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ABSTRACT

This report describes a new and advanced methodology for
analyzing the dynamic response of bridge systems subjected to
traveling seismic waves. The methodology (named BASSIN) treats
an arbitrarily-configured, elastic, bridge system (comprised of
a road deck, “piers, abutments, backfill, etc.), that rests on
the surface of an elastic so0il continuum. A substructuring
approach has been used to formulate BASSIN; in this, the bridge
system is represented using a three-dimensional finite element
model, and the underlying soil is depicted using a boundary
element approach based on elastic half-space theory. Seismic
excitations are induced by plane body waves or Rayleigh waves
with arbitrary direction of incidence, wavelength, and ampli-
tude. BASSIN allows for a fully deformable interface between
the bridge system and the underlying soil, and incorporates a
special modal truncation procedure to account for higher node
response characteristics.
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CHAPTER 1
REPORT DESCRIPTION

1.1 OBJECTIVE

The objective of this report is to describe a new metho-
dology (named BASSIN), that was developed by Agbabian Associates
under NSF Grant No. CEE-8007518 for analyzing the effects of
traveling seismic waves on the dynamic response of bridge/
abutment/backfill systems.

1.2 SCOPE

The report contains a complete description of the BASSIN
methodology, including its basic theory and the computer program
input requirements and output results. To provide this informa-
tion, the remainder of this report is divided into six chapters
and three appendixes. Chapter 2 of the report contains an
overview of BASSIN including its inherent assumptions and sig-
nificant features, while Chapter 3 provides a summary of the
BASSIN analysis procedure. Theoretical development pertaining
to the computation of incident wave motions, Green's functions
for an elastic half-space, half-space impedance matrices and
driving force vectors, and the BASSIN dynamic analysis procedure
are described in Chapters 4 through 7 respectively. Appendixes
A and B contain input descriptions for the BASSIN1 and BASSIN2
subprograms that comprise the methodology, and Appendix C
contains input and output from a sample analysis that was
carried out as part of this research effort.
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CHAPTER 2

OVERVIEW OF METHODOLOGY

2.1 GENERAL DESCRIPTION

The objective of the BASSIN methodology is to provide an
advanced procedure for analyzing the dynamic response of bridge/
abutment/backfill systems subjected to traveling seismic waves.
BASSIN is a substantially updated version of a prior method-
ology, named CAST, that was developed at Agbabian Associates
under previous. National Science Foundation grants (Werner et
al., 1977; Werner and Leé, 1980).

The BASSIN methodology has the following features
(Fig. 2-1):

° It computes the three-dimensional dynamic response of
an arbitrarily configured, elastic, bridge/abutment/
backfill system.

e It assumes this system to be underlain by a soil
continuum, represented herein as an elastic half-

space.

° It represents seismic input motions as being harmonic
and induced by planar P-, SV-, SH-, or Rayleigh waves
with arbitrary wavelength, amplitudes, and directions

of incidence.

The methodology uses a substructure approach in which the
structure (which herein comprises the bridge, abutment, and
backfill) is represented wusing a three-dimensional finite
element model, and the underlying soil continuum is represented
using a boundary element approach. The finite element model
defines the stiffness matrix, mass matrix, and fixed-base modes
for the structure. The boundary element approach characterizes
the underlying soil medium using frequency-dependent impedance
matrices and driving force vwvectors that also incorporate the
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free-field wave motions. Compatibility and equilibrium require-
ments at the soil/structure interface are used to couple these
substructures, and the steady-state response of the soil/
structure system is then computed.

2.2 ASSUMPTIONS

2.2.1 STRUCTURE

The bridge/abutment/backfill structure is assumed to be
three dimensional, linear elastic, and arbitrarily configured.
It is represented by a general finite element model that
comprises any combination of the several element types described
in Section 3.1.2. Each node point in the model can have as many
as six degrees of freedom depending on the particular element
types used. The node point spacing and element sizes depend on
the system geometry and the highest frequency of response
pertinent to the calculations. )

2.2.2 SOIL MEDIUM

The underlying soil medium 1is represented as an elastic
half-space. Because of this, the BASSIN methodology cannot
accommodate effects of soil layering, strain-dependent soil
properties, etc., that may be important for actual structure
sites. Nevertheless, the methodology in its present form 1is
valuable for studying basic phenomena associated with traveling
wave effects on the three-dimensional response of bridges, as
well as other structural systems. Furthermore, because BASSIN
is modular, procedures for representing the soil as a visco-
elastic layered medium can be readily incorporated.

2.2.3 SOIL/STRUCTURE INTERFACE

The interface between the structure and the underlying soil
medium is fully deformable. Hence, the soil/structure system
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response in the vicinity of this interface is dependent on its
geometry, mass, and stiffness, and is not constrained by assump-
tions of rigid interfaces, as per the prior methodologies of
this type.

2.2.4 INPUT MOTIONS

The input motions to BASSIN correspond to incident wave
motions induced by planar, harmonic, P-, SV-, SH~-, or Rayleigh
waves. The angles of incidence, excitation frequencies, and
complex amplitudes of these wave motions are arbitrary. BASSIN
is structured so that Fast-Fourier Transform techniques can be
readily incorporated at a later stage, to permit the representa-
tion of arbitrary transient excitations as the superposition of
a series of the harmonic excitations now considered.

2.3 SIGNIFICANT FEATURES

The BASSIN methodology has several significant features
over and above our prior CAST methodology, which renders it an
excellent analytical tool for assessing the dynamic response
characteristics of bridge/abutment/backfill systems. These are:

] The interface between the structure and the underlying
soil medium 1is now fully deformable, rather than
rigid. Therefore BASSIN is applicable not only to
bridge/abutment/backfill systems, but also to any
other structure for which the deformability of the
soii/structure interface is particularly important
(e.g. earth dams). Furthermore, effects of shallow-
embedded foundations can now be represented approxi=-
mately, by using a finite element model of the soil
medium, to the depth of the base of the foundation.

° The dynamic analysis procedure now incorporates a new
modal truncation technique which greatly reduces the
required number of modes for the structure, while
maintaining excellent accuracy of the final dynamic

analysis results.
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The BASSIN methodology has been programmed according
to ANSI 66 Fortran standards, to facilitate installa-
tion on virtually any current computer system with a
minimum of effort.

The basic program is now modular; so that any future
technical developments that further enhance particular
aspects of the BASSIN methodology can be readily
accommodated.






R-8113-5470
n?'§§

CHAPTER 3

BASSIN ANALYSIS PROCEDURE

The BASSIN aﬁalysis procedure is organized into two sub-
programs, named BASSIN1 and BASSIN2. The basic features of
these subprograms, as indicated in Figure 3-~1, are summarized in
this chapter.

3.1 SUBPROGRAM BASSIN1

3.1.1 SCOPE

The function of BASSIN1 is to perform computations required
to characterize the structure, soil medium, and incident wave
motions 1in the manner required for the subsequent dynamic
response calculations in BASSIN2. To fulfill this function,
BASSIN1 is comprised of three main operations. First, it reads
all necessary input data for the dynamic analysis. Then it.
performs computations to define required characteristics of the
structure (mass matrix, stiffness matrix, and normal modes), the
soil (frequency-dependent Green's functions and impedance
matrices), and the incident wave motions (ground surface dis-
placements). Finally, it writes all of these quantities onto a
data tape, for use as input into BASSIN2.

The BASSIN1 operations pertaining to the characterization
of the bridge structure, soil medium, and incident wave motions
are summarized 1in the remainder of this section. Further
theoretical background pertaining to these operations is pro-
vided in Chapters 4 through 6.

3.1.2 STRUCTURE

The input data required to represent the structure (i.e.,
the bridge, abutment, and backfill system) describe its geo-
metry, material, properties, and modal parameters. As shown in
Figure 3-1, these data are comprised of the following:
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3 Geometry. The configuration and section properties of
the structure are represented from an appropriate
combination of several finite element types built into
the BASSIN1 element library. As shown in Figure 3-2,
these include truss, beam, planar, brick, shell,
and boundary (spring) elements. It is noted that
BASSIN1's modular nature facilitates incorporation of
additional or alternative element types into its
element library, whenever appropriate.

® Material Properties. The specific material properties

required for the structure vary according to element
type, but are typically comprised of wvarious elastic
parameters and the mass density.

® Modal Parameters. The only modal parameter required
for use 1in BASSIN1 is the number of modes to be
considered in the analysis. This required number of

modes should be relatively small*, owing to the modal
truncation feature in BASSIN which provides higher
mode corrections using the lower mode parameters and
the structure stiffness and inertial characteristics
(see Chapt. 7).

Once the above input properties are provided, BASSINL
proceeds to form the structure mass and stiffness matrices and
to extract its fixed-base mode shapes and frequencies. The
subspace iteration method described by Bathe and Wilson (1976)
is used in BASSIN1 for the mode shape and frequency extraction.

As an approximate rule-of-thumb, we have found that the highest
mode to be included should (1) have a natural frequency of at
least 5 times greater than the highest excitation frequency of
interest; and (2) be such that the lower modes included
encompass the principal response directions for the structure
due to the applied seismic excitations.

3]
i
w
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Straight, prismatic, elas- Three trans-

» L ;
<, tic element; stiffness lations and
matrix computed from clas- three
sical beam theory. rotations.

Represents beams that trans-
mit axial and shear forces,
bending moments, and ‘tor-

sional moments.

DEGREES OF FORCES OR
ELEMENT TYPE DESCRIPTION FREEDOM PER USE STRESSES
NODE POINT COMPUTED
3-D TRUSS . R , ,
Straight, prismatic, elas- Three Represents one-dimemsional Axial force.
tic element; stiffness translations. members that transmit axial
: matrix computed from stan- forces only.
. dard theory for truss
members.
3-D BEAM

Three forces
and three
moments at
each end of
element.

PLANE STRESS OR Quadrilateral or triangular Two 1 lane
o in-pla
PLANE STRAIN elastic element. Stiffness translations.

matrix formulation based on

assumed parabolic variatien

of displacements within
: element.

Represents elastic continuum
with known state of lateral
constraint.

Normal and
shear stres-
ses at center
of element.

3-D BRICK ) Eight-node, solid brick Three
4 elastic element. Stiffness translations.
matrix formulation based on

Represents any 3-D, elastic,
isotropic continuum.

Six stress
components at
center of
element and
at center of
each side.

u assumed cubic variation of
displacements within
element.
Flat, elastic, quadri- Three trans-
lateral or triangular lations and
element. Uses constant- three
strain triangle and LCCT9 rotations.

element* to represent
membrane and bending behav-
ior, respectively.

Models thin-shell or plate
structures that transmit
in-plane and out-of-plane
forces and moments.

Three normal
stresses and
three moments
at center of
element.

BOUNDARY Elastic spring element. One axial
. translation

and one rota-
tion about
: element axis.

Imposes displacement boundary
conditions and defines sup-
port reactioms.

Axial force
and torsional
moment.

-*Linear Curvature Compatible Triangular flat-shell bending element
developed by Clough and Felippa {1968)

FIGURE 3-2. STRUC';‘URE ELEMENT LIBRARY IN BASSINI
(Bathe et al., 1974)
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3.1.3 SOIL MEDIUM

To represent the soil medium, BASSIN1 employs input para-
meters that define 1its material properties as well as the
geometry of its interface with the overlying structure. The
material properties are defined in terms of the shear modulus,
Poisson's ratio, and mass density of the elastic half-space.
The interface geometry 1is represented by subdividing the inter-
face region of the half-space surface into subregions of
constant stress. The half-space node points from these inter-
face subregions correspond on a one-to-one basis with the node
points in the finite element interface representation within the
structure model (Fig. 3-3). This facilitates the coupling of
the finite element and half-space substructures in the sub~
sequent dynamic response computations in BASSIN2.

Once the above input data are provided, BASSIN1 proceeds to
compute frequency-dependent Green's functions for the elastic
half-space. Then, these Green's functions are used to compute
the impedance matrix for the half-space. As shown in Fig-
ure 3-4, the jth column of this impedance matrix corresponds to
the reaction forces at each interface degree of freedom, as
caused by a unit harmonic displacement applied at the jth degree
of freedom with all other degrees of freedom fixed. Detailed
formulation and description of +the BASSIN1 procedures for
computing the half-space Green's functions and impedance matrix
are provided in Chapters 5 and 6 respectively.

3.1.4 INCIDENT WAVES

The BASSIN1 computations pertaining to the incident wave
motions require input data in the form of the excitation fre-
quencies, the wave types (P-, SV-, SH-, or Rayleigh waves), the
angles of incidence (as previously defined in Fig. 2-1), and the
complex amplitudes (real and imaginary parts) of the wave
displacement (Fig. 3-1). Then, for each given excitation fre-

quency, basic wave theory is used to compute the corresponding



R-8113-5470

ROAD SLAB

BACKFILL ROAD DECK

: HALF SPACE
SUBREGIONS

SURFACE OF
HALF SPACE

FIGURE 3-3. SOIL/STRUCTURE INTERFACE MODELING
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APPLIED UNIT
HARMON I C
DISPLACEMENT
A\¥ JTH DEGREE _iqt
A OF FREEDOM e HALF-SPACE
IS MOVING NODE POINT
A T .
A N A S
A" ReAcTION Jsl e . \J+6,J
FORCES ivo v /K
2,3 /3 0/ gacr-seace
é d . 4/ SUBREGION
Y S A 4
I+, ] Kivz j Kigs 1 Kipo
N J*3, 5 Ti5, 50 I+,

~
ALL OTHER DEGREES OF FREEDOM ARE FI!XED

FIGURE 3-4. DEVELOPMENT OF Jth COLUMN OF HALF SPACE IMPEDENCE

MATRIX (ONLY LONGITUDINAL FORCES SHOWN)
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free-field displacements along the surface of the elastic half-

space (Ewing et al., 1957). A formulation of the procedures for
carrying out these computations is provided in Chapter 4.

3.2 SUBPROGRAM BASSIN2

3.2.1 SCOPE

The main function of BASSIN2 is to carry out the dynamic
response computations for the soil/structure system. To do
this, BASSIN2 first reads a tape contaiﬁing the various quanti-
ties computed in BASSIN1 for characterizing the soil medium and
the structure, as well as cards containing the damping ratios
for each structure mode. Then, the program proceeds to
calculate (1) the half-space driving forces induced along the
ground surface by the seismic waves; and (2) modal truncation
correction matrices to account for higher mode effects. All of
these results are implemented in the final computation of the
steady-state response of the soil/structure system. Each of
these calculation efforts is summarized in the remainder of this
section.

3.2.2 INCIDENT WAVE DRIVING FORCES

The free-field ground surface displacements and the half-
space Green's functions, as computed in BASSINl, are used in
BASSIN2 to develop the corresponding driving forces applied
along the structure/half-space interface. These driving forces
act as applied loads in the subsequent dynamic response computa-
tions for the structure. They are obtained by fixing each
degree of freedom within each half-space subregion, and then
calculating the frequency-dependent reaction forces induced by
the incident seismic waves (Fig. 3-5). Formulation of the
procedure used in BASSIN2 to compute the driving forces 1is
provided in Section 6.2 of Chapter 6. '
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OF FREEDOM
Fie P/ Fie P/ iy
DRIVING
FORCES
HALF SPACE
SUBREGION )
INCIDENT p/ F ;/ F.
WAVE Jj*5 Jj+7 .

J

ALL DEGREES OF FREEDCM
ARE FiXED

FIGURE 3-5. DEVELOPMENT OF INCIDENT WAVE DRIVING FORCES
(ONLY LONGITUDINAL FORCES SHOWN)
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3.2.3 MODAL TRUNCATION CORRECTION MATRICES

A unique feature of the BASSIN methodology is its use of a
new modal truncation procedure, which substantially reduces the
number of normal modes necessary to represent the structure
response in an adequate manner. This approach involves the use
of certain simplifications in the modal equaticns of steady-
state motion that result for modes whose natural frequency is
substantially higher than the excitation frequency. On this
basis, the dynamic analysis can be carried out considering only
a relatively few lower modes (herein termed "kept" modes).
Effects of the higher mode contributions to the structure
response are represented as correction matrices used in forming
the overall structure/half-space impedance matrix and trans-
formation matrix (see Sec. 3.2.4). These higher mode correction
matrices are expressed in terms of the structure's stiffness
matrix, mass matrix, and modal parameters for its kept modes.
The formulation of these correction matrices is provided in
Chapter 7.

3.2.4 DYNAMIC RESPONSE COMPUTATIONS

wWith the formation of the driving forces and the modal
truncation correction matrices, as summarized in the preceding
subsections, BASSIN2 proceeds with the computation of the
frequency-dependent dynamic response of the structure. For each
frequency, the first step in these computations is to charac-
terize the structure/half-space system using the following

matrices:
® A system impedance matrix used to compute the response
of the structure at its degrees of freedom that 1lie
along the interface with the half-space.
) A system transformation matrix that relates the struc-

ture response at its aboveground degrees of freedom to
that along its interface with the half-space.

In both of these matrices, the structure is represented in terms

of its stiffness and mass matrices, the modal characteristics
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corresponding to its kept modes (i.e., mode shapes, frequencies,
and damping ratios), and the modal truncation corrections for
higher mode effects (Sec. 3.2.3). In addition, the system
impedance matrix includes the effects of the impedance of the
underlying half-space, which is coupled to the structure by
imposing conditions of displacement compatibility and dynamic
force equilibrium along the structure/half-space interface.

Once the development of these matrices is completed, the
dynamic response of the structure along its interface with the
half-space 1is computed as the product of the inverse of the
system impedance matrix and the vector of driving forces. The
resulting vector of structure/half-space interface displacements
is then premultiplied by the system transformation matrix, in
order to obtain the response of the aboveground portion of the
structure. This computational procedure, as well as the forma-
tion of the system impedance and transformation matrices, is
described further in Chapter 7.
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CHAPTER 4

INCIDENT WAVE MOTIONS

This chapter provides the basis for the BASSIN1 computation
of free-field displacements induced along the surface of an
elastic half-space by traveling seismic waves. As noted 1in
Chapter 3, these displacements are subsequently used in BASSIN2
to compute driving forces (see Chapt. 6) which, in turn, serve
as the basic seismic excitation from which the soil/structure
system response 1is computed (see Chapt. 7). Displacements due
to body waves and surface waves are treated separately in the
two main sections that comprise this chapter.

