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ABSTRACT

This report describes results of a continuation of a research
program directed toward studying the three-dimensional response of structures
subjected to arbitrarily incident traveling seismic waves. Toward this end,
a methodology developed during the first phase of the program (named CAST-1)
is used to analyze the three~-dimensional dynamic response of a single-span
bridge on an elastic half-space subjected to tfaveling Rayleigh waves,
SV¥~-waves, and P-waves with arbitrary excitation frequencies and angles of
incidence. These analyses, when considered with those for SH-waves conducted
during the first phase of the research program, show how the bridge respOnse.
is influenced by each of the various types of seismic waves that propagate

through an elastic half-space,

Results from the bridge analyses demonstrate that nonvertically
incident seismic waves induce resonant responses that are different from those
induced by vertically incident seismic waves. In addition, important non-
resonant response characteristics are seen to be dependent on the wave type,
the excitation frequency {or wavelength), and the angles of horizontal and

vertical incidence of the seismic waves.
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CHAPTER 1

INTRODUCTION, SUMMARY, AND RECOMMENDATIONS

1.1 PURPOSE AND SCOPE

In most analyses of the response of structures to earthquake ground
motions, the seismic excitation is assumed to be identical all along the base
of the structure. However, this assumption does not account for the spatial
variations of the seismic waves, which cause the structure foundations to be
subjected to excitations that differ in both amplitude and phase. Such

excitations can have an important effect on the structure response.

To study the effects of spatially varying excitations, a grant was
awarded to Agbabian Associates by the National Science Foundation in October
1976. The first year of this research program saw the development o% 8 new
methodology for computing the three-dimensional dynamic response of one or more
arbitrarily configured, elastic, aboveground structures on an elastic half-
space subjected to traveling seismic waves with arbitrary wavelength and
direction of incidence. This methodology {(named CAST-1) was used to aﬁa]yze
the response of a single-span bridge structure subjected to excitations from
arbitrarily incident SH-waves. Results from these analyses showed that phase
differences in the input ground motions led to bridge responses that were very
different from those induced by excitations from vertically incident waves
{in which such phase differences are neglected). In addition, the results
showed that the nature of the bridge response to the spatially varying excita-
tions was strongly dependent on the direction of incidence of the SH-waves
as well as the excitation frequency. This demonstrated the importance of
considering a range of directions of propagation when evaluating the effects
of traveling waves on the three-dimensional response of a bridge structure

(Werner et al., 1977).



.i\k
/" R-7911-50083

The present report describes work carried out during the second
part of this research program, which was initiated in July 1978. This work
has analyzed the same bridge/soil system that was considered during the first
year of the program, except now the bridge has been subjected to excitations
from arbitrarily incident P-, SV-, and Rayleigh waves. These results, when
considered with those from the previous SH-wave analyses, demonstrate how the
three-dimensional response of the bridge is influenced by each of the various

types of seismic waves that propagate through an elastic half-space.

To present these results, the report is divided into five chapters
and one appendix. The remainder of this first chapter contains a summary
of the results of the analyses and recommendations for future work along these
lines. Chapter 2 provides background information on the CAST-1 methodology,
the bridge/soil system being analyzed, and the general types of bridge response
that are induced by the traveling seismic waves. Chapters 3 through 5 present
the results of the bridge response analyses from Rayleigh wave, SVY-wave, and
P-wave excitations, respectively. Appendix A describes how analyses of travel-
ing SH-wave effects for a structure on an elastic half-space, as described
inour first report, can be used to represent Love wave effects in a layered

soil medium.

1.2  SUMMARY OF RESULTS

1.2.1 SOIL/STRUCTURE SYSTEM AND RESPONSE CATEGORIES

The bridge structure considered in these analyses is shown in
Figure 1-1. It has a single span and is supported by rigid rectangular founda-
tions that, in turn, are bonded to the surface of an elastic half-space repre-
sentation of the soil medium. |In this report, this soil/structure system is
subjected to arbitrarily incident Rayleigh, P-, and SV-waves of variable
wavelength (or excitation frequency). The direction of incidence of these
waves is defined by a horizontal angle, 6,, and a vertical angle, By (Fig. t-1).
Three different horizontal angles--corresponding to 8y = 90 deg, 0 deg, and

45 deg--are considered in this study. For each value of 8 several different

H’
values of QV are considered when analyzing the response of this bridge/soil

system to traveling SV-waves and P-waves,

1-2



I\ .
/ | R-7911-5008

Two different categories of response are observed from examination
of the results of the calculations. The first is termed resonant response
and corresponds to large response amplitudes of the bridge/elastic-half-space
system that are analogous to those exhibited during normal modes of vibration
by a finite~supported (i.e., fixed-base or free-free) bridge.* Whether or not
a given resonant response actually occurs is dependent on the direction of
incidence of the seismic waves; however, for those various directions for which
a resonant response does occur, its deformed shapes and frequency {termed
resonant frequency) are always similar and are nearly independent of the wave
type. The second response category is termed phased-input-induced response
and corresponds to significant nonresonant response characteristics that
result from the phasing of the free-field excitations applied along the two
foundations. These response characteristics are strongly dependent on the

wave type, direction, and apparent wavelength of the incident seismic waves.

The following subsections contain a summary of the resonant response
and phased-input-induced response characteristics of the bridge that result
from the range of wave types, directions of incidence, and frequencies con-
sidered in this study. In this, reference is frequently made to the transla-
tions and rotations of the bridge with respect to its x-, y-, and z-axes.

These axes and the directions they represent are shown in Figure 1-1.

1.2.2 RESONANT RESPONSE

From examination of the results from all the wave types and direc-
tions of incidence considered in this study, three basic types of rescnant

response occur most often. These types, shown in Figure 1-2, are as follows:

. Rocking in the y-Direction {Fig. 1-2a). This rocking response

is Induced by the various types of seismic waves propagating
normal to the bridge span (eH = 90 deg). It features displace-

ments along the y-axis that are symmetric about the midspan of

“The bridge/elastic half-space system considered in this study is actually con-
tinuous and semi-infinite and therefore does not possess discrete normal modes.
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the bridge and are largest at that point. This resonant
response does not occur when eH = 45 deg, because this oblique
angle of incidence introduces phase differences between the two
foundations; these phase differences destroy the symmetry of

the foundation driving forces and moments in the y-z plane.

. Vertical Displacement of Road Deck (Fig. 1-2b). This resonant

response occurs for each of the various types of seismic waves,
regardless of their direction of incidence. It features only
small foundation motions and large vertical displacements of
the road deck that are symmetric about its midspan and largest

at that point.

™ Sidesway in x-Direction {Fig. 1-2c). This sidesway response

is induced by the various seismic waves that result in ground
motions in a plane parallel to the bridge span (eH = 0 deg)
and oblique to the bridge span (BH = 45 deg). It features
large x-displacements of the road deck relative to the two
foundations and occurs at a resonant Frequeﬁcy that is very
close to the frequency for the resonant response involving

vertical displacements of the road deck.

Table 1-1 summarizes the occurrence of each resonant response as a
function of the wave type and the direction of incidence of the seismic wave.
This table shows that the three resonant responses occur for all three wave

types and, for each type, their occurrence is dependent on the direction of

Lo
v

incidence of the seismic waves (as denoted by the angles SH and ev). In
particular, it is seen that for a given body wave type, nonvertically incident
waves induce resonant responses that are different from those induced by

vertically incident waves.

7fThis is because the direction of the incident waves controls both the orienta-
tion and the phasing of the excitations applied to the two foundations,
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1.2.3 PHASED~INPUT~INDUCED RESPONSE

Phased-input-induced responses are dependent on the direction of
incidence of the seismic waves, on the ratio of tﬁe bridge dimension in the
direction of propagation to the apparent wavelength of the incident wave, and
on the wave type. In the paragraphs that follow, the phased-input-induced
responses are grouped according to the angle of horizontal incidence BH and,
within this grouping, the effects of the other variables noted above are
summarized.

1.2.3.1 Waves Propagating Normal to Bridge Span (6, = 90 deg)

H
When the nonvertically incident P-, SV-, and Rayleigh waves are
propagating normal to the span length, they are directed along the 70-ft length
of the rigid foundations (Fig. 1-1). Therefore, when the apparent wavelength
of these waves becomes short relative to this foundation length, the bridge
response falls well below that of the free field. This significant trend is
attributed to self-canceling effects whereby the net loading applied to a rigid
foundation decreases as the wavelength of the incident wave decreases (see
Werner et al., 1977). These effects are not induced by vertically incident
body waves. Also, in a more realistic setting that involves flexible founda-
tions, these effects are expected to be less pronounced than suggested by
this analysis.

1.2.3.2 Waves Propagating Parallel to Bridge Span (8, = 0 degq)

H

When the P-, SV-, and Rayleigh waves are propagating parallel to
the bridge span, they apply what can be regarded as point loads at the two
ends of the bridge (since the dimension of the foundations in a direction
paraliel to the bridge is small relative to the bridge span, see Fig. 1-1).
The characteristics of the bridge response to such loads are dependent on the
wave type and on the relative phasing of the loads applied to the two founda-
tions (which, in turn, is dependent on the ratio of the bridge span length
to the apparent wavelength of the incident wave). Unlike the results for

= 90 deg, the phased-input-induced response amplitudes for 6, = 0 deg are

Oy H

of the same order of magnitude throughout the frequency range.
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To demonstrate phased-input-induced responses for each nonvertically
incident wave type, the bridge response has been computed for the cases involv-
ing applied excitations that are (a) of egual amplitude and equal phase at
the two foundations and (b) of equal amplitude and opposite phase at the two
foundations, The contrasting bridge response for these two cases illustrates
the influence of the phasing of the applied excitations. Also, as the excita-
tion frequency increases for a given case, the deformed shapes of the bridge
become moré'comp]ex and irregular because of the increased influence of wave
diffraction, wave scattering, and higher modes of vibration at these higher

excitation frequencies.

The influence of the wave type on the bridge response is also
clearly demonstrated by the above cases. For example, the response of the
bridge to Rayleigh wave motion is affected by the elliptic retrograde nature
of the ground surface motion; it therefore differs markedly from the bridge
response to, say, P-waves, for which the horizontal and vertical components
of free-field motion are in phase. Also, the bridge response to SV-waves is
seen to change markedly with varying 6y because of (a) variations in both
amplitude and phase of the free-field ground surface motion and (b) apparent

wavelength effects.

1.2.3.3 Waves Propagating Oblique to the Bridge Span (QH = 45 deg)

There are three main trends regarding phased-input-induced effects
of obliquely incident P-, SV-, and Rayleigh waves on the bridge response.

These are as follows:

) The response of the bridge is now fully three dimensional, as
contrasted with its essentially two-dimensional response to

waves propagating at eH = 90 deg and 0 deg.

. Nonvertically incident waves propagating in the plane defined
by 6, = 45 deg can generate large torsional deformations in

the various elements of the bridge. Torsion in the end walls
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is a consequence of' the differences between the substantial
rotations about the z=-axis that occur at the foundations and
the tops of the end walls. Torsicnal deformations in the

road deck are induced as a result of the differences that
occur between the rocking displacements (in the y-direction)
of the two end walls. Large torsional effects are not induced

by the vertically incident body waves,

. When subjected to nonvertically incident waves, the bridge
experiences high-frequency displacements along the x-, y-, and
z-axes that become small relative to those of the free field.
This occurs when the apparent wavelength of the obliquely
incident wave, projected along the length of the rigid founda-
tion, is small relative to the foundation length and leads to
the self-canceling effects previously noted in Section 1.2.3.1,
As indicated in that section, such self-canceling effects are

not induced by vertically incident body waves.

1.3 RECOMMENDATIONS

The work described in this report and in our prior report (Werner
et al., 1977) has used a new methodology to illustrate basic structural response
phenomena induced by traveling seismic waves. Although these results provide
important insights into such phenomena, more work is required in the related
area§ of input motions, field measurements of structural response, analytical
studies, and development of analytical methodologies. These areas are

discussed below.

1.3.1 DEFINITION OF INPUT MOTIONS

Perhaps the most significant deficiency in the current technology
for evaluating traveling wave effects involves the lack of ground motion data
necessary to gquide the specification of spatially varying input motions for

seismic response analyses. Accordingly, research efforts should be directed
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toward the following two areas: (a) defining the spatial variations of ground
motions, both horizontally and vertically; and (b) defining the amplitude,
frequency content, and direction of incidence of the seismic waves that com-
prise the ground motions. These efforts should stress the planning and
deployment of horizontal and vertical arrays of strong motion instruments,

and the development of theoretical and analytical techniques for interpreting

measurements from such instruments.

1.3.2 FIELD MEASUREMENTS OF STRUCTURAL RESPONSE

Various types of structures are particularly susceptible to travel-
ing wave effects {(e.g., bridges) and, therefore, should be so instrumented as
to promote further insights into their behavior during earthguakes. Selection
of the type and location of instruments to measure the response of these
structures to traveling seismic waves should be guided by analytical studies
and by prior observations of structural response characteristics. It is noted
that dense arrays of instruments may be required to provide sufficiently

detailed measurements to fully interpret the nature of the structural response.

1.3.3 ANALYTICAL STUDIES OF STRUCTURAL RESPONSE

Existing methodologies should be used to carry out further analy-
tical studies and parametric analyses of the three-dimensional response of the
various types of structures that are susceptible to effects of traveling
seismic waves. Such analyses should have two main goals. First, they should
be directed toward providing insights into potential seismic response modes of
the structures and, in particular, toward the discovery and enumeration of
structural response phenomena that may not be intuitively obvious. Second,
the analyses should assess the influence of various physical parameters
related to the structural configuration, soil medium, and input motions.
Results from analyses planned with these goals in mind should be used to pro-
vide guidance for {(a) developing simplified design procedures that incorporate
traveling wave effects, (b) planning instrumentation for field measurements
of the seismic response of the structures (as per Sec. 1.3.2), and {(c) inter-

preting observed the observed behavior of structures during earthquakes.
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1.3.4 FURTHER METHODOLOGY DEVELOPMENT

The CAST-1 methodology developed as part of this research program
is only the first step in the development of the type of methodology that
merges continuum solutions (for analyzing foundation/soil interaction effects)
with finite element techniques (for representing the superstructure). Because
it provides a potentially powerful technique for anatyzing three-dimensional
traveling wave effects, the methodology should be further developed and
extended. In particular, research should be directed toward incorporating
such features as embedded footings and pile foundations, deformable footings,
viscoelastic layered soil media, topographic irregularities, structure non-
linearities (e.g., expansion joints of bridges), and transient excitations

(through the use of Fast Fourier Transform techniques).
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TABLE 1-1. RESONANT RESPONSE OF BRIDGE FOR VARIOUS DIRECTIONS
OF INCIDENCE OF SEISMIC WAVES

Types of Resonant Response(z) (Fig. 1-2)
Vertical
o R (1) Rocking in Displacement Sidesway in
H? Wave v’ .y-Direction’ of Road Deck x-Direction
deg Type deg (f = 4.2 Hz) (f = 2.8 Hz) (f = 3.0 Hz)
90 Rayleigh 0 Yes Yes No
SvY 0 Yes No No
#90 Yes Yes No
P 90(3) No ' Yes No
#90 Yes Yes No
0 | Rayleigh 0 No Yes Yes .
SV 30 No No Yes
#90 No  ves(¥) Yes
p 90(3) No Yes No
#90 No Yes Yes
4o Rayleigh 0 No Yes No
sV 90 Yes No Yes
#90 No Yes Yes
P 90(3) No Yes No
#90 Né Yes Yes
Notes: Antass?

{1 By = 90 deg represents vertically incident wave (Fig. 1-1),

(2) Resonant frequency values Shown correspond to those from the
SV-wave results. In some cases, they differ slightly in the
Rayleigh wave and P-wave results.

(3) Response to vertically incident P-waves is independent of By

{4) When 8, = 0 deg for SV-waves, resonant response involving
vertical displacement of road deck is induced in all 8y cases
considered except when BV = 45 deg.

=10
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(a) Rocking in y-direction (4.2 Hz)

(b) Vertical displacement of road deck (2.8 Hz)
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{c) Sidesway in x-direction (3.0 Hz)

FIGURE 1-2. DEFORMED SHAPES AT TIMES OF PEAK RESONANT RESPONSE
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CHAPTER 2

BACKGROUND INFORMATION

This chapter presents background information pertinent to the
analyses conducted during the second year of this research program. This
includes a description of the CAST-1 methodology and the bridge/soil system
betng analyzed, together with a brief discussion of the general categories of

bridge response that will be encountered,

2.1 CAST-1 METHODOLOGY

2.7.1 GENERAL DESCRIPTION

The methodology developed during this research program to analyze
traveling seismic wave effects is named CAST-1 and has the following features
(see Fig. 2-1):

a. It computes the three-dimensional dynamic response of one or

more arbitrarily configured, elastic, aboveground structures.

b. It assumes each structure to be supported on any number of
rigid foundations of arbitrary shape that are bonded to the

surface of an elastic half-space.

c. it represents input motions as any desired combination of
harmonic body and/or surface waves with arbitrary excitation

frequencies, amplitudes, phase angles, and directions of incidence.

