAHPll" 125 FT COL 

l ;, Y!:R DEPTH "AX, ACC, T H1E 
FT r, SEC 

CL TC!<. o.o 0,401J7 2,30 
U!THl~ 5.0 0,40008 2,30 
,, ; Tr- I;-, 35,0 0,,9251 1, 76 
WJ.TH~~ .. 75,0 0,2R949 7,82 
1,;1r,~1. 12 5, 0 0,2€957 7,7R 
Ul.:i Cf~. 125,0 0.3""'% 7, 'IB 

•••••• OPT!O~ 9 ••• COMPUTE RESPONSE SPECTRUM 

CD~PUTE PfSP MSE SPECTRUM OF O~JECT ~CTION 
R(SFCNS( SP CTPU~ A~ALYSIS FOR LAYER NU~8ER 

C~LCULATfD f R DA~PJN6 o.o~o 
D 

!'!EAi'! SQ, FR, ACC, RATIO PIJNCHEO CARDS 
C/SEC QliJET ZONE ACC. RECC.RO 

2,73 0,000 0 
2,70 0,000 0 
3, 'l;> 0.000 0 

". !:2 0.000 C 
4 • ~9 0,000 0 
4.E:5 0,000 0 



SPECTRAL VALUES--
ROCK MOTION ROl DAMPIN~ P.ATIO: 0,05 

's;(l. r-~ R IC\D R[L, OJ$P, REL, VEL, PSU,REL,VEL, ABS, ACC, F~U,AeS,ACC, FREQ, 
SEC. FT, FT.ISEC, FT,/S(C, G, G • C/SEC, 

l o.oo 0,00000 0,00001 0,00179 0,Jlf'.196 0,34'l91 1000.00 
2 0,05 0,00075 0,023R';I 0,0'llf38 0,36750 0,361133 20,00 
~ 0,07 0,00197 0, OE. 701f 0 ol 6521 0,43046 C,42984 13,33 

" 0,10 O,OO~l'l 0,25180 0,J262(, 0 ,6%0q 0,631,€,4 10,00 
5 0. 1~ 0,01014 0,41008 c.~.09~2 0,7''1455 0,79538 8,00 
6 0,15 O,Cll~AS 0,5R765 o.u,3q5 0,IJ55.B 0,36371 6, 6 7 
7 0,17 0,02063 0,.'.>461U 0, 7 1• O!i 7 0,84576 0,8,~C9 5,71 
8 0,?0 0,027 118 0,80(87 0,116343 0,85967 0, ll4;:'40 5,00 
9 0,22 0 ,03:f\O 0 ,95416 0 ,'ll60fl 0,80390 0,H447 4,44 

l 0 D.25 0,04074 0,90&66 l ,0'.'390 0,8H57 0, 7'J'll6 4,00 
11 0,27 0 ,04'135 1,11575 l, 1:'762 0,7')082 0 ,(10012 3, E.4 
12 OdO 0,0521/l 1, Olf ll'J6 l , 0 ~ 21l l 0,721112 0,71080 ~. ~:!, 
13 0 ,3? O,Of.OCO l,1501f~ 1 • 1 ~ ~~~ ') 0,71046 0,6')(46 3,0A 
'. 4 U.35 O,Of.'.'16 1,25~02 !,lll22J 0 ,659P.9 0,6~511 2,86 
l5 o.~7 0, CJ 7131f l ,2'1108 1,19532 O.E,2704 0 .62 l'lB 2.67 
16 C.40 0,07070 1,16544 l , 11 0 b 0 0,5470£, 0,54178 2,50 
1 7 0. 42 O,Ofi406 1, 325E,'l 1.:~26':.' 0,57265 o.~7056 2 .35 
,e 0, l.5 0,0k~'tZ l, 201f87 1, l 61f 112 0,51074 0,50~09 2,22 
19 C,47 O,Of311 1,20348 1,059:,3 0,45407 0,4!:H,l 2, 11 
20 0,50 O,OLC('J 1,11~75 l.13'J6I 0,446IJ1 0,4slf71f 2,00 
21 0,52 0 ,0')430 1,14556 1-12852 0,42242 0,41944 l, 90 

t::J 
:2 0, 5'.J C ,0'•722 1,26475 1. l l 0/,(, Od'l3'17 0,39404 l, 82 
·" 3 o.~1 o.rl'.l~.~o l, 21 7"''l l,Olfl~,4 0, 351f l 2 o.3~:-:~9 l, 7 4 

L\:) ~1 0, f, 0 0.0 4 745 1,3201f8 1, U2050 0,333(,6 0,33188 1, 6 7 
I :? ~j 0 ,(,2 0,105E-2 1,16':'17 l ,Oblt.14 0.33151 0,33152 l,&O 

L\:) :·,:, 0,65 0,11001 1,11490 1,06343 0 ,3204 1; C, ~'il 1J2.4 1,!;4 
tv ;7 0, fc 7 Ooll36'J l,12384 1, O 51131 0,30QOE o,305r,,, 1, If 8 

;:8 0,70 0,115(9 1,10447 l,0384~ 0,2'l0bf C, 2.P.CJt; 7 1 , 4 3 
29 a.12 0,13629 1,0931\l l.J!lll'J 0,3lll~7 0 ,31 791 1,38 
30 0,75 0.141'18 1,151:HI 1,24140 0,32~2') 0-32290 ! • 3 :\ 
31 0, 77 G, 13~71 1,17680 1,1326€- 0, 21!£,'J 0 0 ,2[151 fl 1 ,2'1 
32 0, l' 0 0, l I,(, 79 1 .21 753 1, l 52H5 0,2R272 0.211120 1.2~ 
:.3 o. n.2 C,17:'41 1, 2 r,493 1,31~10 0.3!233 0,31058 1, 21 
34 0,85 0,1 7961 1.36251 1,32769 0,30615 C.30479 1, l JJ 
>5 G, I! 7 0 ,17127 1,29446 1,22%8 0,27619 0 ,:'7427 1,14 
··e 0,90 O,lEc1 23 l ,25CB8 l ,IAH7 0,25717 0,25616 l, 11 
:'7 0 .9;' 0,JH521 1, 35f.24 1 ,::5110 P, 0,26672 C,26539 1, 0/1 
·B C • qi:, C, l ':148C. 1,3':1971 l ,2/'.tl7 7 0,2662'1 0,26471 1.0~ 
'c; 0. ".17 0,1')208 1.34154 l ,d78I 0,24865 0 ,24773 1.03 
40 1, 0 0 0,17734 1 ,30r.12 1,lllf27 0,2lh37 0 ,21743 1, 0 0 
41 1,05 0,1~2'JS 1, 30 71" 1 ,09480 o.2~s~1':l 0,20~46 0, "5 
4~ 1.10 0, 21 f< l 2 1,413 fl 1 l .?45~ 1 0,22342 0,22101 0 ,'Jl 
43 1 , 1 5 0,20474 1, 25E,20 1,1111611 0,19136 OolO'JOl 0, 0 7 ,,,. 1 .20 0,17/\38 l .22047 O,G3401 0,15H4 O,l~lBA 0,113 
45 1 • ;i~. 0,226~8 1,30915 1,13741 0, 1 7!11f 5 0,17755 0, ~ 0 
'•6 1,30 11,24145 1,27503 1,16&9(, 0,17653 0 ,17516 0, 17 
47 1.35 C. 2 '+ ~l ~ 7 1,42~.05 1, 161~,7 0,16956 0 ,H78'l 0. 74 
'n 1 , 4 0 C, 2 ~.,,'J4 1,41712 1.o~.440 O,llf821 0 ,14'.% 0, 71 

"" 1.45 0,24~12 1,17361 1. O~ol 7(. o,;42e1 0,14154 0 ,6rJ 
~o 1.SO 0,24474 l,13G7'• 1 • D 2 ~' I :'J 0,134•,U 0,13:136 o.n 
51 l, ~5 0,24223 1,16972 0, r, P 1 'J;: 0,121f52 0 ,123bl 0 ,6'i 
~-2 l,lO 0,2'i~96 1,1~84~ 1, 0 O'.l 1 '' 0,12313 0.12:sa O,l3 
<.3 l, 6~ o,26c.37 1,10%5 1,021% 0,121113 0,12096 0, 61 
S4 l , 70 D, 25c;c_,3 1.03731 0 ,95 1J?4 0,11142 0,11010 0. ','] 
'5 1, 75 0 ,2£.~_·:i7 1.0%05 0,"-.4271 0,lOE.31 0,10512 0,57 

/, 1. no 0,2~C07 1,0'H,72 o ,<-. o7n 1 0,0~953 0, 091141 o.~6 
7 ~If•,~ (l.?2747 l, 031 ~i:. C,77257 0,0ll256 0,CrJ49 0 ,5't 
8 l,?0 C ,,·B7ci 1.1;~()6 0,72670 0,07519 0 ,07%3 0,53 
9 1, c,5 C,247<:}7 1,163115 0, l'i'IC □ 0,0IJ035 0,07955 0. ~. 1 



t:l . 
l:'V 
I 

I.\) 
c.,J 

60 2,00 0,26572 1.11050 Ooll31t78 
61 2.10 0,27222 1000555 0 • ll 141t9 
(~~ 2.20 0, 26164 1 ol J099 0,7478.J 
0 2,JO 0.26508 1,01597 0,72Ult 
61t 2 ... o 0.21002 0,91339 0, 706<1;' 
f,5 2 .~,o 0,28P05 0,115~59 0,723')5 
66 2,bO 0,30115 0 ,92'1J7 0.1:::111 
E7 2,70 0,30fi52 1, 0399" 0,717'H, 
68 2.hO 0,3430'1 1,11392 0.76979 
t:9 2 ,'10 O,Jb409 1.12150 0,781185 
70 3,00 0,35776 1.1 7026 0. 74112'1 
7l 3, 10 0,331'15 1, 1 f,216 0 ,U,537 
12 3,20 c.~3:E.o 1,1102'1 0.6~8')( 
73 3,30 0,33672 1,03013 0 ,04112 
74 3.40 0,343B2 0,93509 0,63537 
75 3,50 0,39375 0 ,89l't2 0,706ll7 
76 3 ,60 0,42503 0,64370 0, 7Ulll 
11 3,70 0,4 1t026 0,60465 0,74763 
78 3.110 0. 114269 0,77250 0,73197 
79 3, "0 0 ,lt 3 ~ Q 't 0,7P:'.61 0,70233 
PO 4 • co 0.4~337 0,78045 () ,f:65 03 
I: 1 ~. l 0 0,407!'9 0,76Al5 O,f..'.'509 
! 2 4,2C G,39197 0,750(,9 0 ,SP-6311 
d 4,30 o •. nno o.n1oa 0.55131 
84 4. 40 0 ,3&'196 0,711'19 0.5211(, 
115 4 .so 0,35~59 0 ,6'1307 0 ,4CJ650 
F!f. 4,60 0, 31jlJ89 0,67628 0,47655 
b7 4, 70 0,34494 0,66169 0,46113 
&B 4. 110 0. 34 312 0.6540!> 0, '14'l I 4 
89 4.90 0,342119 0 ,652711 0,43968 
qo 5,00 0,34'112 0,65161 0,43243 

VALUES H PEIIIOO RANG[ , 1 TO 2, 5 SEC• 

AREA Of ACC, RfSPONSf SPECTRUM = 0,607 
AREA OF VEL, RE'iPONSE SPECTR·Uf1 = 2, 71':l 
MAX, ACC(LEPATION RfSPONSE VALUE: 0 ,lltO 
MAX, VELOCITY RESPOI.SE VALUE : 1,'125 

....... rPTION <J ••• COMPUTE RESPONSE SPECTRUM 

COMPUTE kESPONSE SPECTRUM IN LAYER 2 
RESPONSE SPECTRUM ANALYSIS FOR LIYER NUMBER 

CALCULATE(; FDR OA~PING 0,050 
2 

o.08l'JJ Oo01!1'15 0.50 
0.07661 0.07568 0 ,'18 
O. 06H4 O,OHJ3 O,lt5 
0,06190 0,01:14lt 0,43 
0,05flC5 o.057'tB 0 ·":? 
0 .0567':l 0,05t,51 0 .4 ~ 
0,054'10 0, 05462 0.38 
0,0521t0 0,0516? 0.37 
0,054U 0,05365 0,36 
0.05lt05 0.05:!08 o.~,. 
0,0'1%2 0 ,041lH 0.33 
0,04.}lif, 0,04314 0,3, 
0,040"4 0,04018 0.31 
0,03850 0,03791 0,30 
O.D3HO 0.03(;46 0.29 
0 ,03%1 0,03'l4l 0,29 
0,0lt041 0,04021 0.28 
0,03963 0, 0 3 '<43 0,27 
0,03778 0,03759 0,26 
0,03532 0,0351'1 O.~b 
0,03260 0 ,03244 0.25 
0,02'1')0 0,02'175 0,24 
0,02736 0.02724 0,24 
0,02514 0,02502 0,23 
0,02323 0 ,02311 o.2J 
0,02164 0,02153 0,22 
0,02032 C,02022 0,22 
0,01924 0,01914 0,21 
0,0lll.35 0,0lA26 0 ,21 
0,0176.0 0,01751 0.20 
0,01696 0 ,011,88 0,20 



SPECTRAL VALUES--
RCCK MOTION ROl EXAMPLE 125 FT COL OAMPINE RATIO: O.O5 

NO. PERIOO RfL. DISP. REL. VEL. PSU.REL.VEL. ABS. ACC. F~u.AeS,ACC. fRECl. 
SEC, Fl• FT./SECo FT,/SEC. G. G, C/SEC. 

0,00 0.00000 0.00001 0.00205 Oolt0008 0,'i0007 1000,00 
2 0,05 0,00082 0,016~5 0,10271 0040126 0,4001!3 20.co 
J 0,07 0.00193 0.0'1073 0,161'13 0,lt2079 0 ,ltl 999 13,33 
4 0, 10 o .oo.,9R D,10455 Oo:''19Y6 Oo49b05 O.lt8 774 10.00 
5 0, 12 0 ,00677 0,20&37 0 .3'4023 o.53&60 D,53111 R,00 
6 0 olS 0 .010~'1 0, 34 1l5l O.lt'i150 0,58545 0,57433 6.67 
7 0,17 O,Olf22 0,4't450 0.58237 O,E:6368 0, 6lf ':l36 5.71 
8 0,20 0.02!:83 o.71't31 0,l)ll't'J 0,78112 lloH173 5,00 
9 0,22 0,0378'1 0. 8't6'17 1 ,0566'J 0.91893 0.91&"1 q .q .. 

10 0 ,2"i O,O'i094 1,0'tl20 1,28016 O,Y'J260 0.99'Jl9 If, 0 0 
11 0, 27 0 ,0737'1 l,5S704 1,LB4':Jl 1,20972 l,1'.l555 3,64 
12 0,30 0,07537 1,42290 1,57856 1~02332 1,02675 3,33 
13 0,32 0,01'~49 l ,lOl 70 1,61411 0,96037 0,%'Jll 3,0H 
14 0,35 0,0Y~O!l l,Al7IJ'I l,7f>070 0,98150 C,981(.2 2,kE 
15 o.:n 0,11375 1,fi72'17 1. 9 054:16 o.9A&10 0,99176 2 ,f. 7 
16 0. 110 0,11797 1,84415 l ,l'.5312 O,'l0lf76 0,90400 2.~o 
17 0,42 0,1 .. 150 2.14170 2, O'll 99 0,97291 0,91:049 2,35 
ll1 0 • it5 0,14~16 2,043'!6 2.026MB 0 ,P.11310 0,117890 2,22 
l':' 0,47 0, 1 7:'79 2.29647 2.~A556 0,9'iln6 o.9~8'J2 2,11 
~o 0,50 0.111008 2,26398 2.:: E,;><J7 O,ll6886 o.r;0~1s 2,00 
2 1 0.52 C .lf•9Z7 2,44575 2 ,U,513 0,85156 O,l!U90 1,90 
:'2 0,55 o.2:324q 2,76405 2.£:55 1)5 0,94445 0,9't2:?8 1.e2 

t::1 
,. 