4.1 BODY WAVE EXCITATIONS

This derivation of the BASSIN1 expressions for free-field
ground surface motions induced by arbitrarily incident plane
body waves 1is divided into five main parts. The first four
parts describe various aspects of the formulation for ground

4

surface displacements relative to the x’'-z’ plane of propagation
of the free-field seismic waves (Fig. 4-1); these are described
for each of the three types of body waves in an elastic half-
space: P-, SV-, and SH-waves. The final part of this section
summarizes the transformation of these displacements to corre-
spond to the x-z reference plane of the structure, which will be
offset from the x’'-z’ plane, because of the horizontal angle of
incidence Oy

4.1.1 GENERAL POTENTIAL FUNCTIONS

we first treat the case involving the propagation of a
plane P- or SV-wave with a vertical angle of incidence av. Such
waves cause displacements at any point in the x’-z' plane of the
wave which, as shown by Ewing et al. (1957), can be defined as
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(4-1)
¢ oY
wix',z2") = 2 =2

In this, u and w are the horizontal and vertical displacements,
¢ and ¢ are the potential functions that satisfy the wave

equations
2
2, _ 1 3%
Ve =53
V5 9t )
(4-2)

2

2 _1 9%

Vv =3 o7
Vg ot

and Vo and Vg are the P-wave velocity and shear wave velocity
respectively. The P-wave and SV-wave displacement components
defined by Equation 4~1 can be considered separately from the
SH-wave component, which represents a horizontal displacement
oriented normal to the x’'-z’ plane and caused by a pure
distortion. This SH-displacement component, v, is defined in

terms of its own potential functions by and Yy as

Yy  OYqg

v(x',2') = 557 - 537 (4-3)

Returning to the P-wave and SV-wave cases, it can be shown
that ¢ and s satisfy the wave equations if they are of the form

0 i £(z") ,
= exp[iQ(t - §—>}

b, g(z")
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where Q 1s the excitation frequency and ¢ is the apparent wave
velocity of propagation along the ground surface. This results
in the following expressions for ¢ and wz

, ' 2
= ; D SR R 2
o = Al exp |10 t = + = > 1
A
P
_ - (4-4)
X’ z’ c2
+ A2 exp{iQ{t - P ;5 - 1
P
x' z’ c2
¢2=Blexpth—E——+E— ;7—2--1
S
_ (4-5)
x' z' c2
+ B2 exp{1Qit - - - ;5 -1
S
R J

In the above expressions, the terms involving the coefficients

Al and B1

placement potential functions, and the terms involving A, and B,

represent the incident wave component of the dis-

represent the reflected wave component. Each of these coeffi-
cients is unknown and is determined from the boundary conditions
for P-waves and SV-waves at the ground surface. Furthermore, it
is apparent from Equations 4-2, 4-4 and 4-5 that ¢ i1s associated
with P-wave propagation, and sy is representative of SV-wave
propagation.

4.1.2 INCIDENT P-WAVES

The above potential functions ¢ and s will now be used to
treat the case of an incident P-wave propagating in the x’'-z’

plane with an angle of vertical incidence 8 This incident

Ve
wave leads to reflected P- and SV-waves oriented at angles eV

and f respectively, relative to the ground surface (Fig. 4-2).

4-4

L
A

Aty ™
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The case of an incident P-wave and reflected P- and
SV-waves requires setting B, = 0 in Equation 4-5. Then, the
remaining coefficients in Equations 4-4 and 4-5 are obtained
through the use of the stress-strain and strain-displacement
relationships for the half-space, and the requirement that the
ground surface (defined by 2z’=0) must be stress free. This
leads to the following expressions for the ground surface dis-

placements in the plane of propagation of the waves:

u(x’,0) : U’

It

exp<m(t - g‘-)) ( 4-6)
w({x’,0) W’

where U’ and W' are the amplitudes of the ground surface dis-
placements, and the prime (') superscript refers to the x’'-z’

plane. These displacement amplitudes are defined as

U’ = p cos 6y [1 + Rpp - R Stan f]

P
(4-7)
W' = - p sin 8 [1 - Rpp - Rpscot ev]
and
2 2
A2 4 tan ev tan £ - (tan™f - 1)
R = K.— = 5
pp 1 D
2
B2 - 4 tan ev {(tan™f - 1)
Rbs - AT D
P 1 p
(4-8)
D = 4 tan 8, tan £ + (tanzf - 1)2
jo) v
tan £ = %/Z§l::§%l (1 + tanzev) -1

4-6

"

s
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<
i

Poisson's ratio of half-space

Amplitude of incident P-wave

o)
i

To supplement the above expressions, the following addi-
tional aspects of the P-wave-induced ground surface motions
should be noted:

) when 6., = 90 deg (vertically propagating P-wave),
R =0 and R = =1. For this case, the incident
P~-wave is reflected as a P-wave, the horizontal
displacement u(x’,0) vanishes, and the vertical dis-
placement w(x’',0) has an amplitude of twice that of
the incident wave.

® An alternative interrelationship between ev and f is
vS

cos f = 7. Cos GV (4-9)
P

Since Vp >V Equation 4-9 shows that f is always

sl
real; i.e., there is always a reflected SV-wave for

all nonvanishing angles of incidence 6 Therefore,

v*
the ground surface displacements induced by incident
P-waves are always real and in-phase with one another.

Only the amplitudes of U’ and W’ wvary with 6 as

vl
illustrated in Figure 4-3.

4.1.3 INCIDENT SV=WAVES

we now consider the case of an incident SV-wave propagating
Ve This
incident wave leads to reflected SV- and P-waves oriented at

7

in the x'-z’ plane with an angle of vertical incidence 6

angles ev and e respectively, relative to the ground surface

(Fig. 4-~4).
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The case of an incident SV-wave and reflected SV~ and
P-waves requires setting A, = 0 in Equation 4-4. Then, follow-
ing procedures parallel to those previously outlined for
incident P-waves, the requirements that the ground surface be
stress free are used to determine an expression for the ground
surface displacements u(x’,0) and w(x’,0). This expression is
identical in form to Equation 4-6 for the incident P-wave case,

but with displacement amplitudes U’ and W' now expressed as

U’ = = s sin ev (1 - Rss + Rspcot OV]
(4-10)
W' = - s cos ev [1 + Rsp tan e + RSS]
where
2 2
B 4 tan e tan 8., - (tan“6., - 1)
R = —_2-. = v v
ss B1 DSv
A 4 tan 6 (tan26 - 1)
R - 2 _ \% \'
sp By Dgy
(4-11)
D = 4 tan e tan 6., + (tanze - 1)2
SV v \Y
_ 1 - 2v 2 _
tan e = \/ﬁTi_:_ET (1 + tan Bv) 1
v = Poisson's ratio for half-space
S = Amplitude of incident SV-wave

An important aspect of the ground-surface displacement
field induced by incident SV-waves can be seen from the follow-
ing alternative relationship between the angles 6y (for the

4-10

e
Ve
Qi T
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incident and reflected SV-waves) and e (for the reflected
P-wave):

cos e = £ cos 6 (4-12)

<
<

Since V_ > V Equation 4-12 indicates that no real value of e

P I
exists until GV attains the wvalue ecr , where
v
e ool s
8. = COS 7, (4-13)

Therefore, for an incident SV-wave, there is no reflected P-wave

when 8y < ecr‘ Within this range, the angle e is imaginary and

is computed as

1 - 2v 2

tan e ==j;¥1.— (1 = V) (1 + tan ev) (4-14)

which, in turn, leads to a phase lag in the displacement field
when ev < ecr‘ The value of ecr depends on the Poisson's ratio
for the half-space, as shown in Figure 4-5.

To further illustrate these aspects of incident SV-wave
excitations, Figure 4-6 defines how the ground surface displace-
ments are affected by SV when v = 1/3 and s = 1. For this case,
ecr = 60 deg, and Figure 4-6 shows that when eV > ecr’ U’ and W’
are in phase, although their relative amplitudes still vary with

ev. However, when ev < ecr, the following types of free-field
response take place:
1. 8y, < 45 deg. The free-field ground surface motions

are elliptic retrograde, wherein the positive hori-
zontal displacement wvector, U’, trails the positive
vertical displacement vector, W', by 90 deg (where the
positive vectors are defined in Fig. 4-4). The aspect
ratio of this elliptic motion (i.e., the ratio of W’

to U’), varies with ev within this range.

4-11

S
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. 2. 45 deg < GV < 60 deg. The free-field ground surface

motions are elliptic prograde, wherein the positive
vertical displacement vector, U’, is ahead of the
positive vertical displacement vector, W', by 90 deg.
As for 8., < 45 deg, the aspect ratio of this elliptic

Y

motion, varies with 6., within this range.

\

4.1.4 INCIDENT SH~WAVES

For an incident SH-wave propagating in the x'-z’ plane, a
derivation similar to that outlined above for the incident
P-waves and SV-waves shows that all of the energy is reflected
at the ground surface as an SH-wave (Fig. 4-7). Therefore, the
resulting displacement field at the ground surface has an ampli-
tude twice that of the wave amplitude, and is oriented
horizontally and normal to the x'-z plane, i.e.

v(x',0) = V’exp(iQ(t - %L)> (4-15)

where
vV’ = 2s (4-16)

and s 1is the amplitude of the incident SH-wave. Therefore, it
is seen that, unlike the P-wave and SV-wave cases, the free-
field ground surface displacement amplitudes induced by incident
SH-waves are independent of by

4.1.5 TRANSFORMATION TO ACCOUNT FOR HORIZONTAL
ANGLE OF INCIDENCE

The prior formulations define the free-field ground surface
displacements induced by seismic body waves, relative to the

! ’

x'-z’ plane of propagation of the waves. However, as previously

noted, this plane will generélly‘ be offset relative to the

reference plane of the structure (i.e., the x-z plane) by a
horizontal angle of incidence GH (Fig. 4-1). To account for

4-14
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this angular offset, the amplitudes of the ground surface
displacements must be transformed as follows:

U cos eH -s1in BH 0 U
v = sin BH cos eH 0 v’ (4-17)
W 0 0 1 W’

where U, V', and W are the displacement amplitudes induced by
the incident body waves with reference to the x’'-z’ plane of
free-field wave propagation, and U, V, and W are the values of
these displacement amplitudes transformed to correspond to the
X~z reference plane of the structure. The corresponding values
of the ground surface displacement at each node point along the
structure/half-space interface are then computed as

U
{uff} = v exp[iQ(t - % cos GH - % sin GH)} (4-18)
W

where ¢ is the apparent wave velocity and Q is the excitation
frequency.

At this point, all of the pertinent expressions used in
BASSIN1 to compute the free-field ground surface displacements
due to body wave excitations have been provided. The steps
involved in these displacement computations are as follows:

1. Compute the displacement amplitudes with reference to
the x’'-z’ plane of propagation of the waves. These
involve the use of Equations 4-7 and 4-8 for incident
P-waves, Equations 4-10 and 4-11 for incident SV-
waves, and Equation 4-16 for incident SH-waves.

2. Use Equations 4-17 and 4-18 to transform these
displacement amplitudes to account for the horizontal
angle of incidence BH and to define the phased dis-
placements at each interface node.

4-16

e
o L
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4.2 RAYLEIGH WAVE EXCITATIONS

To define the free-field ground surface displacements
induced by a Rayleigh wave with angle of incidence 6y, one can
follow steps similar to those previously described for body wave
conditions. Therefore, as before, the first step in the defini-
tion of Rayleigh wave displacements is to define the following
potential functions that satisfy the wave equations (Ewing et

al., 1957).

V2
¢ = A expliQit - %— t %~ —% -1
R R VP
N - (4-19)
., VR
Y = B expliQt - &+— % T = - 1
R RV VS
. s

where VR is the unknown Rayleigh wave velocity and Q is the
excitation frequency. The constants A and B are determined from
the requirements for a vanishing normal stress and shear stress
at the ground surface. This results in the following set of two
simultaneous equations in two unknowns.

2—'—5 + 2 —2—1 A 0
v \Y
S S
= (4-20)
+ 2 5 - 1 2 - =) B 0
v v
P S

In order for nontrivial solutions for A and B to exist from
the above equations, the determinant of the coefficient matrix
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must vanish. This results in the following expression for
either the upper or lower set of signs:

v2\2 v2 2
Ry _ R R
2 - =) =41 -= 1 -2
72 o2 g2
S P s

which, in turn, 1leads to the following Rayleigh equation
relating the longitudinal, shear, and Rayleigh wave velocities:

2y (e 2\| (%2
) - 8 ) + |24 - 16 = ) - 16j1 - ) = 0
v v v v v
S S P S P
(4-21)
Equation 4-21, which is a cubic equation in vé/vg, must be
solved using numerical procedures. Then, with the known value

of VR' Equation 4-20 can be used to obtain A and B, in which the
sign is chosen so that the potential functions approach zero as
z approaches «. This, in turn, defines the potential functions
from which the ground surface displacements can be determined at
any point within the x’'-z’ plane of wave propagation. These
displacements are then transformed to correspond to the x-z
reference plane of the structure, by accounting for the hori-
zontal angle of incidence GH.

All of the above steps lead to the following results for
the ground surface displacements relative to the x-y-z coordi-

nate system.



v(x,y,0)

w(x,v,0)

where

u,v,w
Q
\

1l

R

R

H t

cos 8, exp{iQ -

H

t

RH cos GH exp (10
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gt Y sin 8y

(X cos 6

YR

g t Y sin 8y

VR

(x cos 8

BH + y sin 0

(X CcOoSs

Ry, exp int -

Free-field ground surf

VR

)

ace displacements

Circular frequency of excitation

Rayleigh wave velocity

)
)

(4-22)

and RH and Rv are the amplitudes of the horizontal and vertical

components of motion along the ground surface. The
obtained from the following expressions
- -
v2
. - R
v2 v2
- 1 S R
RH =1 5 - 1l - _E A
\ \Y
R S
2 -
v
S}
L .
VZ V2
R R
2,11 - = 1 -5
2 2
vS VP
sz > - 1] A
Vv
R
2_.__..
2
S

se are

(4-23)
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where A is a function of the wave number Q/VR. By considering
the limiting wvalues of VR/VS and VP/VS for 0 < v £ 0.5
(Fig. 4-8a), the quantity within the brackets 1in the above
expression for Ry is seen to be always positive whereas, in
the expression for RV’ the bracketed quantity is always nega-
tive. . From this, it can be shown that the ground surface
displacement induced by Rayleigh waves is always elliptic retro-
grade; furthermore, Equation 4-23 indicates that the aspect
ratio of this elliptic path, \RV/RH
ratio (see Fig. 4-8b). These features of the ground surface

, 1s dependent on Poisson's

motion are illustrated in Figure 4-9 for the case of an elastic
half-space with a Poisson's ratio of 1/3; for this case

V, = 0.9325 Vg and lel = 1.565|RH

with this as background, the procedures followed in BASSIN1
for computing the free-field displacements induced by incident

.

Rayleigh waves can now be summarized. The first step in this
approach, given the elastic properties of the half-space, is to
solve the cubic equation for vé/vg (Eq. 4-21). A Newton-Raphson
iterative procedure is used in BASSIN1 for this purpose. Then,
the amplitudes of the ground surface displacement amplitudes, Ry
and Ry, are determined using Equation 4-23 for all excitation
frequencies; these displacement amplitudes are presently normal-
ized in BASSIN1 so that R, = 1.0. The resulting values of Ry
and R, are substituted into Equation 4-22 to define the free-
field displacements at each interface node point.

4-20
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CHAPTER 5

COMPUTATION OF GREEN'S FUNCTIONS FOR
AN ELASTIC HALF-SPACE

This chapter provides the mathematical formulation for the
BASSIN1 computation of Green's functions for an elastic half-
space (Lamb, 1904; Nakano, 1930f. This formulation is similar
to that used in our prior work in this area (Werner et al.,
1977), and is 1included here for purposes of completeness. The
use of these Green's functions to compute half-space impedance
matrices and driving forces is described in Chapter 6.

This chapter is organized into three main sections. The
first provides basic definitions pertaining to the Green's
function matrix for any elastic continuum. The second section
provides the analytical expressions of the Green's functions for
an elastic half-space, while the final section outlines the
numerical procedures used in the actual computation of these
Green's functions in BASSIN1.

5.1 BASIC DEFINITIONS

Consider a harmonic force vector {P} with an excitation
frequency @, that is defined as

1

and acts along the surface of a linear elastic soil medium (see
Fig. 5-1). In Equation 5-1, Pl’ P2, and P3 are the three
components of force oriented along the coordinate axes at an
arbitrary point on the surface defined by the vector {xo}, where

X

- 1

NO —= 0

= X (5-2)
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&
&

A\

and the coordinate axes are shown in Figure 5-~1. The displace-
ment vecteor {u} that results at another arbitrary point along
the surface of the medium defined by {x}, where

X4

bl

0

(5-3)

tx

is computed as

{u(g)} = u, e”Zt = [G(Q, X = 50)} {P(fo%' (5—-4)

where Uy, U, and u, are the three components of displacement.
The matrix [G,(Q, X - §O)] is termed the Green's function matrix
and is of order 3 x 3, i.e.,

e
0
—~
0

a3

]

tX
o}

N
[
ll

(e}
N

fe]
N
[a%]

w0
N
W

(5-5)
931 932 933

In Equation 5-=5, (Q, x = §o) relates the 2th component of the

g
Zm
displacement at x, u,, and the mth component of the force at x ,

Pm. Some properties of Iyp aTe that

991 912 5 9y3 "93; 3 9p3 "932 (5-6)

Equations 5-5 and 5-6 indicate that [G(Q, X - 50)] has only
six independent matrix elements. However, as shown subse-
quently, these six components can be specified by just four
functions if the point load is considered in polar coordinates,
as shown in Figure 5-1. Therefore, in the remainder of this

chapter, polar coordinates are employed.

For loads defined in polar coordinates, axis-symmetry and

axis-asymmetry considerations require specification of only one

5=3
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horizontal load, Pr(eo), in addition to the vertical load Pz;
i.e., all other horizontal loads can be represented by redefin-
ing the c¢oordinate 6 (Fig. 5-1). Thus, without 1loss of
generality, Equation 5-4 can be expressed in polar coordinates

as
ur(R,G) frrcos(e - 60) frz . ()
_ _1_ . _ r- o _
ue(R,e) = IR Fersznfe eo) fez . (5-7)
4
uZ(R,e) fzrcos(e eo) fzz
where
M = Shear modulus of elastic medium
= |y - - _ 932 _ L0,2
R = l,}i‘ 2’{0! - ‘/(Xl Xl) + (XZ X2)
o)
o _ -1 (%2 7%
6 = arg(x - %,) = tan 5
317 %

Equation 5-7 holds for any linear elastic so0il medium with an
axis of symmetry about the z-axis. Therefore, a horizontally
layered medium will also have Green's functions of the form
indicated by Equation 5-7.