CAST-1 is organized into an input phase,‘a response analysis phase,
and an output phase (Fig. 2-2). The input phase defines all input data
required to fully describe the superstructure, foundations, soil medium, and
input motions. It involves a single subprogram--Subprogram GREEN-- that
computes Green's functions for an elastic half-space; for the other elements

of the system, this phase involves defining the required input data. |In the
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response analysis phase, the computations of the dynamic response of the
soi1/structure system are carried out. This phase involves three separate
subprograms-~SAP, FOUND, and COMBINE--that are summarized in Figure 2-2 and
in the subsections that follow. The final phase--the output phase--provides
all printed and plofted output necessary to evaluate the system response
characteristics. [t involves Subprogram PLOT, which provides plots of
frequency-dependent amplitudes and phase aﬁgles for any degree of freedom,
as well as three-dimensional deformed shapes of the structure at specific

times.

Within the context of these phases, the subsections that follow
bhriefly summarize how the superstructure and foundation/soil systems are
represented and how the overall system response analysis is carried out.
More detailed descriptions of these aspects of CAST-1 are provided by
Werner et al, (1977).

2.1.2 REPRESENTATION OF SUPERSTRUCTURE

CAST-1 uses a three-dimensional finite element model to represent
the superstructure (see Subprogram SAP in Fig. 2-2). The model can comprise
any combination of the various structural element types originally developed
by Bathé et al. (1974) and shown in Figure 2-3; these elements are used to
define the stiffness matrix and mass matrix of the superstructure. Once
these matrices are defined, fixed-base mode shapes and frequencies are computed,
using either a subspace iteration technique {(Bathé and Wiison, 1972) or a
determinant search solution (Bathé and Wilson, 1973}. Damping in the super-
structure is represented by specifying a damping ratio for each fixed-base

normal mode of the superstructure.

2.1.3 REPRESENTATION OF FOUNDATION/SOIL SYSTEM

Foundation/soil interaction effects under the action of the incident
wave motions are represented using a continuum solution based on the work of

Wong (1975) and incorporated in CAST-1 as Subprogram FOUND (Fig. 2-2). This
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solution characterizes the foundation/soil system in terms of complex,
frequency-dependent driving force vectors and impedance matrices. The
driving forces correspond to the reaction forces that result when each foun-
dation is fixed and subjected to the incident waves transmitted through the
soil medium (Fig. 2-ka). The elements of the jth column of the impedance
matrix are computed as foundation reaction forces caused by a unit harmonic
displacement of the jth foundation degree of freedom when all other foundation
degrees of freedom are fixed (Fig. 2-4b). These quantities are derived for
one or more foundations of arbitrary shape by first using Green's functions
for an elastic haif-space to define stress/displacement relationships for
various subregions of each foundation, and then by imposing rigid-body dis-~
placement boundary conditions and equilibrium requirements. Details of this

derivation are provided by Werner et al. (1977).

2.1.4 SYSTEM RESPONSE ANALYS!S

Once the superstructure and foundation/soil systems are characterized
as described in Subsections 2.1.2 and 2.1.3, they are coupled by enforcing
compatibility and equilibrium requirements at their interface (Gutierrez and
Chopra, 1978). The response of this coupled system is then computed, using
an extension of a procedure first described by C]ough and Penzien (1975).

This procedure computes the response for each structure degree of freedom as
the superposition of {a) a pseudostatic component that represents the effects
of the relative displacements associated with each support degree of freedom,
and (b) a dynamic component that incorporates the effects of uniform shaking

of the supports on the fixed-base structural response.

. 2.2 BRIDGE/SOML SYSTEM

The bridge/soil system analyzed by CAST-1 in this study is described
in this section. As previously noted, the system response under the action
of Rayleigh waves, SV-waves, and P-waves has been computed during this year's

effort (see Chapts. 3 to 5). For each wave type, parametric analyses are
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carried out to show how the bridge response is influenced by the excitation
frequency and direction of incidence of the incident wave. Parametric analyses
of the response of this bridge/soil system to arbitrarily incident SH-waves
have been carried out during the first year of the research program and are

reported by Werner et al. (1977).

2.2.1 BRIDGE/SOIL SYSTEM MODEL

The bridge configuration considered in this study has a single span
and is shown in Figure 2-5a to be 120 ft long, 70 ft wide, and 20 ft high.
The bridge is modeled using the series of undamped beam elements shown in
Figure 2-5b. Section and material properties for these elements are given in
Table 2-1, and corresponding fixed-base mode shapes and frequencies are pro-
vided in Figure 2-6 for the first few modes of the bridge. This latter figure
shows that the out-of-plane modes have significantly higher frequencies than
do the corresponding in~plane modes, a direct result of the greater stiffness

of the bridge in the y-direction.

The bridge is supported on two rigid rectangular foundations that
rest on the surface of an elastic half-space representation of the soil medium.
Haterial properties for the elastic half-space are provided in Table 2-1b.
The low shear wave velocity of the soil medium (500 fps used in these calcula-
tions) is representative of a soft soil for which traveling wave effects at a
given excitation frequency will be more pronounced than for a stiffer medium
with a higher shear wave velocity. The mass of the foundations corresponds to
that for a 2-ft thickness of reinforced concrete (with a unit weight of 150 pcf);
this mass is somewhat greater than that considered in the earlier calculations

involving SH-waves (Werner et al., 1977).

2.2.2 INCIDENT WAVE MOTIONS

The free-field excitations considered in this study correspond to
planar harmonic Rayleigh, SV-, and P-waves. The circular frequency w and
direction of incidence of these waves are varied in the parametric analyses,

while the amplitudes of the wave motions are fixed.
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2.2.2,1 Rayleigh Waves

For Rayleigh waves, the excitation is normalized so that its hori-
zontal component of free-field motion at the ground surface has an amplitude
of 1.0. The corresponding vertical component of Rayleigh wave motion is 90 deg
out of phase with respect to the horizontal component and, for a Poisson's
ratio of the soil medium of 1/3, will have an amplitude that is 1,565 times
the horizontal component. The direction of incidence of the Rayleigh wave
motion is defined only in terms of the horizontal angle of incidence, BH,
shown in Figure 2-5. Details of the definition of the free-field ground

surface motion induced by Rayleigh waves are contained in Section 3.2.

2.2.2.2 P-Waves and SV-Waves

For P-waves and SV-waves, the direction of incidence of the excita-
tions are defined using two angles--eH and ev--which are the horizontal and
vertical angles of incidence (Fig. 2-5a). The amplitudes and phasing of the
ground surface excitations from these waves are then determined assuming that
the incident wave motion has a unit amplitude., For SV-waves, the resulting
amplitudes and phase angles of the horizontal and vertical components of
free-field motion at the ground surface are then determined as a function of
ev, for a Poisson's ratio of the soil medium of 1/3. For P-waves, the
horizontal and vertical components of free-field motion at the ground surface
are always in pﬁase; only the amplitudes of these components of motion vary
according to SV and to the Poisson's ratio of the soil medium. Details of
the definition of the free~field ground surface motion induced by S¥-waves and

P-waves are provided in Sections 4.2 and 5.2, respectively,

2.2.2.3 Excitation Cases and Dimensionless Frequencies

For each wave type, several different directions. of incidence, as
represented by appropriate combinations of SH and ev, are considered.
These directions are summarized in Table 2-2 and are discussed more fully in
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Chapters 3 through 5. For each direction, the excitation frequencies {wave-
lengths) are varied, and the amplitudes and phase angles of response at each
degree of freedom of the bridge are computed as a function of a dimensionless

frequency parameter, R , defined as

L’

L Rw -
RO = ¥ = 7w (2-1)

where A and V are the wavelength and velocity, respectively, of the wave
along its propagation path; w 1Is the circular freguency of excitation, and
4 is a representative structure dimensicn in a direction parallel to the
propagation path as defined by ©,. Definitions of & and corresponding

H

values of RL for various values of SH are given in Table 2-3.

2.3 BRIDGE RESPONSE CHARACTERISTICS

In Chapters 3 to 5, the bridge response to each of the arbitrarily
incident wave types is described in terms of two basic categories, termed
resonant response and phased-input-induced response. These are described in

the subsections that follow.

2.3.1 RESONANT RESPONSE

When studying the dynamic response of structures subjected to
harmonic input motions, it is typical to observe large amplitudes of response
in the framework of finite-supported (e.g., fixed-base or free-free) structures
that have discrete normal modes. However, the bridge/elastic-half-space system
under consideration in this study does not possess such modes since it iIs
actually a continuous semi-infinite system. Despite this, there are instances
where the surface of the half-space moves so as to induce bridge-support
motions whose frequency, phasing, and relative displacements are comparable

in a general qualitative sense to those expected during fixed or free-free

2-6



|\ ‘
/ R-7911-5008

modes of vibration; in such instances, large amplitudes of vibration of the
bridge are observed. This type of behavior is termed ''resonant response'!
throughout this report, by analogy with the finite-supported case, and the
frequencies at which it occurs are termed ''resonant frequencies.'' These
differ from the modal frequencies of the finite-supported bridge because of
three-dimensional soil/structure interaction effects and the phasing of the
various components of the input motion.* Whether or not a given rescnant
response actually occurs is dependent on the direction of incidence of the
seismic waves; however, for those various directions for which a resonant
response does occur, its deformed shapes and resonant frequency are always

similar and are essentially independent of wave type.

2.3.2 PHASED-INPUT-INDUCED RESPONSE

The second category of response observed for the bridge/soil system--
termed phased-input-induced response--corresponds to nonreschant response
characteristics that are related directly to the spatial variations of the
traveling seismic waves. Unlike the resonant responses, the phased-input-
induced response characteristics can be strongly dependent on the wave type

and direction of incidence, as well as the phasing of the applied excitations.

It is appropriate here to note a fundamental characteristic of ‘the
phased-input-induced response to nonvertically incident body waves. This
'response to such waves can often be related to the apparent wavelength, Aa,
as projected onto the ground surface (Fig. 2-7) and computed in terms of X

and BV as

L. (2-2)

Throughout this report, resonant frequencies of the bridge/soil system are
compared to the frequencies of the corresponding fixed-base normal modes of
the bridge. Similar comparisons could have been made involving free-free
modes of vibration; however, eigenvectors and eigenvalues corresponding to
such modes were not calculated.
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The dimensionless frequency parameter R (Eq. 2-1) is expressed in terms of

L
A_as
a
- X _ L -
RL = % ° 3 Gos o (2-3)
v
Equation 2-3 illustrates that, for response phenomena that occur at certain

fixed values of )\a’ the corresponding value of RL increases with increasing

GV. This spreading of the dimensionless frequency scale that results when
6\1 is increased is commonly referred to as apparent wavelength effects.
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TABLE 2-2. SUMMARY OF EXCITATION CASES FOR EACH WAVE TYPE(l)

Angles of Incidence, deg(z)
Horizontal Angle, Vertical Angle,
Wave Type GH BV
Rayleigh 0, 45, 90 0
(3)
SV 20, 45, 55, 60, 65, 90
P 10, 45, 90
Notes:

(1) More complete description of excitation cases for each
wave type provided in Chapters 3 to 5.

(2) Angles of incidence defined in Figures 2-1 and 2-5a.

(3) As discussed in Chapter 4, SV-wave excitations strongly
influenced by @y. Therefore, several different
SV values considered in order to fully represent

eV effects.

2=-10
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o

(a) Three-dimensional (b) Three-dimensional
tiruss element beam element

(c) Plane stress, plane strain and axisymmetric elements

(d) Three-dimensicnal (e) Variable-number-nodes
solid thick shell and

three-dimensional element

Y

a1 D>

(f) Thin plate and {g) Boundary element
shell element ‘

5

TANGENT BEND

{h) Pipe element

FIGURE 2-3. SUPERSTRUCTURE ELEMENT TYPES IN SUEPRUGRAH SAP
(Bathe, et al., 1974)
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INCIDENT
WAVE
0

ALL FOUNDATIONS 72
ARE FIXED

(a) Development of foundation driving forces
(only longitudinal forces shown)

e el T Y

K. . K. . K. .
JJ j+l, j+2, j

s
==
SHTH = AT =,

. “FOUNDATION j
= e IS MOVING

ALL OTHER
FOUNDAT | ONS
ARE FIXED

(b) Development of jth column of soil/foundation impedance
matrix (only longitudinal forces shown)

FIGURE 2-4., DEVELOPMENT OF FOUNDATION/SO{L DRIVlNG FORCES AND
iMPEDANCE MATRIX (Wong, 1975}
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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) MODE 4: f = 18.4 HZ (115.6 RAD/SEC)

(a) In-plane modes (significant response in x-z plane)

I~ f\

MODE i: F = 14.2 HZ (89.2 RAD/SEC) MODE 2: f = 33.2 HZ (208.6 RAD/SEC)
MODE 3: f = 49.5 HZ {(311.0 RAD/SEC) MODE 4: f = 61.7 HZ (387.7 RAD/SEC)
AAB7S54

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

FIGURE 2-6. FIXED-BASE MODE SHAPES AND FREQUENCIES OF BRIDGE

2-18



A.\ R-7911-5008

-

GROUND SURFACE

/—\ Y
]SSV v NSO g/ SRR
\\/f \PROPAGATION PATH

NOTE:
ALONG PROPAGATION PATH: WAVE LENGTH = A
PROPAGATION VELOCITY =V

A
cos Oy

APPARENT PROPAGATION VELOCITY = V, =

ALONG GROUND SURFACE: APPARENT WAVELENGTH = X, =

v __
cos ev

FIGURE 2-7. APPARENT WAVELENGTH AND PROPAGATION VELOCITY
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CHAPTER 3

RAYLEIGH WAVE ANALYSIS

3.1 GENERAL DISCUSSION

The response of structures to propagating surface waves is a subject
of growing interest among earthquake engineers. One reason for this is recent
evidence of the important contributions of surface waves to the ground shaking
recorded during major earthquakes. For example, accelerograms were synthesized
by Trifunac (1971) at the site of the records from the May 18, 1940 Imperial
Valley California earthquake, on the basis of energy propagating through low-
velocity surface wave guides; these synthesized accelerograms were shown to
have many of the characteristics of the actual recorded motions. Anderson
(1974) showed that the largest accelerations in recordings from the June 27, 1966
Parkfield California earthquake are in time intervals consistent with surface
wave arrivais. Hartzel et al. (1978) interpreted the strong ground motion
recorded during the October 6, 1974 Acapulco Mexico earthquake as being com-
posed mainly of high-frequency surface waves (1.0 to 4.0 Hz). Hanks (1975)
used radial and transverse displacement records to show a strong influence of
dispersed surface waves on motions measured at several accelerograph stations

during the February 9, 1971 San Fernando, California earthquake.

Despite the potential importance of surface wave contributions to
free-field earthquake motions, there have been very few studies of the response
of structures to such waves. Our prior report (Werner et al., 1977) treated
the response of this same bridge structure to arbitrarily incident SH-waves
which, as shown in Appendix A, is equivalent to considering Love waves in a
layered medium, provided the angle of vertical incidence of the SH-waves is
properly chosen. For Rayleigh waves, however, the few studies that have been
carried out have been based only on simple structural elements such as a single,
rigid rectangular foundation (Luco and Wong, 1977) or a single spring/mass
oscillator on a rigid foundation (Simpson, 1978; Wolf and Obernhuber, 1979).

Nevertheless, the studies have provided insights into such Rayleigh wave effects

3-1
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as {1) the rocking motions generated by Rayleigh waves that are normally incident

to one of the sides of a rectangular foundation and {(2) the fully three-

dimensional response characteristics generated by obliquely incident Rayleigh

waves.

The potential importance of such response characteristics underscores

the need to study Rayleigh wave effects further, using a more refined model of

a three-dimensional, deformable structure of extended length. 1t is toward

. this end that the calculations described in this chapter are directed.

3.2 EXCITATION

The free field excitation induced along the ground surface by a

horizontally propagating harmonic Rayleigh wave impinging on the structure

with an angle ©

where

H

u(x,y,0)

vix,y,0)

w(x,y,0)

(Fig. 3-1) is expressed as

R, cos 6, expginit ~ m

( X cos SH + y sin @H )
R

(3-1)

X cos SH + y sin GH
R, sin 6, exp{iw/}t - (

Vg

1Rv exp {iw]t = v

: . .
(x cos BH y sin GH)
R

Free field displacements along the x, y, and 2z axes,
respectively, at a location on the ground surface (z = 0)
with coordinates x and vy

Circular frequency of excitation

Amplitudes of horizontal and vertical components of
motion and the ground surface

Rayleigh wave velocity
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In CAST-1, u, v, and w are determined in three separate steps.