C,57 0,2:::477 2,53719 2.4~61f, 0,83933 0,03~51 1 • 74 . ~4 0,60 0,24058 2,91806 2.51'J:D 0.02091 0.81933 1,67 
[\) :'5 0, f.2 0.2~".!llO 2. 711l89 2,51130 0,78992 0,78 .. 05 1,60 
I :'[ 0,65 0,25056 2,51369 2 ,'l220(, 0,73019 0,72710 1,54 

I\) ?7 0,67 0,25flll 2,46368 2,'10908 0,70225 0 ,69642 1 • 48 
~ :e C,70 0,25693 2,'i2!:23 2,30(,17 0,64744 0, f,4 21l!. 1,43 

~9 a.12 CdHl'l 2,69055 2,7'1028 0,74030 0,7)753 l • 3b 
30 O,E, 0 ,3 .. 2:lO 2.87731 2.06761 o.7"996 O,H£08 1, 3 :!> 
31 0,77 0,31443 2,7171') 2,54917 0,64~99 0,64163 1,29 
12 O,fO 0.3~242 ~.A355lf 2,1>1085 0064008 0 ,63£-82 l, 2:1 
! .3 0 ,1<2 O,%~R3 2,Rll311 2, 7<.:G!2 0,66233 0, 6!:1•98 1.21 
'4 0,(15 0 ,3i<Crn 2,9557'1 2,8.13'12 0.64856 0,64t,86 1.11: 
~5 u.e1 0 ,3£,510 2, 743'17 2o62lt.9 0,58705 0.584E.5 1. 1 q 
3,; 0 ,'JO 0.3~041 2,57164 2,44{~32 0,53'tH 0 ,5?0:!.9 1 .11 
~7 0,52 o.3197q 2,l-71"5 2.~7977 0,54741 0,5 .. 421 l, 0 n 
:6 0 l"c:; . , . 0,4~2q0 2,71445 ,.',b6525 0,55055 Oo54H" 1. 0 !"1 
~q 0,57 0,39P!l2 2,8011!3 2, 5 701" O ,51671 0 ,51'137 1,03 
40 l, C 0 D.3fjs3q 2,72258 2,320'}2 0 • 4 561 A O.lf~288 1.00 
41 l, 05 0,3225!! 2,20550 1,93033 0,3619/l 0, 3'51, 7J 0 .9~, 
42 1,10 C,341\47 2,24481 l ,'19046 0,35529 0,35309 0, 'Jl 
4~ 1,15 0.317115 2,25478 1, 73662 0,29714 C ,2'l'<67 0,87 
.,4 1,20 0.31122 2,2%52 1,1,n54 o.26729 0 ,2E,498 0,83 
45 1 ,25 0,37152 2,25140 l,H6H6 0,,93'15 0.2"ll52 0, llO 
'1b l, 30 0 .37265 2.4't932 1,8010':' 0,27200 0,27034 0, 77 
•7 1, 35 0 •. Ht042 2.21~22 1, 77057 0 .25 766 0,25~,92 0,74 
~8 1, 40 o.~7~5'J 2,128'13 1,6761'..6 0,23554 0,2~~69 0,71 
I,') 1,45 C,30P57 2,00647 1 d3712 0,18093 0 .1 7'J94 0, E.9 
50 1, 50 C,,3:'226 2,04n5 l,3•9B'l c.11c.<J6 Ool7<.60 0.67 
~ 1 1 .':5 0,32939 2 ,00271 1,33525 0,l&qU, O,HFlO 0 .6!j 
~2 1, E 0 0 ,J:!';'75 2,0205't l ,33'118 0.16451 0,1£:271 'l, 6 3 
~3 1. h~1 0,3%44 1. 'JO~· ;1:1 1,31'126 0.15733 0,1~602 0,61 
3'1 1, 7 0 0, .Bl76 1,854'17 1,22619 0,1'1136 0,14074 U • 5'J 
~.5 1, 75 o.~3431 1,80~')4 1,20029 0, 13H 7 0,13384 0 • ~' 7 
~6 1.80 0, 33d 3 1.7~179 1,17332 0,12794 0.12719 0, 56 
~7 1 • p" 0.3CSll5 1,70170 l,03871:. 0,110117 0.10956 0,54 
<9 i.•·o C,29~,113 1,65321 0,96Y53 0,10124 0.09•,57 o.~3 
~-.9 1 • c,5 0,31~44 1,60676 1,00672 0.10253 0,10074 0,51 



w 
w 60 2.00 0,31439 1,57224 0,98767 0.0~720 0,09636 0.50 
"' I 61 2.10 C ,3'1065 l,'t8202 1,01923 0,09549 0,09i!71 O,lltl <D 

"' 62 2,20 0.:5~089 l,57RA1 1,00215 0,09018 O,OA81l9 0,45 0 

0 63 2,30 0.:50398 1,51797 O,ll'O'l3 0,07124 0,07045 0, 4 3 
64 2,40 0,31220 1 .H06'1 0,11173'1 0o0673A 0,0E645 0 • 4 2 

<D 65 ~. ~,Q o.~497'l 1.26719 0 ,P7•J12 0.06950 O,OfA£2 0, If 0 
,-> (6 2,60 0 ,3513~ 1 .2U29 0 oll41l'J6 0.06436 0,06371 0, 3£1 

'7 ::', 70 O .:JE09 1.~03(,2 0,117~1111 0 .0(;440 O,Of306 0,37 
w /.8 2, ,,o 0,3'1384 l ,2fl2'12 0 ,tll!371l 0,06292 Q.Of15'l 0 ,3£ 
w (,') 2. 'lO C,J"56'l 1.31702 0 ,A5732 0.05058 0.0~769 C.34 

70 3, 0 0 0,3774') 1.33#(21 0, 7'l0 L l 0 ,0',206 0,051'12 o.3~ 
71 3, 1 0 0 ,31',3<;>7 1,30340 0, 73771 0,04733 0,04f,~', o.32 
7? 3,20 0.37796 1 .~7'473 0,74212 0 ,0'160:? a ,o,.~,2s 0., 31 
73 3,30 Od79C"i l ,32f.03 0,72170 0,04361 0,04:'(,7 0,30 
1, 3,'10 0,3')384 1,25973 0,7271l1 0,0'1255 0.0'1177 0,2') 
75 3 ,50 0,44315 1, 2'115-'t 0. 7 1.1~51.t 0,04504 0,04435 0,29 
76 3,60 0 ,%054 l,261<0A o.~0100 0 ,04'1l't 0,0'1357 0, 28 
77 3, 7 0 0,45325 1,22006 0,7<,'l~" 0,04101 0,04C5'J 0,27 
78 3, /JO G, <t 512 'l 1,27802 0,74620 0,03~50 o .o~r,32 o.u 
79 3, 'JO 0.4~3fl2 1,29H93 0,72'J8't 0,03677 o.03t52 0.26 
l<O 4,00 0 ,44'131 1,293~2 0,IS97~3 0,03't32 O,J3405 0,25 
l'<I 4, 1 C O,'t~"J23 1,26983 0 ,657711 0,0315A 0 ,03131 0,24 
M:' l.i •• '? 0 0,41163 1,<'3!ll7 0,f!57'J 0,028117 0,021'&1 0, 2't 
E3 4,JG C ,..l':1439 l.2C45e 0, 0 7621:1 0,02631< 0,02(15 0,23 
84 4, 4 0 0,37~34 1.17335 O,:i4170 0 • 0 242 3 0,02402 0,23 
fi5 4,50 o.:J£,734 1 ,1 1•630 o.~1290 0,02243 0.02224 0,22 
;4t, 4,GO 0,3"A53 1 .J 2402 0,4!:l'J71 0,02094 0,02077 0.22 

t:, <i 7 4. 70 o.~is~,1 1 ol 0£:!6 0,47153 0,0l'J72 0,01')58 0.21 
b8 4, /' 0 1;,34931 1,09250 0 .4~725 0 ,011171 O,Ol!l5'l 0,21 . 

tv 1,9 4,90 0,34798 1,08185 0,44622 0,01786 0.01777 0.20 

I 'JO 5,00 0,341l31 1,07356 0 ,437'/0 0,0171'1 0,01708 0,20 

t'v 
CJl 

\ALU( S !I\ PERIC1D RANGE • 1 TC 2,5 SEC, 

AREA OF ACC, RESPONSE SPECTRUM = 0,946 
AREA OF VEL, RfSPONSf SPECTRUM = 4,&52 
~AX, ACCfLERATJO~ rESPONS( VALUE : 1,210 
MAX, \/ILCCJTY PE:~PO~SE V~LUE: 2.955 



1·t~:l ,-~ ~.1·(1lif-(t.1'1t 1 ·• ·,·~-11.1 1\ / 

o. ~ n 1 n 
o.: '· r ~ 
'. 1·: 7' i 

c. Hrr 
l1• :r '.J 
0, '.', (, 0 
C, 7 '. n 
0. (' 0(1 

o. ~ ~-c 
G.~~sro 
o. ~ 7 •,o 
0, !,COO 
0, ~2 '. 0 
o.~soo 
o.~1~c. 
o.•ooo 
0. 't~ ~.1V 
0, •50 0 
O. "7 ;JO 
o.~0iJ0 
o.~:~o 
o.~soo 
o.~1~0 
O.fOOC 
o. 62 ~o 
O,!~CO 
C,6750 
0, 7Q 00 
0,7250 
0.7500 
0.7750 
O.POOO 
0 .1,2 50 
o.i;soo 
o.en,o 
c.ncoo 
o.c;2~0 
0. ';~ C, 0 
C."75C 
1.ocoo 
1.osoc 
1.1000 
1,1500 
1.~000 
1.2500 
1.3000 
l.3500 
1.,,000 
1. <+5 0 C 
1.~ooc 
l,:50C 
l.HCO 
l,~500 
1. 70 0 0 
1.150.; 
1, ': 0 0 0 
l.!:50~ 
l.~C00 
1.~500 
2, OC :JO 
2,1000 
2.?0QO 
2.!CCO 
2.•ooc 
2,5000 
2,HCO 
2.10cc 
2, ,.ooo 
2.,coo 
3.0000 
3,lCOO 
3,2000 
3,~-00D 
3,0000 
3.•oco 
3., r1GG 
3,70(0 
3.•oto 
3. ''00 0 
41. (' 0 C 0 
4, HCC 
'I. 2 0::. C 
4. ,![. (;(i 
<+.HOO 
4,' CH 
4.,= .. ~~ 
<..:: (. 0 
4. l' C· CC 
•.• ~OD 

1 u ~r 

+ 

+ 

♦ 

• 

~ C 

92:-2:·a 
IIC l'LR run CIJ~fil!l'0'1'S 10 l.; £: •~ 7 

•• C !:•O 60 70 HO •o tro f'!'R rrm . 
··································································· 

♦ 

♦ 

5. (: ~ r, (l •J••································•4••· -···············••+••····••~•······························· 

r - ~ ~ r-f' J • 



t::l . 
l'v 
I 

"" ---l 

Cl•FVf 

cu ► vf ~ 

A~~~ISSA 
0,COlO 
o.r~.cc 
.:, ~,~o 
C,lGOC 
C, 1:'":0 
C. l ';- C 0 
0,17"0 
0,:000 
0, :'2~(' 
c .:~oc 
C, _, 7~ t:: 
0. :! {; 0 0 
C, :': :JC 
G-'~OG 
o. ~1~r 
O,<OGO 
C. '- 2~-, 0 
o.,~co 
0,"750 
,.~oeo 
C-~~ .... ~O 
C • ' ~ C 0 
ii,' 7 5 0 
c •. cco 
G.,: '. 0 
::: • !'. ~. 0 C 
G, ,- 7~,0 
c.1000 
o. 1~~.o 
0. 7'·. ~ (l. 

G. ·; 7 ~ 0 
0. :·CV iJ 
~ .. d2~(i 
C, • "O 0 
o.· 150 
tJ • 1 L: C 0 
Cr.,-; '::O 
0 • '·~CO 
0, ,· 7 ° 0 
l • (,CD 0 
1.r~cc 
l . IGO 0 
l,ISOJ 
1.:coo 
1 -~-~~00 
1.:voc, 
1 •. '~00 
I , •; 0 CJ 
I , "~ C 0 
I , : CG 0 
l ... ~ !1 C 
! ,f C'OC 
1. l.-~ r r• 
l •-.CC C 
1. :,:.c,c 
1.•oco 
l • :· r- ~;,) 

; • UV 0 
l,':'~00 
2,CCCO 

RCCK P,OTION ROl 
ROCK l'!OTJON ROl 

CURVE 1 
0, 3':: 0 0 
o.~675 
0,lf!0~-
0,~%0 
0, 7q" 6 
G,P5~-' 
0 ,S4~t4 
0, H5"7 
o. ~o 3'1 
0,E1'+6 
0,7?08 
0. 12 i ,1 

Q,;JQ~ 

0 ,f5'•? 
O,t270 
O,":nl 
0,572f, 
0,:•1C7 
0,lf5lfl o,•,.~~ 
0, <t 2Z4 
o.~94Ci 

o.~5~1 
0, :,.,3-, 
0 .33] ,, 
0,3204 
C,!0"1 
0,.'.''lG•J 
0,318'/ 
Q,32~~
IJ ,2flbll 
C,: :J2 7 
o.~1~• 
C • .JO l ..' 
a.-:-·, 1\ :-, 

D,257~"' 
O.~E~7 
G,2lC2 
0,: 41', 7 

0. :'II'" 
0,20~5 
0,:23;, 
0. I" l lf 
0,15•1 
0, 1 Jeq 
0,1765 
0,16"6 
o.1 .. r2 
0, I 4~ 'I 
C, I 3• '> 
0, I 2lf ~ 
0.12~1 
o.1:1r. 
0, l I 1 lf 
0.10(~ 
0, O~l) ~. 

0 IQ€;' ( 

0,07:2 
G .. OP.03 
0 , 01, 1 'l 

cu~v, 2 
0,4001 
r.~01, 
0. 4 ~ 08 
0,4'l~0 
o.~,3~6 
C. S.RS5 
G ,607 
0,7811 
ry ,? lfi? 
r ,q9 n 
1. ;: oc, 1 

1,0233 
0 .960't 
0,91115 
O.~Af 1 
e. CJ (l ~ A 
(1.q721;1 

C .r.~.H 
0,'>4]9 
o.~~~9 
O,ll5H, 
0. ,J l4 .. ,. 

C,P3'l3 
0 -H209 
0.7~Cj9 
C,7302 
(I 1 7 Q ;'? 
C,6474 
t,7'1C3 
0,7~,GO 
O,b450 
o,64n 
O,Ff23 
r. ,6-41:16 
0.51170 
0 ,'>3lf f 
0,5474 
0.5506 
U, '.i I f7 
o.~~f.Z 
C,3f20 
C. ~55.3 
c,:q11 
G,U7J 
0, 2C: :.'Ii 
0,2720 
C. 2!:i 7 7 
0 -~!•55 
0, HI 09 
0, I 770 
~.H'lfl 
C,lL:-45 
0.1~,n 
0, l <t I 4 
0,13lf5 
0,1:?7'1 
0,1105 
c.1012 
C' e j_ 025 
0,0972 

EXA,-;IL[ 125 FT CCL 

APSISSA 
2.JOOO 
.:,::ooc 
2, 300(J 
2,•000 
2,'·000 
2,bOGO 
2,700C 
2. 1\0 00 
2.~00J 
3,0GOC 
:! , 100 0 
l.:ccc 
:3. ~000 
3, lf O O 0 
3,'000 
3,fOOO 
l, 7U O 0 
3.~oou 
3, '•000 
4, 0 0 00 
lf,1000 
4,2000 
,..~oco 
4.4000 
4t, 500 u 
4 ,HOO 
lf.7000 
lf, f• 0 0 (i 
~. <Joor 
~. 0000 

CUPVE 1 

0,0766 
0, 06 74 
0, OF, I 'l 
0,05fll 
0,05611 
0, 05lf 'l 
o.n~2<t 
0. O'i<t 1 
0, C~Li 0 
0, 04<,t, 

0.04~5 
0, 0 lf O <: 
O,QjP5 
0,0J74 
0,039£ 
0, O<tQ<, 
0, 0 3''6 
0,0378 
0,03~3 
0,0]:t:. 
0.02°9 
0,C274 
C.G2~J 
0,0232 
0,02H, 
0,0203 
0, C 1 'J '.' 
0, 01113 
0,0l 7C, 
0,0170 

CURVE 2 

C!.09~5 
0, O'l02 
0,0712 
C,0f>H 
0, Of,?5 
0. Qf,lf4 
O,Ob44 
0,06~') 
o. ~~.ei, 
O.C~21 
O,O<t73 
0,0~(;0 
0, 0 lf J', 
0,0426 
0,0450 
0, O<t lf I 
O,C410 
0,0.H.5 
0,03UI 
0,0!,43 
o. n ~- 1,; 
C, 0::' I', 'J 
o. o:i -;4 
0,02lf2 
0.02~4 
0,020:J 
0, 0 I '17 
0,0187 
0, 0 I 19 
0 ,01 71 



f :. 'J T 

C • ~ r : r 

,i • f ' (,: 

r.: 1 ,. ·. 