5.2 GREEN'S FUNCTIONS FOR AN ELASTIC HALF-SPACE

5.2.1 GREEN'S FUNCTIONS IN POLAR COORDINATES

Consider now an elastic half-space with Poisson's ratio v,
shear modulus pu, and shear wave velocity Vs' By rearranging
the Green's functions (in polar coordinates) according to

8r’ fzr’ frz’ fez’
dependent only on a dimensionless frequency parameter, a

Equation 5-7, the functions frr’ £ and fzz are

OI
defined as

a = ) (5-8)

iy
Lo
A



AN

The resulting

frr(ao)

where

F(z)

k]

formulas are as follows:

J‘ d J (a z) - Jo(aoz)
F(z

+f 2z ] {Jz(aoz) + Jo(aoz); d
S22

R-8113-5470

(5-9)

” z#z2 -1 {Jz(aoz) + Jo(aoz) dz
F(z)
0
+ J. 22 {Jz(aoz) - Jo(aoz)} dz
0%z -1 °
_frz(ao)

1

I

Rayleigh determinant

(222 - 1)% - 422 w,/(z2 - n)(z% - 1)
v

S 1 = 2v

% = Y21 - v)

5-5

o J‘m z2 "V(Zz?‘—l) - 23122 —-nzwlz2 - 1JJ](aOz) dz
2m . F(z)

(5-10)

(5-11)

(5-12)

(5-13)

(5-14)
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VS,V ,v = S=-wave velocity, P-wave velocity, and Poisson's

p ratio, respectively, of the elastic half-space

JO’Jl’JZ = Bessel functions of order O, 1, and 2,
respectively

In Equations 5-9 through 5-14 it is observed that fez =0

mfrz; therefore, the total number of functions needed

to define the Green's function matrix [G] in Equation 5-7 is

and fZr =

four. Furthermore, it is of interest for future reference to
note the static 1limit of Equations 5-9 through 5-14, which
corresponds to the limit of these expressions as a, approaches

zero. These are:

frr(ao =0 = 27 (3-13)
2
rz bn(1 - n")
£ (0) e (5-17)
or (1 - n?)
fez(o) = 0 (5-18)
£ _(0) = -f_,(0) (5-19)
1
£ (0) = —_— (5-20)
2z (1 - nZ)

5.2.2 GREEN'S FUNCTIONS IN CARTESIAN COORDINATES

The relationship of the displacements {ul U, u3}T in

Cartesian coordinates to those in polar coordinates {ur Uy uZ}T

can be expressed as

cos 8 -sin 8 0 ur(g)
= sin 6 cos 8 0 ue(§) (5-21)
0 0 1 uz(>~<)
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= |14
AR
& 1

Thus, by noting from Figure 5-1 that

_P1(>”<o) p_(0)
P2(>~<o) = Pr(“/z) (5-22)
P3(§o) Pz

T T .
one can relate {ur Ug uz} at x to {Pl P2 P3} at % by combin-

ing Equations 5-7 and 5-22, i.e.,

. n, i
ur(g) frrcos 8 frrcos(e 2) frz P](§o)
= L i i - o -
ue(§) = - fopsin @ ferSln(e 2) fez P2(§o) (5-23)
T
uz(g) fzrcos 8 fzrcos(e 2) fzz P3(§O)

By substituting Equation 5-23 into 5-21, the quantities gi4r as
defined in Equation 5-5, can be obtained as

f - ° -
911 912 9]3 rrC ferS (frr * fer)s ¢ frzC fezs
- 1 2 2
991 990 931 = TR (frr + fer)s-c frrs - Ferc frzs + fezc
g g g
31 932 933 fyrC ForS Faz

(5-24)

where ¢ and s are shorthand notations for cos 8 and sin 6,
respectively. In the above expression, the relationships
defined in Equation 5-6 between the off-diagonal gij elemeﬁts
are satisfied when Equations 5-12 and 5-13 are substituted into
Equation 5-24. Furthermore, a simplified form of Equation 5-24

results if the expressions

X T x?
cos 8 = - (5-25)
R
O
X - X
sing = -2 - 2 (5-26)
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-]

are employed. This form is as follows:

2 2
= - \° - - x° -
9 = 3{(xl x]) frr (x2 x2) fer} (5-27)
g, = —={x, - xO(x, - xO)(f_+ . ) . (5-28)
12 37 172 2" rr . Or
uR .
i : o V
63 = = (x, = x) f (5-29)
213 UR2 1 1 rz
1 o 2 o '
922 7 T3 (XZ B XZ) frr B (x] B x]) fer (5-30)
uR v
i o}
g - (x. - x) f _ {5-31)
23 uR2 2 2 rz
g.. = —4f (5-32)
33 uR " zz

with the above expressions, the values of gij can be calculated

£
er’ “rz’
as functions of aO for a constant value of v.

readily by interpolation if frr’ £ and fzz are tabulated

5.3 NUMERICAL EVALUATION OF GREEN'S FUNCTIONS
FOR AN ELASTIC HALF-SPACE

In BASSIN1l, the parameters frr’ frz' fer,
were originally defined in Equations 5-9, 5-10, 5-11, and 5-14,

and fzz’ which

are numerically evaluated. The corresponding Green's functions
are then provided using Equations 5-27 through 5-32.

The numerical evaluation of these parameters involves
expressing them in the form:

[T}

_ o . : _

frr = 5y Ug = gt I+ 1) | _ (5-33)
aO

frz =@ 12 (5-34)
aO

fer = - (ls g+ I3 - lh) (5-35)
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= ~_°
fz = "z (5-36)
where
"z sz - n2 J (a z) dz
| = o 0 (5=37)
1 F(Z) .
e .
0
ol z2 (222 - 1) - 2\/22 - nZ‘J;Z -1 Jl(a.z) dz
[ = , 2 (5-38)
2 J , F(z) .
0
r z J_ (a z) dz
I, = 2 o (5-39)
3 J 3
0 z7 -1
o= ( — 2 (a2 d (5-40)
L - 5 0 8%/ 4z
“0 z° - 1
" 2 sz - 1J.(a z) dz
o= Z_o (5-41)
5 JO F(Z)
“ 2z sz -1J (a z) dz
e = J F2) (5-42)
v 0
and
F(z) = Rayleigh determinant
= (222 - 1)% - 422 1](22 - n?)(z% - 1)

Therefore, it is seen that the determination of Green's func-
tions for an elastic half-space essentially reduces to computing
the functions I, I, ... I6' The paragraphs that follow
describe how this is carried out.
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It is relatively simple to define the integrals 13 and I4.
Using any standard set of integral tables, they can be expressed

as follows:

1 [2 sin a, ] 2(1 - cos ao)

13 = Pl cos ao + ilsin ao - ~a (5-43)
o (L o i o}

A | s '

y T3 ~cos ao i sin ao_ (5-44)

o}

In this, it is noted that I, and I, are both imaginary because,
3 4 >
in Equations 5-39 and 5-40, the integrand z/Vz - 1 is imaginary

for 0 < z < 1.

Unlike I and which correspond to the horizontal

I,
SH-waves generited by éhe source, the integrands of Il, 12, 15,
and 16 all contain the Rayleigh determinant F(z). Because of
the complexity of F(z), these integrals must be evaluated
numerically. Prior to the numerical integration, however, it is
convenient to first transform the integrals by a contour inte~
gration path similar to that sugéested by Ewing et al. (1957).
This step is necessitated by the fact that F(z) = 0 at z = s.
Having this singularity at z = s, the conventional numerical
integration scheme would fail; however, by using contour
integration, the residue of this singularity contributes the
Rayvleigh waves with the wave speed VR = Vs/s, where Vg is the
shear wave velocity. This results in the following integrals:

J‘m T VTZ + n2 Ko(aor) dt

2 2 2
0 (2T2+])2-l}TZJT + 1 *J-r + n

sVs? - n2
. (2)
+ ‘T[HO (a s) =

[o] S



5 Héz)(aok) dk

+ J{ :
o (2k2- %2V - B @m? - K2

Vo3 w? - a2y vy - k2 Héz) (a_k) dk
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+ hj’ (5—-45)
i (k2 - DY+ 16k - KB (K2 - n?)

where K (a_t) is the Kelvin function and Héz)(aok) is the Hankel
function of the second kind, both of which are of zeroth order.

Similarly,

. (2) 52[(25 - ] - ZV - n ) - ])}
2 = P yT™y (aos) F'(s)

(

T2k - Yo - Bl - a9 Hfz)(a k) dk
Q
+ 2 .{ "

(2k% - DY #1670 - KB) (K2 - n

5-46)

where Héz)(aos) is the Hankel function of the second kind and of

first order.

| =

- + 161 E(l - 12)(1 -n o

# (1 -1 ) J (a t) dt (s-1)
-qj 2)+= Zf E(x) dx

F(r) F(k)

2s-1

2
f 1 - k 2k 1) Jz(aok) dk

16kt - kK2 (K2 - nd)

2
TYS?S -1 Jz(aos)

dF (k)
dk

e

}"” rvrz - 1 J4,(a ) dr j‘“ k@/l - k% J.(a k) dk
o] .
+ + i
0

(5-47)
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AN

where s is the root of the equation:

F(s) (2s2 - 12 - L;SZJ(SZ Y (2 -1) = o0

and

(s + x){(s £ =14 (a (s + %)

1
E(x) = 2 F(x)
(s - x)g/(s - x)2 -1 Jz(ao(s - X))
¥ F(x)
ZJ‘m ] fVTZ+1K(aT)dT
e =% |

0 22 + D2 - 52V EE + )2+ 0

. _H(Z)( S)SVSZ-I
1) e ags) e

J’“ kVi - k2 Héz)(aok) dk

+

o (2% - % + w2V - B (n? - KD
T - e - )2 Héz)(aok) dk
* f 2 5 i 2 2 2 (5-48)
(k2 - DY £ 16k (1 - K2) (k2 - n?)

The significance of Equations 5-45 through 5-48 is that all
singularities are now eliminated in the integrands for I, I,
I, and I,. Therefore, these integrals can be readily evaluated
using standard numerical integration procedures. This numerical
integration is carried out in BASSIN1 using Simpson's rule.
Plots of the functions frr’ f f.._, and fzz that result from

rz' “8r
the superposition of I; ... I are provided in Figure 5-2.
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CHAPTER 6

HALF-SPACE IMPEDANCE MATRIX AND
DRIVING FORCE VECTORS

This chapter describes how the Green's functions for an
elastic half-space (Chapt. 5) and the free-field ground surface
motions induced by traveling seismic waves (Chapt. 4) are used
in BASSIN1 to characterize the half-space and the seismic
excitations in terms of a frequency-dependent impedance matrix
and driving force vector. The approach described herein is
valid for any number of arbitrarily shaped, deformable inter-
faces between the structure and the half-space. It is an
extension of our earlier work in this area, which was carried
out for rigid foundation conditions (Werner et al., 1977).

6.1 IMPEDANCE MATRIX

6.1.1 BASIC CONCEPTS AND ASSUMPTIONS

As noted in Chapter 5, the displacements at any point along
the surface of a half-space, {u(§i)}, as induced by a harmonic
force located at any other point, {P(x.)}e , can be expressed
as

{u(z;)} = [6(Q, x; - gj)]{P(gj)}eth (6-1)

where

Vectors of coordinates of computed dis-

R placement and applied force respectively
Q = Excitation frequency
[G(Q, b gj)] = 3 X 3 matrix of Green's functions, as

formulated in Chapter 5
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and {u(§i)} and {g(gj)} are each of order 3 x 1. By superimpos-
ing many such point loads within an area A, the displacement at
X can be expressed as

{u(?fl)} =‘ J};J.[G(Q’ ')Ei - ,}SJ)]{U(,}SJ)} de (6-2)

where {0(§j)} is a 3 x 1 vector that denotes the contact stress

state at Bse

To define the impedance matrix for an elastic half-space,
it 1is necessary to numerically integrate the above integral
equation. Following our prior approach for arbitrarily-shaped
rigid interface conditions (Werner et al., 1977), BASSIN1
incorporates the following assumptions in order to simplify this
numerical integration process (Fig. 6-1):

® The arbitrarily shaped interface can be partitioned
into many small and regular (e.g., rectangular)
subregions.

o The contact stress within each subregion is constant.

On this basis, the right side of Eguation 6-2 becomes

S
JZ;S[G(Q: £ - .}53)]{0(5])} de = jgl [¢(§1’ '}SJ)]{GJ} (6-3)

where the above summation is over the S subregions that comprise
the structure/half-space interface and

[0(x;, %5)]1 = AUG(Q' Xy - %4) dSy (6-4)
J
{o.} = 3 x 1 vector of constant stresses in the jth
J subregion
A., X. = Area and coordinate of centroid, respectively,
] J of the jth subregion

SR,
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Substitution of Equations 6-3 and 6-4 into Equation 6-2 results
in the following interrelationship between the displacements at
any point along the surface of the half-space interface and the
contact stress state within the interface

S

{u(x)} = jz% [0(2;, 84)1{05} (6-5)

Equation 6-5 is a basic building block for constructing the
system impedance matrix. In its above general form, this
expression is valid for either rigid or deformable structure/
half-space interfaces.

6.1.2 NUMERICAL PROCEDURE

6.1.2.1 General Description

with the preceding subsection as background, we can now
consider a deformable interface between the overlying structure
and the half-space that is of arbitrary shape and is comprised
of rectangular subregions (Fig. 6-1). In the treatment that
follows, this interface need not be restricted to a single
structure/half-space contact area; instead, the interface can be
comprised of several separate contact areas that would exist for
structures of extended length supported by multiple footings.

The major effort in this phase of BASSINl1 is directed
toward computing the compliance matrix for the half-space inter-
face region; this matrix is then inverted to obtain the
impedance matrix. The computation of the compliance matrix is
illustrated in Figure 6-2, which shows that the jth‘column of
this matrix contains the displacements at each degree of freedom
of the interface, as induced by a unit harmonic force applied to
the jth degree of freedom. Basic features of the BASSIN1 compu-
tation of the compliance matrix are as follows:

® To facilitate —coupling of the Thalf-space and
the overlying structure in the subsequent dynamic

6-4

(550
RO
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analysis, the half-space compliance matrix is
developed for degrees of freedom located at the corner
node points of the subregions. As noted in Chapter 3,
these subregion corner modes correspond on a one-to-
one basis to the interface nodes from the finite
element model of the overlying structure.

® In the computation of the compliance matrix, the unit
force applied to the degree of freedom at each node
point is replaced by a system of statically equivalent
forces applied at the centroids of the immediately
adjacent subregions.” This system of equivalent forces
is the basis for computing the node point displace-
ments that comprise each column of the compliance
matrix. The purpose of this approach is to avoid the
numerical difficulties that would otherwise result
when evaluating Green's functions for defining dis-
placements at the point of application of the unit
force (i.e., for x, - 2y = 0 in Eqg. 6-4).

® Several methods of varying degrees of refinement are
available for determining this system of statically
equivalent subregion-centroid forces. In BASSINl, a
simple approach is used in which a constant stress
state is assumed only for the subregions immediately
adjacent to the node point 1location of the applied
unit force; elsewhere, the subregion stresses are
considered to vanish. This approach is described
further in Subsection 6.1.2.2.

6.1.2.2 FORMULATION

with this as background, the formulation of the expression
for the jth column of the half-space compliance matrix is
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initiated by applying the following harmonic force vector of
excitation frequency Q:

/0

0

(P} = <1>emt (6~6)

")
In Equation 6-7, {P} is a vector of order 3N x 1, where N is
the total number of half-space nodes (with 3 degrees of freedom

per node). Only the jth element of {P} is nonzero; this element
has a value of unity.

The next step in the formulation process is to transform
the node point force vector. {P} to a set of statically eqﬁiva—
lent forces acting at the centroids of the immediately adjacent
subregions. As noted previously, this transformation is based
on the assumption that the node point force induces a constant
state of stress in these immediately adjacent subregions, and a
vanishing state of stress elsewhere. Therefore, the nature of
this transformation depends on whether the location of the unit
force in {P} is at an interior node, an edge node, or a corner
node of the half-space interface (Fig. 6-3). The transformation
is expressed mathematically as

{P}

;3 = [TI{P} (6=7)

where

{P } = 38 x 1 vector of forces located at the centroid of
each of S subregions that comprise the half-~space
interface

[T] = Transformation matrix, which is of order 3S x 3N
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Equation 6~7 can also be expressed in terms of contact
stress vectors for each subregion, as follows

{o .} = [a17tip ) = [(A)ZMTI{P} (6-8)

where {cs} is a 35S x 1 vector of contact stresses, and [A]D is a
diagonal matrix of order 3S x 3S containing the areas of each
subregion, i.e.,

a0 0 0
Aly = |0 B 0 0 (6-9)
Ay
0 0 R 0 S

In Equation 6-9, A, 1is a diagonal matrix of order 3 x 3 whose
diagonal elements contain the area of the kth subregion, and 0
is a null matrix of order 3 x 3.

Knowing the state of stress induced in the half-space by
the load wvector {P}, the resulting node point displacements
induced by this stress field, {u}, can be expressed as the
- following expanded form of Equation 6-5:

{ul = [¢]{o} (6-10)
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where {u} is of order 3N x 1, and

— —
0%y, 39) Xy %) - oo 0By, Zg)

[®] = [a(Z5, Z1)  (Zyr X)) - - o (25, Eg) (6-11)
0 (xy %1) 2Ry %) - e o 0(Zys Zg)

In Equation 6-11, g(x x ) is a 3 x 3 Green s function matrix
which interrelates the 3 x 1 displacement field at node i with
the 3 X 1 stress field at subregion j; i.e., from Equation 6-4

~

0(%{, %4) = i]-G(Q, 2 - %5) dsy (6-12)

Substituting Equation 6-8 into Equation 6-10, the expression. for
the node point displacement field throughout the half-space
interface, as induced by the node point force vector ({P},

becomes

{u} = [e1[AlZ[TI{P} (6-13)

In view of the definition of {P} given in Equation 6-6, {u}
represents the jth column of the compliance matrix. By applying
the unit force in {P} at all node point degrees of freedom and
repeating the above process, Equation 6-13 can be generalized to
provide the following expression for the half-space compliance

matrix [CHS]

[Cuel = [e1[A1Z1(T] (6-14)
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The half-space impedance matrix, [KHS], is then obtained by

inverting [CH i.e.,

sl

[Kyel = [Cggl™t (6-15)

6.1.3 CORRELATION WITH RESULTS BY OTHERS

To provide verification of the BASSIN1 approach for comput-
ing the half-space compliance and impedance matrices, results
from BASSIN1 have been compared with results from the prior
analytical solutions of Thomson and Kobori (1963) and of
Veletsos and Wel (1971). Both of these solutions treat the case
of a rigid foundation on an elastic half-space; the Thomson-
Kobori solutions address vertical compliance of a rectangular
footing whereas the Veletsos-Wei solutions develop horizontal
and rocking compliances for a circular footing.