First, the Rayleigh wave velocity, VR’ is determined by applying a Newton-

Raphson iterative technique to the following cubic equation (Knopoff, 1952).

V% 2 Vﬁ 1/2 Vﬁ 172

2 - — = 4l1-—= 1-— (3-2)
Ve v v
S P S

where VP and VS are the P-wave velocity and the shear wave velocity,

respectively. Since Equation 3~2 involves ratios of the wave velocities, VR
is seen to be a function only of the Poisson's ratio of the soil medium.

Next, the computed value of VR is used to obtain RH and RV from the

following expressions:

2 1/2 ]
v
2 (R -
5 2 172
v v
S R
R, = - -1 A
H 2 )
R 5
2-___
2
- S N
(3-3)
- .
2 172 {2 1/2
R R
-2 Ry LI
7 2
v v
R, = > P -1 ] a
v 5
Y
R
2 -
2
L S -

where A is a function of the wave number (m/VR). For the present study, the
Poisson's ratio is 1/3; therefore, Equations 3-2 and 3-3 yield VR = 0.9325 VS
and RV = 1,565 RH. Finally, these quantities are used in Equation 3-1 to

define the free-field displacements that correspond to a particular excitatior
frequency w and angle of incidence SH. It is noted that, for all values of

w and eH, the free-~field excitations are normalized so that RH = 1.0.
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The nature of the resulting particle motions induced by the Rayleigh
waves is illustrated in Figure 3-2. The motion of a particle along the ground
surface follows an elliptic retrograde path in a vertical plane (Fig. 3-2a).
This motion features a 90-deg phase difference between the peak horizontal and
vertical components of motion (Eq. 3-1) and an aspect ratic of the elliptical
path (i.e., the ratio of the peak vertical-to-horizontal displacement) that is
a function of Poisson's ratio.* The corresponding spatial variation of the

displacement of the overall ground surface is illustrated in Figure 3-2b,

3.3 RESULTS

As noted in Table 2-2 of Chapter 2, three different Rayleigh wave
excitation cases are considered that correspond to angles of incidence of
90 deg, 0 deg, and 45 deg. Results from each of these cases are described

in this section.

3.3.1 CASE 1: GH = 90 DEG

The first set of results ensues from the bridge response to Rayleigh
waves that are propagating normal to the span of the bridge, or along its
y-axis. The free field excitations for this case exhibit spatial variations

as they propagate along the 70-ft length of each rigid foundation (Fig. 3-3a).

The most significant response characteristics for this case are
depicted by the amplitude vs. dimensionless frequency plots given in
Figures 3-3b to 3-3d and by the amplitudes and phase angles tabulated in
Table 3-1. These results show that the most significant response components
for this case are the displacements along the y- and z-axes, although displace-
ments along the x-axis are also generated over a narrow frequency band. As
noted in Table 2-3, the dimensionless frequency parameter used in the represen-

tation of these components is R, --the ratio of the foundation length in the

Ly
y-direction (70 ft) to the wavelength of the incident Rayleigh Wave.

7\‘As. previously noted, a Poisson's ratio of 1/3 leads to a peak vertical dis-
placement that is 1.565 times the peak horizontal displacement. This is
itlustrated in Fig. 3-2a.
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The results shown in Figure 3-3 and Table 3-1 show two principal
types of response. The first corresponds to resonant responses (see Sec. 2-3)
and is denoted by the prominent peak values of the y-displacements at RLY = 0.58
(f = 3.9 Hz) and the z-displacement at R, = 0.42 (f = 2.8 Hz). The y-displace-

ment peak corresponds to a resonance invo%zing rocking of the bridge in the
y-z plane, whereas the z-displacement peak {which occurs only at the midspan
of the road deck) represents a resonance that involves bending of the road deck
in the x-z plane (Fig. 3~h)? Comparisons with Figure 2-6 show that the reso-
nant frequency at which the y-displacement peak occurs is much smaller than
the frequency of the corresponding fixed-base mode (3.9 Hz vs. 14.2 Hz of
Mode 1, Fig. 2-6b); this indicates that the underlying soil medium has an
important effect on this particular resonant response. In contrast, the reso-
nant frequency at which the z-displacement peak cccurs is only slightly smaller
than that of the corresponding fixed base mode (2.8 Hz vs. 3.2 Hz of Mode 1,
Fig. 2-6a); therefore, the soil medium bas oniy a small influence on this par-
ticular resonant response that is dominated by bending of the road deck in the

x~z plane.

The second principal type of response observed for fase 1 occurs at
higher values of RLy’ which correspond to incident wavelengths that are
short relative to the foundation length. For such conditions, Figure 3-3
shows that the bridge and foundation displacement amplitudes become small
.relative to the amplitudes of the Rayleigh wave excitation {given as the
zero-frequency amplitude of motion). This phencmenon, which also has been
observed in prior studies involving body wave excitation (e.g., Newmark et al.,
1977}, can be attributed to a self-canceling effect whereby the net lcadings
applied by short-wavelength excitations impinging on a rigid foundation are
reduced; this, in turn, reduces the ability of the excitations to drive the
foundation elements and to thereby induce significant structural responses
(see discussion by Werner et al., 1977). However, in a more realistic setting
with flexible rather than rigid foundations, this effect is expected to be less

pronounced than suggested by this analysis.

kThe resonance at 2.8 Hz also involves x-displacements of the two foundations

that are of opposite phase (Table 3-1). These x-displacements, while promi-
nent in Figure 3~ha, are much smaltler than the z-displacements of the midspan
of the road deck that occur at this frequency.
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3.3.2 CASE 2: 9H = 0 DEG

The second set of bridge response results is induced by Rayleigh
waves that propagate parallel to the span of the bridge, or along its x-axis
(Fig. 3-5a). For this case, the excitations applied at the two foundations
differ in phase in a manner dependent on the ratio of the bridge span length
(120 ft) to the wavelength of the incident Rayleigh wave. This ratio is used
as the dimensionless frequency parameter for Case 2 and is denoted as R
(see Table 2-3).

Lx

The significant bridge response components for this case are the
displacements along the x- and z-axes, whose frequency-dependent amplitudes
and phase angles are given in Figures 3-5b and 3-5c and in Table 3-2. These
data show resonant response characteristics as well as important characteris-

tics related directly to the phasing of the Rayleigh wave excitations.

3.3.2.1 Resonant Response Characteristics

Four sets of deformed shape plots that depict resonant responses
of the bridge for this case are shown in Figure 3-6. The first of these
plots (Fig. 3-6a) occurs at R $ 0.72 (f = 2.8 Hz) and corresponds to the

L
fundamental bending mode of the road deck in the x-z plane. This excitation

frequency is identical to that observed for this same rescnant response in

Case 1 (GH = 90 deg). As in Case 1, this frequency is only slightly smaller
than that of the corresponding fixed base mode (3.2 Hz for Mode 1 of Fig. 2-6a);
since this resonant respense primarily involves bending of the road deck, it

is therefore not strongly influenced by the underlying soil medium. The same
observations apply to the resonant responses shown in Figure 3-6¢ and 3-6d,

which correspond to higher bending modes of the road deck and are analogous

to the fixed-base Modes 3 and 4 of Figure 2-6a.  Only the resonant response

It is noted that the resonant response shown in Figure 3-6d has a frequency
{(18.6 Hz) that is slightly higher than that of the corresponding fixed-base
mode (Mode & of Fig. 2-6a, which has a frequency of 18.2 Hz) despite the
presence of the soil medium. This may be caused by the relative phasing of
the foundation rotations and translations induced by three-dimensional soil/
structure interaction and the phased input motions. For example, the founda-
tion rotations could be phased so as to restrain the end waills from deforming
in a manner consistent with the deformations experienced by the road deck in
the course of this resonant response. This, in turn, could effectively
"stiffen" the bridge and increase its resonant frequency to a value greater
than that occurring in its fixed-base condition.
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shown in Figure 3-6b, which involves sidesway of the bridge coupled with
bending of the road deck, is more strongly influenced by the soil medium. The
X = 0.78)
is seen to fall below that of the corresponding fixed-base sidesway mode of the

excitation frequency for this response (f = 3.0 Hz, corresponding to R

bridge (Mode 2 of Fig. 2-6a, which has a frequency of 5.1 Hz). Of course, this
particular comparison may be influenced not only by the soil medium, but also
by the fact that this resonant response involves coupled sidesway and road-deck

bending, rather than pure sidesway motion.

3.3.2.2 Phased-input-Induced Response Characteristics

In this subsection, two examples of the bridge response to phased
Rayleigh wave excitations are presented. The first corresponds to the bridge
response that occurs when the excitations applied at the two foundations are
identical in amplitude and phase, while the second deals with the bridge
response that occurs when these excitations are of identical amplitude and
opposite phase. The markedly contrasting bridge response that results from
ecach example illustrates the importance of the phasing of the Rayleigh wave

excitations applied at the two foundations.

a. Equal-Amplitude/Equal-Phase Excitations

Excitations that are of equal amplitude and equal phase at the two
foundations occur whenever the bridge span length is an integer multiple of
the wavelength of the incident Rayleigh wave, i.e., when RLx = 1.0, 2.0, 3.0,
etc. Time-dependent deformed shapes provided for such excitations (Fig. 3-7)
show that the bridge response at lower frequencies in this group (e.g.,
R, = 1.0) is comprised of two distinct patterns that occur at different
times--one involving bending of the road deck that is nearly symmetric about
its midspan and the other involving an essentially pure sidesway response.
These marked changes in the bridge response during each cycle are a consequence
of the 90-deg phase difference between the heorizontal and vertical components
of Rayleigh wave motion; 1.e., the nearly symmetric bending of the road deck is
caused by the identical vertical free-field excitations at the two foundations,
while the sidesway response is caused by the ldentical horizontal excitations

that occur about one-quarter of a cycle later.
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As R, increases within this group (corresponding to higher
excitation frequencies), the above patterns of response become less distinct

and the deformed shapes more complex {contrast, for example, the deformed shapes
for RLx = 1.0 and 3.0 in Fig. 3-7). This is a direct consequence of the
increased influence of wave diffraction and scattering and the higher modes of

vibration that become important at these higher excitation frequencies.

b. Equal-Amplitude/Opposite-Phase Excitations

Excitations that are of equal amplitude and opposite phase at the
two foundations occur whenever the ratio of the bridge span length to the

ratio of the incident Rayleigh wave is such that RLx = 0.5, 1.5, 2.5, etc,

For lower excitation frequencies within this group (RLX = 0.5), time-dependent
deformed shapes show two distinct patterns of bridge response that differ
markedly from those described above for the in-phase excitations (Fig. 3-8).

One such pattern corresponds to symmetric bending of the road deck in the

x-2z plane and is a consequence of the horizontal excitations of equal amplitude
and opposite phase that are applied at the two foundations. The second pattern,

which is 90 deg out of phase with the first pattern for RLX = 0.5, involves

nearly rigid body vertical motions of the bridge that are antisymmetric about
its midspan; this is induced by vertical excitations of equal amplitude and

opposite phase at the two foundations.

As RLx increases within this group, the above patterns of

response become less distinct and the deformed shapes more complex--a trend

also noted for the in-phase excitations, Again, this is a consequence of

"Note that the deformed shapes for R,_ = 2.5 are not shown in Figure 3-8.

This is because this particular value of R, corresponds to a frequency

{9.7 Hz} that is quite close to a resonant frequency indicated in Section 3.3.2.1
for this bridge/soil system (9.2 Hz, which corresponds to R|, = 2.37).
Therefore, the response for Ry, = 2.5 is much closer to the resonant response
shown in Figure 3-6c than to the general pattern of response shown in

Figure 3-8 for Rayleigh wave excitations of equal amplitude and opposite

phase at the two foundations. Clearly, if this soil medium had a different
Rayleigh wave velocity, or if the bridge had a different length, the response
results for Ry, = 2.5 would not have been as strongly influenced by this
resonance phenomena and would have fit more closely within the response
patterns shown in Figure 3-8.
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the increased effects of wave diffraction and scattering and higher vibration

modes, and can be seen for this out-of-phase excitation case by comparing the

response characteristics for, say, RLx = 0.5 and 3.5 in Figure 3-8 and

Table 3-2. Also, it is again noted that the marked differences between these

response characteristics and those induced by the in-phase excitations clearly
illustrate the importance of the phasing of the Rayleigh wave excitaticns

applied at the two foundations.

3.3.3 CASE 3: GH = 45 DEG

3.3.3.1 Excitations

The third and final case to be presented corresponds to Rayleigh
waves that propagate at an angle of 45 deg with the x-y plane of the bridge
(Fig. 3-9). When the wavelengths of such waves are projected along the x-
and y-axes of the bridge, they are increased by a factor of EEE;7%;7ﬁ;f’ or v2,
This indicates that for a given excitation frequency, this oblique angte of
incidence results in a change in the phasing of the excitations applied to the
two foundations relative to that of Cases 1 and 2; this factor is of primary
importance, as discussed subsequently. Also, the projections of the horizontal
particle displacement amplitudes are reduced by the same factor. These effects

en the projected particle motions are illustrated in Figure 3-9.

3.3.3.2 General Response Characteristics

The significant bridge response characteristics for this case are
depicted in Figures 3-10a to 3-10d as amplitude vs. dimensionless frequency
plots for displacements along the x-, y-, and z-axes and rotations about the
z-axis; corresponding peak amplitudes and phase angles for these response
components at selected frequencies are given in Table 3-3. In this, it is

noted that both RLx and R are used as the dimensionless frequency

Ly
parameters for this case.
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Figures 3-10a to 3-10d show that, in contrast to the excitation

cases for = 0 deg and 90 deg, the bridge response is now fully three

&
H .
dimensional. Characteristics of the three-dimensional response indicated by
these figures and the associated phase angles (Table 3-3) are summarized as

follows:

a. The bridge displacement amplitudes at moderate and higher
frequencies fall well below those of the incident Rayleigh

waves (Figs. 3-10a to 3-10c),

b. The frequency-dependent x-displacements and y-displacements
differ markedly from those of Case 2 (BH = 0 deg) and Case 1
(GH = 90 deq), respectively. These differences are attribu-
table to the oblique angle of incidence of the Rayleigh wave
for Case 3, which alters the phasing of the excitations applied
at the two foundations. The z-displacements are still domina-
ted by a prominent resonant response peak at the same frequency

as for Cases 1 and 2 (Figs. 3-10a to 3-10c).

c. At certaln frequencies, the z-rotations of the foundations are
markedly different from those of the road deck, indicating
that prominent torsional deformations are induced in the end

walls by the Case 3 excitations (Fig. 3-10d).

The following paragraphs provide more detailed descriptions of the resonant
response characteristics of the bridge and the response characteristics

induced by the phasing of these obliquely incident Rayleigh wave excitations.

3.3.3.3 Resonant Response Characteristics

As noted above, the oblique angle of incidence of the Rayleigh
waves for Case 3 will change the phasing of the excitations applied to the

two foundations, as compared to Cases 1 and 2 for which the Rayleigh waves

3-10
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propagate along principal planes of the bridge. The extent to which these
changes in phasing affect the occurrence of the resonant responses is summar-
ized in Table 3-3. O0Of the various resonant responses noted for Cases 1 and 2,
this table shows that only the response involving beam bending of the road
deck in the x-z plane (which occurs at a frequency of 2.8 Hz) is also strongly
present in Case 3. The resonant response associated with sidesway of the
bridge in the x-direction is only faintly apparent in Case 3, with a peak
x-displacement amplitude that is reduced markedly relative to that of Case 2
{Fig. 3-11). The resonant response that involved symmetric rocking in the
y-direction at a frequency of RLy = 0,58 and was induced by the Case 1

(GH = 90 deg) excitations does not occur at this frequency when 0, = 45 deg
(Fig. 3-10b). This is because the resulting phase differences that occur
between the excitations applied at the two foundations destroy the symmetry

of the foundation driving forces and moments in the y-z plane.

3.3.3.4 Phased-Input-Induced Response Characteristics

Figure 3-10 and Table 3-3 indicate two main ways in which the phasing
of the Rayleigh wave excitations with SH = 45 deg affect the response of
this bridge/soil system. The first, as indicated previously in Section 3.3.3.2,
is the reduced amplitudes of bridge displacement anng the x-, y-, and z-axes
at moderate and higher excitation frequencies, as compared to the corresponding
components of.the free-field motion. This reduction was also observed in
Case t but not in Case 2; it is undoubtedly related to the fact that a compo-
nent of the excitation projected along the y-axis is now impinging along the
tength of fhe rigid foundations, leading to the self-canceling effects pre-
viously noted in Section 3.3.1 (Fig. 3-9).