•~,: c [ '. 
0 • l i' r •. 

C. l :l t. t 
0, IE: 
o.:cc: 
0.; 2 .. _ ·, 
0.: ~- C: 
o. ~-n: 
o. ·oc 
G •. ' 2-=. C 
o.~~c~ 
0 • .:, 7:; 
C.40C: 
o. "2 ~c 
o."~"; 
o. t. 1;.c 
0. C: 0 ~~ 
0. i=.~ ':.-: 

0. :,~ (::. 
o.~1~: 
C, c.O Co 
0.£2:..v 
o. f !: rr. 
o. t- 7 ~c 
0.70Ct 
0.12::i~ 
0. 7!.CU 
0 • 77 aC 
o.~oco 
O.b2~0 
0.t'5CC 
0,b7:C 
0, 0 0CC 
o.~2~0 
0. ~-!: r; 0 
C, ~i7:,r. 
l.DOCO 
1,05C•~ 
1,lCCC 
l • 1 ~C 0 
l,200C 
1.2s;;c 
1,30CO 
l. 350~ 
1. -.cc o 
1.-.:co 
1,~0CO 
1 • ~!::CO 
1.60j.J 
1. 65 C 0 
1,70CO 
1,75CO 
1.~o:c 
1.~~CJ 
1.r,crc 
1. s~.cc 
2.~c~c, 
2,lWCO 
2.~ccc 
2. ::.o O 0 
~.ctOCO 
2,~LCO 
2, !-,C ~ 0 
2, 7C'.C 
2,tCOO 
2.ccr:: 
3.occc 
3,10,0 
3,;ic:o 
~--~,c:o 
3,•c:c 
~.~cru 
3.(0,0 
~. 7[('0 

3, ,.c: 0 
~.ucro 
4. O C ~ 0 
•,!CCC 
q. ;·c:o 
... •~:c, 
". 4 0:: 
4f. '- r. CO 
'i • I (: r j 

•• 10:0 
~., r .· a 
". · r; r 
':·.re:-: :i 

.• L ii" 'f :· .. 1,.-;. si-i·a 
1:.c Pf• c;~r rn•,·r·o,.'.~ rr ., • L· ,- ~ 7 

l c "' '. u '· C, 7 r, I' ( 1 • J r : K c r , ... ·r 

•;'J , 
;> 

I 
~ I 

1 , 1 
l 2 

2 
? 

;, . l ~ 

2 
2 

2 
2 

l 2 . 1 2 
2 

2 . 
2• 

2 . 1 2 
+ 1 2 + 

1 2 . l 2 
l 2 . 

♦ l 2 
+ 1 2 

1 2 ♦ . l . 1 2 
1 2 

1 2 
+ l 2 

1 2 
I 2 
1 2 

;;: 
2 
:_, 

1 2 
1 2 

2 
2 

2 
+ 1 ;;: 

1 ;; . . 1 2 
2 . 

l 2 
l 2 

1 2 . l 2 . 
1 2 

l 2 
1 2 

2 
2 

+ l 2 
~ 

2 
2 

;;: 
2 . 

~ 
l ~ 

l 2 . 1 2 

2 
l ~ 

l 2 
l ~ 

1 ? 
l 2 

l 
1 

1 
l ~ 

I :' 
l 

l :-
l 

··-·-~··············••1••·· ·······••:·•··························~··•································· 



rURVE l - ROCK ,,.OTION ROl 
CURVE 2 - ROCK MOTION ROl EXAMPLE 125 FT COL 

ABStSSA CURVE l CURVE 2 AB!:ISSA CURVf l CtJRH 2 
,.0010 C,0000 0.0000 
o.csoo 0,0239 0,0165 2-1000 1.0055 1,4P20 
C ,07SC 0,0670 O,C407 2,2000 1.1310 1,57C6 
C,IOOC 0. 251n o.ioqs 2. :!000 1,0160 1-5HO 
0.12~.o 0 ,4101 0,2064 2,4000 0,913• l, q 1 OF-

0.1~00 0,:877 o.34~5 2.~000 ll, b53f, l ,21172 
0,17",0 0.6%8 o,•44~ 2,fOOO 0 .'3294 1.226:3 
0. :'O O 0 0, 8Cf,'l o.7143 2, 7000 l • c,3•,r:J 1.30.% 
c.2~~c 0.9542 C ,e.4&5 ;: al 1 i 00 l ,1 J J'I 1,2824 
~. ?<, 0 J 0.901,7 1,0412 2,"CL0 1. !21~- 1 di 70 
c.~1:0 1, 11:i 7 1 ,5570 3.CO!:'O l,170J 1. ~:H~2 
□• ~ C ~O 1,0490 1, •2 2q 3,1000 1. l 62 :-' 1,3~34 
G. ~ 2 5Q 1 -150~ 1 , £.01 7 J,;oou l.l!OJ 1.374 7 

c •. ~~G0 1.2~,b0 ! , R 1 78 J ,300 0 ! , 0 3 0 i 1,32EO 
c.~,~-o l ,2'Hl l ,8725 3,4000 0. '1 ~ ~:'J 1, 2r._,r; 7 

o.•oco 1 ,HS• l, ~4 1t 2 3,~-000 0, 89 I 4 l, 2915 
C, (1~ ~ C+ 1, -~25 7 ~.1417 3. r,oo o O,ll437 l,~fRl 

L. "~ 00 1-2049 2,0~40 3,7000 0 ,P.047 1 • 22 G l 
C. 41'.,r· 1,2035 2 .2q~5 :3. eoo o 0, 7725 1,27£<0 
O,'fJOO 1. 1137 2 • 21'. 4 C 3. fjQQ 0 0.7836 I, 2',11'1 
0. ::;: ~G 1 , l 4~ 6 2,445il q,0000 0, 7e 0'• 1-2~?2 

t1 
0. ~ ~) (1 0 1,2f.47 2. 7f.qJ 4,1000 0. 7681 1.2698 

0. ~- 7 5 0 1.2lfJ ;J.5372 '1,2000 0,7507 1,23fl2 . 
ti.:> 0,/000 1.~205 2,'l!Al 4,3000 0,7311 1,2046 

I 0. i 2 5V l ,lln ~.7~R9 4,4000 0, 711 'i 1, 1 733 
t,..i 0,f'CC 1, 114 9 ~.5137 4,50CO O,b'.i31 1, 1 ~6:!. 

en 0 .b7~0 1,12~8 2,4l ~7 4 ,I.ODO 0,(H,~ l, 124 o 
G.7UDO 1,1045 ?.4~:~2 4,7000 0,6617 1, l O 64 
Q.7L~O 1,0938 2,6''106 4,!'000 0,6541 1,0925 
0. 7 '.1 CC 1,1514 2.R773 4,5000 0, 6527 1,0816 
0,77~10 1, l 7tA 2, 71 72 5,0000 0, i:,516 1 , 0 7 36 
o.s~o~ 1,2175 2,fC555 
0. f-::'50 1,2549 2.esi-1 
0, I•~ OC, 1. ~.f,;'5 2.9":~7 
0, ~ 750 l •:: ';4 ~ 2,7440 
0. '•0 0 0 1 • 250<) ;:,5716 
'.). L25C 1, 3502 2,f720 
0,½~00 1, 3'}9 7 2,7H5 
0, i-J750 I, 34 15 2.ev1B 
1.0000 1.30el 2, 72 26 
1.0~00 l.3072 2,20~5 
1. 1000 I, 4138 2 .2i. 49 
l,1500 1, 2562 2,254A 
1,2000 l ,220~ 2 ,24b5 
I, Z 5 C 0 1. ~o•n 2,2514 
1,)000 1,27~0 2.~493 
1,3~00 l. 42~0 2,27',2 
1 ,4000 1,4171 2,12114 
1,~500 1,1731:, 2,0865 
l,'000 l,LH7 2,04(8 
l • ~.:, 0 0 1,169 7 2,0027 
1,6000 l,19Sq 2,02(:5 
1, I·~' 0 0 l , IO ':17 1, 'JO 93 
l • 70 00 l ,C313 l .8~145 
l.75G~ 1,G%0 1, 8 C 2'il 
l,tOCO 1,0567 1,7516 
1,1'500 1,0315 1, 70 l 7 
1.~cco l. 12 30 1 ,f,!'., 32 
1.~soo 1,1L39 I , (,C 1,8 
2,LCOO l,11C5 1,5722 



EXAMPLE SHAKE PROBLEM 
PART 2 COMPUTE AMPLIFICATION FACTOR [ S] 

OUTCROP Footing s 
Period Response Response Computed s 
( sec) (g) (g) (Footing/Outcrop Smooth 
0.01 .35 .40 1.14 1.14 

0.10 .65 .50 0.77 0.77 

0.15 .86 .59 0.69 0.69 

0.20 .86 .78 0.91 0.91 

0.30 • 7 2 1.02 1.42 1.42 

0.40 .55 .90 1.64 1.98 

0.60 .33 .82 2.48 2.48 

0.80 .28 .64 2.29 2.38 

1.00 .22 .46 2.09 2.09 

1.50 .13 .18 1.38 1.38 

2.00 • 082 .097 1.18 1.18 

3.00 .050 .052 1.04 1.04 

4.00 -.033 .034 1.03 1.03 

5.00 .017 .017 1.00 1.00 

Soil Period From SHAKE Run,= 0.65 sec. 
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Period 

[sec] A<0.15g A = .15-.3g A>.3g 

0.1 1.9 1.9 1.9 

0.15 2.35 2.35 2.35 

0.2 2.6 2.6 2.6 

0.3 2.6 2.6 2.6 

0.4 2.6 2.6 2.6 

0.6 2.6 2.3 1.9 

0.8 2.0 1.7 1.4 

1.0 1.6 1.35 1.15 

1.5 1.1 0.90 0.75 

2.0 0.85 0.70 0.60 

3.0 0.55 0.45 0.40 

4.0 0.40 0.35 0.30 

5.0 0.30 0.25 0.20 

AASHTO [1975] R CURVES DIGITIZED AT SPECIFIC 

POINTS 
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EXA1"1PLE SHAKE PROBLEM 

PART 3 COMPUTE ELASTIC DESIGN SPECTRA [A.R.S] 

Period [Smoothed] 
[sec] A R s A.R.S 
0.01 0.35 1.00 1.14 0.40 

0.10 0.35 1.90 0.77 0.51 

0.15 0.35 2.35 0.69 0.57 

0.20 0.35 2.60 0.91 0.83 

0.30 0.35 2.60 1.42 1.29 

0.40 0.35 2.60 1.98 1.80 

0.60 0.35 1.90 2.48 1.65 

0.80 0.35 1.40 2.38 1.17 

1.00 0.35 1.15 2.09 0.84 

1.50 0.35 0.75 1.38 0.36 

2.00 0.35 0.60 1.18 0.25 

3.00 0.35 0.40 1.04 0.15 

4.00 0.35 0.30 1.03 0.11 

5.00 0.35 0.20 1.00 0.07 
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DISCUSSION 

The comparison plot of the computed design spectra at the site for 
the .3Sg peak outcrop acceleration when compared to the AASHTO 
curves for 80'to 150' of alluvium reveals the following: 

[1] In the period range between 0.2 and 1.0 sec., the 
response is larger than AASHTO. 

(2] In the regions below 0.2 sec and above 1.0 sec., the 
response is less than AASHTO. 

[3] The predominant period aligns well with the AASHTO value 
[approx. 0.5 sec.]. 

This site is stiffer than the standard alluvium site used in the 
AASHTO curves, which would account for these differences. When 
utilizing the curve for design, it is recommended that the curve 
be extended to the left of 0.5 sec. at 1.85g as shown to provide 
a conservative spectra for the lengthening of period in the 
inelastic range. 
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ECC SEISMIC DESIGN OF HIGHWAY BRIDGES 

Appendix D.3 

ROCK MOTION ROl 

STUDENT TEXT 

The spectrum compatible rock motion developed by Ramstad [4.5] provides 
a smoothed response spectra and eliminates the problem of large random 
vibrations in frequency content. This particular rock motion 
reproduces the Seed, Ugas and Lysmer spectrum [4.3] which was based on 
analysis of 28 rock siti records. 

ROCK MOTION ROl STATISTICS 

Tir1E INTERVAL 

MAXIMUM ACCELERATION 

PREDOMINANT PERIOD 

NUMBER OF TIME POINTS 

= 0.02 sec. 

= 1.00 g 

= 0.20 sec. 

= 800 

A complete listing of the rock motion is included in Appendix D.2 
(input). 
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APPENDIX D.4 

SOIL MODULI AND DAMPING FACTORS FOR DYNAMIC RESPONSE ANALYSES 

by 

1 H. Bolton Seed and I. M. Idriss 

(EERC 70-10) 

1. Introduction 

Much progress has been made in recent years in the development of 

analytical procedures for evaluating the response of soil deposits under 

seismic loading conditions. Successful application of such procedures for 

determining ground response in specific cases, however, is essentially 

dependent on the incorporation of representative soil properties in the 

analyses. Thus considerable effort has also been directed toward the 

determination of soil properties for use in these analytical procedures. 

In cases of ground response involving no residual soil displacements, 

the response is determined mainly by the shear modulus and damping char

acteristics of the soil under symmetrical cyclic loading conditions. 

Because most soils have curvilinear stress-strain relationships as shown 

in Fig. 1, the shear modulus is usually expressed as the secant modulus 

determined by the extreme points on the hysteresis loop while the damping 

factor is proportional to the area inside the hysteresis loop. It is 

readily apparent that each of these properties will depend on the magnitude 

of the strain for which the hysteresis loop is determined (see Fig. 1) and 

thus both shear moduli and damping factors must be determined as functions 

of the induced strain in a soil specimen or soil deposit. 

1 
Professor of Civil Engineering, University of California, Berkeley, Calif. 

2 Assistant Research Engineer, University of California, Berkeley, Calif. 
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Stress 

Fig. I HYSTERETIC STRESS-STRAIN RELATIONSHIPS AT 
DIFFER ENT STRAIN AMPLITUDES. 
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It is the purpose of this report to summarize available data on the 

dynamic shear moduli and damping factors for soils under loading conditions 

similar to those illustrated in Fig, 1 and to present the results in a form 

which will provide a useful guide in the selection of soil characteristics 

for analysis purposes. Since most of the data available to date have been 

developed for sands and saturated clays, the report will deal primarily with 

these two types of materials, though limited data for gravelly soils and 

peats is also included. 

2. Methods of Determining Shear Moduli and 

Damping Characteristics 

A wide variety of procedures, including laboratory and field tests 

have been used to determine both shear moduli and damping characteristics. 

The main procedures may be summarized as follows: 

(a) Direct determination of stress-strain relationships 

Hysteretic stress-strain relationships of the type shown 

in Fig_. 1 may be determined in the laboratory by means of triaxial 

compression tests, simple shear tests or torsional shear tests 

conducted under cyclic loading conditions. In general these 

procedures are useful for measuring moduli and damping factors 

under moderate to relatively high strains. 

(b) Forced vibration tests 

Forced vibration tests, involving the determination of 

resonant frequencies and measurement of response at other 

frequencies have been used to determine both moduli and damping 

factors. Test conditions in the laboratory have included the 

application of longitudinal vibrations and torsional vibrations 

D.4-3 
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to cylindrical samples or shear vibrations to layers of soil 

placed on a shaking table; in the field,shear vibrations of 

dams have been induced by large shaking machines but it is 

difficult to interpret the results of field tests to determine 

damping factors. In general these procedures are useful for 

determining properties at relatively low to moderate strain 

levels. 

(c) Free vibration tests 

Free vibration tests,in which measurements are made of 

the decay in response of a soil sample or soil deposi~ have 

been used to measure both moduli and damping factors for soils. 

Methods of excitation are essentially similar to those used 

for forced vibration tests, but the procedures can be used 

for measurement of soil characteristics at relatively low 

to moderately high strain levels. 

(d) Field measurement of wave velocities 

Field tests have been used to measure the velocity of 

propagation of compression waves, shear waves, and Rayleigh 

waves from which values of soil modulus can readily be deter

mined for low strain conditions. These procedures have not 

provided values of damping factors however. 