6.1.3.1 Comparisons with Thomson-Kobori

The BASSIN1l comparisons with Thomson-Kobori were carried
out for a rigid square footing resting on an elastic half-space
with a Poisson's ratio of 1/4. The footing/half-space interface
for this case was represented in BASSIN1 as a network of four
square subregions that, to be consistent with the Thomson-Kobori
assumptions, were subjected to a uniform vertical stress field
(Fig. 6-4a). The resulting displacements computed by BASSIN1 at
each subregion node point were arithmetically averaged for
purposes of comparison with the Thomson-Kobori rigid foundation
results (Fig. 6-4b). '

The results of these comparisons are provided in Fig-
ure 6-4c as plots of real and imaginary components of the
dimensionless compliance, CD’ vs. dimensionless frequency, a,»

where

6-11
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W - 0b

p = 555 a4 = V;
and

W = Vertical displacement

e Vg = Shear modulus and shear wave velocity respectively
* of elastic half-space

o, = Applied vertical stress

Q = Excitation frequency

b = Length of a side of square footing

This figure shows that the average compliance obtained from
BASSIN1 for this case compares quite well with the Thomson-
Kobori compliance, over the entire range of dimensionless
frequencies considered in these comparisons. The real component
of the BASSINl compliance is seen to be within 25% of the real
component from Thomson-Kobori, and the imaginary components from
the two sets of results compare even more closely. The differ-
ences that do exist in these comparisons are primarily related
to the approximations introduced by the arithmetic averaging of
the BASSIN1 compliances in this example.

6.1.3.2 Comparisons with Veletsos-Weil

In their analytical treatment of the dynamic response of a
rigid circular footing on an elastic half-space, Veletsos and
Wel treated the particular case of the coupled horizontal and
rocking response of the footing when subjected to a harmonic
horizontal force and moment. Their results were presented as
frequency-dependent dynamic amplification factors, denoted below
as fij(i,j=1,2), that related the dynamic values of the foot-
ing's horizontal displacement, u, and rotation, «, to their
and «

uncoupled static wvalues, u St’ through the expression

st

u (£1; +1977) (£, + 1975) st
- | | (6-16)
ar (f51 +1957) (£, *+ 19,,) astTo

6-13
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st T 8ur st

o - 3(1 = v) M

st 8ur§ st
and
Popr Mgy = Static horizontal force and moment, respectively
M, V = Shear modulus and Poisson's ratio respectively
of the elastic half-space
ry = Radius of circular footing

The particular quantities from Equation 6-16 that were
compared between BASSIN1 and Veletsos-Wei were the dynamic
amplification functions, fll and 9y1- that define the horizontal
displacement due to an applied horizontal dynamic force. To
carry out these comparisons, a special version of BASSIN1 was
developed that incorporates nonrectangular quadrilateral sub-
regions and excitations in the form of applied uniform stresses
that could vary from one subregion to the next. On this basis,
a l2-subregion model of the footing/half-space interface was
developed (Fig. 6-5a), and this interface was subjected to a
system of applied subregion stresses that approximated the
theoretical contact stress distribution developed by Veletsos
and Wei (Fig. 6=5b). The calculations were then carried out for
an elastic half-space with a Poisson's ratio of 1/3.

The resulting comparisons between the BASSIN1 and Veletsos-
wWel results are provided in Figure 6-5¢ as plots of f11 and 911
vs. a dimensionless frequency, ag: defined as

6~14
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Ji\

where Q 1is the excitation frequency, r, is the radius of the
footing, and Vg is the shear wave velocity of the elastic half-
space. This figure shows that the two sets of results compare
quite well over the range of dimensionless frequencies con-
sidered in these comparisons. Those differences that do exist
in these comparisons can be attributed primarily to the coarse
representation of the Veletsos-Wei stress distribution in the
BASSIN1 model.

6.2 DRIVING FORCES

To compute the driving forces applied by the seismic waves
at each degree of freedom at the various half-space node points,
we first consider the various elements that contribute to the
total displacement at each of these degrees of freedom. Follow-
ing the approach of Luco et al., (1975), this can be expressed
as

it _ iQt iQt

{uT}e = {uff}e + {uo}e (6-17)

where, for an excitation frequency Q, {uT} corresponds to the
total displacement amplitude at each half-space degree of free-
don, {uff} represents the displacement amplitudes at these
degrees of freedom due to the seismic waves and in the absence
of external forces (see Chapt. 3), and {uo} depicts the dis-
placement amplitudes at these degrees of freedom due to applied
interaction forces in the absence of seismic wave excitations.
Each of these vectors are of order (3N x 1), where N is the
;ptal number of half-space nodes.

Now, from Section 6-1, it is seen that

where [CHS] is the compliance matrix for the half-space and {PO}
is the vector of applied interaction forces. The substitution

6=16

N
:
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of Equation 6-17 into Equation 6-16 results in the following
int

expression (neglecting the e terms)

{uT} = {uff} - [CHS]{PO} (6_19)

Equation 6-19 can be used directly to obtain the expression
for the driving forces. To do this, we note that these driving
forces are defined as the force applied by the seismic waves at
each half space degree of freedom, when these degrees of freedom
are fixed against motion under the action of these seismic waves
{see Sec. 3.2.2). Therefore, we see that if

{0}

{up}

then

{P {PDO} = vector of driving forces

o
and Equation 6-19 becomes

{O} = {uff} - [CHS]{PDO} (6—20)

From this, the driving forces can be computed as
- -1 -
{PDO} - [CHS] {uff} - [KHS]{uff} (6-21)

where [KHS] is the impedance matrix for the half-space (see
Sec. 6.1). Equation 6~21 is implemented in BASSIN2 to compute
the driving force vector for use in the dynamic analysis of the
soil/structure system (Chapt. 7).

6-17
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CHAPTER 7

DYNAMIC RESPONSE ANALYSIS FORMULATION

This chapter describes the formulation of the procedure
used in BASSIN to analyze the dynamic response of the bridge/
abutment/backfill system. This formulation is provided in the
first two of the three sections that comprise this chapter. In
this, the first section contains the derivation of the general
analysis procedure and the second section shows how this deriva-
tion is specialized to include modal truncation. An example
application of the modal truncation procedure 1is contained in
the final section of the chapter.

7.1 GENERAL ANALYSIS PROCEDURE

7.1.1 OVERALL SYSTEM OF EQUATIONS OF MOTION

The equations of motion of the structure (bridge/abutment/
backfill) system can be expressed in partitioned matrix form as

M, 2 Y1 11 47y
+ >
9 (Y2 g 9 (Y2
811 Bi2| \1a Q.
+ | = (7"1)
kT, K P
212 22| (Y2 £2

where the subscript "1" denotes all aboveground degrees of
freedom (DOF's) of the structure and the subscript "2" denotes
the structure DOF's along its interface with the half-space.
Also in Equation 7-1, a term underlain by a double-dash denotes
a matrix, whereas a term underlain by a tilde (~) denotes a
vector. Finally, the quantities M, C, and K are the mass,
damping, and stiffness matrices, respectively, and ZP2 is the
vector of forces applied along the structure/half-space
interface.
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7.1.2 INTERRELATIONSHIP BETWEEN RESPONSES AT INTERFACE
AND ABOVEGROUND DOF'S

The first phase of this formulation is directed toward
deriving an interrelationship between {yl} and {yz}. The first
step in this derivation is to express the aboveground response
DOF's, {yl}, as the superposition of a pseudostatic component
{yls} and a dynamic component {yld}, i.e.,

{Yl} = {yls} + {Yld} (7-2)

where, from Clough and Penzien (1975),

{yls} = [RS]{YZ} (7-3)
in which
(RG] = - [Ky;17 MKy ,] (7-4)

Substituting Equations 7-2 through 7-4 into the upper set of
partitioned equations in Equation 7-1, and neglecting the
contributions of damping to the forcing function ({Clough and
Penzien, 1975), we obtain

[Mll]{§1d} +-[C11]{&ld} + [Kll]{yld} = - [Mll][RS][§2] (7_5)

Next, [yld] is expanded into normal modes, i.e.,

{v14} = [el{n} (7-6)

where [¢] is the matrix of eigenvectors, and {n} is the vector
of modal response amplitudes. Substituting Equation 7-6 into
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Equation 7-5 and making use of the following orthogonality

relationships,

(17 (M, 11e] = [T]g
[217[c, 100] = [2w € 1 ' (7-7)
[01T(k ;1101 = [wi1g

Equation 7-5 takes the form
[Tlp6n} + [20 g 1 6A1 + Wwligin} = - (01T [(M 1R 1My,}  (7-8)

In Equations 7-7 and 7-8, W and gn are the natural frequency
and damping ratio, respectively, of the nth mode, | ]D denotes a
diagonal matrix, and [I]D corresponds to the unit diagonal

matrix.

The next step in the derivation is to consider Equation 7-8
in the context of harmonic motion, i.e.,
it

{Y2} = {YZO}e
(7-9)

it

{n} {ngle

where @ is the excitation frequency. Substituting Equation 7-9
into Equation 7-8 and rearranging terms, we obtain

tngd = @15 1T My 1R 1y, ) (7-10)

iy -
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in which
_ 2 . 2
[S]D - = [Q ]D + l[zgwngn]D + [wn]D (7_11)
Eurthermore, if we define
_ T ’
[r} = [¢] [Mlll[Rs] (7-12)

[Rg] = 0®[e][sIZIr] (7-13)

and make use of Equation 7<6, then

{14} = [Rd]{yzo}eiQt (7-14)

From this, substituting Equations 7-14 and 7-3 into Equa-
tion 7-2, we see that the response of the aboveground portion of
the structure, {yl}, is expressed in terms of its response along
the half-space interface, {yz}, through a transformation matrix,
[T], i.e.,

iQt

{yyd = [Tliy,d = [THy,gle (7-15)

where

[T] = [Rg] + [R (7-16)

gl

and [RS] and [Rd] are defined in Equations 7-4 and 7-13
respectively.

7.1.3 DETERMINATION OF STRUCTURE RESPONSE AT INTERFACE DOF'S

The next phase of the derivation is to solve for the
structure response at its interface with the half-space. To do

7-4

.
R
goak T
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this, we consider the lower set of partitioned equations in
Equation 7-1

[M,,11y,) + [K,17{y ) + [Ky,liy,} = (B,) (7-17)

Substituting Equation 7-15 and considering harmonic motion, the
above system of equations becomes

[Ropl {y503 = {Pyql (7-18)

where

[Kgp] = - @%[M,,] + [K,1T[T] + [K (7-19)

sl 221

and

0t

{p = {on}e (7-20)

2}

In this, [KST] can be regarded as an effective impedance matrix
for the structure. ’

Next, {PZ}, the vector of forces applied along the
structure/half-space interface, can be expressed as the super-
position of half-space driving forces and resisting forces,

i.e.,
_ iQt _ it _
(1 = (P, 1e™ " = [{Ppo} + {Ppol]e (7-21)
where
PDO = Vector of driving force amplitudes, as derived in
Section 6.2 of Chapter 6
PRO = Vector of resisting force amplitudes = = [KHS][YZO]
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and

[KHS] = Half-space impedance matrix, as derived in
Section 6.1 of Chapter 6

The substitution of Equation 7-21 into Equation 7-18 assures
that compatibility of displacements and dynamic equilibrium is
maintained along the interface of the half-space and the struc-
ture. This results in the following expression:

from which {yzo} is obtained as

{¥,0} = [Rgp + Kggl TPy} (7-23)

where [KST + KHS] is the combined structure/half-space impedance
matrix. '

7.1.4 DETERMINATION OF STRUCTURE RESPONSE
AT ABOVEGROUND DOF'S
Now that {yzo} is determined, the previously derived inter-
relationship between {yl} and {yz} can serve to obtain {yl}.
Substituting Equation 7-23 into Equation 7-15, we see that

fy,} = [T][Kgp + Kggl TiRp let®t (7-24)
or, substituting for [T]
fyy) = [Rg + Ryl[Kgp + Kygl T{Pp tet?t (7-25)

where, once again, [Rs] and [Rd] are defined in Egquations 7-4
and 7-13 respectively.

7-6

=
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7.2 ANALYSIS PROCEDURE INCLUDING MODAL TRUNCATION

7.2.1 GENERAL DISCUSSION

The derivation of the dynamic analysis procedure including
modal truncation closely follows that of the general analysis
procedure provided in Section 7.1. The only differences are
that

® The overall system of modal equations of motion are
partitioned into separate equations for the '"kept
modes" (i.e., lower modes that will be retained in the
analysis) and the "residual modes" (i.e., higher modes
whose contributions will be approximated in this
procedure). )

° These residual mode effects are represented in this
procedure as functions of the kept mode parameters.
This 1s accomplished through the use of modal identi-
ties, together with certain simplifications that can
be made in the equations of motion for modes with
natural frequencies substantially greater than the

excitation frequency.

It is noted that modal truncation approaches analogous to
that presented in this section have been used in the analysis of
piping systems on discrete supports subjected to multiple
support excitations (e.g., Powell, 1979; AA, 1979). Herein this
approach is- extended to soil/structure systems subjected to
traveling seismic waves, in which the soil/structure interface
can be of extended length.

7.2.2 INTERRELATIONSHIP BETWEEN STRUCTURE RESPONSE
AT INTERFACE AND ABOVEGROUND DOF!'S
This subsection 1is directed toward developing an inter-
relationship between {yl} and {yz} in a manner analogous to
Equation 7-15 for the general case, except that now modal
truncation effects are included. This development effort is

based on the use of partitioned modal equations of motion and
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o

certain modal identities, as described in the paragraphs that
follow.

7.2.2.1 Partitioned Modal Equations of Motion

The previously derived modal equations for the general case
were expressed in Equation 7-8 as

[T1pin} + [20 & 1060} + [wilgint = - [T1{y,)} (7-26)

where, from Equation 7-12

1

Matrix of modal participation factors

(r]

(017 M, 1IR]

In Equation 7-26, the equation of motion for the jth mode can be
written in scalar form as

r]j (7-27)

_ ) NI
+ E.n. + ‘N = = T
2ugE4ny + wyn 2

Y
33 &, is'es

where the index s ranges over the NI structure degrees of
freedom along its interface with the half-space, and

127ns (7-28)

where the index n ranges over the NA aboveground DOF's of the

structure. For harmonic motion, Equation 7-27 takes the form
: NI .-
2 . 2 0t _ _ -
(.Q + 21ij§j + wj>njoe = gﬁlerYZS (7=29)
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iQt 0t 2 i0t

Yog T Y2g0° = = QY5408 (7-30)

Now it is clear that for w% >> Qz, the term involving w? will

dominate the left side of Equation 7-29. Therefore, for these

higher modes, the solution for n.

jo is approximately its "static"

response, i.e.,

1 NI -
N30 = 7 72 2; Fie¥250 (7-31)
w, s=1
J
Applying this concept to the general set of modal equations

results in the following expression for the modal response
amplitudes

fny} = - WiIpt N1y, | (7-32)

For future reference, Equation 7-29 will be used subsequently in
this derivation to define modal response amplitudes for the
residual modes, since these higher modes satisfy the conditions

of applicability of this equation, i.e., that w? >> Qz.

Now let us rewrite Equation 7-6 in terms of kept modes and
residual modes, i.e.,

Nk
[e1{n} = [y 1o ] i----
n

{¥148
r

or

V143 = [0 ding ] + [, 1{n} (7-33)



R-8113-5470

in which the subscript "k'" denotes kept modes and the subscript
"r represents residual modes. Substituting Equation 7-32 for
{nr}, we obtain

(¥,40 = [91ind - [o 12170 1iy,) (7-34)

where [rr] is the matrix of modal participation factors for the
residual modes, i.e.,

T
r [0 17 [M,, T[R,] .
r] = R S P __E_T__ll___§_ (7-35)
r [6,17[My1 1[R,]

The two subsections that follow will be directed toward defining
the residual mode term on the right side of Equation 7-34 in
terms of kept modes.

7.2.2.2 Modal Identities

To express Equation 7-34 only in terms of kept mode quanti-
ties it is necessary to make use of certain modal identities.
From the normal mode orthogonality relationships (Egs. 7-7) and
the previously stated definition of [I'] (Eg. 7-12), it can be
shown that

-1 -1
(o] w215t r] = [y 17H M TIR] (7-36)
or, in terms of the eigenvector matrix

(01 w21oHr] = [Ky 17 My Tl [0 [my TR ] (7-37)

7=10

Mon~
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In this, the left sides of the above equations can be expressed
in terms of kept modes and residual modes as follows

fe] wi15tr] = (o 1 w1Shr, ] + (e 1215t r ] (7-38)

By using Equations 7-12, 7-36 and 7-37, the residual mode term
in the above expression becomes:

fe 1217 1 = [ 17H M 1R, - (e 1 wilstIr, ] (7-39)
or, substituting for [Fk] from Equation 7-35
(6 _1[w217tr 1 = [&;;17 M ][[11 - (o, 100,17 ]][R ] (7-40)
r r'D r 11 11 D k k 11 S

7.2.2.3 Final Development of {yl} vs. {yz} Interrelationship

To obtain the final form of the interrelationship between
{yl} and {yz}, it remains to incorporate the above modal identi-
ties into Equation 7-34, express the resulting equation for the
case of harmonic excitations, and then combine the resulting
dynamic component of {yl} with its pseudostatic component in
accordance with Equation 7-2.

To begin this process, we substitute Equation 7-40 into
Equation 7-34, in order to obtain

(14} = 9,00} - (KITT0My ] (115 - [ 10017 M ] (R 1{y,)
(7-41)

Now, for the case of harmonic excitation

i0t

(v, = iy, le
(7-42)
fny) = {n et

BIAT

7-11
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which can be substituted into Equation 7-41 to obtain (by
analogy to Egs. 7-10 and 7-11 for the general «case) the
following expression for the modal response for the kept modes

fnel = 020815 10, 1T TIR 1y,
(7-43)
_ A2 -1
where
- 2 : 2
[Sk]D = - [Q ]D + 1[29wk§k]D + [wk]D (7-44)

Therefore, substituting Equations 7-42 and 7-43 1into Equa-
tion 7-41

fy;9) = |[Rg]
+ Q2[R 17H M 1 (10, - (@] [0, 17 [ ] [RS]]{yzo}eiQt
(7-45)

where, by analogy with Equations 7-13 and 7-14 for the general
case

_‘ 2

Finally, substituting Equations 7-45 and 7-3 into Equation 7-2,
the final interrelationship between {yl} and {yz} takes the form

fvd = [T + [T] {y,) = [T,.0 + [T.] {v,,1e™®"  (7-47)



R-8113-5470

analogy with Equation 7-16 for the general case

[R.] + [R (7-48)

dk!

and

1

[t = @®[k 17 oy 1 [T11 - [ey 100, 17 M ;1] [R] (7-49)

o 11]

In this, [Tk] is identical to the transformation matrix between
{ylb and {yz} for the general case (Eg. 7~16), except that now
it is evaluated only for the kept modes. The quantity [Tc] is a
correction matrix that accounts for the effects of higher
(residual) modes that are truncated in this approach.