The second phased-input-induced response characteristic corresponds
to the manner in which the bridge displacements are affected by the phasing of
the free-field excitations at the two foundations. To illustrate such effects,
two sets of bridge response results--which correspond to two di fferent phasings

of the free-field excitations~-are described below.
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a, Equal=-Amplitude/Equal-Phase Excitations

The first set of results corresponds to Rayleigh wave excitations
that are of equal amplitude and equal phase at the two foundations; such

excitations occur when R = /2, 2 /2, etc.” Time-dependent deformed
shapes of the bridge response to such excitations are given in Figure 3-12,

and the corresponding amplitudes and phase angles are provided in Table 3-3.

When RLx = /f, the following trends are observed from Figure 3-12
and Table 3-3:

° The y-components of displacement are largest in amplitude, are
nearly symmetric about the midspan of the bridge, and have the

largest amplitude at that point (Table 3-3).

. The y-components of foundation displacement are about 180 deg
out of phase with the z-components and are about 90 deg out of
phase with the x-components (Table 3-3). These phase differ-
ences are unlike those that exist among the various components
of free-field motion; they are caused by foundation/soil
interaction effects (wave diffraction and scattering at the

foundations) and the effects of the overlying structure.

° The y- and z-compaonents of displacement at the midspan of the
road deck are essentially in phase with one another and are
about 90 deg out of phase with the x-components of displacement

along the road deck (Table 3-3). As a result, two distinct

Rix 1is the ratio of the bridge span length to the wavelength of the incident
wave along its propagation path. Projecting along the span of the bridge
results in an increase in the effecetive wavelength that propagates along the
x-axis by a factor of 2, or cos™! 45 deg (Fig. 3-9). Therefore, when

6y = 45 deg, dimensionless frequencies of R, = V2, 2/2, etc., correspond
to excitations of equal amplitude and equal phase at the two foundations;
similarly, dimensionless frequencies of Ry, = 0.5 Y2, 2.5 V2, etc., corre-
spond to excitations of equal amplitude and opposite phase at the two
foundations.
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deformed-shape configurations occur during a single response
cycle. The first corresponds to maximum values of the y- and
z-displacements at the midspan of the road deck, while the
second, which occurs about one-quarter of a cycle later,

involves sidesway of the bridge in the x-direction (Fig. 3-12a).

The end walls are undergoing torsional deformations, as indi-
cated by the differences that exist between the rotations about
the z-axis of the foundations and the tops of the end walls.
Peak values of the frequency-dependent rotations at the founda-
tions occur when RLX = v2 (Fig. 3-10d, Table 3-3).

RLx = 2v/2, the bridge response characteristics differ from

those noted above for R X = ¥2. The differences are summarized as follows:

L

The displacements along the y-axis are much smaller but are

stil] symmetric about the midspan of the bridge (Table 3-3).

The phase relationships between the various components of
motion at the various locations along the bridge are much
different than those existing at RLx = V2 (Table 3-3). As
a result, the deformed shapes are now much different, with
displacements of the foundations in the y- and z-directions

being most prominent {Fig. 3-12b),

The rotations about the z-axis at the foundations and the tops
of the end walls are smaller than those corresponding to

R, =2 (Fig. 3-10d, Table 3-3).
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b. Equal-Amplitude/Opposite-Phase Excitations

The second set of deformed shape plots and tabulated amplitudes and
phase angles correspond to Rayleigh wave excitations that are of equal ampli-
tude and opposite phase at the two foundations:; such excitations occur when
RLx 0.5 v2, 1.5 ¥2, 2.5 v2, etc. Time-dependent deformed shape plots for

1.5 V2 and 2.5 V2 are given in Figure 3-13 and, together with the

RLx

amplitudes and phase angles from Table 3-3, show that the bridge response

differs markedly from that induced by the equal-amplitude/equal-phase excita-

tions.  The characteristics of this response are as follows:

. The y-components of displacement are antisymmetric about the
midspan of the road deck and are largest at the tops of

the two end walls., These components of displacement are much

larger for R = 0.5 Y2 and 1.5 V2 than for R =25 V2
(Table 3-3).
° For each frequency, the end walls are rocking in opposite

directions about the x-axis at a given instant of time (e.q.,
see Fig. 3-13a). This leads to torsional deformations of the

road deck.

. The phase relationships that exist between the variocus compo-
nents of motion along the bridge vary from one frequency in
this group to the next, because of the differing effects of
wave scattering and diffraction at the various frequencies
(Table 3-3).

"The deformed shape for Ry, = v2/2  (0.707) is very similar to that for the
resonant response at Ry, = 0.72 shown in Figure 3-11 and is therefore not
included in Figure 3-13.
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When RLx = 0.5 v¥2, the rotations about the z-axis are larger
at the tops of the end walls than at the foundations; this
indicates that the end walls are undergoing torsional deforma-
tions. In contrast, the rotations that occur at these
locations when RLx = 1.5 V2 and 2.5 V2 exhibit much smaller
differences; therefore, even though these rotations are
somewhat out of phase, the torsional deformations that occur
in the end walls are much smaller than at low frequencies. It
is noted that peak values of the frequency-dependent rotations
within the road deck occur at RLx =0.5v2 and 1.5 V2

(Fig. 3-10d, Table 3-3).
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CHAPTER &

SY-WAVE ANALYSIS

L,1 GENERAL DISCUSSION

0f the various types of plane body waves that propagate within an
elastic half-space, SV-waves are the most complex. This is because both the
amplitudes and the phase angles of the horizontal and vertical components of
wave motion along the ground surface are dependent on the vertical angle of
incidence, By (Fig. 4=1). As a result, the response of structures to such

waves is correspondingly complex and interesting to investigate.

Despite this, there have been few studies of the response of struc-
tures to incident SV-waves, and these studies have been limited to consideration
of very simple structural elements. For example, Wong and Luco {1978) analyzed
the response of a rigid rectangular foundation to arbitrarily incident SV-waves.
Their study shawed that such waves lead to significant rocking of the founda-
tion. Wolf and Obernhuber (1979) analyzed a single-mass structure on a rigid
circular foundation and showed that the SV-wave-induced response of the
foundation and structure was greatest in the vicinity of the critical angle

of the SV-wave (which is the minimum value of 8 at which the SY-wave

v
excitations are real, as described in Sec. 4-2).

This chapter describes a study of SV-wave-induced effects that
has features not contained in the prior studies mentioned above. One such
feature is that, for the first time, the effects of traveling SV-waves on the
response of a deformable bridge structure of extended length are investigated.
A second feature is that the effects of the changes in the character of the
SV-wave motion that result from variations in 6, are studied to an extent

v
not considered previously.

L-1
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4.2 EXCITATION

The free-field motion generated along the ground surface by an

SV-wave with angles of incidence 6, and ¢ (Fig. 4-1) and a circular

H v
frequency w is
U
X
= H —2.<_ —l' -
{uff} Uy .exp[am(t - cos 0y - = sin GH)J (4-1)
U
z

where Ux, Uy’ and UZ are the amplitudes of ground-surface motion along
the x, y, and z axes (Fig, 4-1), and ¢ is the phase velocity, expressed
in terms of the shear wave velocity V and V _/cos &,. Now U , U, and U
s s v x" Ty z
can in turn be expressed in terms of the amplitudes of the horizontal and verti=

cal SV-wave motion in the plane of the wave (UH and U, respectively) as

Ux cos eH 0 S UH
Uy = Lsin GH 0 (UV (4-2)
U 0 1

z

In Equation 4-2, U, and U,

SV-wave reaches the ground surface, it is converted into a reflected SV-wave

are computed considering that when an incident

and a reflected P-wave (Fig. 4-1). Based on this consideration, expressions

for U and UV can be shown to be (Ewing, et al., 1957)

H
(-2 sin 8, (tan’s, - 1) (tan%s, + 1)
v v v
UH = 5 7 5
i L tan e tan ev + {tan 6V - 1)
(4-3)
. 2
- tan e sin Oy (1t + tan BV)
Yy = 3 2 7
| 4 tan e tan oy {tan 8, - 1)
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where . s is the amplitude of the incident SVY-wave and 8y, and ¢ are,
respectively, the angles that the incident and reflected SV-waves and the
reflected P-wave make with the ground surface (Fig. 4-1). These angles are

related through the expression
cos e = g~ COS 8 (L-4)

where VP and VS are the P-wave and S-wave velocities of the elastic half-

space. In terms of the Poisson's ratio of the elastic half-space v, the

angle e can be expressed as

tan e = J(EI]T_%T) (1 + tanzev) -1 (4-5)

Substituting Equation 4-5 into 4-3 shows that U, and U, are functions

solely of the incident SV-wave ampiitude s, the angle of incidence ev,
and the Poisson's ratio wv.

Equation 4=4 indicates an important feature of the SV-wave problem,

namely, that no real value of e exists until GV reaches the value GV ,
cr
where .
v
5, = cos | o> (4-6)
v v
cr P .

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

Within this range, Equation 4-5 takes the form er

tane = - iJ? - 2(1]~_2:) (1 + tanzev) (4-7)

43



| |
/"\ R-7911-5008

Substituting Equation 4-7 into 4-3 Teads to the following expressions for

UH and UV, which are compiex when 8, < 8

vV v
cr
~2 sin 0 (tanhe - 1) 4g tan B
~ v v 2 2, . v
UH = S5 7 7 (tan BV - ]) + | 5
) y 1687 tan"e €os Ty
(tan oy - 1)+ 5
cos” o,
hg tan ev (tanzeV +1) -4g tan BV 2
U = s + i(tan 8., - 1)2
V 1682 tanze cos GV Y
(tanzev = 1)1'} + —“"——2—-——\/—
cos GV
(4-8)

where

B = Jcoszev - —~—-———-(1 - 2v) (4-9)
2(1 - )

Amplitudes and phase angles corresponding to Equations 4-3 and 4-8 are plotted
in Figure 4-2 for the case when v = 1/3 and s = 1. For this case,

8y = 60 deg, and Figure 4-2 shows that when oy > 9y , U, and U, are

H Vv
r cr
in phase (although their relative amplitudes are functions of BV). When

sv < 8y , however, two different types of free-field responses occur, as
cr
shown in Figure 4-2.

1. 0= 45 deg. The free-field ground surface motions are
elliptic retrograde, wherein the positive horizontal displace-
ment vector, UH’ trails the positive vertical displacement
vector, UV’ by 90 deg (where the positive vectors are defined
in Fig. 4-1). The aspect ratio of this elliptic motion, or the
ratio of the amplitudes of U, and U varies with 8

Vv H’ v
within this range.

i~
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2. b5 deg < By_< 60 deg. The free-field ground surface motions

are elliptic prograde, wherein the positive vertical displace-

ment vector, UH’ is ahead of the positive vertical displace-
ment vector, UV’ by 90 deg. As for GV < 45 deg, the

aspect ratio of this elliptic motion, or the ratio of the
amplitudes of UV to UH’ varies with BV within this
range.

4.3 SCOPE OF CALCULATIONS

The frequency-dependent response of the bridge to arbitrarily
incident SV-waves is computed for three different cases, which correspond to
H) of 90 deg (Case 1), 0 deg (Case 2}, and

L5 deg (Case 3). For each case, results from the several different angles

horizontal angles of incidence (8

of vertical incidence (GV) listed in Table L-1 are provided. This table
. shows that these values of ev encompass the range of different types of

free-field ground surface motion that are induced by the SV-waves.

L. L RESULTS FROM CASE 1: INCIDRENT SV-WAVES WITH GH = 90 DEG

The first case corresponds to SV-wave excitations that are propa-
gating in a plane normal to the span of the bridge, or parallel to its ‘
y=z plane (eH = 90 deg, as shown in Fig. 4-3). Results are presented first
. for vertically incident SV-waves in that plane, and then for nonvertically

incident waves.

L. 4.1 VERTICALLY INCIDENT SV-WAVES

When the SV-waves are vertically incident in the plane defined by
SH = 90 deg, the bridge foundations are subjected to uniformly distributed
horizontal displacements that are directed along the y-axis of the bridge
(i.e., normal to its span). The resulting principal bridge displacements are
also directed along the y-axis (Fig. b-ka, Table 4-2). The peak y-displacements
of the bridge occur at a resonant dimensionless frequency, RLy’ of (.58
(which corresponds to 4.2 Hz); they denote rocking motions that are symmetric

4=5
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e

by
-

about the midspan of the road deck and are largest at that point (Fig. 4-5a)
Rather small rotations about the z-axis occur and are a consequence of the
bending of the road deck in the y-direction that is generated by this excita-
tion (Fig. 4-4b). The displacements of the bridge along the x~- and z-axes

are negligible. .

It is noted that this case results in identical excitation to that
considered earlier by Werner et al. (1977) and corresponding te incident SH-
waves for by = 90 deg and SH = 0 deg. The bridge response is alsc identical,
except for the effects of the increased foundation mass now considered
(Sec. 2.2.1); this mass tends to slightly lower the frequencies at which the

peak responses now take place,

L.4.2 NONVERTICALLY INCIDENT SV-WAVES

When the SVY-waves are nonvertically incident in the plane defined by
eH = 90 deg, the bridge foundations are subjected to nonuniformty distributed
horizontal and vertical free-field excitations whose amplitudes and phase
angles are dependent on GV and Poisscen's ratio, as described in Section 4,2,
The resulting bridge response (Figs. 4-6 to 4-11 and Tables 4-2 to 4-3) is
markedly different from that induced by the vertically incident SV-waves and

has the following characteristics:

® The bridge now undergoes not only y-displacements but signifi-
cant z-displacements as well. The z-displacements are largest
at the ;eSOnant frequency of RLy = 0.39 (which corresponds to
2.8 Hz)"; at that frequency, they are symmetric about the mid-
span of the road deck and are largest at that point (Fig. 4-11).
The amplitudes of these midspan resonant-frequency z-displacements
are generally quite large for each GV case investigated; the
only exception to this trend, at 6y = 60 deg, is caused
by the vanishing free-field z-displacements at that angle of

vertical incidence (Table 4-3, Figs. 4-2 and 4-9c).

® The y-displacements are similar to those induced by the

vertically incident SV-waves in that they are usually largest

“This same resonant response and frequency was induced by the Rayleigh waves
described in Chapter 3.

4-6
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at the resonant frequency of R, = 0,58; at that frequency,

they denote rocking motions in EZe y-direction that are
symmetric about the midspan of the road deck and are generally
largest at that point (Figs. 4-5b, Table 4-2). Among the various
ev results presented, the only exception to this trend occurs
when BV = 55 deg. At this angle, the elliptic prograde free-
field motions induce rocking rotations (about the x-axis) that
are phased so as to reduce the y-displacements of the road
deck and cause them to be exceeded by the y-displacements of
the foundation (Table 4-2 and Fig. 4-5c¢); along the road deck
however, the relative displacements in the y-direction remain
large. For all other BV angles investigated, the resonant-
frequency rocking rotations are phased so that they enhance,
rather than reduce, the y-displacements of the road deck

(Table 4-2).

The x-displacements of the bridge are usually negligible when
compared to the y- and z-displacements. The only exceptjon

to this trend is at the previously noted resonant frequency

for the z-displacements (RLy = 0.39 or 2.8 Hz). At this fre-
quency, the significant bending of the road deck in the
z-direction causes prominent x-displacements of the two founda-
tions that are of equal amplitude and opposite phase (Table 4-3,
Figs. b-6a to 4-10a).

The rotations of the bridge about the z-axis are generally
small and are caused by the small degree of bending of the road

deck that is occurring in the y-direction (Figs. 4-6d to 4-10d)}.

As. the dimensiomless frequency R increases, the apparent

Ly
wavelength of the SV-wave excitation decreases relative to the
foundation length. This results in a self=canceling of the
loads applied to the rigid foundations by the incident waves,

whiich causes the higher-frequency bridge displacements to

4-7
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become small relative to those of the free field (Werner

et al., 1977). However, as noted in Section 3.3.1, this effect
would be somewhat less pronounced in a more realistic setting
involving flexible foundations, rather than the rigid founda-

tions considered in these analyses,

L.5 RESULTS FROM CASE 2: INCIDENT SV-WAVES WITH eH = 0 DEG

The second case corresponds to SV-wave excitations that are propa-

gating in a plane parallel to the span of the bridge, or along its x-z plane

(8,

0= 0 deg, as shown in Fig. 4-12).

4.5.1 VERTICALLY INCIDENT SV-WAVES

When the SV-waves are vertically incident in the plane defined by
8, = 0 deg, the free-field displacements are directed along the x-axis (i.e.,
parallel to the span of the bridge) and are identical all along the ground
surface. The resulting principal bridge displacements are ajso directed
along the x-axis, although some z-displacements that are antisymmetric about
the midspan of the rcad deck are generated (Tables 4-4 and 4-5, Fig. 4-13).
The x-displacements of the road deck exhibit a significant peak at a resonant
frequency of R = 0.72 (which corresponds to 3.0 Hz); at this frequency,
they denote sidesway motions in the x-direction (Fig. h-]ha).jL At higher
frequencies, the x-displacements of the foundation are comparable in amplitude
to those of the free field and are much larger than the road deck displacements
(Fig. 4-13a). 1t is seen that, except for the slight effects of the increased
foundation mass now considered (Sec. 2.2.1), these bridge‘response characteris-
tics are identical to those previously shown by Werner et al, (1977) for the

case involving SH-wave excitations with 0, = 0, = 90 deg.