(e) Analysis of ground response during earthquakes 

In a few cases where motions have been determined at 

different depths in a soil profile during earthquakes, 

computations have been made to determine the effective moduli 

and damping factors controlling the response of the deposit. 

Details of the different test procedures are described elsewhere (Shannon 
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Table 1. Test Procedures for Measuring Moduli and Damping Characteristics 

General Procedure Test Condition Approximate Strain Range Properties Determined 

Determination of Triaxial compression 10-2 to 5% Modulus; damping 
hysteretic stress- Simple Shear 10-2 

to 5% Modulus; damping 
strain relationships Torsional shear 10-2 to 5% Modulus; damping 

Longitudinal vibrations 
-I+ -2 

Modulus; damping 10_1+ to 10_ 2 % 

Forced vibration 
Torsional vibrations 10 _I+ to 10 _

2
% Modulus; damping 

Shear vibrations - lab 10 to 10 % Modulus; damping 
Shear vibrations - field Modulus 

Longitudinal vibrations 10-3 to 1% Modulus; damping 

Free vibration tests Torsional vibrations 10- 3 to 1% Modulus; damping 
Shear vibrations - lab 10-3 to 1% Modulus; damping 
Shear vibrations - field 10-3 to 1% Modulus 

-It 

Field wave velocity Compression waves ~ 5 X 10 % Modulus 
-It 

measurements Shear waves ~ 5 X 10_
4
% Modulus 

Rayleigh waves ~ 5 X 10 % Modulus 

Field seismic Measurement of motions 
at different levels Modulus; damping response 
in deposit 



and Wilson, 1970) but a summary of the procedures and the approximate 

ranges of strain within which they have been used is presented in 

Table 1. 

3. Previous Study by Hardin and Drnevich 

A comprehensive survey of the factors affecting the shear moduli 

and damping factors of soils and expressions for determining these 

properties have recently been presented by Hardin and Drnevich (1970). 

In this study it was suggested that the primary factors affecting moduli 

and damping factors are: 

Strain amplitude, y 

Effective mean principal stress, cr' 
m 

Void ratio, e 

Number of cycles of loading, N 

Degree of saturation for cohesive soils, S 

and that less important factors include: 

Octahedral shear stress 

Overconsolidation ratio, OCR 

Effective stress strength parameters, c' and~• 

Time effects 

Relationships were presented to determine the values of maximum shear 

modulus (at essentially zero strain) and the variations of modulus 

values with strain for all soils. The expression for evaluating the 

maximum shear modulus is: 

G = 14760 x <2· 973 - e)
2 

(OCR)a (a')½ 
~x l+e m 

where G = maximum shear modulus in psf, max 
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e • void ratio 

OCR• overconsolidation ratio 

a • a parameter that depends on the plasticity index of the 

soil, and 

a' • mean principal effective stress in psf. 
m 

The value of a can be obtained from the following table: 

PI a 

0 0 
20 0.18 
40 0.30 
60 0.41 
80 0.48 

>100 0.50 

The modulus value, G, at a strain level, y, is then evaluated from 

the relationship: 

where 

G 
G ,. max 

1 + y/yr 

T max 
yr --G max 

={ C 
+ K 

sin<f>'+ c'cos<t>)
2 

- (
1 - K 

T 
0 CJ I 

max 2 V 2 

K = coefficient of lateral stress at rest, 
0 

a ' = vertical effective stress, and 
V 

0 a~) 2}1/2 

c',<t>' = static strength parameters in terms of effective 

stress. 

Similar relationships were also presented for evaluating the damping 

ratio. The damping ratio, A, at a strain level, y, is given by: 
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A = 
"max · y/yr 

l+y/y r 
(4) 

where).. is the maximum damping ratio corresponding to very large strains. max 

For clean sands, A (in percent) is evaluated by: max 

(Sa) 

where D • 33 percent for clean dry sands or D • 28 percent for clean saturated 

sands, and N = number of cycles. For saturated cohesive soils, A is given max 

by: 

l l 
).. = 31 - (3+o.03f) (cr' )2 + 1.5 fI - 1.5 log N max m 

where f ~ frequency of applied cyclic load in cycles per second, and 

cr' = mean principal effective stress in kg/cm2
• 

m 

The significance of the factors involved in these relationships is 

discussed in the following section. 

4. Shear Modulus Values for Sands 

(Sb) 

All investigations have shown that modulus values for sands are strongly 

influenced by the confining pressure, the strain amplitude and the void ratio 

(or relative density) but not significantly by variations in grain size 

characteristics. It has been found that in general, the shear modulus and 

confining pressure are related by the equation 

.! 
G loo K (~. ')2 = 2 vm 

so that the influence of void ratio and strain amplitude can be expressed 

through their influence on the parameter K2. 
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The influence of other factors on K2 , may be illustrated by the 

results in Fig. 2 which were computed using the relationships suggested 

by Hardin and Drnevich. Plots are presented to show the influence of¢', 

effective vertical stress (cr '), K, and void ratio on the computed 
V 0 

relationships between K2 and strain amplitude. It may be seen that: 

-~ 
(a) At very low strains (y .s_ 10 percent), K2 depends only on 

the void ratio, e. 

-3 -l 
(b) At intermediate strains (10 < y < 10 percent) the variation 

(c) 

of K2 with strain is only slightly influenced by the vertical 

stress, and very slightly by variations in¢' and K. The 
0 

values of K2 are still influenced strongly by the void ratio 

however. 

-1 
At very high strains (y > 10 percent), the values of K

2 
are 

slightly influenced by the vertical stress but they are 

essentially independent of K, ¢' and e. 
0 

Thus fer practical purposes, values of K2 may be considered to be determined 

mainly by the void ratio or relative density and the strain amplitude of the 

motions. 

A number of investigators, using different laboratory testing procedures, 

have presented data on the relationships between these factors. The test 

conditions used in these investigations are summarized in Table 2 and the 

results are presented in Fig. 3, for samples having a relative density of 

about 75 percent, and in Fig. 4 for samples having a relative density of 

about 40%. Average relationships between K2 and strain for these two relative 

density conditions are shown in Figs. 3 and 4, and they are compared in Fig. 

5. Values of K2 at other relative densities can be estimated by interpolation, 

as shown in Fig. 5. 
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Fig. 2 INFLUENCE OF VARIOUS FACTORS ON THE SHEAR MODULI OF SANDS. 
(based on Hardin and Drnevich expressions) 
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Table 2. Summary of Laboratory Investigations of Shear Moduli and Damping Ratios for Sandy Soils. 

Range of Strain Range of Confining 
Type of Test Soil Tested Reference 

Shear Axial Pressure 

-l 
Richart, Hall and Lysmer (1962) Sand <5x10 % 600 to 7200 psf 

Forced Vibration: II II 450 to 7500 Hardin and Richart (1963) 
Longitudinal II II 600 to 7400 Hall and Richart (1963) 
Vibration II II 600 to 7200 Hardin (1965) 

Sand, silty sand II 1000 to 3500 Donovan (1968, 1969) 
and clayey sand 

-2 
Sand .<10 % 600 to 7200 Richart, Hall and Lysmer (1962) 

Forced Vibration: II II 600 to 7400 Hall and Richart (1963) 
Torsional Vibrations II II 450 to 7500 Hardin and Richart (1963) 
Solid Sample II II 600 to 7200 Hardin (1965) 

II II 600 to 8500 Drnevich, Hall and Richart (1966) 

Forced Vibration _] _2 

Torsional Vibration Sand 10 to 6x10 % 600 to 8500 Drnevich, Hall and Richart (1966) 
II II 500 to 1800 Hardin and Drnevich (1970) Hollow Sample 

Free Vibration: _] _4 
Cylindrical Sample Sand 10 to 10 % 400 to 6400 Kishida and Takano (1970) 

Sand and gravel, -l -l 
Weissman and Hart (1961) silt and sand 2x10 to 5x10 % 400 to 1800 

Triaxial Compression Sand, silty sand 5xlO-\o 0.1% 1000 to 3500 Donovan (1968, 1969) and clayey sand 
-1 

Sand 10 to 1% 3000 to 3400 Matsushita, Kishida and Kyo (1967) 
·-

-2 

Simple Shear 
Sand 3x10 to 0.5% 2000 Seed (1968) 

II 10- 2 to 0.5% 500 to 4000 Silver and Seed (1969) 
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Fig. 3 SHEAR MODULI OF SANDS AT RELATIVE DENSITY OF ABOUT 75 %. 
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Fig. 4 SHEAR MODULI OF SANDS AT RELATIVE DENSITY OF ABOUT 40 %. 



80,-----------,----------,--------r----------. 

70,- Dr~ 90% 
G = 1000 K2(0"~)1/'z psf 

6 0 Ii====~ 

50 

Kz 
t1 40 . 
~ 
I 
I-' 
~ 

30 

20 ~ '- '-'" I I '- -<:7i::1. 

10 

0 ,o::_::;4:---- ~-------J,,--------
10-3 10-2 10-1 

Shear Stroi n -percent 

Fig. 5 SHEAR MODULI OF SANDS AT DIFFERENT RELATIVE DENSITIES. 



It may be seen that for relatively dense samples, the values of K2 

determined at very low strains for laboratory test specimens are typically 

in the range of SO to 75. The results of a number of determinations of 

shear moduli for sands at very low strain levels by means of in-situ shear 

wave velocity measurements are summarized in Table 3; the six investigations 

for dense to extremely dense sands (excluding clayey and partly cemented 

sands) give values for K2 ranging from 44 to 86. Thus there appears to 

be good general agreement between the results of laboratory and in-situ 

investigations. 

For purposes of comparison, representative values of the relationship 

between K
2 

and strain at different void ratios determined by the Hardin

Drnevich relationship for an effective vertical stress of 3000 psf, K = 
0 

0.5 and~' = 36° are plotted in Fig. 6. 

The good agreement between the results in Figs. 5 and 6 indicates 

that reasonable values for the shear moduli of sands may be obtained 

either by use of the curves in Fig. 5 or by use of the Hardin-Drnevich 

equations. Where field data is obtained in terms of the standard penetration 

resistance, the data_ in Fig. 5 is likely to be more convenient but for other 

purposes, direct computation from equations 1, 2 and 3 may be desirable. 

It may be noted that if each of the relationships shown in Figs. 5 and 

6 is replotted to show the variation with shear strain of the ratio of 
_4 

shear modulus at strain y to shear modulus at a shear strain of 10 

percent, the results fall within the relatively narrow band shown in 

Fig. 7. Thus a close approximation to the modulus vs shear strain 

relationship for any sand can be obtained by determining the modulus at 

a very low strain level, say by wave propagation methods in the field, 

and then reducing this value for other strain levels in accordance with 

the results indicated by the average (dashed) line in Fig. 7. 
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* Table 3. Shear Moduli of Sands Based on In-Situ 

Shear Wave Velocity Measurements 

Soil Location Depth 
K2 ft. 

Loose moist sand Minnesota 10 34 

Dense dry sand Washington 10 44 

Dense saturated sand So. California so 58 

Dense saturated sand Georgia 200 60 

Dense saturated silty sand Georgia 60 65 

Dense saturated sand So. California 300 72 

Extremely dense silty sand So. California 125 86 

Dense dry sand (slightly cemented) Washington 65 166 

Moist clayey sand Georgia 30 119 

* l . 
Shear modulus, G • 1000 K2 (am')2psf 
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------------------ - - --

5. Damping Ratios for Sands 

From their study of factors influencing the damping ratios of sands, 

Hardin and Drnevich concluded that shear strain, effective mean principal 

stress (or cr ' and K ), void ratio and number of cycles were very important, 
V 0 

while octahedral shear stress, angle of friction and degree of saturation had 

lesser effects. As in the case of moduli, the effects of variations in grain 

size characteristics were considered to be relatively insignificant. 

Computations of the effects of the above factors on the relationship 

between damping ratio and shear strain amplitude, as determined by the 

Hardin-Drnevich relationships are shown in Fig. 8. It is apparent that 

the effects of¢', K , void ratio and degree of saturation are ~elatively 
0 

minor, and it can readily be seen from the equation for maximum damping 

ratio 

A ::: 30 - 1.5 log10N max 

that if values of A are determined for about N = 5 cycles, values for other 

numbers of cycles in the range of interest (say 5 to 30) will not be sig

nificantly different. 

Thus the main factor affecting the relationship between damping ratio 

and shear strain is the vertical confining pressure cr '. The influence of 
V 

this factor, as determined by two studies is shown in Fig. 9. For pressures 

less than about 500 psf, the effect of pressure changes may be significant 

but excluding these very low pressures, which represent conditions in the 

top few feet of soils, the effect of variations in pressure is very small 

compared with the effect of shear strain, and an average damping ratio vs 

shear strain relationship determined for an effective vertical stress of 
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-2000 to 3000 psf would appear to be adequate for many practical purposes. 

Considering the potential scatter of test data for damping ratios, even 

those obtained by the same investigator using the same test procedure, the 

adoption of such an average relationship may be even more justified. 

A list of previous investigations of damping ratios of sands is 

presented in Table 2, and the results of these studies are summarized in 

Fig. 10. Approximate upper and lower bound relationships are shown by 

dashed lines and a representative average relationship for all of the 

test data is shown by the solid line. This average relationship is 

likely to provide values of damping ratio with sufficient accuracy for 

many practical purposes. 

The curves in Fig. 10 also provide a basis for evaluating the relation

ship between damping ratio and strain for·particular sands for which limited 

test data is available. If the value of damping ratio at a strain level of 

01 to 0.5 percent is determined, the probable damping ratios at other 

strains can be closely approximated by drawing a line through the known 

data point parallel to the curves shown in Fig. 10. 

6. Shear Modulus Values for Saturated Clays 

Accurate determination of the shear moduli of saturated clays is 

enormously complicated by the large effects of strain amplitude and 

sample disturbance on modulus values. In-situ measurements eliminate 

the problems raised by sample disturbance,but to date no techniques have 

been developed for inducing large controlled strain amplitudes in natural 

deposits and thus moduli can only be determined at very small strain levels. 

In the laboratory, on the other hand, samples may be tested under a wide 

range of strains but for test specimens from natural deposits, the moduli 
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determined will inevitably be influenced by the effects of sample 

disturbance. 

The joint influence of these effects is illustrated by the data 

presented in Figs. 11 and 12. Fig. 11 shows values of shear moduli for 

San Francisco Bay mud at a depth of about 25 ft determined by in-situ 

shear wave velocity measurements by Aisiks and Tarshansky (1968) and values 

determined by cyclic loading simple shear tests on undisturbed samples byThiers 

(1965). Projecting the laboratory test data to the strain level corres

ponding to the field test conditions, it may be seen that the laboratory 

test values are only about 40 percent of those for the in-situ clay. This 

result is not surprising in the light of previous studies of the influence 

of disturbance on the moduli of natural clays (Ladd, 1964) and it emphasizes 

the magnitude of the correction which may have to be made for this effect. 

The influence of strain amplitude on shear modulus is also apparent 

from the data in Fig. 11, the values at strains of about 0.5 percent 

being only about 12 percent of those corresponding to strains of the 

order of 10- 3 or 10-~ percent. 

Fig. 12 shows similar data for Union Bay clay. In this case values 

of shear moduli for in-situ conditions were determined from seismic wave 

velocity measurements and from observations of the response of the clay 

during an earthquake; modulus values for undisturbed samples were deter

mined by resonant frequency tests and cyclic loading tests in the laboratory. 

Again the in-situ moduli are two or three times greater than the laboratory 

test values at comparable strains, and the modulus decreases enormously with 

increasing strain amplitude. 

In addition to the effects of strain amplitude and disturbance, the 

shear moduli of different clays will clearly depend on their relative 
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strengths and stiffnesses, Hardin and Drnevich express these effects in terms 

of the effective mean principal stress, void ratio, overconsolidation ratio 

and effective stress strength parameters, but the resulting relationships do 

not always provide reasonable evaluations of shear moduli for in-situ 

conditions, as evidenced by the results shown in Figs. 11 and 12. 

However in view of the.facts that (1) stiffness increases in general with 

soil strength, (2) for static load conditions, the ratio E/su for saturated 

clays does not vary widely from one soil to another, and (3) test data at very 

low strain levels indicates an approximately linear relationship between the 

shear modulus and shear strength for a number of clays (Wilson and Dietrich, 

1960), it seems reasonable to expect that variations in clay characteristics 

might be taken into account with a reasonable degree of accuracy by normalizing 

the shear modulus, G, with respect to the undrained shear strength, su, and 

expressing the relationship G/su as a function of shear strain. 