7.2.3 DETERMINATION OF STRUCTURE RESPONSE AT INTERFACE DOF'S

To determine {yz}, the structure response along its inter-
face with the underlying half-space, we proceed in a manner
identical to that for the general case (Sec. 7.1.3). In this,
Equation 7-47 is substituted into the lower set of partitioned
equations in Equation 7-1 and conditions of harmonic excitation
are imposed. This results in the following expression (which is
analogous to Eg. 7-18 for the general case)

[(Ksmed * [Kspol] {7203 = {2y} (7-50)
where
— 2 T
_ T
fiid<
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(v,) = {y,,1e™"

it

{Pyole

[Tk], [TC] = given by Equations 7-48 and 7-49 respectively.

In this, {KSTk] is an effective impedance matrix for the struc-
ture. Its form is identical to that for the general case,
(Eg. 7-19), except that now it 1is evaluated only for the kept

modes. [K is a correction matrix that accounts for the

—
STc
effects of the higher (residual) modes on this structure
impedance matrix. It can be computed either from Equation 7-52

or from the following alternate expression:
T 2 T
[Kgpel = = @2 [RITIMTIRD + o2[r 17 [, ] (7-53)

It now remains to express {PZO}, the vector of harmonic
amplitudes of the structure/half-space interface forces in
Equation 7-50, as the superposition of half-space driving forces
and resisting forces. As in Equation 7-21 for the general case,
this expression takes the form:

{Pyg = {Ppo} + {Ppol (7-54)
where
{PDO} = Vector of driving force amplitudes as derived in
Section 6.2 of Chapter 6.
{PRO} = Vector of resisting force amplitudes = =~ [KHS]{YZO}

[KHS] = Half-space impedance matrix, as derived in
Section 6.1 of Chapter 6.
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Substituting Equation 7-54 into Equation 7-50 and solving for
{yzo} results in

{¥,0} = [[KSTk] + [Kgpel + [KHS]]‘l{PDO} (7-55)

where [KSTk] + [KSTC] + [KHS] I's the combined structure/half-
space impedance matrix including effects of modal truncation.

7.2.4 DETERMINATION OF STRUCTURE RESPONSE AT ABOVEGROUND DOF's

Now that {yzo} is determined, we again proceed in a manner
analogous to that for the general case in order to obtain {yl}
(see sec. 7.1.4). Substituting Egquation 7-55 into the pre-
viously derived interrelationship between {yz} and {yl}
(Egq. 7-47), we obtain

it

_ -1
fyd = [Ty + THRgqy *+ Kgpo + Kygl “{Ppple (7-56)
or, substituting for [Tk]
- -1 i0t
typd = [Rg + Rgyp + T l[Kgqy + Koo + Kygl "{Ppyle (7-57)

where [RS] and {de] are defined in Equations 7-4 and 7-46, and
[TC] is defined in Equation 7-49. Equations 7-56 and 7-57 are
analogous to Equations 7-22 and 7-23 respectively for the
general case.

7.3 ILLUSTRATIVE EXAMPLE

7.3.1 SOIL/STRUCTURE SYSTEM

To demonstrate the effectiveness of the modal truncation
approach described in the previous section, an illustrative
example application of the approach is summarized. The soil/
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structure system to which the approach is applied in this
example 1is a free-standing bridge structure supported on rigid
footings that, in turn, rest on the surface of an elastic half-
space. The configuration and model of the bridge is shown in
Figure 7-1 and the bridge/soil system properties are provided in
Table 7-1. The first few fixed-base mode shapes for the bridge
are shown in Figure 7-2.

This bridge/soil system is identical to that considered in
previous studies of traveling seismic wave effects on the
response of bridges (Werner et al., 1977; Werner and Lee, 1980).
In these prior studies; analyses carried out for a variety of
wave types, wavelengths, and directions of incidence required
the use of 29 modes to represent the structure, in order to
obtain adequate convergence. The inclusion of this large number
of modes was not only costly, but was also possibly prone to
some uncertainty pertaining to the accuracy of the higher mode
computations. Situations of this type are clearly ideal for
application of modal truncation procedures of the type described
in Section 7.2.

7.3.2 INCIDENT WAVE MOTIONS

Two cases involving seismic wave excitations are considered
in this example. Case 1 corresponds to SV-waves with an excita-
tion frequency of 8.8 Hz and a direction of incidence corre-
sponding to 6, = 0 deg and 6,, = 45 deg (see Fig. 7-1 for a

H v
definition of GH and ev). Case 2 also corresponds to SV-waves
with the same excitation frequency but with a direction of
H = 45 deg and ev

above, represents conditions of relatively simple two-

incidence of 6 = 20 deg. Case 1, as indicated

dimensional response whereas, in Case 2, the response will Dbe
three dimensional.

7.3.3 RESULTS

The results for each of the above cases are summarized 1in
Tables 7-2 and 7-3. These tables provide amplitudes of response

SRS 7-16
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— ¥

MODE 1: f = 3.2 HZ (20.1 RAD/SEC) MODE 2: f = 5.1 HZ (32.0 RAD/SEC)
MODE 3: f = 9.7 HZ (60.9 RAD/SEC) N MODE 4: f = 18.4 HZ (115.6 RAD/SEC)

(a) In-plane modes (significant
response in X=Z plane)

MODE 3: f = 49.5 HZ (311.0 RAD/SEC) MODE 4: f = 61.7 HZ (387.7 RAD/SEC)

AA8T5h

(b) Out-of-plane modes (significant
response in y-direction)

FIGURE 7—2° FIXED-BASE MODE SHAPES AND FREQUENCiES OF BRIDGE
(Werner et al., 1977)
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of the bridge at its upstream and downstream foundations, at the
tops of its upstream and downstream end walls, and at the mid-
span of its road deck. The results are developed in four sets
of computations -- corresponding to 4, 6, 8, and 29 kept modes
(see Table 7-4 for natural frequencies of the highest kept mode
in each of these computations). At each location and for each
assumed number of kept modes, the bridge response amplitudes
were computed with and without the modal truncation corrections
for higher mode effects. These results were compared to the
response amplitudes corresponding to the condition of 29 kept
modes and modal truncation corrections. The comparisons were
depicted in terms of tabulated percent errors.

Results for the two-dimensional case (Case 1) demonstrate
the effectiveness of the modal truncation procedure in account-
ing for higher mode effects under these conditions (Table 7-2).
For example, in the analysis results involving only 6 kept
modes, the modal truncation procedure is seen to reduce the
percent error in the computed bridge response amplitudes to
values that are typically well under 5%.

For the three-dimensional case (Case 2), the effectiveness
of the modal truncation procedures is also clearly demonstrated
(Table 7-3). In this case, the bridge response is much more
complex, resulting in percent errors for both uncorrected
and corrected conditions that are higher than for the two-
dimensional §ituation. This suggests that the required number
of kept modes will be larger for Case 2, although the modal
truncation approach is quite effective even in this case. To
illustrate, 6 kept modes result in percent errors of less than
13% and, if 8 kept modes are considered, the percent errors drop
to values that are typically well under 4Y%.

7.3.4 OVERALL TRENDS

The overall trends from these results demonstrate that, for
this example, the modal truncation approach is quite effective
in reducing the number of modes required to produce excellent

i;‘krj i
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TABLE 7-4. NATURAL FREQUENCY OF HIGHEST KEPT
MODE IN EACH COMPUTATION FOR
ILLUSTRATIVE EXAMPLE

Natural
Kept Mode Frequency,
Number Hz
4 14.2
6 28.8
8 36.0
29 288.8
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results. In particular, for the two cases considered, 6 to
8 modes incorporating modal truncation corrections reproduced
(with a very small error) the results obtained using 29 modes
with no such corrections. The trends also illustrate that the
required number of kept modes must be selected not only on the
basis of natural frequencies*, but alsoc from consideration of,
the nature of the expected structure response to the incident

wave motions. For example, if the structure response is
expected to be predominantly transverse to the bridge span, (as
would occur from SH-waves with eH = 0 deg for the bridge con-

sidered in this example) a sufficient number of transverse
response modes should be included in the ensemble of kept modes
for the analysis. Also, as illustrated by these Case 1 and
Case 2 results, a larger number of kept modes will be required
if the seismic excitations are expected to produce complex
three-dimensional response, as opposed to much simpler in-plane
response.

*As noted in Section 7.2.2.1, the natural frequency of the high-
est kept mode should be markedly greater than the excitation
frequency. Generally, we have found that if frequency is at
least 5 times the excitation frequency, excellent results
should be produced by this modal truncation approach.
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APPENDIX A
INPUT DESCRIPTON FOR BASSINI1

This appendix contains a description of the user-provided
input data for the BASSINl subprogram, in accordance with the
general description provided in Section 3.1 of Chapter 3. These
data are contained in a total of 35 card groups, and can be pro-
vided to BASSIN1 in any consistent set of units.

The output from BASSIN1 is in the form of print, peripheral
storage, and (optionally) plots. The peripheral storage 1is
generated on FORTRAN Logical Unit 8, and is used as input to the
BASSIN2 subprogram.
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CArRD GrOUP 12 Prugler TITLE
ND. UF CakUS: VAR [ ABLEX
FOwmAaTa 1xsALl,s12AD
KUuTLINE BASoIN]
COLUMNS VARIAMLE ENTRY W TES
b ISTAK CARU GLRULF TErRMINATIUN FLAGS
= ", CARD IS 0OPTluiaL, I[Gnuxtu, AN
MAY Bt USED FuR CURTRUL DATA
COUMMENTS. ( ° DENUTES A BLANK )
= x, CAKD CuNTAINS PHRUBLES VIllLc
=74 HEAD (1) PROgLEM TITLE, 72 CHAKACTEXD (13
THHRUUGH MAXTIMUM

3J TU CARD

NOTES:

HEAD(12)

LGROUP 2,

(%) THE COMMENT CAN ot SFECIFIED 2Y ANY mnUABREK UF CARDD, HUsEVER,
OME CARD #uUST gE INPUT wWiTh ISTAK = x anu musT sk He LAST
CAarD UF TrlS GROUP,

(1) THIS InFURMATLIUON [N IMCLUDED IN ALL rOxMs uF OUulrUl PrRUVIDES of
FHE PRUGRAM, AND SHOULU BE CeEnNTERED Liw Trk FLleELD PrUvVIDEtD.,.



CARID) SkuyuP 23

NQe UF CARDS

FORMAT 3

ROUTINE S

COLUMNS VARIASLE
1=4 CRODURPT (1)

11=14 CRODOPT (2)

2l=24 CRUDPT(3)
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5 CAxDS, HOWEVER, ONE CARD MUST Bt INFUIT wlfn CrOUPT(l) =
AnND MUST bE THE LAST CARD.

THE FOLLONING ARE VALIOD OPTIGH

ELtM™
*GO

PROGKAM EXECUT LU R-8113-5470
VAR 1AL o
Ad, 30X, Ad)

IREIS I

OrTLuing

ENTRY
CaLCubLaTIun uPTlon

STRUCTURE
PrROFERTIES

ELedy GEUMETRY, HMaTewRiAL
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11
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= *xGU%, FROCEDE WITH EXECUTIUN.
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FIRST CALCULATIUN SUBUPTIUN,

SECuUnNU CALCULATION SUBDFT LN,
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ElEM ELEM clEm
Mulic MUODE MODE
*GU 1¥PE lmePe
* 51} FREE
* (50}
A AN
i

A=3

NUTES

(1)

(1)

(1)

T4
*i_)on



CAKD GrOUP 2% PRUGKAM EXECUTIUN OPTI0ns (COnTy R-8113-5470

NOTES: (CUNTINUED)

(1) THE FOLLOWING TAoLe INDICATES vallu SUsOrRT{UN CUMsINATIUNS:

1 1 I
1 . 1 SUBDFETIUN ]
I CALCULATIUN I _T
I OPTION I CoOwmF ! PLUT |
Iz=s=s=2zczzs=zzzz=zz[z===z=z=z!l=z=zc===z]
I cLEM I X ! X I
IR L S E L L L lommmmma]
I MUDE I X ! X I
I et E L LT lemmmene]
1 IMPE i X ! 1
[eemmmccccccnn]emccnnemecmaan]

1 FREE I X ! ’ 1
DEFIMITION OF SUBUPTIUNS:

T COMP, READ INPUT AND PERFOx#
RESPECTIVE CALCULATION,

COMP IS A NeCeSOARY SUBUPTION wWrEwn
SAVING UR PLOTTENG 1S SPECIFItD.

= PLOT, PLOT RESULTS uUF CALCULATIuN,

-
L]
o



CARD GuwOUP S$:
NDe UF CaAWDS:
FORMAT 2

ROUTInE:

CoLumMns VARIABLE
1=-5 NNUUE
b=10 NTYPEL

11-15 NTFr()

MASTER CUNTRUL InFOR&AT LUn
1

315

BAS9 ]

EnTkY
NUMBER UF NODAL FUINTS,
NUMBER uF ELEMENRT TYPES,

NUMgER UF MUDES FUR EXTRACTLON UF
clben PARAMETERS,

IF A PLUT SUsOPTLIUN HAS BEEN SPECIFIED Gu TU CAKY LRUUF 4,
OTHERWISE GU TO CARU GKROUF 11,

A=y

R-8113-5470

NUTES



R-8113-5470

CAKD GxOUP 4t PLOT SCALE CODNThRUL PARKAMETERD
NO, UF CARLS: 1 *
FORMAT: 2F1u.U
ROUTINES ITNORT
COLUMNS VARIASLE EnNTRY
1-10 SCALE FAXLHMUM PLOT wionTn I InCHED,

VEFAULLT = 8.

11=2¢ SHM0U FRACTLUN UF #@mAXImLM FLOT wITH 0O obE USED
FUK ThE MAXIMmUM MUDAL DeFuRMATIUM UF A nGUE,
DEFAULT = 0,125,

GU TU CARD GRUUP 9.

NOTES:
(%) IF CRDUPT(2) I5 wUT EWUAL TQ PLOT, SKIP THIS CaARD GRuUP,

(1) IF 1.+2.%AB38(380D) > 28,0, SCALE = g8,/ (1latcoxiand(SibD)

A AT o

_Eon B

mbTES

1)



CAKD GrOWP 33
NUe UF CARDUS:

FUKMAT S
ROUTINE:

COLUMNS

=10

11=-15

GO TU CARD

NOTES:

(%)
(1)

VARTABLE

lEL (i, 1)

IeL(2,1)

LGRUUP 7.

LF CrOOPT (2)

- -54
Tridos ELEmbnT PLOT CONTRUL rPaxas_ 3 8113 5470

1%
Yx,21hH
InwupT

EnTiY ' NUTE S
HEGINNING TrUSS CLEMENT MUMpE«< 1o HE (1)
PLOTTeD,
ENDING THUSS FLEWMENT NHMpel TU b¥ PLUTTED. (1)

IS NOT EGQUAL TO PLOT, SnlrP THLS CAxu GRulP,

THE BEGINNING AND ENDING ELEMENT NUMBERS DEFLINME A RKANGE UF
ELEMENTS TU sE PLOTTED,

R
EE T



CARD GrOUP &3

NO. UF CARDS:S
FORMAT:

ROuTINE

COLUMNS VARTARLE

6=140 LeL(1,2)

11-15 IEL(2,2)

G TU CARD GROUP 7.

NOTES:

BEAM BELEMENT FPLUT CUNTRUL ParalMe R-8113-5470

1%
SX,21ln
InurT

ENTRY NUuTes
BEGINNING BEAM ELEMENT wUMbek TU @k (1)
PLOTTED .
ENDING BEAM ELEMENT MNUMBEK TU Bt FLUOTITED, (1)

(%) IF CRDGPT(2) IS wOT EQUAL TO PLOT, SKIP THIS CARD GROUP,

(1) THE BEGINNING AN ENDING ELEMENT NUMpERS DEFinc A RAGGE UF
ELEMENTS TO BE PLUTTED.




R-8113-5470

CAKD Gruup 73 PLANE EBErbmbEinT PLOT CONTRUL FANAM

NO. UF CARDSS 1 %

FURMAT S DAr2lhH

KOUTIME S [LnOPET .

COLUMMND VAKIAGLE ENTRY NUTES
6=10 IEL(1,3) REeGIHNNING PLANE FELEMENT MNuMobr 10 wE (1)

FLOTTED,

11~-15 IEL(e, %) ENDLIRNG PLANE ELEMENT numbeR Tu o& PLOTTED. (1)

GO Tu CARD GROUP &,

NOTES:
(%) IF CRDUPT () Id wWUT eQUAL Tu PLUT, SKIrP THLS CAKU GROUF,

(1) THE BEGINNING AMU ENUING ELEMENT WUMBERS OoFiric A KANLE UF
ELEMENTS TU BE PLUTTED.

A=



CARD GrRUUP &3
NO. UF CARDS:
FORMAT :
ROUT INE S

CULUmMNS VAKIABLE
6=10 IEL(1,4)
11-15 LEL (2, 4)

GO TU CARKU GROUP 9,

NMOTES:

BrRIUK ELEmERT PLUTl COnTrOL Paxas R-8113-5470

1x
Sx,21l5
INUOFT

ENYRY NuUTeED
BEGINKMING BRICK ELEMENT NumMpEx U rE (1)
PLOTTED.
ENDLNG BRICK ELEMENT wUMBER Tu wE PLUTTED, (1)

{(x) IF CKDUPT(2) IS WUT EHUAL TO FLUT, SKIP THLS CAKD GRUUF,

(1) THE SEGINMING AND ENDING ELEMENT NUMoeENS DeF ik A RKAnbLE UF

ELEmMENTS

U BiE PLUTTED,.

A=1U



CARD GROUP 93 SHELL ELeMew] PLUT CUnTxUL PArmarc R=8113-5470

NiJe UF CARDS: 1%

FURMAT ¢ 5X,2159

ROUTINE InupPT

CuLumMys VAR LABLE EnTrY WUflko
6=10 IeL(1l,9) BeGlinInGg Sl ELEwEnT nNuMoeEx 14 bE (1)

PLOUTTED o
i1=-15 IEL(2,5) EnDInG SHELL ELEMENT wnUMBER Tu of PLUTTEDL., (1)

GO TU CARD GROUP 10,

NOTES:
(%) IF CrRDUPT(2) I35 nNUT EHUAL TG PLOT, SKIF THILIS Cakb GRUUP,

(1) THE SEGINNING ANU EnDInG ELEMENT NMUMSERS URFINE A wANGE UF
ELEMENTS TO BE PLOUTTED.

A=11



CAkD GkOUF 10
NO, UF CarDSE
FORMAT :
ROUT Ine S

CaLumMng VARIABLE
o0=14 IEL(l,0)
11~15 TEL(2,0)

GO TO CARD GROUP 11,

NOTESS

BUUNDARY ELEMENT PLOT CONiNuL Pa R-8113-5470
1%

5Xx,215
INOPT

ENTRY NUTES
BEGINNING BUOUNDAKRY ELEMENT almbex TU e (1)
PLUTTED .

ENDING SBOUNDARY ELEMENT NuMogEx 10 8B +LUTTED, (1)

(x): 1F CRDUPT(2) I8 nOT EQUAL TO PLOT, SkIP IHL3 CARD Gruup,

(1) THE BEGINNING AND ENLDInG ELEmENT nNUMBERS DeF LaE A KANGE GF

ELEMENTS

SR
A A P
B e ™

FO Be PLOTTED.