“The free-field displacements correspond to the zero-frequency displacement
amplitudes in Figures 4-6 to 4-10.

jLThis same resonant response and frequency was induced by the Rayleigh waves

in Chapter 3. Comparisons of this response at the corresponding fixed-base
mode are described in that chapter.

L-8
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4.5.2 NONVERTICALLY INCIDENT SV-WAVES

When the SV-waves are nonvertically incident in the plane defined
by BH = 0 deg, the two bridge foundations are subjected to horizontal and
vertical components of free-field excitation whose amplitude and phase angle
depend on GV and Poisson's ratio. The phasing of these components at the
two foundations is dependent on the apparent wavelength of the SV-wave relative
to the span length. The resulting bridge response (Tables 4-4 to 4-7 and
Figs. 4-15 to 4~19) is strongly influenced by this phasing, as discussed in
the paragraphs that follow.

4,5,2,1 Resonant Response Characteristics

a. Displacements along the z-Axis

The bridge response to nonvertically incident SV-waves features
displacements along the z-axis whose most prominent feature is a significant
peak at the midspan of the road deck when R, = 0.67 (f = 2.8 Hz). This
peak, which is not induced by the vertically incident SV-waves, represents
bending of the road deck in the x-z plane; in this, the z-displacements are
symmetric about the midspan of the road deck and are largest at that point
(Fig. #-20b). Virtually the same response at the same resonant frequency
is induced by the nonvertically incident SV-waves with SH = 90 deg (Case 1)
and by the Rayleigh waves (Chapt. 3).

1t is noted from Figures L4-16b and 4-20c that the above resonant
response does not occur when ev = 45 deg. This is because of the phasing of
the vertical free-field excitations applied to the two foundations when
6, = 45 deg and f = 2.8 Hz. (Note from Fig. k-2a that no horizontal free-field
excitations are applied when by = 45 deg.) This phasing is demonstrated by

computing the apparent wavelength, Aa’ to be

y = 's - 500 fps

a f cos By T 2.8 Hz (0.707) 252 Tt (4-10)

4-9
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which is about twice the span length of the bridge (120 ft). As shown in
Figure 4=21, this leads to vertical free-field excitations that are of equal
amplitude and opposite phase at the two foundations; such excitations cannot
induce the symmetric vertical response represented by the resonant peak at
2.8 Hz.

Still another feature of the z-displacements is the secondary reso-
Ix = .0 to 4.6). This peak, which was
observed in the Rayleigh wave results (Chapt. 3), is depicted by the deformed

nant peak at higher frequencies (R

shapes shown in Figure 4-22. It is analogous to Mode L4 of the in-plane fixed-
base modes of the bridge (Fig. 2-6a) and occurs at about the same frequency as
that mode.* This is because most of the strain energy induced in the bridge

during this resonant response is concentrated in the road deck and is therefore

not strongly affected by the soil medium.

b, Displacements along the x-Axis

The bridge response to nonvertically incident SV-waves features
displacements along the x-axis whose most prominent feature is a significant
peak at the road deck locations when RLX = 0.72 (f = 3.0 Hz). This peak
represents a resonant response that involves sidesway of the bridge in the
x-direction and was also induced by the vertically incident SV-waves with
6, = 0 deg, However, it is now coupled with the previously noted rescnance
that involves large z-displacements at the midspan of the road deck {at
RLx = 0.67 or f = 2.8 Hz); this z-displacement resonance was not induced by
the vertically incident SV-waves. Because of this, the deformed shape of the
road deck that now occurs when RLX = (0,72 1is substantially altered from that
induced at this frequency when the SV-waves are vertically incident (as seen

by comparing Figs. 4-14b and 4-1hkc with Fig. 4-14a).

“This resonant frequency varies slightly with 8., possibly because of phasing
relationships or, in some cases, poorly defined peaks {e.g., Fig. 4-16b). In
fact, in some cases the resonant frequency slightly exceeds the frequency of
the fixed-base mode; for example, when 8, = 60 deg, the resonant frequency

is 19.2 Hz, as compared to 18.4 Hz for Mode 4 of Figure 2-6a. This is
probably because of effects of three-dimensional soil/structure interaction
and the phased input motions (see discussion in footnote on p 3-6).

4-10
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4.5.2.2 Phased~input~induced Response Characteristics

The above discussion of the vanishing resonant response at RLx = 0.67
when ev,= 45 deg illustrates one instance of how the size of the apparent
wavelength of the S¥-wave relative to the span jength can influence the bridge
response characteristics. The importance of this span-length to apparent-
wavelength ratio is further illustrated by two additional sets of results that
are described below for each value of GV. The first corresponds to the case
where the free-field excitations are identical in amplitude and in phase at
the two foundations. This occurs when the ratio of the bridge span length to
the apparent wavelength of the incident SV-wave is 1.0, 2.0, 3.0, etc. The
second set corresponds to free-field excitations that are of equal amplitude
and opposite phase at the two foundations. Such excitations are induced when
the ratio of the bridge span length to the apparent wavelength of the incident
SV-wave is 0.5, 1.5, 2.5, ete. These two sets of results, considered
together, serve to explain several of the pronounced peaks and valleys that
exist in the amplitude vs. frequency plots of Figures 4-15 to 4-19. They
also demonstrate that the phased-input-induced response characteristics are
dependent on the angle of vertical incidence, BV’ as well as on the apparent

wavelength of the free-field excitations applied at the two foundations.

The results are presented in two ways for each © First, ampli-

tudes and phase angles of the displacements at various !ocazions along the
bridge are given in Tables 4-6 and 4-7. Second, deformed shapes of the bridge
at various times during a response cycle are provided to graphically illus-
trate how the bridge response is affected by the apparent wavelength of the
SV-wave excitation (Figs. 4-23 to 4-32). The trends indicated by these

results for each set of free-field excitations are described below.

a. Equal-Amplitude/Equal-Phase Excitations

(1) QV = 20 deg. The two foundations are undergoing similar motions
that deviate somewhat from the elliptic retrograde nature of the free~field

excitations, because of soil/structure interaction effects (Table 4-6). The
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resulting bridge response usually features small horizontal displacements of
the road deck relative to the foundation (because the horizontal components of
the free-field excitation are small).* The vertical displacements of the
bridge are approximately symmetric about the midspan of the road deck, when
the excitation frequencies are small. However, at higher frequencies, this
symmetry becomes distorted because of increased effects of wave scattering

and diffraction and higher modes of vibration (Table 4-6, Fig. 4-23).

(2) s,
of free-field motion, the response of the two foundations at tower frequencies

= 45 deg. Because of the absence of horizontal components

consists of primarily vertical displacements with only smalil, out-of-phase,
horizontal displacement components; at high frequencies, however, the hori-
zontal displacements of the two foundations become prominent. The road deck
of the bridge experiences vertical displacements that are prominent over the
entire frequency range and are approximately symmetric about the midspan of
the bridge (Table 4-6). The deformed shape of the road deck becomes more
complex as the frequency increases, because of the increased effects of wave

scattering and diffraction and higher modes of vibration (Fig. 4-24).

(3) gv = 55 deg. The two foundations are undergoing similar
motions that deviate somewhat from the elliptic prograde nature of the free-
field motions, because of soil/structure interaction effects (Table 4-6).
Because both the horizontal and vertical components of the free-field excita-
tion are prominent, the two components of the response at each foundation
and bridge node point are tikewise significant. The bridge response consists
of two distinct patterns during a cycle. 0One pattern involves approximately
in-phase horizontal displacements of the two foundations that are large
relative to the road deck; the second pattern involves primarily vertical
displacements of the road deck that are approximately symmetric about its
midspan. The deformed shape of the bridge and the phasing of the foundation
motions become more complex with increasing frequency, because of increased
effects of wave scattering and diffraction and higher modes of vibration
(Fig. L-25).

“The only exception to this trend is at Ry, = 1.06 (1.0/cos 20 deg) where
the structural response is influenced by the sidesway resonant response in
the x-direction.

b-12
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(4) 0y = 60 deg. Because the free-field excitations at the two
foundations consist of very large horizontal components only, the foundations
are undergoing primarily large, in-phase horizontal displacements; the vertical
displacements of the two foundations are much smaller and are out of phase
with one another (Table 4-6). The resulting bridge response features large
horizontal displacements of the two foundations relative to the road deck

and corresponding vertical displacements of the road deck that are approxi-
mately antisymmetric about its midspan. The deformed shape of the road deck

becomes more complex as the frequency increases because of increased effects

from wave scattering and diffraction and higher modes of vibration (Fig. 4-26).

(5) EV = 65 deg. The free-field excitations at the two foundations
consist of identical motions involving horizontal displacements that are
larger than and in phase with the vertical displacements. The foundation dis-
placements deviate somewhat from this pattern because of soil/structure inter-
action effects, although the horizontal displacements of the foundations

are usually larger than the vertical (Table 4-6, Fig. 4-19). The resulting
response of the bridge features prominent in-phase horizontal displacements

of the two foundations that are large relative to the road deck, together

with vertical displacements of the road deck that are neither antisymmetric
nor symmetric about the midspan of the road deck. The deformed shape of the
road deck and the phasing of the foundation motions become more complex as

the excitation frequency is increased because of the increased effects of

wave scattering and diffraction and higher modes of vibration (Fig. 4-27).

b. Equal-Amplitude/Opposite-Phase Excitations

(1) 8y_= 20 deg. The two foundations are each undergoing horizental
and vertical displacements that deviate slightly from the elliptic retrograde
nature of the field motions; these displacements are approximately 180 deg

out of phase at the two foundations (Table 4-7). At low frequencies the

resulting bridge response features two distinct patterns. One involves
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approximately equal and opposite horizontal displacements of the two founda-
tions accompanied by vertical displacements of the road deck that are symmet-
ric about its midspan and largest at that point. The second pattern, which
occurs about one-quarter of a cycle after the first pattern, involves vertical
displacements that are antisymmetric about the midspan of the road deck. As
the frequency increases, these patterns become less distinct and the deformed
shapes more complex because of increased effects of wave scattering and

diffraction and higher modes of vibration (Fig. 4-28).

(2) 8y = 45 deg. Despite the fact that the free-field excitations
consist of only vertical displacements, the foundations are undergoing both
horizontal and vertical displacements of significant amplitude (Table 4-7);
the horizontal displacements are a3 consequence of the off-diagonal terms in
the foundation/soil impedance matrix. The bridge response at low frequencies
consists of sidesway displacements of the road deck relative to the foundation,
as well as vertical displacements that are antisymmetric relative to the
midspan of the road deck. At higher frequencies, no sidesway displacements
are excited, and the deformed shapes corresponding to the antisymmetric
vertical displacements become more complex because of increased effects of
wave scattering and diffraction and higher modes of vibration (Fig. 4-29).

(3) -QV = 55 deq. The two foundations are undergoing horizontal
and vertical displacements whose phase difference at each foundation deviates
from the 90-deg value of the elliptic prograde free-field motions; also, the
phase angles of the displacements of one foundation relative to the other
differ from the 180-deg difference of the free-field motions, particularly
at higher frequencies (Table 4-7). The resulting bridge response at low
frequencies exhibits two distinct patterns. The first consists of vertical
displacements that are antisymmetric about the midspan of the road deck. The
second pattern, which occurs later in the response cycle, involves approxi-
mately equal and opposite horizontal displacements of the two foundations

together with vertical displacements of the road deck that are symmetric



/'.\ R-7911-5008

about the midspan of the road deck and largest at that point.== When the
frequency increases, the deformed shape of the road deck becomes more complex
because of the increased effects of wave scattering and diffraction and higher

modes of vibration (Fig. 4-30).

o)) -EV = 60 deg. Because the free-field motions consist of
large horizontal components only {i.e., no vertical free-field displacements),
the resulting motions of the two foundations involve large horizontal dis-
placements of nearly opposite phase and relatively small vertical displace-
ments. The bridge response to these large, nearly opposite phased horizontal
motions of the foundations consists of vertical displacements of the road
deck that are symmetric about its midspan and largest at that point*. As the
frequency increases, the deformed shape of the road deck becomes more complex

because of the increased effects of wave scattering and diffraction and higher

modes of vibration (Fig. 4-31).

(5) 0,_=65 deg. The free-field excitations at each of the two
foundations consist of horizontal displacements that are larger than and in
phase with the vertical displacements. Soill/structure interaction effects
cause the foundation displacements to deviate somewhat from this pattern,
particularly at higher frequencies, although the horizontal displacements of
the foundation are still larger than the vertical (Table 4-7). The resulting
bridge response features large horizontal displacements of the two foundations
that are of opposite phase, together with vertical displacements of the road

deck that are neither symmetric nor antisymmetric about its midspan. The

“When By = 55 deg and 60 deg, the low-frequency bridge response involves
approximately equal and opposite horizontal displacements of the foundations
and corresponding vertical displacements of the road deck that are symmetric
about its midspan and largest at that point. It is noted, however, that the
vertical displacements of the road deck are of opposite phase to that induced
directly by the horizontal displacements of the two foundations: e.g., inward
displacements of foundations result in downward rather than upward vertical
displacements of the road deck. This is attributed to the effects of founda-
tion rotations about the y-axis that result from off-diagonal terms of the
foundation/soil impedance matrix. Although not shown in Table 4-7, these
rotations are phased to work against the effects of the horizontal foundation
displacements; when transmitted through the end walls to the road deck, they
result in the deformed shapes shown in Figures 4-30 and 4-31.

L-15
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deformed shape of the road deck and the phasing of the foundation motions
become more complex as the frequency increases, because of increased effects

of wave scattering and diffraction and higher modes of vibration (Fig, 4-32),

4.6 RESULTS FROM CASE 3: [INCIDENT SVY-WAVES WITH 6, = 45 DEG

18]

The third and final case corresponds to SV-wave excitations that are
propagating in a plane oblique to the x-z plane of the bridge (SH = 45 deg, as
shown in Fig. 4-33a). The apparent wave motion from such a wave can be pro-
jected along the x- and y-axes of the bridge with the wavelength and particle

motion relationships shown in Figure 4-33b.

4.6.1 VERTICALLY INCIDENT SV-WAVES

When the SV-waves are vertically incident in the plane defined by
BH = 45 deg, the bridge foundations are subjected to uniformly distributed
horizontal free-field displacements that can be resolved into identical com-
ponents along the x- and y-axes. The resulting principal bridge displacements
are also horizontal, although some small vertical displacements are generated
that are antisymmetric about the midspan of the road deck (Fig. 4-34 and
Tables 4-8 to L-10). The features of these bridge response characteristics

are described as follows:

. By comparing Figures 4-34a and 4-13a, it is seen that the
bridge displacement components along the x-axis are similar to
those generated by the Case 2 vertically incident SV-waves
(8,
the x=displacement of the road deck is exhibited at the same

Ix = 0.72, or f = 3.0 Hz); and {(b) at

higher frequencies, the x-displacements of the foundations

= 0 deg, 8, = 90 deg) in that: (a) a significant peak in
resonant frequency (R

substantially exceed those of the road deck.

® As seen from comparisons of Figures 4-34b and h-bka, the bridge

displacement components along the y-axis are similar to those
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induced by the Case 1 vertically incident SV-waves (BH =0y =
90 deg); in each case, a prominent resonant response that is
symmetric about the midspan of the road deck is induced at the
Ly = 0.58, or f = 4.2 Hz). This

resonant response corresponds to a rocking of the bridge in

same resonant frequency {R

the y-direction.

'Y The rotations about the z-axis are small and are a consequence
of the bending of the road deck in the y-direction (Fig. 4-34d).
These rotational response characteristics are similar to those

induced by the Case 1 vertically incident SV-waves,

Deformed shapes corresponding to the resonant responses noted above are pro-
vided in Figure L-~35.