Test data obtained by a number of investigators and expressed in this form 

are summarized in Table 4 and plotted in Fig. 13. For test data obtained in 

laboratory tests under unconsolidated-undrained test conditions, the measured 

moduli were multiplied by a factor of 2.5 to make an approximate allowance for 

sample disturbance. Clearly the effects of disturbance will vary from one 

study to another but in the absence of detailed information on sampling and 

testing conditions it was considered that a factor of 2.5 would represent a 

reasonable average correction factor for these effects. For in-situ and 

laboratory consolidated-undrained test conditions, no correction was applied 

to the test results. 

While there is considerable scatter in the data, most of the test results 

fall within the dashed lines in Fig. 13; that is, within ±50% of the average 

values shown by the solid line in the figure. Thus the average values are 

likely to provide reasonable estimates of the in-situ moduli for many clays. 
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Table 4. Swmnary of Investigations of Shear Moduli and Damping Ratios for Saturated Clays. 

Range of Strain 

Type of Test Soil Tested Shear 
Strain 

Field shear wave velocity S.F. Bay mud <10-3% 
measurements 

Field compression wave Union Bay clay velocity measurements 

Lab. Free Vibration Tests: Elkhorn Slough 
Longitudinal Vibrations silty clay 

Lab. Free Vibration Tests: S.F. Bay mud 2xl0-2 to 0.5% Shear Vibrations Kaolinite/Bentonite 5x10-2 to 2% mixture 

Lab. Forced Vibration Tests: Cambridge clay 
Longitudinal Vibrations Mississippi gravels 

Lab. Forced Vibration 'lests: Birch Bay clay =2.5x10- 3% 
Torsional Vibrations Montana clay ::2.5xl0- 3% 

Lab. Forced Vibration Tests: Whidbey Bay clay =2.5xl0- 3% 
Torsional Vibrations Silty clay 0.125% 
(consol. samples) Edgar Plastic Kaolin =2. 5xl0- 3% 

Ardmore clay 
Ardmore clay 

Lab. Triaxial Comp. Tests Union Bay clay 
Silty clay 
Webb Mark IV clay 

Lab. Torsional Shear Tests Georgia Kaolinite 3xl0-2 to 0.2% 

S.F. Bay mud 0.2 to 4% 

Lab. Simple Shear Tests 
Kaolinite/Bentonite 

0.1 to 2.5% mixture 
S.F. Bay mud 0.1 to 3% 

*Applied to modulus values to allow for sample disturbance. 
**Sample disturbed slightly after consolidation. 

Axial 
Strain 

<10-3% 

3xl0-2 to 2% 

=2.5xl0- 3% 
=2.5x10- 3% 

0.1 to 0.5% 
0.5 to 1% 

3x10-3 to 0. 3% 
10-2 to 0.1% 

0.2 to 1% 

Data Range of Shear Correction Reference Strength Factor* 

200 to 500 psf 1.0 Aisiks and Tarshansky (1968) 

1.0 Shannon and Wilson (1967) 

300 to 1100 psf 2.5 Parmalee et al. (1964); 
Idriss (1966) 

300 psf 2.5 Kovacs (1968) 
44 to 85 psf 2.5 Kovacs (1968) 

1080 psf 2.5 Wilson and Dietrich (1960) 
520 psf 2.5 Wilson and Dietrich (1960) 

1000 to 2420 psf 2.5 Wilson and Dietrich (1960) 
6000 psf 2.5 Wilson and Dietrich (1960) 

230 to 1800 psf 1.5** Wilson and Dietrich (1960) 
800 to 1500 psf 1.0 Zeevaert (1967) 

1400 to 1800 psf 1.0 Hardin and Black (1968) 

- - Taylor and Menzies (1963) 
- - Taylor and Hughes (1965) 

200 to 880 psf 2.5 Shannon and Wilson (1967) 
- - Donovan (1969) 
- - Taylor and Bacchus (1969) 

Krizek and Franklin (1967) - - Hardin and Drnevich (1970) 

300 to 400 psf 2.5 Thiers (1965), Thiers & Seed (1968) 

44 to 85 psf 2.5 Kovacs 

300 psf 2.5 Kovacs 
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Alternatively the data in Fig. 13 might be used to assess the influence 

of strain amplitude on the shear modulus of natural clays, by expressing the 

ordinates in terms of the ratio of shear modulus at shear strain y to shear 

modulus at a shear strain of 3 x 10-~ percent. This ratio for the average 

values shown in Fig. 13, is plotted as a function of shear strain in Fig, 

14. Reasonable estimates of the shear modulus of a clay at any strain 

amplitude can be obtained by determining the in-situ value at strains of 

the order of 3 x 10-~ percent by means of shear wave velocity measurements 

and applying the reduction factors shown in Fig. 14 to determine values 

at other shear strains. 

7. Damping Values for Saturated Clays 

Test data for damping ratios for saturated clays are so limited and 

the results vary to such an extent that it is difficult to determine the 

main factors influencing the damping ratios of these soils. A list 

of previous investigations of damping ratios for saturated clays is 

presented in Table 3 and the results of these studies are summarized in 

Fig. 15, Approximate upper and lower bound relationships between damping 

ratio and shear strain are shown by the dashed lines and a representative 

average relationship for all of the test data is shown by the solid line. 

This average relationship may well provide values of damping ratio with 

sufficient accuracy for many practical purposes. 

The curves in Fig. 15 also provide a basis for evaluating the 

relationship between damping ratio and strain for any particular clay. 

If the value of damping ratio at a strain level of 0.1 to 0.5 percent 

is determined, the probable damping ratios at other strains can be 

estimated by drawing a line through the known data point parallel to 

the curves shown in Fig. 15. 
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Further studies are required of the factors influencing the damping ratios 

of saturated clays to permit more detailed assessments of this characteristic 

for analysis purposes. 

8. Shear Moduli and Damping Ratios for Gravelly Soils 

Probably because of the large diameter of test specimens required, there 

do not appear to have been any laboratory investigations of the shear moduli 

and damping ratios for gravelly soils. The results of a limited number of 

moduli determinations f~r these type of soil,based on in-situ shear wave 

velocity measurements, are summarized in Table 5, from which it may be seen 

that at small strain levels, modulus values are between 1.25 and 2.5 times 

greater than those for dense sands. 

At higher strains, it seems likely that moduli for gravelly soils will 

decrease in a manner similar to that for sands. Thus by applying the moduli 

reduction factors shown in Fig. 7 to the data in Table 5, variations in 

shear moduli with strain might be estimated as shown in Fig. 16. Additional 

data on modulus values and damping ratios for gravelly soils is badly needed; 

however approximate values for use in some types of response analyses can be 

estimated by the procedure shown in Fig 16 and the assumption that damping 

is approximately the same as for sandy materials. 

9. Shear Moduli and Damping Ratios for Peats 

The results of several investigations which have provided data on the 

shear moduli and damping ratios for peats are summarized in Fig. 17. Shear 

moduli are shown as the ratio of G/s , with values determined by in-situ 
u 

seismic wave velocity measurements, evaluation of ground response to earth-

quake excitation, and laboratory investigations. As in the case of clays, 

moduli determined by laboratory unconsolidated-undrained tests were multiplied 
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* Table 5. Shear Moduli of Gravelly Soils Based on In-Situ 

Shear Wave Velocity Measurements 

Soil Location Depth 
K2 ft. 

Sand, gravel, and cobbles with Caracas 200 90 little clay 

Dense sand and gravel Washington 150 122 

Sand, gravel and cobbles with 
Caracas 255 123 little clay 

Dense sand and sandy gravel So. California 175 188 

* l 
Shear modulus G • 1000 K2 (am')2 psf 
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1ao ~-------........,,=----------1---------+----------1 .... .... 
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' ' ' ' 1401----------+------------"1-,---------t-----------t 
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1201---~-....;;;;...::=--------+---------+----'-'-,-,------+-------------1 
........ \ 

.......... ' 
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1001------- cobbles with little cloy---,-,-+------,----+----------
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80 

---~-~~~ ' \ -- ' \ -.... 
.... .... 

' ' 

' ' ' ' ' ' 6Q1------+--------+--__:::""""'--o;~-------l-'-~,-----·-----,rt------------i 
Dense sand, , 

' Dr:== 90% (Fig.5) , 

' ' 401-----------+------------1-----------------------1 

' ' ' ' ' 

Q,__ _________________ ......_ ___________________ _, 

10-4 10-2 

Shear Strain - percent 

Fig.16 MODULI DETERMINATIONS FOR GRAVELLY SOILS. 
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Fig. 17 MODULI Af\O DAMPING DETERMINATIONS FOR PEATS. 
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by a factor of 2.5 before being plotted in Fig. 17. While the nature of 

peaty soils is likely to vary considerably from one location to another, 

the data in Fig. 17 may provide some indication of the dynamic characteristics 

of this type of soil. 

10. Conclusion 

In the preceding pages an attempt has been made to summarize in a con

venient form, the available data concerning the shear moduli and damping 

ratios for soils. Clearly more data on these dynamic characteristics is 

required, particularly for silts, clays and gravelly soils. However it 

is hoped that the data presented will serve as a useful guide in the 

selection of soil properties for dynamic response analyses and that other 

engineers might be encouraged to make available any additional data which 

would supplement that presented above. 
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Appendix E.l 

SAMPLE PROBLEM 10 

Determine soil spring and damping coefficients for the spread footing 
shown in Figure E.1.1. Assume the footing is resting on a cohesionless 
soil with a density of 120 pcf and a shear wave velocity of 1500 
ft/sec. The colwnn deadload reaction is 1000 kips. 
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Appendix E.2 

SAMPLE PROBLEM 11 

Calculate stiffness coefficients 
E.2.1. Assume that the soil is 
are fixed to the pile cap. Use 
figure. 

339-890 0 - 81 - 37 

for the ~ile group shown in Figure 
a medium stiff clay and the pile heads 

the pile properties shown in the 
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Appendix F.1 

MATRIX ALGEBRA 

F .1.1 Introduction: 

Fundamental to the intelligent use of computer 
programs for structural analysis and design is at least a 
basic knowledge of the methodology upon which these programs 
are based. Since approximately 1958 the language of struc
tural analysis and design has undergone a most profound 
change. The new language is that of matrix algebra and 
corresponding to it matrix notation. This is readily ob
vious to anyone attempting to follow research publications 
in this area and should serve to motivate the practicing 
engineer to understand the new language in order to implement 
the vast amount of new knowledge wisely. Actually the basic 
methodology for structural analysis has not changed but only 
become more fundamental and compact. The primary reason for 
the change in the language is that computers can easily 
manipulate large blocks of numbers and solve large numbers 
of simultaneous equations much more directly than they. can 
operate on methods such as moment distribution. Hence, a 
brief definition of matrix notation, a description of basic 
operations employing matrix algebra and some example applica
tions of matrix·techniques follow. These methods form the 
basis for STRUDL's internal operation. 

Definition and Notation: 

A matrix is defined as a rectangular block, or 
array, of numbers composed of m rows and n columns. For 
example: 

= 

6 

2 

1 

1 
-8 

-3 

Here we have the matrix A composed of m = 3 rows and n = 2 
columns containing six coefficients a ... The first index on 

1] 

the coefficient within the array defines its row position and 
the second index defines its column position or a 31 = 1, 

where a 31 is the element in the third row and first column. 
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F .1,2 Matrix Operations: 

I Addition and Subtraction: 

Two or more matrices of the same size (those having 
the same number of rows and columns) may be adrled or subtracted. 

[CJ2x2 = [AJ2x2 + [BJ2x2 =~ -!]+~! ;}(: -! ] 
[DJ2x2 = [AJ2x2 - [BJ2x2 = ~ -!J-l! :]=[! -3 J 

-10 

or c· · 
l.J = a·· + b· · d· · l.) l.) I l.) = a·· - b · · l.) l.) 

II Multiplication: 

The product of two matrices (A) (B) is equal to a 
matrix (C) having the same number or rows as (A) and the same 
number of columns as (B). The product (C) can only exist 
when the number of rows in (B) is the same as the number of 
columns in (A). For example: 

[A] . [BJ [CJ 

a11 a12 

~11 
b12 

bl~ 
ell Cl2 C_13 

a21 a22 b21 b22 b23 = c21 C22 C23 

a31 a32 2x3 c31 c32 c33 

a41 a42 C4l C42 C43 4X2 
4x3 

The coefficients c .. in matrix (C) are determined 
from the relation: 

1 , 

n 
c·. 

l.) = L 
k=l 

aik bkj 

where n is l.iil:! 11u1tUJt:i: ut rows in (B) or the number of columns 
1n (A). As an example, in the above product 

cij = (i th row of [A] x the j th column of [BJ ) 
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Example 1: 

Find the product of matrix A and B. 

A=~ ]l li 4 3x2 2x2 

Example 2: 

As a simple example of a matrix formulation 
illustrative of the multiplication process consider the pin 
connected trt1ss of Figure F.1.1. 

Figure F. 1. 1 

At joint B we have the external forces P1 and P2 . 

If we consider the equilibrium of Joint B, Figure F.1.2, we 
have 

Figure F. 1. 2 
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L FH = 0 

or, pl = F1 cos a: + F2 cos /3 ( 1 ) 

L Fy = 0 

or. P2 =-F1 since+ F2 sin B ( 2 ) 

Equations (1) and (2) may be written in matrix form as 

. . . ( 3 ) 

If we apply the above role for multiplication we 
would see that Eq. (3) is the same as Eq. 's (1) and (2), we 
can write Eq. ( 3) in an even more abbreviated manner as 

{P} = [A] l F} . . . . . . . . . . . . . . . . . . . ( 4) 

{ Pl ~~] ' 
[A] ~OS 0C cos BJ d {F} = = , an = 

sin ex: sinB 

Basically then matrix notation, such as Eq. (i), 
is a short hand way of writing a system of equations. 

Example 3: 

z1 

z2 

Z3 

Suppose we are given the following relationships 

= 6y1 + 

= 2yl 

= Y1 -

Y2 

8y2 

3y2 

Yl = 3X1 + 4X2 

Y2 = -4Xl + 2X2 

and one wishes to express the z values as a function of th~ 
x values. This can be done by direct substitution as follows 
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z1 = 

= 
z2 = 

= 
z3 = 

= 

6 (3X1+ 4X2) + 1 (-4X1+ 2X2 ) = [ (6)(3) + (1)(-4)] X1+[(6)(4)+(1)(2)] x2 
14X1 + 26X2 

2(3X1+ 4X2) -8(-4X1+ 2X2 ) = ((2)(3)+ (-8)(-4)] X1+ [(2)(4)+(-8)(2)] X2 

38X1 -8X2 

1(3X1+ 4X2) -3(-4X1+ 2X2) = (1)(5)+(-3)(-4) X1+ (1)(4)+(-3)(2) X2 

15X1 - 2X2 

This operation also could have been performed using matrix 
multiplication by writing 

{zl 3xl = [AJ3x2 {vJ 2xl, (Yj 2xl = [BJ 2x2 lx} 2xl 

and then by substitution 

{z} 3xl = [AJ3x2 [BJ 2x2 x tx1 2xl = [CJ3x2 (x) 2xl 

Where 

Or in general 
M 

[CJLxN [AJLXM [BJMXN and cij = L aik bkj 

k=l 

[C]3x2 = a ] [! ~ 

U
l4 
38 
15 J -8 

-2 

••• {z} = [CJ3x2 { X} = 38xl 

~

4x1 

15x1 
Notice that the results are identical. 
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111 M~trix Inversion: 

The j nv0r:.;c, 
defined such that 

(1\) - 1 , f t. o ~ squnrc ma r1x 

[A] [AJ-l = [A]-l [A]= [l] 

( 1\) i !, 

( 5) 

where (I) is defined as the unit matrix. (I) is a square 
matrix with l's on the main diagonal and zeros elsewhere. 
For example, a 3x3 unit matrix is 

We can visualize operations with the inverse matrix by a 
parallel with division i.e., if 

then 

note that 

z = xy 

x = z/y = z(y)- 1 

(y)(y)-1 = y/y = 1 

observe the similarity of Eq.'s (5) and (6). 