A=le



CARD GRUOUP 11:
NUJe UF CAaxDSS
FURMAT S
RIUT vk e

COLUMNS VARTAHBLE

1=9 p
b=10 10N, 1)
11-15 v, 2)
16=20 I (i, 3)
21=¢5 To(n,4d)
2b6=30 ID(N,5)
31=35 1D(N,s6)
36=45 AX (W)
46=59 AY (iv)
36=65 AZ(w)
bo=70 KN

G Tu CARD GROUP 12,

NJUTES:

{(x) IF CHOUPT(1)

NUDAL CulNIwyl PARASETRRS R-8113-5470
N LR *

I195,3F1u.u, 15

NUDATA

FulryY WU TES
NUDE NUMBER .
A=DLRECTIUAN BUUNDARY COnDL{TLON CUUE, (1)
Oy UNCONSTRAINED wlTHIM TrE 3irdyCTureg

1y, CONSTHRAINED wlTrilN Tre STRUCTUKRE
2y HALF=SPACE DtGREE-UF=FrREELUUN

Y=DIRECTIUN BOUNDARY CONDITLIUN LODE.
Z=-DIRECTIUN BUUNDARY CONULTLUN Lilbk .

RUTATION A0l X=aAXIS gCUnDaxyY CONpITION CUDE .
RUTATION ABUUT Y=-AXIS suUnpaxky COMDITIUN COUER,
RUTATION ApuUl £=aXIS vUOUNDARY COUAUITION Culk.
X=CUOLGKDINATE .

Y=CUGKDINATE o

L=CUuxDINATE,

INCREMENT TU 8E ADDED TU IHe FrevViIUUS NuDE

NUMgER TU GeENexRATE A NEN WUUE NumbeEr [ THE
SEQUENCE uUF NUDES ALUONG A SIwATGHT LIng,

15 wOT eQUAL TO ELEM UR CripuPl{¢) L[5 wDi EGuUAL Tu

ComP, SKIP THIS CAKD GrOUP.

(1) IF A PARTICULAK DEGREE~UF=FREEDOM 1S CuloTrALNED FUK A SeRIED
UF NODE CARUDUS, TALS mAY HE INDICATED BY a oUUNUDARY CUNDITIUN

CODE OF =1 On THe FIRST nNOLE CARD LN THeE Sewxlgs aAllu +1 UnN ThE
LAST MubE CAxD Lo THE SERIES,.

NODAL CONTRUL PARAMETEKS FUR A GIVEN NUbDE MAY bE SUPFLIED
ANU/Z/UR GENERATED mMURE THAMN OnCE, L whiCn CASE THE LAITESH
DATA UVERRIDES The PREVIUUD UNES. The [WPUT 18 TErMINATED BY
REAGING TrAE DATA FUK THE LLAST WUDE IN IHL oYoTkw,

A=15



R-8113-5470

Cakl GruUUP 123 TRUSY ELecieEnNT CUNTxRUL FARAMETERO

e UF CARDSS 1=

FOrRMAT @ 1S

RJIUT I ELDATA

CoaLUmMng VAR [ASLE ENTRY wuico
1=9 NPAKRC(L) FLEMENT TYPE.

= 1, IRUSS
o=10 NPAK(2) NUMBER UF TRUSS ELemtnTos,
11-15 . NPAR (3} NUMBER UF MATERIAL PRUPERITY SgTo,

GO TU CARD HROUP 13,

NOTES:
(%) IF CRDOPT (1) IS WOl EQUAL TO BELEM Ux CRUDUPT () 13 wul Eduan TO
COMP Gr TRUSS eLEMENTS ARE NUT EMPLUYEY If ToE sugel, SKIP Tnld
CARD GrOUP.

A=14



CARD GrOUP 13:
NiJe UF CARUSE
FORMAT S
KOUTLNE?

COLUMNS VAKIARBLE

1-5 f
o=19 E
16=¢5 EN
26=355 AREA
30=45 wl

GO TU CAKD GROUUP 14,

NOTES:

(x) 1IF CrDUFTI(1)

TRUSS ELEMENT PRUPERTIFS R-8113-5470

NrAR(S)*
I19,4F10,.0
#Uss

EnTkY
MATERLIAL PRUPERTY SET NUMBER,
MODULUS UF ELASTICITY,., (FuRCE/ZAREA)
MASS DENSITY (MASS/VOLUME) .,
CRUSS=SECTIUNAL ArgEA,

DISTRIBUTED wEIGHT (abiGHI/LEnGIH)

IS5 WNOT EQUAL TO veEm UR Crburil(e) 1S
CumP Ur TRUSS ELEmMENTS ARE NUuT EMPLOYEU LN Thbt smUDEL,
CARD GRUUP,

A=19

NUlks

FauaL Tu
onip

fHlo



R-8113-5470

CARD GrUUP 142 TRUSY ELEMENT CUnmECTIVLTY raxaAm
N . UF CARDS: NHEAR () %
FOktnaTse 415,45%,15
RJUT ENE S TrRUSS
CoLuUmNy VARIABLE ENTRY NUTESD
1=59 M TKUSS ELEMENT NUMpER, (1)
b=14 i1 FIRST NUDE NUMgE® ASSUCIAlEy wlin Trg wm(Th)
TRUSS EBLEMENT,
11-15 JJ SECUND WUDE NUMBEKR ASSUCLATED wiTh THE «(Th)
TRUSS ELEMENT,
lo=¢20 MTyYP MATERIAL PROPERTY SET nNuUMpEx ASaOCIATEND wilh
THE m(TH) TrRUSS ELEMENT,
bo=74 KK FLAG FUR AUTOMATIU GENExATIUN UF TrUSOS (1)

ELEMENT CUNNECTIVITY rPARAMETERS.
DEFAULT = 1,

60 Tu CaAakRD GKOUWP 15,

NOTESS

(%)

(1)

IF CRODUPT (1) IS WNOT squUAL TO ELEm ukrR CrDubPi{2) IS NOT BWUAL MU
COMP UK TRUSS ELEMERNTS AKE nNUT EMPLOYED La TrE MUOEL, oSnlIP 1413
CARD GrOUP.,. ’

FEWER THAN nNrFAR(S) CAKUS MAY JE INFPUT oY mMakKlint uSk UF KK AS
DESCRIBED IN NOTE (1).

M SHUULD BE SPECIFIED IN ASCENDING NUMERICAL URDER. =1SSING
ELEMENTS ARE GENERATED BY AQDING K 110 ThHE wNuopE NUmgERS
SPECIFIED UN THE FREVIUOUS CARD AND USInG Tre maleExR[AL ANY
TEMPERATURE CHANGE FRUMm THE PrReVIGUS Caru.

FIGURE A=1 DESCRIBES TrHE CUOURDLINATE SYoTem AnD UeBRERS=UF-
FREEDUM FOR THE TrRUSS ELEMENT,

A=1o



R-8113-5470

y
A Uzy, pzyT UZZ, pzz/';(‘]
/ p \
/ 2 LOCAL COORDINATE
@ uzx’ pzx SYSTEM
- u
XZ\T 1y* Py
Ol
/ - GLOBAL COORDINATE
X3 SYSTEM
ulz’p1z
P X

FIGURE A-l. THREE-DIMENSIONAL TRUSS ELEMENT

17

e
1



CARU whOuP 152
Nude UF LARDSE
FOrwaTs:
KOUT LiNE

CoLuUmnNg VARIABLYE
1=5 NPAK (1)
b6=10 NPAR(2)

11=15% NPAK(3)
lo=20 NFAKR(4)

GJ Tu CARD GROUP 1le.

NJTES:
(%) IF CrRDUPT (1)
COMP R BiEam
CarDd GrJuUP,
i<

CUnTROL PARAME | F s R-8113-5470

BEAM blLoMeEnTd
1%

415

ELDATA

EnNTHY wTes

FLEMENT TYPE.
= 2, bEAM
MUMBER UF BEAM ELEMENTS,

NUMBER UF GEOMETRY PRUPERIY SiTo,

NUMBER OF MATERIAL PRUPERTY SeTo,
IS NOT eWUAL TO ELEM UR CxDJPT () 1S5 wnOT buuaL Tu
ELEMENTS ARE NUT EMPLOYED [w Tre MUDEL, Sklr THILIS



CArRD GxOUP 163
NuUe UF CARDS:
FJkMATS
wRIUTLng s

COLUMNS VAR [ABLE
1=5 K
=19 £

lo=2bo G
26=34 K1)

GO Ty CAakb

NOTES
(%) IF CrRDUPT (1)
CUMP OKR BFEAM
CARD

GrRUUP 17,

LROUR,

A am bBLLEMENT mATew (AL PrRUOPERTLE S
NHEAK (4)
19,3F10,.0
Sk AN
ENTRY

MATERTAL PRUPERTY SET NUMOER,

MUDULUS OF ELASTICITY. (FURCE/ZARKEA)
POISSUN'S RATIU, .

MASS DENSITY (MASs/vuLUME) .

I5 mub erUAL TO
ELEMENTS ARE

ElLEM

NOT EMPLUYED Iwn iHg

A=19

Uk CrDUPT(¢) IS
MUDEL .

R-8113-5470

wo

MU TES

AL TG
SKIP

THIS



R-8113-5470

CAKD GrROUP 1713 sLAM ELEMENT GEUMETRICAL rPRubrersiIi .

Nde UF CARDS? NPAR{3) %

FRmaT s {5,0F10.0

RJUTINE S 3k AN

CULUMNDS VARTABLE ENTKY Ndles
1=5 i GEOMETRICAL PROPERTY SET wumBeR,
b=19 CUPRUP (1) CRUSS=SeCTIUNAL AKEA.
16=25% COPRUP {(2) SHEAR AXKEA ASSUCIATED WITH gHgar FORCES ALUNDG (1)

THE LUCAL Xe=AXIiS,

26=35 CUPRUOP(3) SHEAR AREA ASSOCTATED #1TH SHAcAx FOUKCES ALUNG (1)
THE LOCAL X3-AX1S,

I COUPROP(4) MOMENT OF INERTIA AbCUT THE LUCAL X1=-AX1S,. (1)
46=55 COPRUP(S) MOMENT UF INERTIA ABOUT TrHE LUCAL x¢Z AXIS. (1)
S56=65 COPRUFP (6) MOMENT OF INERTIA ASUUT THE LUCAL X3 AXIS, (1)

GJ TU CARD GROUP 18,

NOTES:

(x) IF CrOUPT(1) IS NOT EBWUAL TO ELEM urR CrULPT(2) 18 WwuTl EGUAL 1J
CuMP UK pEAM ELEMENTY ARE NOT eMPLOYED In IHe MOUEL, SKIP 1nld
CARD GRrROUP,

(1) THE URLENTATION OF THE LOCAL AXES FOR THE SEAM ELEwEnT ARE
GIVEN IN FIGURE A=2.

A DAY -

.Lk PV J
A=gy



R-8113-5470

LOCAL X, AXIS

COORDINATES\\\\\\;>////4

— Y

Node (:) defines the origin of the local coordinate system for the beam,
Nodes (:) and <:> define the ;1 axis along the length of the beam.

Node (:> can be any point in the RIERZ plane; i.e., Nodes (:), <:>,
and (:) together define the orientation of this plane.

F4
A
\\\\GLOBAL
COORDINATES

Notes:

[ ]

[ ]

&

[ ]

The §3 axis is normal to the il and 22 axes so as to form a right-
handed system.
AAGLE

FIGURE A-2. BEAM ELEMENT




CAaxiy GROUP 183
NJe Ul CARDSE
FIorsMATS
KOUT Lk 2

COLiUMMS VARTIARBLE
1=5 INEL
o-10 InNg

11=-1% Ine
=20 InK
21=25 ImarT
26=30 IMEL
951=26 IneiLk|
37 =6e Ingeed
A3=70 1NC

by Tu CARD GROUF 19,

NUJTES?

HEAM eLEMENT CONNECTIVITY Pakisvel:
NPAK (2) *
LS, 2U0X,21l6,18
3t A
EnTry
sEAM ELEMENT NUMBER,

NUODE I NUMBER ASSOCIATED wlIin Tie INEL(TH)
BEAA ELEMENT.

NMUDE J wUMBER ASSUCIATED wIiH TrnE INEL(TH)

BrEAM ELEMENT,

NUDE K NUMBER ASSUCIATEUY wallid Thg INEL(TH)
REAM ELEMENT,

MATERTIAL PRUPERTY SET NuUmMpErR ASSGUIATED wlTH
THE INEL(TH) OEAM ELEMENT,

GEOMETRY FROPERTY SET NUMBER ASSUCIATED wITn
THE INEL(TH) SBEAM ELEMENT.

EnD RELEASE CUDE AT NUDE .
EnND RELEASE CUDE AT NUDE J,
FILAG FUR AUTUOMATIC GENERATIUN Or BEAM

ELEMENT CUNNECTIVITY PARAMETERS.
DEFAULT = 1.

R-8113-5470

NOTESD

1)

(e)

t2)

{2)

(3)
(5)

(L)

{(x) IF CRDOPT(1) 18 wnUT EQUAL TO ELEM UR CrOuUPI(e) 1S wOT EUUAL TG
CumMP OrR BEAM ELEMENTS ARE nNOT EmPLUOYED Tw THe ™MUUEL, SKIP THIS

CARD GrRUOUP,

FENER "THARN
PDESCKIZED IN

NUTE (1)0

(1) INEL SHOULU 6E SPECIFIED IN ASCENDING NUMERKIULAL URDER,

.

MISSInG ELEMENTS ARE GENERATED 3Y ADDING IwC Tu THE NUDE
NUMBEKRS SPECIFIED yn THE PREVIGUS CARD AnD LB1nG THE MATER=

IAL PRUPERTY,
AND END=RELEASE CuDES FROM THE PHEVIOUS CARU..

NUMBERS,

{e) FIGURE A=¢2 DESCRIBES THE mubDb MUMBERING FUR oEAw cLEmENTS,

G RED
B

Ao ™

GEJMETRY PROPERTY, anD FIXgD=£n FURCE SET

A=g2e

NPAR{(Z2) CARDS MAY BE IMPUT oY MARKLING USE uUF InC AS



CARD GROUP 1432 AEair bLeMENT CUNNECTIVITNY PAarnAro e 3‘811375470

(CWT INUED)
NolEoe (COUNT InUED)

(3] THE tivp KELEASE CUUE AT EaACH NUDE IS A SixX DIGIT wuMpbR OF
1'5 Aaniy 0U'S. IHe DIGIYS LarkeESFUND TU Vi, Ve, V3, #l, re AnD
M3, RESPECTIVELY: wHERKE, A 1 SPECIFIeS TrAT Int CORKESFUND Lk
FUORKCE ok MuMenT CumPuUNeENT 1S ZexRu, fHIS ALlLunos Fuk THE
SPECIFICATIUN UF RINwES AND RULLEKS. FlIblre Aa=2 OeEFINED THE
FOSITIvE DIReCiIung uF THESE £h0 FURCES AdNw @UMENTS,

A ey

A i

Amg 3



R-8113-5470

CARD LROUYP 1933 PLARE SIRkESS AnD FLANE 3TkALN Lkt _
CUNTRKUL PARAMETERD
NJ. UF CARDS: 1 %
ForsAT S 419
KUUTLINE S ELDATA
CJdLudwmins VAKTABLE ENTRY NUlEDS
1=-5 NPAR(1) ELEMENT TYPE,
= 3, FLANAR
o=10 NPAR(2) NUMBER UF PLANAK ELEMENTS.
11-15 NPAR(3) NUMEERK UF MATERIAL PRUPERTY SkETo,
21=25 MNP AK(4) IDENTIFICATLION FLAG FOR LUCAL X1lXe=PLANE, t1)

53 Tu CAwD

NdTESS

(%)

0’ XY"PLANE-

1, UThERNISE,

]

GrOUP 20,

IF CROUPT (1) IS NOT EGUAL TO ELEM UR CxDUPT(2) IS5 wWOT EwUAL Tu
COmMP Or PLANAR ELEMENTS ARE nOT EMPLUYED In ITHE mUUEL, SKIP

THLS CArD GRUOUP.

THE LOCAL X1=AXIS UF A PLANAR ELEMENT 1S ASSUMED Tu LINE ALUNG
THE GLUSAL X=AXIS, A WPAN(4) UF "1™ SPECIFIES InaT Trg LUCAL
X1=AX1S LIES ALONG THE 1J SIDE OF THE ELeMENT AnD THE LUCAL
X2=AXIS 1S PERPENDICULAR Tu IT AND IN Tee PLAHE OF TnE elE-
MENT. SEE FIGURE A=3,



X1

t

PRINCIPAL AXES
FOR ORTHOTROFPIC
MATERIAL

FIGURE A-3.

R-8113-5470

\\\LOCAL

COORDINATES

GLOBAL COORDINATES//////

PLANE STRESS AND PLANE STRAIN ELEMENT



R-8113-5470

CAxu txlUPR 203 PLanie SITRESS sy FLANE STKALN Binms _
AaTeklaL PRUPERTILIES o

niY, UF CARUSS 2xkNPAR(3)*

FOrRMAT 3 15,3F16.0/77F10.0

ROUT IRE 2 PLANE

CARD |

COLUMNS VARTASLE EnTRY NUTES
1=5 AT MATERIAL PRUPERTY SET NuMbEwx.
6-15 nT NEIGHT DENSITY (FUxRCE/VULIME) .

lo=25 KO | AASS DENSLITY (wEIbrl/zvOLtmE),

2b=35 WANG MATERIAL PRINCIPAL N=aAXIS OrRIenNTATIUN (L)

MEASURED CONTOUR=CLUCKWISE rKuUM Trt LOCAL
X1=AXIS (DEGREES).

CArD 2

1=-10 £E(2) MUDULUS GF ELASTICITY ALONG THE prINCIPAL
N=AXIS3,. (FUKCE/AREA)

11=20 £E(3) CMODULUS OF ELASTICITY ALCHNG ThmE pPreinClral
S=Aax1S5. (FORCE/AREA)

21-30 E(4) MUDULUS UOF ELASTICITY ALUOWG THE BrimCiral (¢)
T=AX185, (FOURCE/AKREA)

31=40 E(S) POISSUN'S RATIO F THE PRINCIPAL nN=8%15
STRALIN QUE TU UNIT STAIN ALOUNG THE PRIN=
CIPAL S=AXI[S.

41=50 E(6) PUISSUNT'S RATIO OF THE PRINUIFAL =AX1S ()
STRALIN DUE TO UNIT STwAIN ALONG THE PrIN=-
CIPAL T=AXIS,.