L.6.2 NONVERTICALLY INCIDENT SV-WAVES

When the SV-waves are nonvertically incident in the plane defined

by = 45 deg, the bridge foundations are subjected to free-field displace-

]
ment :omponents directed along the x-, y-, and z-axes (Fig. 4-33b). The
relative phasing and amplitudes of these displacements along the two founda-
tions depends on their wavelength (or excitation frequency) and on the angle
of vertical incidence, GV.
The bridge response to nonvertically incident SVY-waves with
GH = b5 deg Is shown in the form of amplitude vs. dimensionless frequency
plots (Figs. 4=-36 through 4-40) and as tabulated amplitudes and phase angles
at selected freguencies (Tables 4-8 to 4~12). This response, unlike that for
Cases 1 and 2, is now fully three dimensional-over the entire frequency range.
Also, the response is markedly different from that induced by the vertically
incident SV-waves with 6, = 45 deg, as discussed in the paragraphs that

H
follow.
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4.6.2.1 Resonant Response Characteristics

For nonvertically incident SV-waves propagating in the plane
defined by GH = 45 deg, resonant responses occur that involve sidesway of
the bridge in the x-direction {at RLX =0.72 or f = 3.0 Hz) and significant
vertical displacements at the midspan of the road deck (at RLx = 0,67 or
f = 2.8 Hz). These two resonant responses, which are depicted by the signifi-
cant peaks that occur in the x-displacement and z-displacement vs. frequency
curves, are coupled because of the close proximity of their resonant fre-
quencies (see Tables 4-8 to 4-9 and Figs. 4-36a,c to 4-40a,c). These
response characteristics differ from those induced by the vertically incident
SV-waves with 6, = 45 deg in that: (1) the resonance involving the vertical
displacements is not excited by the vertically incident waves; and (2) the
coupling that occurs between the sidesway and vertical displacement rescnances:
at RLx = 0.72 results in a deformed shape of the road deck that differs
markedly from that induced by the vertically incident SV-waves at that
frequency (compare Figs. 4-41 and 4-35a). It is noted that this vertical
displacement resonance was also induced by both the Case 1 and Case 2
nonvertically incident SV-waves (GH = 90 deg and O deg); the sidesway
response was previously observed when the bridge was subjected to the Case 2

SV-wave excitations (8, = 0 deg).

H

Unlike the vertically incident wave results, the nonvertically
incident SV-waves propagating at GH = 45 deg do not induce a resonant
response invelving rocking in the y-direction. This is because the finite
apparent wavelength of the obliquely incident SV-wave excitations introduces
phase differences between the y-components of free-field excitation applied at
the two foundations. These phase differences, which are not induced by the
vertically incident waves, destroy the symmetry of the applied loading in the
y~direction; this, in turn, makes it difficult to excite the symmetric rocking
resonant response that was generated by the vertically incident SV-wave excita-

tions at RLy = 0.58 (f = 4.2 Hz) (see Figs. 4-36b to L-40b and Table L4-10).
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4.6.2.2 Phased-Input-Induced Response Characteristics

Three main types of phased-input-induced response characteristics
eH = b5 degq.

The first type corresponds to the reduction in amplitude of the displacements

are induced by the nonvertically incident SV-waves propagating at

along the x-, y-, and z-axes that occur at higher frequencies; in all cases,
the higher-frequency displacement amplitudes fall! well below those of the

free field (Figs. 4-36 to 4-40). These reductions occur because the nonver-
tically incident SV-waves with 6H = 45 deg have a finite apparent wavelength
and are propagating oblique to the span of the bridge. The excitations are
therefore affected by the significant dimension of the rigid foundation in

the y-direction (Fig. 4-33b); as discussed previously, this results in self-
canceling effects whereby the net foundation loading decreases as the pro-
jected apparent wavelength becomes small relative to the dimension of the
rigid foundation. This decrease in net loading causes the observed reduction

in bridge displacement at higher frequencies.

Another important feature of the phased-input-induced bridge
response is the nature of the rotations about the z-axis of the foundations
and road deck. These rotations, particularly at the foundations, are large
when the vertical angle of incidence is near the critical angle (i.e.,
0y * 60 deg).* Some features of these z-rotations are as follows (Figs. L-36d
to 4-404d):

L g The z-rotations of the bridge are small for shallow angles
of vertical incidence (GV = 20 deq) and increase to very large

values near the critical angle of incidence (GV T 60 deq).

. At Jow excitation frequencies, the amplitudes of the
z-rotations of the road deck are comparable to or larger than
those of the foundations. At higher excitation frequencies

and for 8, = 60 deg, the foundation rotations attain very

“The foundation rotations about the z-axis that occur when & = 45 deg and
6y ~ 60 deg are much larger than those induced by the Case 1 'excitations

(64 = 90 deg) or by the excitations induced by the Case 3 vertically incident
SV-waves (BH = 45 deg, 6, = 90 deg).

4-19
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targe amplitudes that are substantially greater than those of
the road deck; they therefore indicate marked torsicnal

deformations of the end walls.

] The large foundation rotations that occur when By 7 60 deg
may be attributed to free field displacement components in the
x-direction that are nonuniformly distributed along the 70-ft
length of the rigid foundation. This phenomenon is similar to
that induced by nonvertically incident SH-waves that are propa-

gating along the foundation length (Werner et al., 1977).

® The z-rotations induced in the road deck are due to differential
y-displacements that are induced in the road deck because of
bending in the y-direction. Because these y-displacements are
larger at lower frequencies (Figs. 4-36b to 4-L4Ob), the
z-rotations of the road deck are also larger within that low-

frequency range.

A third and final phased-input-induced response characteristic to
be discussed corresponds to distinct zero-points or very small values that
occur in the curves relating the y-displacements and z-displacements at the
midspan of the road deck to the excitation frequency (Figs. 4-36b,c to
k-40b,c). These points occur when the free-field excitations applied at each
foundation are phased so as to induce y-displacements and z-displacements
that are approximately antisymmetric about the midspan of the road deck
(Tables 4-11 and 4-12). The excitation frequencies at which this behavior
occurs increase with increasing ev; this is a consequence of the spreading
of the frequency scale because of apparent wavelength effects, Also, it is
noted that when the bridge is undergoing antisymmetric y-displacements, (or,
for that matter, any y-displacement response that is not symmetric about the
midspan of the road deck), the resulting out-of-phase rocking displacements

of the two end walls induce torsional deformations in the road deck.

4-20



R-7911-5008

A\

SSABM-\S
0'0 0°2 JUSPIdUL A[]BD1149A WOLS UOL10H 06
869°0 886°1 feoud pue sseyd-uy aue >: pue x: 99
uojjow jo sobued
x9}dwod pue |esd ussMl1Sq 9IBJU3IU|
0°0 Lo € 3y ceduspiouy jo o|bue [edj1i4g 09
979°1 qzl"1 uotjow opesboud 213dj| (3 sS
. uojiow jo sobueu
apeaboud 213d1| |2 pue speabosisu
Hin L 0°0 211d1||® ussmiaq sde4491Ul 1Y Gh
806°0 G9%°0 uoyjow spesbouial o13di| (3 0¢
>: I: soued 1} 1ubyg bap
Ay

(€-% °b3) uojiop °de314NS punouy
Pl@14-9944 jo sepni|jduy

NOITLOW JAVM-AS 40 3SVI HIV3

404 d3I¥3AISNOD 3JONIAAIINIT TYIILdIA 40 SITINY " l-% 3749VYL

L-21



R-7911-5008

A\

*Z-4 94nbi4 u1 umoys se >o uo 3juspuaddep ade uoilow pid14-994y 40 sa|bue aseyd pue sopnii|duy (Z)
(ZH) Adsusnbaty uo131B3|IDX3 = 3
Z2E0TVY 3ABM-£S JudpidU] 3O yibua|saem 01 (34 0/) yibua| uoplepunoy jo ojley = >4m (1) :230N
¢ 0L X sixe.x
L88s L~ 86L "% LZigt0 86L % L8989 1~ 861"y LE1H"0 89L "y 489 1~ 89L Yy Inoge uoileloy
. sixe-z Buo|e
u8/6° 1~ 06571 L466°0- 620°1 L466°0- 82071 L9660~ 0€0°1 L1466 0- 0£0°L Juswase(dsig
sixe-A Buoje
“E69°1- 75671 LLOE"0 08L"1L LEGY* L~ 08" 1L LeH1°0 79470 LGhi0 9.0 1uswade|dsig 1
’ £.01 X sixe-x
Lg1iz°0 £L/°¢ Lgiz0 eLLe 481770 €L1°¢ iglz-o L€ 181270 A, 789 inoge uol3ejoy
sixe-z buoje
LEZ10- 1€L°0 £098°0 €970 L0980 £L%°0 L098°0 Ly 0 4198°0 L74 M) Juawadeds|q
sixe-A buoje
L9€1°0 656" L 19€1°0 LA 9¢1°0 LI 15500 7i6°0 495070 716°0 juswade|ds|q 0z
MIO_. X SiXe-X
L/{9°0 RSl H L//9°0 LT 90 LET | 49/9°0 L0y 46/9°0 LL0H inoge uoiieioy
sixe-z Buo|e
- | {ews - | 1 ews - 1 1 ews - i [BwS - | | ews juswade(dsiq
sixe-A Buoje
/8070 810°S 18770 045y u/glto VA | L1880 G85°¢ 418°0 9R5°€ Juswadeidsiqg 06
ped opn3tjduy” ped apni {duy peu apni | duy ped apnit | dwy ped spniy (duy asuodsay ANVmwu ,>m
‘3t buy ‘abuy ‘abuy ‘aibuy “9|6uy 30 jusuoduwog] ‘ad3uapidu|
aseyqd aseyd aseyy sseyy aseyd jo a|buy
|8213143p
123 peoy Liem pul Liem pu3 uot3epunoy uocilepunog
30 uedspiy weaslsumoq 4O dojp weadlsdny jo dop wes.i3sumoq weaslsdn
A1

AFVANI iy =1)85°0= o

LY SNOILYLIIX3 3AVM-AS 0L ISNOJSIY LNVYNOSIY :(D3a 06 = :ov L 3SY)

‘C-% 34Vl

k-22



R-7911-5008

A

*Z-4 2inb14 uy umoys se My wo ludpuadop sde uojjow p|a14-9344 jo soibue aseyd pue sapniy|dwy (g) :@I0N
€_0L X sixe-x
L9690 LETAN ] £4965°0 LETAR 19650 LETA Ly65°0 0694 Ly65°0 0694 inoge uo|leloy
sixe-z buoje
__mfm 71670 ::mm.o 169°0 L486°0 16370 Lyg86°0 26970 48670 26570 juswade [ds|g
sixe-A Bbuole
L0 A3 0] kL0 LE0"Y It LA 9€0°y 186/l 0 500°¢ L86/°0 500" € Juswaoe|dsig 99
¢.0L X sixe-x
L4990 STl g “4/9°0 szLts Lg/9°0 qzL°S Lz/9°0 [19°§ Lz/9°0 {19°§ 1noge uoileloy
sixe-z Buoje
L/€g80- 09170 uy10 q0L°0 LigL 0 L1 ] Liwl'o 0L 0 L1 0 ®01°0 luswade(ds|g
sixe-A Buo|e
476170 9LLL LZ6L°0 18%°9 2640 18%°9 122870 qeLs £228°0 REL'S juswade|ds|q 09
€-0L X syxe-x
uino §s8e°¢ ELTA MY §9¢°¢ Lyl 0 99e°¢€ LzZlh o 89¢ ¢ LZin0 89¢€°€ inoqe uojleloy
sixe-2z Buole
Lnlleo- 424 4 L0L8"0 zZLe L 10/8°0 VAN Lo/8°0 €LE"L 10.8°0 €Lt Juswade|dsiq
sixe-A buole
10%8°0- 66£7 1 10h8°0- SLT°1 L0%8 0~ Slzy LizLr0- 828°1 Lyzl-0- 82871 luawsde|dsiq 59
ped apnli|duy ped apnii {duy ped apn31 i | dy pe. apnji | dwy peu apnj 1 | dwy asuodsay {z)2°P A
‘a(Buy ‘9| buy ‘3| buy ‘9| buy ‘9(buy 10 juduodwo)y t3oUap 1oL
aseyq sseyd aseyqd aseyy aseyy 30 3|buy
12213437
339¢ peoy Ltem pu3 tiem pu3 uc|iepunog uogyepunog
40 uedspiy wealsisumog jJo doj weadisdn jo dog wea.d3sumoq weadlsdn
(@3an1dNol)  “Z-# 374Vl

4-23



R-7911-5008

*Z-4 34nBi4 Ul umoys se >® uo juspuadap ale uollow P(314-3944 jo sajbue sseyd pue sapni)duy (7)
(zZH) Aousnbadj uolle3IOX3 = J
canemM-p\S Judpidul Jo yibua|saem 03 (33 o) yibus| uo|iepunoy jo olley = >4x (1) :@30N
ETEOTVY
sixe-z Buoje
LO6E " 1= 69¢° 62 LO0E" 1= 761°2 LOoE" L= L1 L86T" i~ zql T Q67" L- 25172 Juswade(dsiqg
. sixe-A Buoe
L TAE L0670 19/%°0 048°0 R TAN 0(8°0 L96€°0 €qL°0 196€°0 4170 1uswade|dsiq
sixe-x Buoyje
-- L{ews LoLE "0~ 15l 0 LoLe 1= 15170 Lheh " L~ Lig't Lhbh 0= JAR: 1uswade|dsyq a4
sixe-z buoje
iy 0 £1Z2°91 156570 Lzt L9€5°0 Lz-t L/ES O 88L"1 EYAS ) 88l 1uswade|dsiq
sixe-A'Buoje
LZ0E"0 £2T° 1 LZ0E°0 €LL"y 420€°0 €Lt 1682°0 79570 LE8T 0 %550 juswadeidsq
sixe-x Buoje
-- L1Bus 45€5°0- £80°0 499470 £80°0 LonE"0 €001 40997 0- €00°1 juawadedsiq 0¢
sjuswooe|dsip
-= L Lews - 1 |ews -- LLews - l1eus --= lieuws 43yjo | |vY
sixe-A Buoje
LZl6°0 0%6°2 LzL6°0 12872 1zZ/6°0 128°2 Lll60 15572 L/l6°0 £55°¢ Juswadeidsg 06
ped apni | duy ped apny | duy ped apni ) |duy ped apni | | duy peu apn3 | |duwy asuodsay Amvmwn .>m
‘s buy ‘a(buy ‘o buy ‘s|buy ‘o buy 40 jusuodwoj | ‘escuspiou]
aseyd aseyd aseyq aseyqd aseyq 40 2| 6buy
18213437
329Q peoy L1eM pu3 l1em pul uojiepunoy uojjepuno4
jo uedspiy weasjsumoq jo doj wesaisdn jo doy weaJljsumoq wesslsdp
AT
6€'0 = ¥

LV SNOILVLIJX3 3IAVM-AS OL 3SNO4SIY LNYNOSIY

(ZH 0872 = 3)
(1) N
:(930 06 = 9) | 3SY)

"€~y 374Vl

L-2)



R-7911-5008

*Z-% 24nB14 U umoys se >o uo Juspuadap Sue UOIIOW P[I14-3944 40 s2bue aseyd pue sepnij(duy (Z) 230N
) sixe-z Buoje
416570 LI L189°0 LA L1g9-0 oLt 1£39°0 Tl 1 LE£89°0 Rzt L Juswade | ds g
- sixe-A Buoe
10%6°0 89L°C L0#r6 "0 999°¢ LoN6°0 959°¢ 4zl6°0 06£°2 LZ/6°0 06¢°2 luswadeidsiq
sixe-x Buoie
-- L lews L1197t 6£0°0 L119°0 6L0°0 198%°0 6%6°0 41§ 0 676°0 luswade|dsig 99
. ) sixe-z Buoje
LE80° 0~ 6Lz 180070 {5170 4800°0 L5170 460070 wsl'o L6000 #G1°0 juswaoeydsiq
) ) sixe-A Huoye
LE/6°0 M9y 1£/6°0 8Sh Y LE/600 85h "y 18/6°0 290 H 18/6°0 29074 juawedejdsiq
sixe-x Buole
- L ews Lg€6° 0 LL0°0 LE90° 0~ 11070 L/g1°0- 0¢L°0 L/gEt L~ 0£L°0 juswade|dsig 09
) sixe-z Guoje
198470 599°9¢ 494570 8eL°¢ L9/9°0 gl e /LS50 989°¢ LLL5°0 989°¢ Juswade|ds|q
) ] sixe-A Buoje
4949 0= 96€° 1L L9490~ 6EE"L 19490~ 131 LEEG O~ £98° 1 LEEY-0- £98° 1 luawedejdsiq
sixe-x Buoie
= Lews 166%°0~ 88L 0 L5090 68L°0 £08€°0 89¢°¢ 4029°0- 89¢°¢ Iuswade|dsig ss
. ped 3pni i | dury ped *apn3 | duy pex epny | | duy pel apnit | duy pes apniy {duy asuodsay ANvmwu .>®
2| buy ‘aibuy ‘aibuy ‘2| buy ‘a|buy 40 jusuodwo) | ‘s2uspidu|
aseyd aseyd aseyd aseyd oseyd 40 3| Buy
1ed1349p
%33Q peoy tieM pu3 L1eM pul uo!lepunoy uo|3epunoy
4O uedspip wealIsumog 4O dojf weasisdn jo dop weadljsumoq weauysdn
(a3an1oN03)  “E€-4 378Vl