(6) 

Now that we know what the inverse matrix is cefined 
to be, how do we find it? Suppose we are given the set of 
equations 

a11x1 + al2X2 + a13x3 = Yl all a12 a13 xl Yl 

a21x1 + a22X2_ + a23X3 = Y2 or a21 a22 a23 x2 = Y2 

a31x1 + a32x2 + a33x3 = Y3 a31 a32 a33 X3 Y3 

and we wish to express the X as function of Y, that is 

b11Y1 + b12Y2 + b13Y3 = xl b11 b12 b13 Yl xl 

b21Y1 + b22Y2 + b23Y3 = X2 or b21 b22 b23 Y2 = x2 

b31Y1 + b32Y2 + b33Y3 = X3 b31 b32 b33 Y3 x3 

what we are asking is that knowing the coefficients of (A) , 
how may one determine the coefficients 1n the inverse mc:itrix 
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then 
Take as the values of Y, Y1 = 1, 

allxl + a12x2 + a13X3 = l 

a21x1 + a22x2 + a23X3 = 0 

a31x1 + a32x2 + a33X3 = 0 

b11(l) + b12(0) + b13(0) = xl 

b21(l) + b22(0) + b23(0) = x2 

b31(l) + b32(0) + b33(0) = x3 

Y2 = 0, Y3 = 0, 

xl = bll 

x2 = b21 

X3 = b31 

Therefore, if we determine the values of x by solving 
the first set of simultaneous equations, we will have the first 
column of the (B) matrix. If we then take y 1 = 0, y 2 = 1, y 3 = 0 

and solve the first set we obtain the solutions constituting 
the second column of (B). Therefore if we have N equations in 
N unknowns we must solve N sets of simultaneous equations to 
obtain the N columns of the (B) matrix. 

The above relationship can be written in matrix 
form a:-: 

[A] fx} = (Yj and [BJ {Y} = [x] 
Notice that if we substitute for (X) in the first of these we 
obtain 

[ A J [BJ ( Y J = [ A J [ A J -l ( Y] = l v} 

and that the only way this relationship can hold is if 

[A] [AJ-1 = [I] 

Therefore, if we can find the inverse of a given matrix by 
some method, we can check its correctness by multiplying the 
given matrix by its inverse to see if the unit matrix is 
obtained. The reader may wish to do this to augment his 
understanding of matrix multiplication and to verify the 
preccdjng inversion. Many volumes have been written on 
<li f fcrcnt met.hod!; of inversion ann simultaneous equations 
50l11tion. These methods will not be discussed here, and it 
is left to the initiative of the reader to familiarize him
self with them. 
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IV Symmetry and Transposition: 

Two additional definitions of particular jmportance 
in structural theory employing matrices are the s·)·rnmetric 
matrix and the transpose matrix. l\ symmetric matrix is a 
square matrix where the coefficients are symmetrical about 
the main diagonal (i.e., a .. =a .. ). For example, 

1 J ]l 

Main Diagonal 

A matrix (B) is defined to be the transpose of the 
matrix (A) if and only if b .. = a .. , or 

1 J J l. 

[BJ = [A]T = [! ~ where [Al = Q 2 
-~ 4 

or to put it another way, the rows and columns have been 
interchanged. 

Example 4: 

Find the transpose of 

5 

8 
-sl 
1~ 

Interchanging Rows & Columns: 
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Appendix F.2 

Space Frame Member Stiffnesses 

( 

7 
EAlf 

11-1-· ---------~k ~~ ----x"' 

(1) 

Glx Glx 

L k L --;,t-----------~ ___,...._ __ JIM 

(4) 

/ 

r"' ly"' 
tUiz + 

L' r. +-~ 
6;Iz~l)-1------------=======-7-*.....i:~-L•----x"' 

L
2 1/ /~lz 

/ (2) L' 

6Elyt t-~ -7 I L1 

/-· ------==---k~~ ~_$..../_______ E-------~ 
3'/ /2ury 

~2Ely L' 

/ L' 
ZM 

(3) 

~;.~;, t-•;;, 
~---:::::::----.... k~---4~11/'~ /~ XM 

/zuz 

/. L 

(6) 

1 

EAx n EAx 

-~Ai I*~ T ~:i-3,:.._ __________ __,lf-"-f~-- --xM 

/ (7) 

2~ly t . i 
1 1 kt _6El1/_,,-5'...._ ___ ==~=-----_-_-_-:_-_-_-_-_------;;tl,---=""" ------JIM 

L' 6Elr/ 
/ ~-

4Efr 
T 

ZM (11) 

ly"' )-i 
t -6Elz 
r L' 

----------7.::-----JIM 

L 

(12) 
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Space Frame Member Stiffness Matrix 

2 3 4 5 fi 7 8 !) JO 11 12 

/,'.h 
0 0 0 () 

K1x 
0 0 -- 0 0 0 (I 

J. !. 

21 0 
12/:'/ z 

0 0 0 
61\'lz 

0 
12/i'/ z 

0 0 0 
HI,'/ z 

' ---J,3 J; ' f..,3 J,2 
' 12/~fr 6E/y ' 12/~'h fiH/1· JI 0 0 0 0 ' 0 0 0 u ---

1,:1 1..,2 I /,3 I." ' 
Glx ' Wx 

-l 0 0 0 0 lJ u 0 0 0 0 
L L 

l'rj 
5 0 0 

(jJ\'/1· 
0 

41~/i-
0 0 () 

f,/i'/r 
0 

2/\'/r 
0 . 

/,' N 1..,2 I, /, 
I 6/:'J z 48/z (iii'/ z 2Hlx 

N ti 0 -- 0 0 0 -- 0 - -- 0 0 0 -
1,2 /, I? I. 

s~, = -- ---------- --------------------------- ---·--------•-----------------------------------------------------------
' /:'.IX ' EAx 

i 0 0 0 0 0 ' 0 0 0 0 () ' -
I. I I, 

8 I 0 
12/az 

0 0 0 
6Elz 

() 
12/i'J z 

0 0 0 
(j/1'/z --- - -

J.,3 J_,2 1,3 /_,2 

u I 0 0 
_ 1'2/i'Jy 

0 
6/t]y 

0 0 0 
12/i'Ji, 

0 
611'11-

0 
J.,3 1,2 1.,a J;l 

IO I 0 0 0 
Glx 

0 0 
L 

0 0 0 
GI X 

L 
0 0 

11 I 0 0 
6E/y 

0 
2E/y 

0 0 0 
6/i']y 

0 
48/1· 

0 - 1,2 L J,2 /, 

12 I 0 
6Elz 

0 0 0 
2/IJ]z 

0 
uia z 

0 0 0 
·1 /:'/ z 

L2 L 1.,2 /, 



Appendix F.3 

FORMULAS FOR COLUMN SHEARS AND MOMENTS 

The formulas for the shears and moments for prismatic and 

non-prismatic columns are included in this attachment. These 

formulas may also be used to calculate the required stiffness 

terms for period calculations by substitution in unit displace

ments as described in Section 3.3.1. 

a. Prismatic 

i. Fixed-fixed 

V, = 12EI L'li 
l 

1 3 

~I. = 6EI L'li 
l 

12 

ii. Fixed-pinned 

v. = 3EI L'li 
l 

13 

.Mi = 3EI 6i 
12 

b. Non-Prismatic 

i. Fixed-fixed 

= lVi 

vi= EIC [ (KT(l+CT)+Ko(l+Cg)],'\i 
1 1 

M 
T· l 

= EicKT[l+CT]6i 
1 2 

= EicKB [i+Cc]''\i 

1 2 
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ii. Fixed-Pinned 

where: 

vi= EicKa(l-CaCT) 6i 

1 3 

lV• 1 = EicKa(l-CaCT) 6i 

1 2 

Ic = minimum moment of inertia along the member 
for bending in the transverse direction in 
ft4. 

KT = stiffness factor top 

Ka = stiffness factor bottom 

CT = carry-over factor top 

Ca = carry-over factor bottom 
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Case 1 

case lA 

Case 2 

case 2A 

Case 3 

Case 3A 

case 4 

case 4A 

case 4B 

Case 4C 

Summary of Case Studies 

South Turlock o.c. Br. No. 39-191 

• Spans-2 Equal (162) 

• Bent-single column 25' 

• Skew-Zero 

• Stiffness Index= 7.46 

• Bent - Changed to 40' column 

Stiffness Index= 2.87 

Davis Road u.c. Br. No. 23-154 

• Spans-3 Unbalanced (73,154,119) 

• Bent-Single column 23' 

• Skew-45° Abutments only 

• Stiffness Index= 2.89 

• Skew-changed to Zero 

• Stiffness Index= 3.13 

Route 113/80 Separation Br. No. 23-177 

• Spans~2 Unequal (232, 203) 

• Bent-2 columns 26' 

• Skew-60° 

Stiffness Index= 2.98 

• No skew 

• Stiffness Index= 4.93 

Von Karman Avenue o.c. Br. No. 55-612 

• Spans-3 Approx. Equal (121,120,135) 

• Bent-3 columns 24' 

• Skew-0° 

• Stiffness Index= 1.86 

• Changed skew to 45°, Abutments & Bents 

• Stiffness Index= 1.79 

• Changed Bent 3 to 40' columns, no skew. 

Stiffness Index= 1.52 

• Changed skew to 45°, Abutments & Bents 

• Stiffness Index= 1.47 
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Case 5 

Case 6 

case 6A 

Case 6B 

case 6C 

North Connector o.c. Br. No. 57-879 

• Spans-a (192,223,223,212,215,226,226,195) 

• Bents-single columns (67,46,61,58,45,33,45) 

• Curve-700' 

North Turlock Overhead (Modified) Br. No. 

38-144R 

• Spans-3 (100,136,100) 

• Bents-2 columns 36' (Pinned) 

• Skew-None 

• Stiffness Index= 1.65 

• Change skew to 45°, Abutments and Bents 

• Stiffness Index= 1.31 

• Columns-fixed 

• No skew 

• Stiffness Index= 3.00 

• Columns fixed 

• Change skew to 45°, Abutments and Bents 

• Stiffness Index= 2.04 

G.1-3 



co 
N 

0 

--

RESPONSE COEFFICIENT "c" FOR VARIOUS VALUES 
OF PEAK ROCK ACCELERATION 11A" 

I 
I t! 
i :;j 

I 

li: 

8 a:: 

~..: 
~ 

:EO 
::,-

>' 
30 
...J II 

. <C 
~ ...J os 
:z: a:: 
I- "' a..~ 
~:E 

~c 
... --

(DEPTH OF ALLUVIUM TO ROCK·LIKE MATERIAL: 0-IOFT) 

I 
I 
I ,~ 

s I~~: I 
I I 

a:: ~.., I 

I I ~,N 
a:: 

~I 0 I I-
::, 

~I ~I~ I l&J 

fl I :E ~ 

Ou, 0 
a: I 

l&J "' 
~ 

I c:) ::, 
z ...J 
er Cl 

I a:: > 

I 
/ I i l / I I 

I l .IY/ ; 

AA/ 
----l.---" c::; ~y ___. / I ~ 

N 
N 
0 

~-~ _.,,,... .. ----
,,,, 

~( in rt) 

\. / ,-___ 
~~ ~ ~----

a:, 'It' 0 

o o o 

I 

I 
! 

I 

~ 
/~( 
r----. 

co 
0 
0 

RESPONSE COEFFICIENT C 

G.1-4 

I 
I 
I 
I 

I 
I 
I 
I 

1: 

j 

I 
/I 
I 
I 
I 
I 

N q 
0 

q I-
N-

~ 
(I) -
LIJ 
0::: 
:::, 
I-

It) u 
:::, 
0::: ... 
(I) 

l&.. 
0 
C 
0 

q 0::: 
UJ 
a. 

CD 
0 

co 
0 

~ 
0 

N 
0 

0 



CASE I 8 IA SOUTH TURLOCK OVERCROSSING 

I: 
324'-o" 

I 
y 

1s2'-o" 1s2'-o" Lx ~~JC :;=J~~ Jl __ -------=-- -= - ------
ELEVATION 

·t 0 11 Ix 
PLAN 

z 
STRUCTURAL DATA 

SUPERSTRUCTURE: 
A = 42.3 Ft.2 

ly :. 1909 Ft4 
lz = 268.4 Ft.4 

Ix = 546.0 Ft.4 

E = 3600 KSI 
D. L. = 6.68 K/Ft. 

COLUMN (TYPE 5)= 
lmin = 49 Ft. 4 

KTOP = 11.02 CTOP = 0.404 
KeoT = 4.92 Ceor = 0. 904 

E = 3500 KSI 
D .L. = 94 K 

HEIGHT= 25' (CASE I) a 40' (CASE IA) 
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0 . .... 
I 

O') 

BENT 

2 

2 

METHOD 

Formula 

Uniform 

Dynamic 

Field Tes 

Formula 

Uniform 

Dynamic 

BRIDGE 
SPANS 

CASE 1/lA 

South Turlock Overcrossing 
2 Equal (162.162) 

Br. No. 39-131 

BENT Single Column Case 1 25'/Case lA 40' 

SKEW= 

CURVE= 
Zero 

Tangent 

SHEAR MOMEMT TOP MOMENT BASE 
PER!OD COMMENTS 

TRANS. LONG. TRANS. LONG. TRANS. LONG. 

.54 212 0 0 0 5300 0 Case 1 25' Column 
Stiffness Index= 7.46 

.41 271 0 2034 0 4762 0 

.37 270 0 2000 0 4719 0 

t .33 

1.14 122 0 0 0 4880 0 Case lA 40'Column 
Stiffness Index= 2.87 

.67 142 0 2181 0 3527 0 

.58 153 0 2270 0 3742 0 



CASE 2 DAVIS ROAD ON-RAMP UNDERCROSSING 
y 

73
1

+ 
445•+ L ,s.·. ,,.. • I 

I I 
L--,_ ~ ~ ,a 

______ ::-.:;-=--=--e...-:::-... __ -~_:5Jl ~- --- --1- - --=:::'=:-.:-..:. --

~LEvAT,oN Ix 

PLAN 

STRUCTURAL DATA 

SUPERSTRUCTURE : 

COLUMN (TYPE 8)= 

A = 
ly = 
lz = 
Ix = 
E = 
D.L. = 

lmin = 

KroP = 
Keor = 

E = 
D.L.= 

67.57 
9416.8 
294.5 
884.3 
3850 
10.47 

34. 22 
8.68 
4.74 
4360 
96.0 

Ft.2 
Ft.4 

Ft.! 
Ft. 
KSI 
K/Ft. 

Ft. 4 
CroP = 
Cser= 

KSI 
K 

NOTE= COLUMN BOTTOMS PINNED IN 
LONGITUDINAL DIRECTION 
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CASE 2A DAVIS ROAD ON-RAMP UNDERCROSSING 
y 

I: 73'+ I 
446

1

+ L 
154'+ I 119'+ •1 X 

ELEVATION Ix 
__ ] -1..._~ -·...-t _J j( 

PLAN 

STRUCTURAL DATA - SAME AS CASE 2 
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Cl 

I-' 
I 

© 

BENT 

2 

3 

2 

3 

METHOD 

Formula 
Uniform 
Dynamic 

Formula 
Uniform 
Dynamic 

Formula 
Uniform 
Dynamic 

Formula 
Uniform 
Dynamic 

CASE 2/2A 

BRIDGE Davis Road Undercrossing Br. No. 23-154 

SPANS : 3 Unbalanced (73, 154, 119) 

BENT : Single Column 23' 

SKEW : Case 2 45° Abutments Only /Case 2A No Skew 

CURVE : Tangent 

SHEAR MOMENT TOP MOMENT BASE 
COMMENTS 

PERIOD 
TRANS. LONG. TRANS. LONG. TRANS. LONG. 

.58 213 0 0 0 5112 0 Case 2 45° Skew at 

.47 161 0 1316 0 2553 0 Abutments only 

.36 158 51 1238 1226 2540 0 Stiffness Index 2.89 

.63 244 0 0 0 5856 0 

.47 245 0 1982 0 3742 0 

.36 245 40 1907 913 3774 0 

.58 213 0 0 0 5112 0 Case 2A No Skew 

.40 194 0 1841 0 2831 0 Stiffness Index 3.13 

.34 188 0 1751 0 2730 0 

.63 244 0 0 0 5856 0 

.40 282 0 2518 0 4060 0 

.34 278 0 2456 0 3977 0 



CASE 3 ROUTE 113/80 SEPARATION (WEST) 
y 

435•± L 
II-___ __;;2~32=-='±=------+-1---=2:.:.0.:..3

1

=-!: -----ii X 

------ ~-~---- ---~GJ~--1--------~-:. 
ELEVATION Ix 
'>,, ~ 

s~_o _______ '-i_1_,;¾,_'~-----s~-3-o.__ ___ -~-L1 

PLAN 

STRUCTURAL DATA 

SUPERSTRUCTURE: 

COLUMN (TYPE 8) 

A = 
ly = 
IZ = 
Ix = 
E = 
D.L. = 

lmin = 
KTOP = 
KeoT = 

E = 
D.L. = 

<::.::. 