- 51=60 E(T) PUISSUN'S RATIO GF THE PRINCIPAL 3-AXIS L)

STRALw DUE TO UNIT STRALN ALONG THE PHLu=-
CiPaL T=axisS.

bi=70 £(8) SHEAR MuGULULUS In Thk PFRINL(CIPAL wn3=-PLANE,
(FORCE/AREA)

60 TU CARKD GROUP Z1.

NOTES:

(%) IF CRDUPT (1) I8 WUT £QuUAL T ELEM UR CRUUPT () IS wolT guual Tu
CUMP Ox PLANE ELEMENTS ARE WOUT EMPLOYEU {w TrE MubDebL, S&IF Twlo
CARD GeUF. THIS GrDuP MUST ot REPRATEL nrPaARL3) TIden.

o ,\{(»

by
™
A
Is
1
[AY]
o



LARD GEOUP 20 FLANE STRESS ANU PLANE STrALM FLrs R-8113-5470

MATeRIAL FRUFPERTLIES (CUNTLIMUEY)
NJTeos (CONTINUED)

(1) THE Ny Sy aMD T AXES ARE ThE PeINCIPAL AXES Fiix Tog Grlod-
TrRUOPLIC MATERLAL, Str FIlLGUsgE A=3,

(&) PLANE STREDS I8 CHARACTERIZED BY SETTInG:
e(4) = E(6) = £(7) = E(11) = 0.

THE VALUE UF E(8) SHUULD NUT 8E 0,
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CAKD GRUUP 213 PLANE SITRESS AND PLANE STrRALN ElLbs
CUNNECTIVITY RPARAMETERS
NJo. UF CARUS: NPARK () %
FORMAT 2 IS5, F10.0,25%X,15
<OUTINE? PLANE
CILUMNS VARTABLE ENTRY NUITES
1=5 MM PLANAR ELEMEMNT NUMBEKR, (1)
6=10 Iv(y) NODE I NUMBER ASSOCIATED wlin THeE wim(TH) {e¢)
PLANAR ELEMENT,
11=-15 Iv(2) NUDE J NUMBER ASSOCIATED wIiH THE #m{TH} {e)
PLANAK ELEMENT,
16=20 17 (3) NODE K NUMBER ASSUCTIATED wIin THe Mu(TH) (2}
PLANAK ELEMENT,
21=2% Iv(4) NUODE L NUMBER ASSUCIATED wlIiH THE &4 (TH) ()
PLANARK ELEMENT,
= [Y(3) UK 0, TRIANGULAR BLEMENT,
2b=39 IYis) AATERIAL PRUPERTY SET NMUMBER ASSOCIATED
wWlTr THE MM (TH) PLANAK ELEMENT.
31=49 TH ELEMEMT THICKNESS,
= 0, rLANE 5TrAlN,
bo=T70 InNCL FLAG FOR AUTOMATIC GENERATIUN UOF pLANAR {1}

ELEMENT CUNNECTIVITY PARAMEIERS,
DEFAULT = 1.

GO Tu CArRD GROUP 22,

NJTES?

(x)

()

St

= 3

.

IF CROUPT(L) IS NOT EGUAL TO ELEM OUR CrDuri(2) IS wNOGT EQUAL TO
COMP OR PLANE ELEMENTS ARE NOUT EMPLUGYEUD 1N TnE #MUDEL, SKIf IHIS
CARD GRUUP,

FEWER THAN NPAR{2) CARDS MAY BE InPUT BY MAKLING USE uF InCL AS
OESCRIBED IN nNUTE (1).

MM SHOULD BE SPECIFIED In ASCENDING NUMERICAL URDERN,

MISSING ELEMENTS AKE GENERATED BY ADUDING InCL TO ThE NUDE
NUMBERS SPECIFIED UN THE PREVIUUS CAxG An USInig ThHE MATER=-
IAL PROPERTY SET NUMBER ANU THE ELEMERNT [THICANESS FlumMm THE
PRCVIOUS CARD,

A RIGRT=HAND CUORDINATE SYSTEM DICTATEDS inal wUDES L, J, K
AND L ®mUST 8E SEWDENTIALLY PUSITIUNED N A CuunTei=CLOCKA] I3k
MANMER ARUUND THE €LEMENT, whEn THE LOCAL AlAZ=rFLANE LIES

Uit TrE GLOnAL XY=PLANE, StE FIGURE A=3,

v

e
Sind



Cariy ROUP 223
1) . JUF CARDSS
FarmAT2
KJuTl Ik s

CobLigming VARIAGLE

1=5 HPar (1)
o=10 NPAR (&)
11-1% NPAK (5]

Ll Tu CARD GROUP 23,

NJTES?S

(*) IF CwrDuPT (1)
COMP OR BRICK ELEMERTS ARE NOT EMPLOYED {n TmE Mubrel,
Card GrUUP,

ARICK ELEMENT CUNTROL Parabicliciro
1%
315
ELDATA
ENTRY
FLEMENT TYPE.
= 4, THxEb=-uIMENSIUNAL SOLIU & wivt

NUMBER UF BRICK ELEMENTS,

NUMBEN UF MATERIAL FPRUOPERIY StTo.

R-8113~

B [CK

5470

NUTED

I8 NOT EQuAL TO ELEM QR CKDUPT(2) 1S NUT EWuAL TO

SKIF THIS

F T



CARD GrYUP 233
NO, LUF CARDS:
Fag~aTze

ROUT IME S

CJLUMNS VARTAKLE
=5 N
b~19 EE

le=¢93 EnNU
2o=39 KHU

LI 1u CARD GROUP 24,

NUTES:

(x) IF CrROOPT (1)

RRICK ELEMENT MATERIAL FruPew|Ies R-8113-5470

P AN (5] *
I19,3F10.0
3RICK
FHNTRY MIJTES
MATERIAL PRUPERTY SET MUMBEK.
MODuULUS OF ELASTICITY, (FURCE/ZAKEA)
PUISSUN's RATIO,

NEIGHT DENSITY (WEIGHT/VOLUME),

IS5 NOT eQUAL TO ELEM UR CROUPT(2) 15 nOT EwuAL Ju

COMP Uk BRICK ELEMENTS AKE NUT EMPLOYED LN THE MUDEL, SKIP THIS

CARD &GrOUP,

A TN
j}{, a S

\

A=30
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Caki) GROUP 24: HRICK BELEMENT CUNNECTIVITY rFAnAmt ]

N, ur CARDSS NPAR{Z) *

Fureals 1215

KJUTINE S AR ICK

CadLUumig VarlaoLE ENTRY NUOTES
1=5 IMEL BRICK ELEMENT NUMBER, (1)
b=10 TP (1) FIRST NuDE wUMBER ASSUCIATEU wlif THE (¢)

INEL(TH) odRLICK ELEMENT,

11=-1» INP () St CuMD NODE NUMBER ASSUOCIATED wiTr THE te)
INEL(TH) BRICK ELEMENT,

lo=20 INP(5) THIRD NODE NWUMBER ASSUCIATEU AITH [HE te)
INEL(TH) BRICK ELEMENT.

2l=29 Inp(4) FUOURTH wODE NUMBE&K ASSUCTATED WilTw Intk ()
INEL(TH) oSRICK ELEMENT,

2o=3{ InP(3) FIFTH NUDE NUMBER ASSUCIATED wlin THE (2)
INEL(TH) bRICK ELEMENT,

31=5%9 INP(6) SIXTH WUDE NUMBER ASSUCIATEULD wllk TAHE te)
INEL(TH) BRICK ELEMENT,

3o=4uy InP(7) SEVENTH NUDE WUMskER ASSUCLATELD wliH ThE le)
INEL(TH) BRICK ELEMENT,

41=d4%9 INP (&) EIGHTH NOUDE NUMpER ASSOCIAYED wiT: TrE ()
INEL(TH) BRICK ELEMENT,

46=90 ININT ORDER OF INTEGKATIuUN, (3)

2, RECTANGULAR SHAFED ELEMEN]

3, SKEWED SHAPED ELEMENT
4, EXTREMELY DISTURTED SHArEu tlcowgnd

[ I 1

31=55 THA] MATERIAL PROPERTY SET NUmBek ASSUCIATED wlTH
THE Il (TH) BRICK ELEMEWT,

36=60 1InE FLAG FUR AUTOMATIC GENERATION UF nxlUK (1)
ELEMENT CONNECTIVITY PAKAMETEROD,

GU Tu CARD GRUUF 25,

NJTEOS S

(%) [F CrRDUGPT (1) IS nOT eGUAL TO ELEM UR CribuPi(e) IS nuT vduaL Tu
COMP Ur BRICK BELemEnTS ARE NUT EMPLUYZU Lo TrE wUDEL, S8 [F Thio
LARD BrROUP,

FEaEr THAN NPAK(2) CARUDS ™MAY BE IMPUHT Y “AkLne USE ouF IInC AdS
DESCKIGED 1IN wuTe (1),




CaAxl) GROUP 242 SRICK ELEmENT CUONNECTEIVITY Phxame | _

wWiITESS

(1)

(2)

(3)

R-8113-5470
LLCUNT LivUED)

{CUNTINUED)

INEL SHOULD sE SPECIFIED Iw ASCENDING nUmBERICAL URDER.

MISSTING ELEMENTS Art GENERATED 8Y aADDING I4MC T ThHE UDE
Umbeess SPECIFIED UN ThE PREVIUUS CARD AnD USIsy THE URDER
OF INTEGRATION AND MATERIAL PRUPERTY SET NUMBEx FRUM THE
PREVIGUS CARKD,

FIGURE A=4 SHOWS NUDE nUMBERING AND DEbXEEo=UF «-FREEDUM FUK
BRICK ELEMENTS,

COMPUTATION TIME FUR ELEMENTS STIFFNESS InNCREASES wWIln THE
CUBE UF THE INTEGRATIUN URUDER, THEREFURE, TrE 3MALLEST PUO3=-
SIBLE ORKDER OF INTEGRATION SHOULD B3F USEu, AND HECTANGULAK
ELEMEMTS SHOULD pE EMPLOYED AS mMUCH AS PUSsIolLc.




R-8113-5470

X1

® 7
//@'T © S

- @ COORDINATES

@ -u,
X wz/

X1

X

/S
GLOBAL COORDINATES

FIGURE A-4. THREE-DIMENSIONAL BRICK ELEMENT
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CAKy GRUUP 25 SHELL FLEMENT CuniruL PARAMETERO
ND e UF CAKDS: ix
FxMal e 315
ROUTLNE S . ELDATA
COLLMNS VarTARLE ENTRY NOTES
1=5 NPAR(1) ELEMENT TYPE,
= 5, SHELL
=10 NPAR(2) NUMBER UF SrHELL ELEMENTY,
11=15 NPAK(3) O NUMBER UF MATERIAL PRUPERTY SETS.

GU TUu CARD GROUP 26,

NOTES: .

(%) IF CRDUPT(1) IS nNOT cQUAL TO ELEM UR CxDUPT(2) IS wul ENUAL Tu
COMP OR SHELL ELEMENTS ARE NOT EMPLOYED IN TrkE MUDEL, SKIP TnIS

CARD GROUP,

2]

y

Y
[
s

A=34



CARD GLrROQUP 261

N, UF CARDS:

FORMAT

RIUTINE S

CAKD 1

COLUMNS VARTABLE

1=-10 J

11=20 c(1)
21=350 C(e2)
31=-40 C(3)
41=30 C{4)
51=60 C(5)
51=70 C(s6)
71=80 C(7)

GO Tu CARD GROUP 27.

NOTES?

(%) IF CrDUPT (1)

CARD

(1) €
FOIS

FIGURE

=> YUUNG®S
=> POLSSON’S wkATIU,

SHeLl ELEAENT
SERNMPAK[S)*
lio,7F10.0

SHELL

MATERLIAL PRUPERTY SE1T

MASS DENSTITY

EFFECTIVE
THE LOCAL
ALONG THE
E /7 (1 -

EFFECTIVE
THE LUCAL
ALONG THE

Fniny
MuMbER ,
(MASS/VOLUME )

MpbDUuLUuS OF ELASTICTIVY
X1=AXLS DUE Tu A UNLT
LUCAL X1=AX[S, lt,
(POIS)4cxg2 ).

MUDULLS OF ELASTICITNY
X1=AX1S DUE Tu A unlT
LOCAL Xg=-AX1S, 1k,

C(2) * vDDIS,

EFFeCTIVE
THE LuUCal
ALUNIG TrE
EFFeCTIvE
THE LUCAL
ALONG THE

EFFeCTIVE
THE LOUCAL
ALONG THE

SHEAR
£/

15 nNOT

A=% SHOUWS THE CUURDINATE

MuDULUS OF ELASTICLIY,
(2 =

ELUAL TO ELEM
CUMP Ok SHELL ELEMENTS AKE nNuT EMPLOYED iN
GRUUP,

MUDULUS OF ELASTICITY
X1=-AXIS DUE Tu A UNLT
LuCAl, x3=AxIS, 1lE,

MODULBLS OF ELASTICITY
X2=aAX1S DUE Tu a uMlT
LUCAL Xe=-axIS, [k,

MODULUS OF ELASTICITY

Xe=AX1IS QUE Tu A UNLT
LUCAL x3=-AX15, 1E.

(1+PUIS) )

MODULUS .

ik,

UR CrpuPTI(2) IS

SYSTEM Fur 3nt

R-8113-5470

MATERIAL PRUPeR|i LoD

NOTE S

ALUinNG (1)
Sikali

AL UG 1)
STHA L

AL UNIS (1)
SHTHA[W

LErG,

AL NG (1)
STxALN

C(d).

AL UNG (1)
STRAIW

LERG,

w37 EHUAL TG

Trig wmODEL, SKIP THIo



R-8113-5470

37 3
|
LOCAL
COORDINATES
i1
- X
GLOBAL COORDINATES/
Notes:
2 (1) The local coordinate system for a quadrilateral shell element

is defined as follows:

21 — Specified by LI-JK, where L| and JK are midpoints o
sides L-1 and J-K. :

23 — Normal to il and to the line joining midpoints 1J and KL,
22 — Normal to il and 23 to complete the right-handed system.
(2) For a triangular shell element, Nodes | and L share the same position,

and the 21, 22 and §3 axes are otherwise defined similariy as for a
quadrilateral element.

FIGURE A-5. SHELL ELEMENT

A-36
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CAKRIDY GRUUP €73 SHELL EBELEMENT CUNMNECTIVITY PAxAME

Nile UF CARDSE NPAK(Z) %

FRMAT & 8L9,F10.0

RIJuTINE S SHELL

COLUMNS VARTAHRLE ENTwY MUTEDS
1=5 MM SHELL ELEMENT NUMBER, (1)
=10 IY{i) MUDE I WUMBER ASSOCIATED wlin THE M (TH) (2)

SHELL ELEMENT,

11=19 1Y (e2) NMUDE J NUMBER ASSUCIATEY aliH Takg «M({TH) (z)
SHELL ELEMENT.

16=20 Iv(3) NUDE K NUMBER ASSUCIATED WITH TAE MM (Tr) ()
SHELL ELEMENT,

21=25 1Y (4) NUDE L nNUMBER ASSUCIATED WITH TrE mmM(TH) (2)
SHELL EBELEMENT,
DEFAULT = THRIANGULAK ELEMENT,

2b6=30 1Y (5) NUDE U NUMBER ASSCGCIATED allfH THE vwM(TH) {2)
SHELL ELEMENT,
DEFAULT => CALULATION OF #MIU0=nwUUE PRUPERTIES
FriOM AVERAGE UF COUORNExR NODES,

31=35 Iyese) MATERLAL PRUPERTY SET NumMpsEx ASoUUIATED
TreE MMm{iH) oHELL ELEMENT,

$b=40 Iv(7) FLAL rOR AUTUMATIC GEMERATIUN OF SHELL (1)
ELEMENT CUNNECTIVITY PAxRAMETEKS.

41-50 ELY (1) eLEMENT TRICKNESS,

LO Tu LCARD GROUP 28,

nNilfkEo e

{(*) IF CRDOPT(L)Y IS NOT EQUAL §O tLEM OR CxODUPI(2) Is nNGT EBEyuaAL TO
COMP UR SHELL ELENMENTS AKE NUT EMPLOYED IN THE€ »ODEL, SKIW
THIS CARD GRUUP,

FEWER THAN NPAR(2) CAKDS MAY HE I[WPUT oY MAKLMG UGSE yr 1Y(7)
AS DESCRISED 1w wUTE (1).
(1) ™M SHOULD SE SPECLFIED IN ASCENDING NUMERTICAL URDEX.

MISSInG ELeMeENTS ARE GENERATED BY ADDIWNG L[Y(7) Tu THe NuoE
NUMBERNS SKHECIFIED UN TAE PrEVIOUS CARKD AwD UoIinG ThE mAlEx=
IAL PROPERTY SeT NMUMBER AND THE ELEMENT THICANESS FiOm THE
FREVIUGUS Carb,

(z) A RIGHY=HANY CUURDINATE SYSTEY DICTATES idafl muues T, J, K
AnD L o mMdSt 8E SEWUENTIALLY PUSITIUNED IN A CullnTeR=CLUCKAISE
MANNES AROUND THE ELEMENT, SEE FlLUKE A=9.



CARD GRUUF £481:

N, UF CARDS:
FORMATS

ROUTINE S

CoLuUMNg VAR TARLE

1-9 NRPANM(L)

n~10 NPAR(2)

30 T CAkD GRUUP 29.

NOTES:

(%) IF CRODUPT (1) I3 NUOT EQUAL TO ELEM OR CrDUPI(2)
COMP UK gQUNDARY ELEMENTS ARE
THIS CARD

PRST

AUINDARY (SFRING) ELEMENT
RARAMETERS

1%

Is

ELDATA

ENTRY
ELEMENT TYPE,

= n, BOUMDARY ELEMENT.,.