4-25



R-7911-5008

A

*g-4 24nbig u1 umoys se g uo Judpuadap sue uojlow pia14-9343 jo s3{Bue aseyd pue sepniyduy (Z)
(ZH) Aousnbauy uoilel|dox3 =
*3ABM-AS Judpidut 4O yibuajonem o3 (334 0ZL) yibuo| ueds 3bpiiagq 4o ollRYy = xqm (1) :930N
PZEQTVY
syxe-z Buoje
Li4G°0- 886°€1 Lizitli- 8610 o0z 1 £€€9°1 LogL- - 602°0 L6171 S09°1L juswade|dsq
sixe-x Buo|e
142270 £62°0T 1zZT°0 6hz 02 L02z°0 160°02 LE6LQ 688°¢ 48/Z°0 90L°2 Juswade|dsig 99
sixe-z Buoje
£989°0- 96492 L6498 0- 8hs L L108°0~- 7261 £6498° 0~ 9251 LEQg8°0- 08" 1 lusuede|dsig
sixe-x Buoje
166170 [19°92 466170 9£9°92 L861°0 962°52 184170 Lin*§ L3HZ0 giee jusweoe|dsig 09
sixe-z Buo|e
£99¢ " 0- TNV 419170~ 986°1 LZ60" L §69°1 1651 °0- 796°1 L80° L 969°1 luswadeidsiq
sixe-x Buoje
1964 ° |- 480" € LzeR1- [ TARES L10G°L- 696°2 L6t 1= 160 LpLLci- 819°0 luswade|dsig 89
sixe-z Buoie
Ly TR AN (4] L0€0° ¢~ 19571 LZE0" L~ LTA D! 10€0°Z- gns L LIgo° L~ 045°1 jusweoe|dsig
s1xe-x Huoje
Lz 0= 66 € AL M agng LzEn-o- WA/ DS 49970~ (74 8l 18€G°0- 599°0 3uswede|dsig a4
sixe-z Buoje
£8Q9° L~ l£o'g Ling-o- 6zL°0 16290 99870 L/4E"0- weL®0 1z€9°0 848’0 luawade|dsiq
sixe-x Buo|e
Lgoz 0 0614 LzZ0z°0 SLL'y 96/ |- SLey /gl - 92670 L8610 684%°0 luswede|dsig 07
sixe-z Guoje
-- L lews Lz8L°0 Lse°0 RTA TR AT ) LZ6l 0 ene0 A YAN" £HE°0 1uswade|dsig
sixe-x Suo|e
L655°0 0zi°SE Less o £16'He 69570 €16 %€ L£95°0 988°9 L€95°0 988'9 1uswade|dsig 06
ped apn3 | j duy ped apni ) [duwy pedt apnit [ dwy ped apn3 | (duy ped opni| | duwy asuodsay ANmev hg
‘9| buy ‘3| buy ‘9buy ‘9| buy ‘aibuy JO 1usuodwo) ‘aouapiou|
aseyd aseud aseyd aseyqd aseyq 40 aibuy
|ed13497
338Qq peoy t1em pug Liem pu3 uolepunad uoflepunoy
3O uedspiy weaalsumoq 40 doj weasjsdn 4o doy wead3sumoq weasisdn
. X7
Z2L'o= o

1Y SNOILVL1IX3 3IAVM-AS OL 3ISNO4SIY INVNOSIY

AFVANI O.M = %V I
$(930 0 = "'6) T 3ASYI

=% 3749vl

4-26



R-7911-5008

A

A

*Z-f 24nBij U umoys se g U0 judpuadsp 3.4e UOIIOW p|djj-9a4y JO sa(bue aseyd pue sapny|duy (7)
(zH) Aousnbauy uo3leldx3 =
ToABM-AG IUSP DUl O yirbus|aAem 03 ﬁaw 0zL) yibua| ueds abplug jo o1iey = X1 (1) 930N
STEOTWY
s1xe-z fGuoje
425070~ 945" €€ L1400~ 206°1 Lewl-t Sge-lL Liyo 0~ 958°1 uehl ) enelL juswade|dsiq
sixe-x Buoye
Ly/5°0 g18°8 L6L5°0 6£8°8 L6950 60L°8 1258270 9zL°¢ 151870 ST 3uawade|ds g 99
sixe-z Guoe
450270~ £20°09 LeLE O §19°¢ Loze 0~ (457083 LZze 0~ gEn"¢ LzzZe 0~ 984" € juswade(ds g
sixe-x 6uoie
4£65°0 688" 11 169970 LET A LgHS "0 90911 L9Z1°0 gel y 175470 096°9 Juawadeids)q 09
sixe-z Buoye
161170 29975 | L7070 Wiy 156170 0zg" L 404070 gHe Y 266170 A T2 juswade|ds g
: stxe.x Buoje
LogLt - £60°2 L860° 1 - 09¢°¢ Lghtc - qz6° 1 ATAR S 7199°¢ Lhgg"0- 616°¢€ juswadedsq S5
sixe-z Guoye
Llz6 - 6zL°¢ 206"t~ 8991 L9101~ Lon 1 woL6° L~ 299°1L uhi0® - Lo7°L juswsde|ds g
] sixe-x Buoje
Lg/0"0~ 6791 L6/00~ €971 L9/0" Q- 84971 0g0-0- 4 1] ugee 0~ 09170 juswade(dsiq Sy
sixe-z buo|e
Ligeci- LTA NVA L1Z6° 0~ 06%°0 u9s8/°0 (VAN} 4606°0- YA M) 199L°0 SH6" 1 juswdde(ds g
sixe-x Buoye
L0850 £46°0 486670 7L8'0 LZOY "L~ 50071 IYATANES whRTL 161170~ 926°0 Juswadeds g 0C
sixe-z buo|e
-- L jews Lziott 1£0°0 Lz10°¢ LL0°0 Ly20°1 5900 1420°2 590°0 Juswede|dsiq
sixe-x Buoje
L068°0 250741 L0680 6L6°¢€1 Lo6g -0 6L67¢EL L1680 €Lg°¢ L1680 €l8°¢ juswade(dsiqg 06
ped apni | |dwy ped opni| | duy pea °pni | |dwy ped opniy tduy ped apnitiduy asuodsay A~Vmuv .>m
‘9(buy ‘atbuy ‘a1 6uy ‘9] buy ‘3 buy 40 3usuoduo)g ‘aouapidu|
aseyd aseyd aseyq aseyqd aseuyd jo 2aybuy
RN REE
%23 peoy Ltem pul | 1em pu3 uoli3epunoy uo(lepunoy
40 uedspiy weasjsumog 30 doj weadysdn jo doj wead 3sumo(g weaJdysdpn

1V SNOILVLIJIX3 3AVM-AS

(1) (B 8T = 3) L9°0 = X

0L 3SNQ4SIY LNWNOSIY

Ty

:(93a 0 = "e) 7 1sv)

*9-% 374vL

4-27



R-7911-5008

A\

4-28

(2H) Aduenboiy uol3lel1dx3y = 4
T9ABM-AS JUIPIdU] jo yibus|anem 031 (34 ozl) yibus| ueds 2Bpiiq jo o1ley = x.._x ()
©Z-4 24nByi4 ur umoys se >w uo juspuadap 3de UOIIOW p[D14-9344 JO so|bue aseyd pue sapnyy|duy (1) 330N
9ZEOTVY
Lhzh g- 019" Lk G- 3TN LZS50 LU Lohh G- 6221 425570 161 sixe-z Buoje juswade|dsig (£2°9)
LGZ1°g- 192°0 L7L6°G- oil 0 u581-g- wiZ'0 ig/0" /- gle°z L/26'0~ 0£g°t sixe-x Buoje 1uswade|dsig | 6/°1Z mmuowm 500
1499°0- 6061 E659 £~ 12971 L1Zh0 9902 4859 ¢~ LhS" 1 L1Z4°0 700°C stxe-z Buoje 1uswsde(dsig (6n°¢)
19
1518° G- L1€°0 LENg G- €1E°0 Lgll G- L2270 ETRVAL B z80°2 /080~ 61672 sixe-x Buo{e 1usweoe|dsig | €541 mquMN =2
uglz 0~ gne-t DX TANT Sth'z 469/°0 Ehitz [ TANT 10h°2 L0LL0 0Lz sixe~z buoie juswade{dsig (7i°1)
) 6
stzge- | zzeo | enge- | g0 | szngve- | sofo | sgzsiz- | w66t | s59°0-| 06Tt | sixe-x buole wuewsderdsig | gz | 22ESS 5%
40£9°9- £55°€ a9y /- 9450 510" L= 9€£5°0 wEhyt - L05°0 22LE - e 0 sixe-z Buoje 1uswode(dsig (vz°4)
LIl Y- $60°0 | sihzou- 910 v1zloz- 0900 | ufgi'g- viito }owtorcg- 621 sixe-x Guote juswede|dsiq | g9*/1 mmmmmmxmmw
L/ne g €LL°0 L{EE" G- £2€° L LE9E |- %951 29€E G- 96271 LE9E" |- TES°1 sixe-z Guote juswsde|dsig (€8°2)
) SH
150z°z- | wgo'o | uegzz- |  ze0t0 | 285z0- 190°0 | w6ws 4- tgi'0 | wnoti-]  e9zi0 | sixe-x Buole 3uswsoeidsig | gz- 11 mwmmmmlmmw
1020" Z- J4:108¢ 1570 €= 809" 1 LIEO" L~ 685°1 1GHO" €~ 709°1 LlE0"L- §85° 1 sixe-z Buo|e juswade|dsiq (14°1)
499470~ 0810 L26%°0- 9L1°0 L6E4 0= 910 uZ2h° T~ €270 I L e 9z1°0 s{xe-x buole juswoede|dsiq | 68°§ mmmmmmnmmw
L66E°9- 02.°0 ©QEy G- 180"t 4895°0 6/9°0 LiEq G- 850 1L u0L9°0 £59°0 sixe.z buo|e juswade|dsiq (61°€)
3
1059 z- gl1'0 | £g9°0- 65170 1919 Y- 9510 Ligg - L9H"0 agli o 7840 sixe-x Suote 1uswederdsiq | og €y mnomm =00
L9624~ 82570 4BET €~ 80870 +L£9°0 9zz°1 LQET €~ £08"0 u9£9°0 6021 sixe-z Buoje juswade|dsig : (€1°2)
. . s . . . . 5 . 8ap gz s0d 0z
/64" 0- z8L°0 405" 0- zL1°0 LYA:L A £L1°0 in8L" - 822'0 2H0€°0 (6£°0 sixe-x Buo|e juswade(dsig | /g°g 27
T4 A 607°1 LELET [ 056'0 Lh6L°0 €460 AN B 0$6°0 w9640 £46°0 sixe-z Suoje juswsde|dsig (90°1)
: 65
L819°0- [ TA) L7290~ L0 LE(9° T~ S€L°0 A 7A 012’0 110570 £9€°0 sixe-x Guole juswede(dsig | €n'y mnoom o3
peu apni jduy ped apnl | (duy pea apni) duy ped apni 1 | duy ped 9pn3 1 jdwy Jsuodsay 40 Iuduodwo) ZH ‘3 x.r_ (1) bap .>u,
“91buy ‘3 {buy ‘3| Buy ‘a[buy ‘3| Buy *3J3uspidu| 40
aseyd aseyq 3seyq Iseyqd Iseyy 9| buy |ed:ilaap
3NI9Qq peoy {1eM pu3 tlem pul uo}lepunoy uo|iepuncy , Aduanbsuay
JO uedspiy wealisumog JO doy weasisdn jo doy wealdlsumoq weslisdn A(w._olmu_uxM

SNOILVANNO4 OML 3FHL LV 3ISYHd 1vnd3 ANV 3ANLITdWY TvN03 40
SNOILVLIOX3 IAVM-AS Q7314 IS 0L 3I9a148 40 3ISNOJS3IH (930 0 = Iov ¢ 3SY)  "9-% 3Navl



R-7911-5008

A

(2ZH) Aouanbadj uoi3lelydxy = 4
*SABMoAS IUSP1OUL 3O yiBuayssem 03 (34 0zl) yibusi ueds 3bpiig jo oyley = xe (2)
*Z-f 24nbi4 Ui umoys se >® uo uapuadap sse uoilow n_m_.m-ww._m Jo sajbue aseyd pue sopniyydwy (i) 930N
L80€°L- 4wtz o Ling 6~ H9L°0 L£20'0 0£2°'0 229276~ 98L°0 10800~ 29270 sixe-z Buoje juswade(dsig (01°L).
e S0
L1099~ 6L0°0 L6GL" 1= £21°0 £81€° 9~ #5170 Lhl€r g £89° 1 L0SE" L= 609°1 sixe-x Buoje jueswsdeidsig | g5 67 ln4MM|l
L961° - weEL 0 YA S 0550 198L°0 810 A 84570 186L°0 LTAN} sixe-z buole juawdde|dsiq (€L%) .
6 02 9
Lhh€ - 1660 18L€" 0~ €82°0 150€ " H- 052°0 27927 €~ 905°¢ LYEE" 1~ 6L4°2 sixe-x Buole juswadeidsig | z/-6l Im.molm.WmI
uEqLZ- 81570 LZH9 4= 06€°0 LZ8L°0 6(8°1 /99" - Sin0 [ FVAL] 95871 sixe-z Buole 1uswade|dsig (L£°2)
[
1E06° L- 56570 |wo01-0 0ss°0 | 15067 1- 5950 | u6so-i- 9481 4890° L- 11871 sixe-x Buoje juswede(dsig | 9g°6 l%qﬂrmm
LEsl 2= 60Z°0 120€°9- 9z£°0 Lygg-g- zzL'0 Ly1€t9- 1620 L/£8'9- 1Z1°0 sixe-z buoje juswede(dsig (00°9)
- 6
Uz T- 1620 |ewzgo- zzzro | togz9- | gzzro | wi9zvs- ts'z | #6ini- [ zzstz | sixe-x Buote suswsseidsia | oo-sz [ 2SR
L4221~ 15270 169/ 4 He0 Log6 g HZn' o LggL 4= LEE°0 LGEG €~ Th0 sixe-z Buo(e 3juswade(dsig (00°4)
09
6
siizoo- [ gssto fruzo- | eswo | szize- | osswo | wsozie- | et | wgozii- | cnzrn | sixe-x Suote wueweserdsia | r9-gr | 2202
w8l 0- 65070 1969 1- £16°1 L489° - 0041 220" 1= G981 L069 T~ T899t sixe-z Buole juawaseidsiq (00°2)
[
486170 engto | eg6i-o 51970 4708" 1~ 719°0 wyil - ssne #G1LT 1= Leq€ sixe-x Buo(e luawsdeidsiq | €£°g kolow_lmnow
f L Bap A
peds apnit (duy ped apni{ {duy ped apni (duy ped 2pn3 1 |duy ped apn3 (| {dwy asuodsay 40 1usuodwo] zZH ‘4 Y . (1)
‘o buy ‘a|buy ‘a(buy ‘a|buy ‘9|buy a3ua3p1dU| 4O
aseyd aseyd aseyy aseyy aseyy a{buy (ed213a9p
%23Q peoy t1em pul tiem puz uo3jepunoy uo!3epunoy Amv>ucmzcv‘_m
30 uedspiy weadisumog Jo dol westisdn jo doy wead 3sumoq weaJaisdn uo11e119x3
(Q3an1IN0Y)  *9-% 3T4vL