80.41 Ft. 2 

11092.3 Ft. 4 

718.6 Ft.! 
1791 Ft. 
3850 KSI 
12.40 K/Ft. 

34. 22 Ft. 4 

8. 2 2 CTOP = 0. 44 9 
4 . 7 0 C BOT = 0. 7 8 7 
4 360 KSI 
102 K 

NOTE: COLUMN BOTTOMS PINNED IN 
ALL DIRECTIONS 
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CASE 3A ROUTE 113/80 SEPARATION (WEST) 

435' YL 
F----23...._.2_

1 
______ 2=.;;03.__' --1 X 

-------- ~~-----------.lL-------~~----

Ix 
i 

_1 _· ------+-l-. ---~ 
STRUCTURAL DATA - SAME AS CASE 3A 
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C) . 
I--' 
I 

I--' 
t..:> 

BENT 

2 Lt. 

2 Rt. 

2 Lt. 

2 Rt. 

METHOD 

Formula 
Uniform 
Dynamic 

Formula 
Uniform 
Dynamic 

Formula 
Uniform 
Dynamic 

Formula 
Uniform 
Dynamic 

BRIDGE 
SPANS 

BENT 
SKEW= 

CASE 3/3A 

Route 113/80 Separation 

2 Unequal (232,203) 

2 Columns 26' 
60° 

CURVE: Tangent 

Br. No. 

SHEAR MOME~IT TOP MOMENT BASE 
PERIOD 

TRANS. LONG. TRANS. LONG. TRANS. LONG. 

.52 216 0 5616 0 0 0 

.63 158 4 4025 108 0 0 

.55 134 145 3356 3670 0 0 

.52 216 0 5616 0 0 0 

.63 127 4 3384 113 0 0 

.55 105 122 2751 3219 0 0 

.52 216 0 5616 0 0 0 

.49 243 3 6188 83 0 0 

.46 262 5 6564 113 0 0 

.52 216 0 5616 0 0 0 

.49 209 3 5583 ·86 0 0 

.46 226 4 5907 105 0 0 

COMMENTS 

Case 3 60° Skew 
Stiffness Index 2.98 

case 3A No Skew 
Stiffness Index 4.93 



CASE 4 848 VON KARMAN AVENUE OVERCROSSING 
376

1 Y 

~l•--_;.::'2~,·---1----'-'=20~·---,_.....----:...'3~5~•--~-1 Lx 
24

1
- CASE 4 548 

I 

\ I 

I 

- - i ___ , 
I 
I 

STRUCTURAL DATA 

SUPERSTRUCTURE: 

COL U MN ( 4
1 

DI A.) 

1f24' - CASE 4 / 
--=--~~,l~o• - CAS7_~a---- -------, ______ ,,. 

ELEVATION 

-

PLAN 

A = 
ly = 
lz = 
Ix = 
E = 
D.L. = 

A = 
I = 
E = 

D.L. = 

~' 

1 
't' 
I 

I 

123.34 
65550 
526.98 
116. 98 
3000 
18.50 

. 

Ft.2 
Ft. 4 

Ft.! 
Ft. 
KSI 
K/ Ft. 

12.57 Ft. 2 

12. 5 7 Ft. 4 

3000 KSI ,. 
45.0 K 
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CASE 4A S 4C VON KARMAN AVENUE OVERCROSSING 

121' 

24
1

- CASE 4A &4C 

ELEVATION 

PLAN 

STRUCTURAL DATA - SAME AS 4 S 48 
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c;) 

~ 
I 
~ 
C.11 

BENT 

2 

3 

2 

3 

METHOD 

Formula 
Uniform 
Dynamic 

Formula 
Uniform 
Dynamic 

Formula 
Uniform 
Dynamic 

Formula 
Uniform 
Dynamic 

BRIDGE 
SPANS 

CASE 4/4A 

Von Karmon Avenue Overcrossing Br. No. 55-612 

3 Approx. Equal (121, 120, 135) 

BENT : 3 Columns per bent 24' 

SKEW: Case 4 o0 Skew / Case 4 A 45° Skew 

CURVE : Tangent 

SHEAR MOME~lT TOP MOMENT BASE 
PERIOD COMMENTS 

TRANS. LONG. TRANS. LONG. TRANS. LONG. 

.45 129 0 1548 0 1548 0 Case 4 o0 Skew 

.34 70 0 831 0 834 0 Stiffness Index 1.86 

.3 2 74 0 884 0 887 0 

.47 133 0 1596 0 1596 0 

.34 74 0 880 0 883 0 

.3 2 78 0 942 0 945 0 

.45 129 0 1548 0 1548 0 Case 4A 0 45 Skew 

. 3 5 73 12 858 105 932 174 Stiffness Index 1.79 

.33 83 15 988 188 1012 178 

.47 133 0 1596 0 1596 0 

.3 5 77 10 886 84 956 150 

. 33 81 9 934 100 1002 123 



0 . ...,. 
I ...,. 

Q') 

BENT 

2 

3 

2 

3 

METHOD 

Uniform 
Dynamic 

Uniform 
Dynamic 

Uniform 
Dynamic 

Uniform 
Dynamic 

BRIDGE 
SPANS 

BENT 
SKEW= 

CURVE= 

CASE 4BL4C 

Von I<armon .n,venue Overcrossing Br. No. 55-612 

3 Approx. Equal (121, 120, 135) 

3 Columns per Bent. Case 4B & 4C - 40' Columns at Bent 3 

Case 4B No skew/ Case 4C 45° Skew 

Tangent 

SHEAR MOMENT TOP MOMENT BASE 
COMMENTS PERIOD 

TRANS. LONG. TRAf\l~. LONG. TRANS. LONG. 

.38 84 0 996 0 998 0 Case 4B 

.36 90 0 1070 0 1073 0 

.38 20 0 393 0 394 0 Stiffness Index 1,52 

.36 22 0 426 0 428 0 

.3 9 88 14 1010 121 1106 210 Case 4C 

. 36 94 24 1134 329 1125 258 Stiffness Index 1.47 

.39 21 3 423 58 437 73 

.36 20 2 389 47 410 53 



Q . 
1-4 
I 

1-4 
-..J 

- ~~ ----------

CASE 5 NORTH CONNECTOR OVERCROSSING 

1714
1
-10

11 

192'-o" 222'-6 11 222'-5" 211!.s" 215'-o" 22s'-o" 22s'-o" 195'-o" 

I I I I I I I 
"c·--JL_ ll .c I i K ~-

,, _______ , ____________________ ------------- ---- - ----, __ --- ----------- - --~-------"' 
ELEVATION 

HINGE I _...!:!LNGE i 

•:: 

STRUCTURAL DATA 
PLAN 

SUPERSTRUCTURE: 
Ft. 2 A = 75.6 

ly = 8318.0 Ft 4 

lz = 764. 9 Ft.! 
Ix = 2454.0 Ft. 

COLUMNS= NON-PRISMATIC 

E = 4100 KSI 

E = 4100 KSI 
D.L. = 1·3 74 K; Ft. 
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00 

BENT 
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4 
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METHOD 

Uniform 
Dynamic 

Uniform 
Dynamic 

Uniform 
Dynamic 

Uniform 
Dynamic 

Uniform 
Dynamic 

Uniform 
Dynamic 

Uniform 
Dynamic 

CASE _5_ 

BRIDGE 
SPANS 

BENT 

North Connector Overcrossing Br. No. 57-879 

8 (192,223,223, 212, 215, 226, 226, 195) 

Single Column (67, 46, 61, 58, 45, 33, 45) 

SKEW: B~nts Radial 

C LJ RV E : 700' 

SHEAR MOMENT TOP MOMENT BASE 
PERIOD 

COMMENTS 

TRANS. LONG. TRANS. LONG. TRANS. LONG. 

1.01 226 217 1772 4699 8,300 5005 
-~8 346 166 3251 4160 12,166 3782 

1.01 307 285 889 4423 11,249 5158 
.98 344 385 2160 6629 11,432 6479 

1.01 349 123 611 2727 15,200 2883 
.98 267 233 1209 5064 12,119 553 8 

1.01 316 28 1666 791 16,509 819 
.98 383 212 3036 6223 18,937 577 5 

1.01 273 131 1493 4006 15,267 4030 
.98 379 255 3 559 753 5 19,496 7832 

1.01 364 319 . 371 6446 15,709 7719 
.98 378 303 2304 5497 15,606 7915 

1.01 159 142 1975 4750 8,542 4631 
.98 124 180 2320 6041 6,224 5613 



CASE 6A a 6C NORTH TURLOCK OVERCROSSING (MODIFIED) 
y 

335• L I : l00' I 136' I 100' : I X 

ELEVATION 

-#;:--· 
,•~ .. l 

PLAN 

STRUCTURAL DATA 

SUPERSTRUCTURE : SAME AS CASE 6 a 68 

iiiJ:Sgo o - a1 - 40 

COLUMNS : SAME AS CASE 6 a 68 
CASE GA-COLUMNS PINNED 
CASE SC-COLUMNS FIXED 

G.1-19 

-.,, 
in 
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I-' 
I 
~ 
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BENT 

2 

3 
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METHOD 

Uniform 
Dynamic 

Uniform 
Dynamic 

Uniform 
Dynamic 

Uniform 
Dynamic 

BRIDGE 
SPANS 

BENT 
SKEW: 

CURVE: 

CASE 6/6A 

North Turlock Overhead (Modified) Br. No. 38-144R 

3 (100 I 136 I 100) 

2 Columns per Bent 36' (Columns Pinned) 
o I o Case 6 0 Skew Case 6A 45 Skew 

Tangent 

SHEAR MOMENT TOP MOMENT BASE 
COMMENTS PERIOD 

TRANS. LONG. TRANS. LONG. TRANS. LONG. 

0.44 55 2 1973 71 0 0 Case 6 No Skew 
o.4o 62 2 2076 77 0 0 Stiffness Index 

0.44 55 2 1973 71 0 0 
0.40 62 2 2076 77 0 0 

0.50 20 23 73 7 845 0 0 Case 6A 
0 

45 Skew 
Q .43 55 18 1854 567 0 0 Stiffness Index 

0.50 20 23 737 845 0 0 
0 .43 55 18 1854 567 0 0 

1.65 

1.31 



0 

f-l 
I 
tv 
f-l 

BENT 

2 

3 

2 

3 

METHOD 

Uniform 
Dynamic 

Uniform 
Dynamic 

Uniform 
Dynamic 

Uniform 
Dynamic 

BRIDGE 
SPANS 

BENT 
SKEW: 

CURVE= 

CASE 6B/6C 

North Turlock Overhead (Modified) Br. No. 38-144R 

3 (100, 136, 100) 

2 Columns per Bent 36' (Columns Fixed) 
Case 6B o0 Skew/ Case 6C 45° Skew 

Tangent 

SHEAR MOMENT TOP MOMENT BASE 
COMMENTS PERIOD 

TRANS. LONG. 
1
TRANS. LONG. TRANS LONG. 

0 .33 99 4 2140 86 1419 62 Case 6B No Skew 
I 

105 Stiffness Index 0 .29 5 2.162 88 1486 70 

0.33 99 4 2140 86 1419 62 
0 .29 105 5 2162 88 1486 70 

0.40 51 60 1122 11.42 73 5 1002 Case 6C 
0. 

45 .Skew 
0.32 106 38 2182 690 1522 642 Stiffness Index 

0.40 51 60 1122 1142 73 5 1002 
0.32 106 38 2182 690 1522 642 

3.00 

2.04 



CASE 6 8 68 NORTH TURLOCK OVERCROSSING (MODIFIED) 

1: 100' 100' :1 
336' 