NUMHER UF BUUNDARY elLewmeniS,

GROUF,

NOT EMPLUYED Iw

R-8113-5470

NGTED

IS mNOT edUAL TO
THE «ObEL, SKIF



R-8113-5470

CArY GRUUP 293 SUUNDARY eLedMENT CONNECTIVINY Para
Nde, UF CAKODSE WPAR(Z) x
FarMAT e H19,cF10,.,0
ROUTLivE ¢ BUCUN
CaLumng VARTABLE EnTY NOTES
1=5 NP AFTACHMENMT NODE NUMBER ASSOUIATeD wlTn THE 1)
HUURDARY ELEMENT.
b=10 NI ANUDE 1 NUMBER ASSUCIATED w1iH THE osUUnDAKY (1)
ELEMENT,
11=15 NJ NUDE J NUMBER ASSOCIATED wlidH THE HUUNDARY (1)
FLEMENT o
16=20 WK NODE K NUMBER ASSOCIATED wlIid TrE suunNDaky (1)
ELEMENT,
21=-2% NL NODE L NUMBER ASSOUCIATED wlliH TnE ahuhDAPY (1)
ELEMENT,
25=~30 KD DISPLACEMENT INDICATGK,
= 0, UNCONSTRAINED ( NO SrRIMNs .
= 1, CONSTRAINED.,
31=395 Kk KUTATION INDICATOR,
= 0, UNCONSTRAINED ( NO SPRing ),
= 1, CONSTRAINED,
Xo=y4 () Kh FLAG FUR AUTOMATIC GENERATIUN UF BUUNDARY
ELEMENT CUNNECTIVITY rPARAMEIEKRS.
41=230 S0 SPECIFItD NuRmaL UDISPLACEsMENT,
3]l=n0 SR SPECIFICD ROTATIOUN AgUUT THE wNUKMAL W

GJ TU CAKRD GROUP 34,

NOTES:

(=x)

(1)

IF CRDURT (1) 19 NOT EQUAL TU ELEM UR CrpDUPT(e2) IS WROT kdUAL Tu
COmP OR B0UNDARY ELEMENTS ARE NUT £MPLUYED I TuE MODEL, SKIP
THIS CARD GRuUP,

SEE FlillKE A=n,

'

LS

NN

L
A
LAY
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NP

<‘////FIXED BOUNDARY
|

: /sz,/FlXED BOUNDARY

4LN|
(a) Element with orientation (b) Element normal to plane
defined by Nodes NP defined by Nodes NI, NJ,
and NI NK and NL

FIGURE A-6, ALTERNATIVE DEFINITIONS OF ONE-DIMENSIONAL
BOUNDARY ELEMENT

A~-40



CArRD GROUF 303
Nde UF CARDSS

FarR=ATS
KIJUT Lk e

CaLumis VARIABLE
1=5 NELINT
=1 NERER

CarD 2
1~10 GNU

11=20 RHO
21=30 POLISON

G TO CAxD) kOQuP %

NOTESS

(%) IF CRDUPT(1)
SKIP Trlo CAKD GRUUF,

CuMP,

TMPEDANCE HALF=0PACE

CUNTROL PARAMETER
2 x

clS/3F10.0
3ASSING

ENTRY

5

NUMBER UF HALF=5PACE SUBKEGLUNS.

NuMner UF EXCITAT

SHEAR MUDULUS OF
( FORCE 7/ AREA )

[On FRECGUENCLES.

MA8S DENSLITY UF THE HALF=3PaCE,

{ NEIGHT % TIME*x=x

PULISUM RATIO OF

Lo NOT eWUAL TO

(1) G.1 < POISSN < 0,4,

=

2 / DISTanlEx=xy

THE HALF=SrALE.

(MPE Uk CrROUFT(£)

J

Io

R-8113-5470

ey b

NUTES

EHUAL TU



CARD GROUF 312
NU,., UF CAKDS:
FuR™AT S

ROUT [k 2

CULUMNS VARTAGBLE

1=5 NLL
o=10 NE(L)
11=-15 NE (2)
16=20 NE(3)
21=25 MNE(4)

LD Tu CAKD GROUP 32,

NUTES?

(%) IF CRODUPT (1)

(1) A RIGHT=HAND CUORDINATE SYSTEM DICTATES
AMD L MUST BE SEGQUENTIALLY POUSITIUONED IN
MANMERK ARUUND

e
ji‘ 'g“x"*ua(

A

[APEDANCE HALF=3PACE
CUNNECTIVLITY PAKAMETERS
NELENT %

515

FIMPD

ERTrY

HALF=S5PACE SUBREGIUN NUMDER,

NUDE I WUMBER ASSUCIATED
HALF=SFACE SUnREGION,

MUDE J NUMBER ASSUCILIATED
HALF=3PACE SUBREGIUON,
NUDE K NUMBERK ASSOCIATED
HALF=5PACE SUBREGION,

NUDE L NUMBER ASSUCIATED
HALF=0PACE SUBREGIUN,

wllH

NliH

Al

wliH

Tre

TriE

TrE

THE

I8 N0OT EGUAL TO IMPE ur CrDuPT (<)
CUOMP, SKIP THIS CARD GROUP,

IHE SUBREGION,

FTHAT Nube L,
A CullnTerR=CLOCKAISE

R-8113-5470

NLL (TH)

Nk (TH)

NLL(TH)

NLL (TH)

NuTED

(1)

(1)

(1)

(9

IS WUl EBEQUAL Tu

Jor



R-8113-5470

CARD GikiIUF 4¢3 TawpUANCE HALF =3P ACK
FAXCITATLION FARKAMETERS
Nil, UF CArRpS? NEFRE*®
Fok¥AaT: FlOaU
KROUTENE® FImPD
curdmhg Vak TAsLE EnTrRY NGTEDS
1=10 AQ EXCITATION FREGUeNDY (HEKTZ)

G Tu CARD GRUOULP 33,
NOTESS

(%) IF CROUPT(1) IS wWOT pQuAL TO IMPE UF CxDUPT(E) IS NOT Edual Tu
CamP, SKIP THIS CanD GrROUP,



cAar) GOl 3%

mide WF TARDSS
FdwpMAaT S

ROUTInES

CILUMNS VAT AGLE

1=-5 LWwTYP

o=10 NCASE

FrEe=Flobty DISPLACEMENT
CunTrul. PARAMETERS

1 x
215
BASSINI
ENTRY
NAVE TYPE ITNDICATUR,

U, RAYLEIGH WAVE.
1! P‘WAVEO

2y SHe=WAVE,

3' SV"WAVEQ

0w nu

NUMBER UF WAVE PRUPAGATION UIRECTIUNS AS
DEFINED BY THETA(H) AND THETA(VI),.

IF LwTYP IS EQUAL TO ZEROD 60 Tu CARD GROUP 35,
GTHERWISE, GO TU CARD GRUUP 34,

NOTES:

(%) IF CrDUPT (1)

% I
LR
L1 o

R-8113-5470

wuUTES

I35 NOT tQUAL TO FrEE OR CrDuPT(e) IS5 NGT EWUAL TO
CimP, SKIP THIS CArD GrOUP,

A=44



R-8113-5470

LArD GruUP 343 Fefro=FTELD DISPLACEMENT
AUDY WAVE PrOPERTIES
Nide UF CAKDS:S NCASE*
FORMAT BE 100
KUUT INE 2 FRAAVE
COLUMNG VARIABLE ENTRY NUTES
1=10 TV Tre VERTICAL aNGLE OF INCILDenNCLE mEASurneD

RELATIVE TU ThE GLUsAL XY=FLANE. (DEGREES)

11=c0 . TH TRE HUKLIZUNTAL ANGLE OF InClbogrhUe “EASURED
RELATIVE TO THE GLOBAL XZ=PLAxNE. (DEGKEES)

21=30 REAL(#A(1)) Re Al COMPONENT OF PwWAVE AmPLITUUE.

31-40 TMAG(NAC(L)) IMAGINARY CUMPUNENT UF Prave aMmrlLITUDE,
41=%0 REAL (WA (2)) REAL COMPuUNENT UF SHWAVE AMPLITUDE.
91l=60 IMAG(NA(R2)) TMAGINARY CUMPONENT UF ShwAVE AmPLITUDLE,
61=70 REAL(WNAC(3)) REAL COMPUNENT UF SVNMAVE AMPLITUDE.

Tl=00 IMAG(NA(S)) ITMAGINARY CUMPUONENT OF SVwAVE AMPLITULE,

TERMINATE PROGrRAM EXECUTINN,

nNgTkES:S

(%) LF CrDOPT(1) IS5 NUT EQUAL TO FREE OR CrDUPT() IS wNul EauaL Tu
COMP Ok LRTYP = 0, SKIF THIS CArRD 6rROUF,




sy

~

)

P

FOARMAT S
KJUT LNE S

CILUMNS

i=10

ti=-2u

R-8113-5470

CARD GROUP 393 Frbo=FleLy oloPLACEMENT
RAYLEIGH SURFACE wAVE PrRUPErTICO
Nide UF CARDS: NCASE*
SF19,u
FRAAVE
VARTAaLE FilTRY NUleS
TH THE MORIZONTAL AnGLE OF INCIUENCE weLATIve
TO THE GLUBAL xZ=PLANE, (DeGREES)
REAL {wa) REAL CUMPONENT (OF KAYLEIGH wAVE AMPL1ITuDE.
IMAG(WA) IMAGINARY COMPUNENT UF RAYLELGH wWAVE AaMPLITUOE.

21~-30

TERMINATE

NJTES:

{(x)

PROGRAM EXECUTION,

IF CrDOPT(1) IS wuT glQuaL TO

FREE OR CrDUPT(<) I5 nNOT EWUAL 1O

COMP OR LaTYP IS NMOT BEQUAL Tu 0, SKIP THIS Carid GROGUF,

A=ib
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APPENDIX B
INPUT DESCRIPTION FOR BASSINZ

This appendix contains a description of the user-provided
input data for the BASSIN2 subprogram, in accordance with the
general description provided in Section 3.2 of Chapter 3. These
data are contained in a total of 6 card groups, and should be
provided in units that are consistent with those used for the
BASSIN1 input. It is noted that, in addition to these card
groups, peripheral storage generated by BASSIN1 must be input to
BASSIN2 through FORTRAN Logical Unit 8. Output from BASSIN2 is
in the form of print and (optionally) plots.

Sk



CARD GROUP 13 PrUBLEM TITLE
N, UF CARDS: VARIAGLEX R-8113-5470

FUKMAT S 1X,A1,12A6

RJUTINE S BASSING

COLUMMS VARIABLE ENTRY NUTES
2 ISTAR CARD GRUUP TexMINATION FLAG:

= *~, CARD IS OUPTIONAL, IGNORED, ARD
MAY BE USED FUR CUNTROL DATA
CUMMENTS. ( * DENUTES A SLANK )

= %, CARD CONTAINS PRORLE™M TITLE
3-74 HEAD (1) PROBLEM TITLE, 72 CHARACTer MaAXIMUM, (1)
THROUGH
HEAD(12)

GO TO CARD GHUOUP 2,

NOTES:

(%) THE COMMENT CAN 8E SPECIFIED #Y ANY nNUMBeR OF CAxKDS, HUWNEVEK,
UNE CARD MUST BE INPUT WITH ISTAR = * AND MUST BE THE LAST
CARKD OQF T#1I5 GROURP,

(1) TH1S INFURMATION IN INCLUDED IN ALL FORMS UF OQUTPUT PROVIDED BY
THE PROGRAM, AND SHOULD BE CENTEREO IN ThE FIELD PROVIDED.

1a8<



CARD GrROUP 23 PLOT COUNTRUL PARAMETERS

NUe UF CARDSS 1
FORMAT I>
ROUT InNE: DYMINT
COLUMNS VAKTABLE ENTRY
1=5 NPLOT NUMBER UOF PLAOT FRAMES

IF NPLOT IS SET TU ZeRU, wU TO CARD GROUP 4,
UTHERWISE, 6GU TO CARD GROUP 3,

R-8113-5470

NUTES



CAKD GKOUP 33
NJde UF CARDSS

FIOrRMAT 2
RUUTINE:

CILUMMS

1=5

14

GO Tu CARD GROUP 4,

VARIABLE
IrLuTl (1)

IPLOT(2)

IPLOT(3)

PLOT FRAME PARAMETERS R=8113-5470

NPLUT
I5,4x,A1,4%X,A1
DYNINT

ENTRY
nNuDAL PUINT OxkDINAL,
DIRECTIUN INDICATUR,
X, IN THE X DIRECTIUN,

Y, IN THE Y DIRECTION,
Z, IN THE 2 DIRECTION,

huu

CUMPONENT INDICATOR,
A, AMPLITUDE,
P, PHASE,

NOTES



CAKD GSUOuUP 43

NJe UF CARDSR
FORMAT 3

ROUTEINE 2

CoLumMNg VARTABLE

1=5 nNTRUNC

GO TO CARD GROUP 5,

MUDAL TRUNCATION CONTROL PAKAWEITE] R—8113-547O

1
)
DYNINT

ENTRY
MUDAL TRUNCATION INDICATOK,

0, MODAL TRUNCATIUN IS wNOV eMPLUYED.
1, MUDAL TRUNCATION IS EMPLUYED.

it n

AT g
A

t=9 Kal

NOTES



LAKD GROUF 53
N, UF CARISI
FORMAaT S
ROUT INE 2

COLUMNG VARIABLE

1=10 DAMP (1)
11=29 DAMP (2)
T1=80 DAMP (8)

DAMPING

(NTFRU=1)/86+1%

dr1i.0
DYNINT

DAMPING

CAMPING

DAMPING

NEXT CARD(S)==I1F NECESSARY

=10 DAMP (9)

- DAMP (NTFRE)

GU TU CARD GROUP 6.

NOTESS

(x) THE VALUE UF

DAMPING

DAMP ING

NTFRE T

SdASSINL InPUT,

RATIOS '
R-8113-5470

ENTRY ND BN
RATIO FUr MUDE 1,

RATIO FUrR MUDE 2.

RATIO FUR MODE 8,

RATIO FOUR MUDE 9. (1)

RATIO FUR MOUDE NTFRu,

S SPECIFIED IN CARD GRUUP 3 UF THE

(1) IF NTFRU > 8, THE SECOND AND SUBSEWUENT CARDS, LF REWUIRED,
USE THE SAME FURMAL

BF 10404

Bt



CARD GRIUP 63 FREWULNCY PARAMETERS ‘
WN)e UF CaAanDS:S NFREODX R-8113-5470

FormaTz Fl10.0

RAUTINE 2 OYNINT

COLUMNS VARTABLE ENTRY NUTES
t=1v £TA EXCLTATION FREQUENCY (HERTZ)

TerminaTEe PRUOGRAM eXECUTION.

NOTES:

(%) THE VALUE UF NFREQ IS SPECIFIED IN CARD GHUUP 30 OF TrHE
BpASSINT InPUuT,
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APPENDIX C
SAMPLE PROBLEM

To illustrate the application of the BASSIN methocdology, a
sample analysis of a single-span bridge is provided in this
appendix. The bridge, shown in Figure C-1, has a span length of
36 m (118 ft), a width of 12 m (39.4 ft), and a clear height of
6 m (19.7 ft). The abutment/backfill system extends for a
length of 24 m (78.7 ft) beyond each end of the bridge.

The model of this bridge contains 68 node points that are
associated with various element types to represent the different
parts of the bridge. These element types and the corresponding
thicknesses and material properties for each type are given in
Table C-1. The seismic excitations for the example are induced
by SH-waves that propagate parallel to the bridge span and are
horizontally incident (i.e., by =6y =0 deg). The amplitude of
these SH-waves is 2.0, and a total of 9 excitation frequencies,
that range from 0.07 Hz to 2.28 Hz are considered in these
computations.

This sample problem is presented in the following parts:
(1) input data for BASSIN1; (2) printed output from BASSIN1l; (3)
mode shape plots from BASSIN1; (4) input data for BASSIN2; (5)
printed output from BASSIN2; and (6) frequency dependent
response plots from BASSIN2. It is noted that the results
contained in this output are not necessarily representive of a
complete analysis of the bridge, since a much larger number of
excitation frequencies would ordinarily be considered in such an
analysis. This sample problem is, however, of sufficient extent
to familiarize the reader with the nature of the required input
and the resulting output from the BASSIN1 and BASSIN2 programs.
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FIGURE C-1. BRIDGE CONFIGURATION FOR SAMPLE PROBLEM
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PRINTED OUTPUT FROM BASSINL
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MODE SHAPE PLOTS FROM BASSINL

R-8113-5470






R-8113-5470

HMODE 1

FREQUENCY: 1.041 Hz

DESCRIPTION:

FUNDAMENTAL BENDING MODE
FOR ROAD DECK IN x=z PLANE
(2~DISPLACEMENTS SYMMETRIC
ABOUT MIDSPAN)

FIGURE C-2. EIGENVECTOR FOR MODE 1



R-8113-5470

MODE 2

FREQUENCY: 4.249 Hz

DESCRIPTION:

SECOND BENDING MODE FOR
ROAD DECK IN x-z PLANE
(z=DISPLACEMENTS ANT!-~
SYMMETRIC ABOUT MIDSPAN)

(]
~N

FIGURE C-3. EIGENVECTOR FOR MODE 2



FIGURE C-4.

R-8113-5470

FREQUENCY: 9.613 Hz

DESCRIPTION:

THiRD BENDING MODE FOR
ROAD DECK IN x-z PLANE
(z-DISPLACEMENTS SYMMETRIC
ABOUT MIDSPAN)

EIGENVECTOR FOR MODE 3



FIGURE C-5,

R-8113-5470

MODE 4

FREQUENCY: 11.274 Hz

DESCRIPTION:

FUNDAMENTAL BENDING MODE FOR
BRIDGE/END-WALL SYSTEM IN x-y
PLANE (y-DISPLACEMENTS SYMMETRIC
ABOUT MIDSPAN)

EIGENVECTOR FOR MODE 4

68



R-8113-5470

MODE 5

FREQUENCY: 13.207 Hz

DESCRIPTION:

FUNDAMENTAL SIDESWAY MODE
FOR BRIDGE/END-WALL SYSTEM
IN x-z PLANE

FIGURE C-6., EIGENVECTOR FOR MODE 5



(&)
£

FIGURE C-7.

R-8113-5470

MODE 6

FREQUENCY: 20.889 Hz

DESCRIPTION:

SECOND BENDING MODE FOR
BRIDGE/END-WALL SYSTEM IN
x-y PLANE (y~DISPLACEMENTS
ANTISYMMETRIC ABOUT MiD-
SPAN )

»N
N

57

EIGENVECTOR FOR MODE 6
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R-8113~-5470

MODE 7

FREQUENCY: 21.109 Hz

DESCRIPTION:

FUNDAMENTAL TORSIONAL MODE
FOR ROAD DECK (x-ROTATIONS
SYMMETRICAL ABOUT MiDSPAN)

FIGURE C-8. EIGENVECTOR FOR MODE 7



R=-8113-5470

MODE 8

FREQUENCY: 22.852 Hz

DESCRIPTION:

: SECOND TORS!IONAL MODE FOR
3 5 . ROAD DECK (x-ROTATIONS ANTI-
S SYMMETRIC ABOUT MIDSPAN)

FIGURE C-9. EIGENVECTOR FOR MODE 8
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R-8113-5470

MODE 9

FREQUENCY: 24,580 Hz
DESCRIPTION:

THIRD TORSiONAL MODE FOR
ROAD DECK (x~ROTATIONS
SYMMETRIC ABOUT MIDSPAN)

FIGURE C-10. EIGENVECTOR FOR MODE 9
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R-8113-5470

MODE 10

FREQUENCY: 25.983 Hz

DESCRIPTION:

BACKFILL DEFORMATION MODE

(y~DISPLACEMENTS SYMMETRIC

ABOUT CENTERLINE AND MID-
3 i SPAN OF BRIDGE)

FIGURE C-11. EIGENVECTOR FOR MODE 10



R-8113-5470

INPUT DATA FOR BASSIN2
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PRINTED OUTPUT FROM BASSIN2
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