1 · 

136° 

I 
~~~----...__ _________ ?:_ 11 11 

c':': 
.,_.., .. _ .. 

ELEVATION Ix 
i! 

=---=====---+--.. --===----====-+-.. --======---------3 I I I I 
I I I I 

V ~ ~-, ! • ,l, .. , 
I I I I 
JI I I 
I I I I 

STRUCTURAL DATA 

SUPERSTRUCTURE: 

COLUMNS: 

A = 71.34 Ft. 2 

ly = 
tz = 
Ix = 
E = 
D.L. = 

15508.2 Ft 4 

306.63 Ft.! 
906.9 Ft. 
3460 KSI 
10.7 K/A. 

NON-PRISMATIC 
E = 3460 KSI 
DL = 127 K 
HEIGHT= 36

1 

CASE 6 -COLUMNS PINNED 
CASE 6B-COWMNS FIXED 

G.1-22 
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28 HIGHWAY BRIDG.ES 1.2.19 

For rigid frames a maximum of one-half of the moment caused by earth 
pressure (lateral) may be used to reduce the positive moment in the beams, in 
the top slab, or in the top and bottom slab, as the case may be. 

When highway traffic can come within a horizontal distance from the top 
of the structure equal to one-half its height, the pressure shall have added to it a 
live load surcharge pressure equal to not less than 2 feet (.610 m) of earth. 

Where an adequately designed reinforced concrete approach slab supported at 
one end by the bridge is provided, no live load surcharge need be considered. 

AU designs shall provide for the thorough drainage of the back-filling material 
by means of weep holes and crushed rock, pipe drains or gravel drains, or by 
perforated drains. 

1.2.20-EARTHOUAKE STRESSES 

In regiona where earthquakes may be anticipated, structures shall be designed 
to resist earthquake motions by considering the relationship of the site to active 
faults, the seismic response of the soils at the site, and the dynamic response 
characteristics of the total structure in accordance with the following criteria. 

(A) Equivalent Static Force Method 

For structures with supporting members of approximately equal stiffness, 
an equivalent horizontal force (EQ) may be applied to the structure. The 
distribution of the force shall consider the stiffness of the superstructure and 
supporting members, abutment restraint, and the deflected position of the 
structure. 

(1) EQ = C.F.W 
EQ • The equivalent static horizontal force applied at the center of 

gravity of the structure. 
F • Framing Factor 
F • 1.0 for structures where single columns or piers resist the hori• 

zontal forces. 
F • 0.8 for structures where continuous frames resist horizontal forces 

applied along the frame. 
W • The total dead weight of the structure in pounds (kg). 

(2) C • A•R•S/Z 
C =- Combined Response Coefficient 

The calculated coefficient "C" shall not be less than 0.10 for struc-· 
tures with "A" greater than or equal to 0.3 g and 0.06 for structures 
with "A" less than 0.3g. 
Values of coefficients for various depths of alluvium to rock-like 
material given in Figures 1.2.20A, B, C, and D may be used. 

A • Muimum expected acceleration at bedrock at the site. 
Seismic riak map of the United States (shown in Figure l.2.20E, F, 
G) with following assignment of muimum expected rock accelera• 

H.1-1 



1.2.20 DESIGN 29 

tion may be used. More exact peak roack acceleration values should 
be used in areas where "Maximum Expected Rock Acceleration" 
maps are available. 

Zone I 
Zone II 
Zone Ill 

g = 32.2 ft/sec.2 (9.81 m/sec2
) 

R = Normalized rock response. 
S = Soil amplification spectral ratio, 

A= 0.09 g 
A• 0.22 g 
A= 0.50 g 

Z "' Reduction for ductility and risk assessment. 

(3) T = 0.32 /'!! p or (✓ W(in kg)\ 

P (in N) ) 

T = The period of vibration of the structure (sec). 

P = Total uniform force, pounds (N) required to cause a one-inch (,025 
m) maximum horizontal deflection of the whole structure 

The period of vibration may also be computed using dynamic analysis 
techniques. 

RESPONSE COEFFICIENT "C° FOR VARIOUS VALUES 
OF PEAK ROCK ACCELERATION "A" 

020,--,----,---,---,--.,------,---------,----, 

~ 22 

: . 

0 02 ,-
1 

-----~---~ 
,[P'I',.. OF AL.,._,,,,1/IUIII TO IIOCll-1.,,lt<[ 

.. 0,-:'[RIAL • :)-,Q "f (0•3111) 

U z••·u;• ,,,,,.,; .. ,rt 

oo 02 o• oe oa 10 , , 20 50 

PERIOO OF STRUCTURE (Seel T 

FIGURE 1.2.20A 
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HIGHWAY BRIDGES 

RESPONSE COEFFICIENT "c:' FOR VARIOUS VALUES 

OF PEAK IIOCK ACCELERATION "A" 

11Ar(Mal. • 11 - 10 f T · 24 ~ ,., 

-,-, 
---~-

o.o o., o.• o• 0.1 10 1, 20 •• 
PERIOO M' STRUCTUII£ CS.Cl T 

FIGURE 1.2.20B 

RESPONSE COEFFICIENT "c:' FOR VARIOUS VALUES 
OF PEAK ROCK AGCEI.ERATION "A" 
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32 HIGHWAY BRIDGES 1.2.20 
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1.2.20 DESIGN 33 

(8) Response Spectnun Method 

For complex structures, a response spectrum dynamic app oach should be 
used for seismic analysis. 

The combined response curves "C" given in figures 1.2.20A, B, C, D, or 
equivalent curves, modified by the framing factor "F", may be used as the 
design response spectrum. 

( C) Special Cases 

Structures adjacent to active faults, sites with unusual geologic conditions, 
unusual structures, and structures having a fundamental period greater than 
3. 0 sec. will be considered special cases. These structures will be required to 
be designed using current seismicity, soil response and dynamic analysis tech
niques. 

(D) Design of Restraining Features 

Restraining features to limit the displacement of the superstructure-i.e. 
hinge ties, shear blocks, etc.-shall be designed for the following force: 

EQ = 0.25 x contributing DL minus column shears due to Eq. 

"Contributing DL" is determined by examining the entire frame. For 
example, a simple span fixed at one end and sliding at the other will have the 
entire superstructure as the "Contributing DL" for longitudinal forces at the 
fixed abutment, while one half of the superstructure DL will act at each 
abutment for transverse forces. 

For a frame, such as a 2-span structure, the full length of the bridge should 
be used as the contribution length in the longitudinal direction. The resulting 
force can be reduced by deducting the shear in the column due to earth
quake. 

For hinge restrainers use 0.25 x DL of the smaller of the 2 frames and 
dedu~t the column shears due to EQ. 

1.2.21-CENTRIFUGAL FORCES 

Structures on curves shall be designed for a horizontal radial force equal to 
the following percentage of the live load, without impact, in all traffic lanes: 

C = 0.00117 S2 D = 
6·

6
:

82 
or (

0
·
7
: S

2
) 

where 
C the centrifugal force in percent of the live load, without impact. 
S the design speed, in miles per hour. (km/hr) 
D = the degree of curve. 
R "' the radius of the curve, in feet. (m) 

The effects'of superelevation shall be taken into account. 
The centrifugal force shall be applied 6 feet (1.829 m) above the roadway 

surface, measured along the center line of the roadway. The design speed shall be 
determined with regard to the amount of superelevation provided in the road· 
way. The traffic lanes shall be loaded in accordance with the provisions of 
Article 1.2.8. 

H.1-6 
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2-16 S£ISHIC FORCES 

Struetures shall be desinned to resist 
earthquake motions by eonsiderinq ~.he 
relationshio of the site to active 
faults, the seismic res!)Onse of soils at 
the site, and the dynamie response charac
teristics o~ the total bridqe. 

.1 Notation 

EQ • Earthquake desi<m force. 
A• Maximum expected acceleration at 

bedrock or "rock-like" material at 
the site, in q's, as deter111ined by 
~~e Enaineerinq r.eoloqv Branch. 

R • Nol"T'llllizecL-rock response. 
s • Soil amolification soectral ratio. 

ARS • 5\ damoed elastic acceleration 
response spectrum. 

H.2-1 

z • >~justi,ent factor for ductility 
and risk assessment. 

c • Combined response coefficient• ARS/Z. 
w • Dead load of bridge. 
T. Fundamental period of vibration, in 

seconds, of the bridge as a whole. 
g • Acceleration due to gravity. 

.2 Eauivalent Static Force Method 

For structures with well balanced spans 
and suooorting bents or piers of approxi-
1".&tely· e~ual stiffness, EQ may be asswned 
a~ an equivalent uniform static force, 
e"!U~l tn cw and applied at the vertical 
eenter of qravity of the total structure 
in anv hori2ontal direction. 

f'or.detennininq C, ARS ordinarily may 
be taken from the curves in Figures 2-16.2 
A, o, c and o. These curves reflect the 
combined effects of A, Rand S for various 
rannes of alluvium depth ·over bedrock or 
•rock-like• material.and various values of 
T. z shall be taken fro~ Figure 2-16,l. 

The ARS curves are valid only for aver
age aranular alluvium. The &nqineering 
Geoloqy Branch shall determine alluviwa 
denths, For non-qranular alluvium or 
other unusual soil conditions, they may 
also furnish a special ARS curve to be 
used in olace of the curves shown here. 
In no case shall C be less than, 

0.10 for structures with A> O.l 91 nor 
0.06 for structures with A< 0,3 g. 

For entry to the Ans curves, T may be com
outed bv the exoression, T • 0.32 /W/P, 
where P·, in units consi9tent with W, is the 
total uniform load required to cause a one
ineh maximum horizontal deflection of the 
total sucerstructure in the direction of 
EO, 

Distribution of the resulting computed EQ 
to inrlividual members shall reflect the 
stif~ness of the su!)<!rstructure and sup
portinq bents or ~iers, including restraint 
&t the &butment9. EO may be converted to an 
equivalent uniform load for this purpose, 
and aoplied to the structure in the direction 
of E'1, 
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, 3 Resoon,ie Soeetrum Method 

EQ for structures with siqnifieantly 
irreaular eonfiauration or support stif~ness 
may be determined directly as individual 
niel'!lber forces by dvnamie analysis. This 
method utilizes a modal analysis based on 
the a?plieation o~ a resoonse spectrum of 
around acceleration to a lumped mass 
space frame model of the structure, 

A 51 damoed elastic response curve CARS), or 
an e<'!Uivalent curve furnished by the Engineer
ina ~,eoloqy Branch, shall be used as the res
ponse spectrum loading. Design forces ■hall 
then be determined by dividing the resulting 
elastic forces by an appropriate factor, z, 
from Figure 2-16.3. 

In no ease shall the design force on a 
eollll'ln or pier be less than the following 
fraction of the DL axial force on the membera 

0,10 for structures with A> 0.391 
0,06 for structures with A< 0,3g, 

10 -,--,--.---,---,,--...,..--------,.--------

8 

N 

II: 
0 6 .. 
u 
C ... 
... 
z .., 
:a 

4 ... 
"' =I 
0 
C (3.01 

2+--+-+--+-!--+--------+---------4 
r Hinge restrainer cables ( Z •I.OJ 

I 
Well re,nto;c ed concrllt 

O+--r--i--,-~--r----~S_h_ea~r_K_e_s _(,_Z~•~O'"' .... B~l----1 
0 0.2 0.4 0.6 0.8 1.0 2.0 3.0 

PERIOD OF STRUCTUl!E (Soc.) 

ADJUSTMENT FOR DUCTILITY ANO RISK ASSESSMENT 

.4 ST>eciai Cases 

Sit~• adi ,cent to active faults, sites 
wit~ unusual geologic conditions, unusual 
st::-uetures, and struetu1·es with.a funda
mental "~riod ~reater than 3,0 seconds 
will be. considered sneeial ea~es. In 
sue~ eases, structures shall be evaluated 
for EQ by current seismieity, soil response 
and cynamic analysis techniques. 

.s Restraining Features 

Hinge restrainers, shear keys and other 
restraining ~eatures to limit superstruc
ture dis?lacer::ent p_referably shall be 
designed for EO determined by the response 
spectrum met~od applied to the structure 
as a whole, but in no case for less tnana 

E~ • 0.25 (Contributing DL). 

Figure 2•16.3 

Contributing OL is thu por.tion of total 
sur:>erstructure OL whos" r,~,onnn"• ~n ••,-t,h_
mJake motions can ~i.e~tl~ effect the fea
ture uncer consideration.· For structures 
with "'°re than one hinge or more than two 
simple s~ans, contributing DL may also 
inclu~e a contribution fro~ loads on res
trainers beynnd the immediately adjacent 
frarie~ or sr,ans. 

When the response spectrum method is 
,used, Z shall be taken trom Figure 2-16.3, 
using the curve for the feature under 
considoration, 

H.2-4 
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2-17 LOAD COMBINATIONS 

The follovino croups represent various 
combinations of loads anrl forces to which 
a struc~ure may be aubjet:ted. Each com
ponent of the structure, and the foundation 
on which it rests, shall be proportioned to 
withstand safely all group combinations of 
these loads and forces that are applicable 
to the particular site and structure type. 
See Article• 2-2 throuoh 2-16 for the loads 
and forces. The maxifflllffl section required 
shall be used. 

.1 Combinations and Factors 

Load combinations are given by& 

Croup (If) - ~ l!o• 0 • ,4 L (L+I) + /lc·CF+ /JE·E• 

,.9 B,B+ ;8 s·SF + ,4 w·w + ~'i-n:WL + 

/5 LF.LF ;6i,•P +p'R(R+S+T) + 

15 EQ.EQ +,.6'ICE.ICEJ 

l,jl\ere If • group number, 

'If- load factor, 
2-17,2, 

/9 - load factor, 
2-17.2, and 

D • Dead l~d 

L • Live load 

I • Liw load impact 

E • Earth pressure 

s - Buoyancy 

w - Wind load on 
structure 

WI, • Wind load on 
live load 

LP'• Lonqitudinal 
force frcm 
live load 

Table 2-17.1 

FACTORS FOR LOAD FACTOR DESIGN 

GROUP GAMMA BETA FACTORS 

FACTOR D (L+tl H IL• ti P CF E a SF w** WL LF 

'" 1.30 /3 0 1.67 0 I f; E I I 0 0 0 

I PC 1.30 /3o 0 I I /3E I I 0 0 0 
lpw 1.30 /3 0 I 1.15 I SE I I 0 0 0 

II 1.30 So 0 0 0 /3 E I I I 0 0 

Ill 1.30 /3 C I 0 I JJE I I I I I 

IV 1.30 /3 D I 0 I /H I I 0 0 0 

V 1.25 So 0 0 0 SE I I I 0 0 

VI 1.25 So I 0 I /3E I I I I I 

VII 1.00 I 0 0 0 SE I I 0 0 0 

VIII 1.30 So I 0 I /3 E I I 0 0 0 

IX 1.20 /3 0 0 0 0 SE I I I 0 0 
X* 1.50 So 1.67 0 0 /3 E 0 0 0 0 0 

see Tables 2-11.1 and 

see Tables 2-u.1 and 

CF• Centrifugal forc9 
from live load 

P • Prestreaaing force 
effects 

R • Rib shortening 

s • Shrinkage 

T • Thermal force 

EQ • Seisniic fore• 

SF• Stream flow pressure 

ICE• Ice pressure 

p R•S•T EO ICE 

I 0 0 0 

I 0 0 0 

I 0 0 0 

I 0 0 0 

I 0 0 0 

I I 0 0 

I I 0 0 

I I 0 0 

I 0 I 0 

I 0 0 I 

I 0 0 I 

I 0 0 0 

H denotn l1 loads. PC clenotH .e. loads on ~IOHl!f' spoc1c1 9ird1n. PW esenotn .e. 1oad1 on.aidily apacid tlrden. 

/3 D • 0. 75 •lien ct11ckin9 column, for minimum 01iol load ancl 111uimum moment or ma1imum 1cc1ntricltiea. 

/JO • 1.00 •lltn clleckin9 columns for ma1imum a•ial load and minimum moment. 

fJ D • I .00 for lle1urol oncl t1n1ion memllen ond for cutwarta. 

/3 E • 0.50 for ci,1ckin9 po1itiwe momenta in ri9id frame■. 

SE • 1.00 for •ertical ea,111 preuure and far ritid culwerta. 

SE • 1.30 for lateral eartll prenure. 

/J E • I. 67 for fluillle culwerta. 

* Group X applin only to culw1rt1. Otller Groupe do not opplJ to cuherfl. 

·**See Article 2 ·B for lligll wind and moderate wind in i11dlwidual 9roupa. 
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(A) Use ot Factors 

Multiplication of the loads by the qalftllla and 
beta factors qiven in Table 2-17.1 forms the 
factored level of load magnitude used for Load 
Factor Oesiqn or ultir.iate strength checks. The 
sar.ie loai!s, with unit or zero load factors in 
Table 2-17.2, make up the service level of load 
magnitude used for Service Load Design or service 
load checks. 

(B) Factor Adjusu.nt 

The qll:mLll and beta factors specified for the 
factored level represent general conditions and 
should be increased for long spans or unusual 
structures if, in the ,ngineer's judgment, 
anticipated loads, service conditions o~ mate
rials of construction are.different than anti
cipated by ~~e s!)eci~ications. 

(Cl Group I Variations 

P loads shall be applied onl" in t;rour, I at 
th-. facc-,.red 1 .. vel, At thi-s level, t;roun I in 
Table 2-17 .1 has beP.n. s,ibdivUed accordinq l'.o 
the application of ~e,P loads. 

Group Ill !lnn1ies onl)l-v~n live loading does 
not con~rn P loads. · -· . ·: 

Group I,,,. applies onli, !<;;r P load annlicacion 
to supers~f'Uccures with closely snaced qirders. 
Closely spaced girders are those with an averaqe 
spacing less than that !or which Footnote 2 to 
Article 3-1.2(1) of this volWM! applies. 

In usinq Load Combination I , the distribu• 
tion of the P loads to suoerst~ucture elements 
f~llows the sar.,e rules as apply for the distri
bution of H loads in accordance with Article 
1-1 o! this volume. 

t;rouo IP:, aimlies only for P load applica
tion to superstructures with widely spaced gir
ders and to substructures, Widely spaced gir• 
ders are those with an averaqe spacing such 
that Footnote 2 to Article 3-1.2(1) applies. 
Bene or oier caps shall be considered as ■ub
structure elements even though they may be 
entirely contained within the vertical dimen
sions of the superstructure. 

In using Load Combination Group IP, only 
one P load, or one P load and one H Yoad, may 
be applied to the structure for any one load
in~ case in accordance with Article 2-4.l(A) 
(6) (b). 

.2 Annlication 

Lo~d• shall be applied at the service level 
for the determination of the bearing area of 
spread footinas based on allowable soil pres
~ure, for the determination of the number of 
?ilea t::O hP. used based on allowable pile 
bearH1<1 caoacity, and for ·the checkinCJ of 
foundation stabilitv against sliding and over• 
turnin<t. Remaininq anplications of loads at 
either the factored level or the service level 
tor t~e desiqn or checkinq of structures or 
~tructural elements shall be as specified tor 
the various materials or methods of construe• 
ti~n in other ~ections of this vol-. 

When loads are applied at the service level, 
the resultant unit stresses shall not exceed 
the r,ercentaqe of the basic unit stress for 
the load combination considered, as given in 
Table 2-17.2. 

P loads shall not be applied at the service 
level. 

Table 2 • 17.2 

FACTORS FOR SERVICE LOAD DESIGN• 

GAMMA BETA ,ACTORS 
GROUP FACTOR D L+I c, E IS SF w•• WL 

I 1.0 I I I I I I 0 0 

fl 1.0 I 0 0 I I I I 0 

Ill 1.0 I I I I I I I I 

IV 1.0 I I I I I I 0 0 

V 1.0 I 0 0 I I I I 0 

VI 1.0 I I I I I I I I 

VII 1.0 I 0 0 I I I 0 0 

VIII 1.0 I I I I I I 0 0 

IX 1.0 I 0 0 I I I I 0 

• Not oppllcollll for cuh,ert C111i911. UH Loe Cl Factor 0 ni911 . 

**S•• Article 2-t.l for llitll wi11d a11d IWOClerate wi11d in indhrldual 9roups. 

'lo l11Clicat11 perc1nto91 of lleaic unit ■ t,111. 

LF ,. 
0 I 

0 I 
I I 

0 I 

0 I 

I I 

0 I 

0 I 

0 I 

R•S•T EO ICE 

0 0 0 

0 0 0 

0 0 0 

I 0 0 

I 0 0 

I 0 0 
0 .. I 0 

0 0 I 

0 0 I 

No lncrHH ill allowa1111 unit ■lrtHH ■llall lie perfflilTeel for 1W1111t1er■ or co11n1clion ■ carryin9 wi11d loaela a11ly. 
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