4-29



R-7911-5008

A\

(2H) Aduanbauy uoilelyoxy = 4
TBABM-AS IU3p 13Uy 3o yibuajeaem 01 (313 0zl) uibuay ueds abpiig jo orrey = xe (2)
*Z-% 31nb614 ur umoys se >o uo 3uspuadap ade uojjouw pyd1}-3ady Jo sa|bue aseyd pue sapnipfduy (1) :a30N
LTEOTVY
L{Gh i~ 616°1L Lhgg 4~ S€0°1L 265970 gLt 2699 - 796°0 £999°0 gL L sixe-z buofe juawade(dsiq (9¢°4)
L1889~ 9L0°0 L91E9- 1L0°0 L1€0°L- 15170 DA 11072 2698 0- 8LE" L sixe-x Buoje juawsde|dsiq | 91°glL m%%w i
49040~ #5870 L9972~ 89" 1L L6400 69971 Lh9z 2~ 089t 6100 65971 stxe-z Buoje 1uswadeidsiq (z29°2)
. 59
L1664 ®0Z°0 L9/0° 5~ 951L°0 LHEG - 0£Z°0 RXAT "oL T LE5/ " 0- 59471 sixe-x Buole juawddetdsig | 06°0! mmvmmm =2
LZHS 0~ $0Z°€ 610" SELTL L5060 656" 1 196170~ Lzl 1€06°0 956°1 sixe-z Buole Juswadetdsig (L8°0)
6
s500°6- | oos'0 | sfo'e- | oewo | sisgz- | sost0 | assti- | ewnct | wozgto- | g9gry | sixe-x buoie jwswoveidsig |ggrg | —2RAES
604" G- £82°0 4T 9- z52°1 4162 - [FAR uE£gz " 9~ €771 1§21~ 660°1 sixe-z Buole 1uswede|dsiq (45°€)
ugnloz- | geoto | wg9rz- | souti 190670~ | w00 | s9zL°5- | sosto | uw6zsti- 169°0 | sixe-x Buole jueuwaverdsiq | €2 41 mwmwmw:mmw
ugGh g - 720°0 L70G g~ ££9°0 L9 1~ 09970 LOGY " - 665°0 LGt L- 529°0 sixe-z Buo|e juadade(dsiq (zt°2)
695" 0- 18%°0 159G 0~ [9%°0 LElG0- ey 0 gz €~ £€8°0 L1476°0- %86°0 sixe-x Buole 1uswadeidsig | yg'g leonmm— s02 Sy
ugLLcL- gEy 0 1£10°2- 6£5°1 LEZO" L~ L7A LE10°2- L€5°1 LZZ0° 1~ 04571 m_w?N Buole juswadeidsiq (1£70)
L9z 0~ 600°¢ LL9Z° 0~ L6672 w9z 0~ 18677 LO9E " 0~ L0%°0 L9g¢ - 0- 0£5°0 sixe-x Buoie 1uswade(dsig | ¢6°¢ %
1029°5- [LTA) L00E " y- €760 LG¢/°0 95.°0 LOOE 4~ on6 0 L9¢/°Q 98L°0 sixe-z Buole Juswede(dsiq (99°2)
alzor1-| ooto | uzgero- ciro | ougsioe- | weoto | uswgro- | onzro | seseeo o€l 0 sixe-x Buoie juswadedsig | 60° 11 m%%m =99
195" ¢~ £61°0 Lh8T T~ [AA Rt 1999°0 £01°1L LSz - Ll 4999°0 060" L sixe-z Buoie Juswade|dsig (09°1)
0z
wzzeo- | 9zi-o | 6sro- sero | wzzez- | zue | oegrgte- | gowro ) omzgeco Zhe'0 | sixe-x Buoie juswsdeidsig | $9°9 muum@w 0
L6/9°0- HEE"L 19610~ w60 62870 896°0 +961°0- 14670 L6780 1960 sixe-z Buoie juswade|dsiq (£5°0)
14020~ 79€°0 £90Z°0- £9¢°0 40270~ £9£°0 4199°0- 640 180€°0 1240 sixe.x Suoie juswsoe(dsiq | zz'g mmu%w o2
peu apn3 | |duy ped apniy [duy ped apn1 | (duy peu apni i jduy peds apni | (duy ssuodsay 0 Jusuodwo) z4 ‘3 vjm (1) bap * >w
‘3| buy ‘2ibuy ‘abuy ‘a{Suy ‘a(buy ‘aouspiduj 40
aseyd aseyy aseyy Iseyq aseyy 31buy (221349
%23Q peoy L1eM pu3l L 12K pu3 uojlepunoy uotiepunoy Asusnboa g4
40 uedspiy wea13sumoq 3o doy weodlsdn 4o dop wes43sumoq weaa3sdp @) 183 19%
uo 1383 19%3

40 SNOILVYLI3X3 3JAVM-AS Q7314 3344 0L 390Q1¥9 40 ISNOLS3Y (D30 0 = :ov ¢ 3ASY)

SNOILYANNO4 OML 3IHL LV 3ISVHd 311S04d0 ANV 3ANLITdWY 1vND3

*[-% 379Vl

4-30



R-7911-5008

(2ZH} Aduanbauy uoyleyydxy = 3
T9ABM-AS JUBPIDUL 4O ylbustesem o1 (33 0Z1) yibus| ueds 9Bpiiaq jo oiley = XJm (2)
*g-4 84nb14 Uy umoys se >o 40 Ju3puadop 94E UO|IOW p{I)j-2344 jo sa|bue aseyd pue sspniiidwy (|) :=30N
<T6E 9~ (89°0C 11g9€-g- 9L%°0 ulz7°0 €920 LEQE g~ 89%°0 L1810 FAYARY sixe-z Buoje juswaoe|dsig (26°9)
- 63 502
1588°5-1 S10°0 | w6Ew-0- | gln0 8GR "S- 22470 159 h- | zoli wiyi- 1281 sixe-x Buole 1uswede|dsiq | 59 4Z ||mNMW|Im1
LZHT E- §58°0 2T 9. £8%°0 4408 °0 889°0 4ZTh 9~ 69%°0 L£08°0 SL9°0 sixe-z Buoje juswade|dsiq (95°€)
b3 02
Q8L T~ 940°0 L4QE " 0- 0zZL°0 L 6EL°0 AR A Sin'T L1614 69%°C sixe-x Buoje 1uswade|dsiq § 6/t 'n|m|m|w|.1 59
L6960~ I3 U1 20£0°2- 0LL°0 161670 2ot LoLo0z- |- 1LL0 161670 Z00° L sixe-z Buoje juswade(dsig (gL t)
)
LZHE "L~ 1£0°0 LHZZ0 #4%0°0 L9z L= 89070 “Zlo"o 06L°1 L1860~ 0941 sixe-x Buoje juswade|dsig €6 n ﬁlmmrwom
4562° 2~ 89572 4L£0°9- [ AVA] LENL 8- 2¢8°0 =m.mo.wn oglL 0 LESL 9= 658°0 sixe-z Buoje juswase|dsig (00°5)
s¢7171- ] £10°0 | 195€°0- SLE°0 49HE" G- 63670 B/ 1§ - 485 € s[1€° 1~ 1gn€ sixe-x Buole juswede(dsig | €870z Mmh%wwm
£180° L~ LS L ugqe € SzL70 45187 ¢~ 80%°0 L06€ €~ 1zL0 EYAVM S £0n°0 sixe-z Suoie juswdde|ds)q (00°€)
" 09
“5E1°0 9100 (60" 0- 681°0 g€ € 69170 il - 1&g h 224t~ L6€°y sixe-x Buoje juswede(dsig | 0$°z1 awnmo_ =
<46 0= Zi0°y “h6LTL- 98€°0 42977 L= 510 410271~ 9/£°0 89271~ LN sixe-z Suole luswade|dsiq (00 L)
150 L0070 | =19070 gao'0 | <98670- | sga0 (10°0 Lez s£86°0- | 606°C syxe-x Buofe juswadeidsig | L1'h Wn\%.wlmmm
peu apni1y | duy ped apnijcuy ped apn3y ) jdwy ped apn | | duy ped 2pn1 | dwy 35u0dsay j0 juauodwor zH me (1) 2P ° 3
‘3(Buy ‘3 ¢buy ‘3| buy * 21 buy ‘atbuy *33usp 1oL 4O
aseyqy 3seyy Iseyd aseyd 358Yd 3 Buy |B21143A
%29Q peoy L1eM pu3 {1em pu3 uo|3epunoy uo | 3epuncy Aduanbaud
30 uedspiw weas3sumog 30 doj weasisdpn jo doy wesd3sumog weadisdn Auwo_um:uxu
(Q3aNT1INQI)  “L-% 319YL

A

4-31



R-7911-5008

“Z- 24nbB14 U umoys se

A

@ uo judpuadop aue uoylow p31j-ve4y jo s3|bue aseyd pue sepnirjduy (g}

(ZH) Aousnbalay uoilel1dx3 = 3
aABM-AS Juspoul 3O yibusissem o1 (13 0f) yIbus{ uorlepunoy jo O1IRY = >Jx
oaAeM-AS IUBPIDU] jo yibua|aaem 03 (34 071) yibua| ueds abpiiq 4o oriey = xe (1) :910N
8ZEOTVY

18220 S0 L L6027 0 €8¢ 1 L9HZ 0 76E" 1 L4£6° 0~ 760" 1 4894 °0- €It ¢.0L X s1xe-Z Inoge uoy3eloy
LZSE€°0- 900°6 L1970 962°0 DYATAL S €101 £929°0 #0£'0 LZhL"0- 16670 sixe-z Buoje 1uswade|dsig
UV 189" L LEES O 1€6°1 L{68°0 798" L £295°0 ({728 LZH60 1891t sixe-A Buoje juswade|dsig 59
LG1€°0 L9L°81 L91€°0 06981 L61€°0 279°81 L1820 99¢°¢ L0L£°0 6lL"T sixe-x Buole juswede|dsiq
102270 9zL°2 ©/02°0 9892 wh€Z°0 0042 LgI0" L~ L£2°2 LilHo- 9lZ°2 ¢.0L X S1Xe-Z 3noqe uot3ILIoY
158970~ 69°€1 148l 0~ 95,70 1899° 0~ €l 188L°0- 16070 10490~ 9L0°1 sixe-z Buoje 1uswade|dsiq 09
L60L" 0 19572 ul6n’0 £81°¢€ 10£6°0 2l0'€ L1680 926°¢ 4846°0 648°2 sixe-A Buoje juswade(dsiq
LS0€°0 16782 190€°0 18782 150€°0 0€1°82 /620 e S 492€°0 161 h sixe-x Buoje juswade|dsig
2855°0 0£6°0 084" (= 71670 .Fowm,o 616°0 490/ 0~ [AA%8" 48600~ EHE"L ¢ 01 ¥ Sixe-z noge uo(1e30y
uhGZ 0~ 889791 1850°0 [JE S afoL" 1L oLl t L€90°0 qON* { 1660 [ 611 sixe-z Buo|e juswade(dsiq
L8460~ 56970 450T" [~ 626°0 1489" 0~ 016°0 L40Z" 1- 9¢€" 1 L2990~ 0zE"L sixe-A Buole juowsdeldsiq 5
L{SE" 1~ 1€9°L 255€° [~ 585°L 489E° L= 68€°L L[z £- 601 TR L2911 sixe-x Buote juswade|dsig
AAE 9.9°0 »08€°0-| - 89970 L49g "0~ 0/9°0 “664°0- 75070 L£2€°0- 5500 g 0L X sixe-z 3noqe uotieloy
L6LT"0~ w0t S 19/1°0 SHE*L 4850° L1€°1 L8/1°0 6€€°1 450" L 6lE"L sixe~z buoje juswsde)dsiq
L8010 wZe'o 4861°0- 2650 LER 0 095°0 1091 °2- £90°0 188170 ££0°0 sixe-4 Buoje juswede|ds(q sh
1687 0- 1S1h 198Z°0- 660y L482°0- €51y L4l€°0- 966°0 159470~ 29€°0 sixe-x Buoje juswede|dsig
20L9°0- 89071 16990~ L50°1 LiL9to- 850" 1 4691°0- £€5°0 LigLt - 7950 0L X SIXB-Z jnoge uo13e3oy
1954 L~ 168" 1 L[60°0- 8€8°0 1€9/°0 56870 460" 0- 1£8°0 L69/°0Q 1680 sixe-z Buoje juswedeidsig
L{g1"0- 6900 249" 0- SLL0 L20€°0 69.°0 £959°0- HSE'o 468270 05£°0 sixe-A Buole juswedeidsiq oe
L TANE 44 004 LELG0- [:14/ 04 Lh/5°0- 16€°2 2979 0- 66410 42990~ 582°0 sixe-x Buope juewsde(dsig

-- | 1ews L/€0°0- 9LL 0 4£96°0 91l 0 1009°0- £70°0 40040 £20°0 0L X SiX®-Z 3noge uo3E3oy

-- | lews 178L°0 25270 uZ8L z52°0 226L°0 4270 261" 1 £€492°0 sixe-z Buoje juswade|ds|q
L€96°0 6£2°2 1€96°0 SE1L°2T 1€96°0 [404 L0(6°0 £06° 1 10/6°0 £06° 1L sixe-A Buoje juswade|dsiq 06
16550 S£8° 4T 465570 889742 16950 889° 4T LEYS 0 91°h 1£96°0 9Lh sixe-x buoie juswsoe(dsiq

pea apny ) (duy . peJ apny ) {duy ped apny ) jduy ped Ipniyt | duy pea apni ) |duy asuodssy jo juauodwo) Amvmmv .>o
‘3| buy 3| Buy ‘9| buy ‘3| 6uy ‘2 buy ‘aduspidul 3o

Iseyy aseyy Iseyq aseyqd 3sBYd 316uy (eoci11dap

%23¢ peoy 11em pu3 1tepn pug uo13epunoy Uuo | 3EpUNOY
Jo uedspiy wesl1isumog jo doj weailsdn jo doj weatlsumog weadlysdn

AVIASAAIS — SIAVYM-AS LN3IQIINI

(1)

(ZH 0°€ =4 Ty 0 =

A

¥ ‘20 =

x7

¥) 3INVId Z-X NI
0L 3ISNOJS3IY LNYNOSIY :(93a 9% = :ov € 3SvD

300144 40

*8-% 31avi

4-32



R-7911-5008

*Z-% °4nBi4 Uy umoys se

Ay

uo juapuadap aue uojjow pd14-924) jO sa|bue aseyd pue sapniliduy (I)

(ZH) Adusnbaiy uo13e1IXF = 3
9ABM~AS JUdPIDUl 4O yibuajanem 03 (3 6 - A
- 1oul 4 0L) 4ibus| uojlepunoy 3o oiley = Y
0LEOTYY aAeM-AS luapiout jo yibuajanem 03 (34 ozi) yibus| ueds abpiig j0 O1l1ey = xe (1) :230N

L05Z°0 66Z°1 1EETT0 1g2°1 499Z°0 88z°1 L4060~ 910" 1L L1lgt0- {zo1 m-o_ X sixe-z 1noqe uolleloy
4ZELT0 08l 12 100Z°0 6ELTL 4€50°0 £69°0 £007°Q L0 L £190°0 99970 sixe-z Buole juswade(dsig
404L°0 529"t 10£5°0 948" L £916°0 96L°1 L£65°0 069°1L 19560 M9’ sixe-A Buoje juswade|dsiq 59
4199°0 16L°L 29990 65L°L L4590 LT LzZw'o 169°¢ 1988°0 950°¢€ sixe.x Buoje juswade|dsiq
LERZ°0 (o} 4 LOgZ 0 906 2 195270 71672 4€£86°0- 180°2 [EFL M 1] 4 m-o_ ¥ $|Xe-z Jnoqe uoileloy
ol1-0~ [ 24° 241 LEZZ 0~ LA LYARANE (743" 492270~ 788" 1 61270~ TT6°L sixe-z Buo|e juswade(dsiqg
ugel"0 805°2C L1€5°0 ’ 590" € LEHE 0 £66°C 192570 6%8°2 16956°0 208°T sixe-A Buoje juswade|dsig 09
L£99°Q L(hO°TL ©959°0 60121 £059°0 298" L1 Lh6E°0 1€6°¢ 4Z6L°0 ELL"S si{xe-x Buote juauadeidsiq
149850 806°0 LZZN - £68°0 LZ65°0 968°0 ££99°0- 0£Z° 1L L6600~ SHZL G1l X spxe-z 1noge uolleloy
45220 9€e Ty L561°0 956" € LeHE"O [A7A] iq61°0 768" € LhSE“0 §69°1 sixe-z buo|e juduwade|dsiq
L6160~ 169°0 L9t 1= 14670 10£9°0- 626°0 9L L- §ze L 4949 °0-~ 9171 sixe-A Buole juawsde|dsig 55
42007 1- Lig€ L686° 0~ §95°¢€ *910° 1L~ 8£Z°¢ LZ99°1- 998t LE4870- 608°¢ sixe-x Buole juswede|dsiq
Lhhe 0- 665°0 L€5€ 0- £65°0 L9EE0- S65°0 199%°0- Tgnato 196770~ 050°0 muo— X Sixe-z 1noqe Uo13leloy
i892°0 0ze St LESZ°0 95272 L6470 w6L"0 1£92°0 (A4 L0080 96L°0 sixe-z Buoje luswade|dsig
LigLeo 0££°0 48yt 0= [%5°0 L6440 €290 LEQL T2 950°0 46020 19070, sixe-A Buofe juswade|dsiqg s
4z90°0 IA 7} Lz50°0 SL9°1) L1400 £6L°1 LZEL o 511 LA TAN 28L°0 sixe-x Buoje juswade(dsig
LhEG O~ ST AR £9£9°0- 100"t 46970~ 2001t L0170~ 8640 LeTLT - LTASY) m-o_ X S]Xe-z 3jnoqe uolieioy
467670~ S48°¢ 26/0°0- 089°0 LHEQ 0 900° 1 48400~ 789°0 Lh€§"0 100"t sixe-z Buoje juswede|dsig
L9 '0- o9L-Q 899" 0~ Q5L 0 66270 oxLQ 48970~ €9€°0 LhgZ 0 gnetQ sixe-A Buo(e juswade|dsiq - oe
LZZT 0~ Ligst 102270~ Siet LETTTO- £62°1 L985°0- 08¢0 L910°0 98¢°0 sixe-x Buoie juswede|dsiq

- Liews 182070~ 76070 LZL6°0 760°0 1ZT5 0~ 61070 18/n"0 61070 muop % sixe-z jnoge uoj3ejoy

-- I {eus 4Z10°1 050°0 #Z10°¢ 050°0 Lyz0"1 9400 LHzo°t 940°0 sixe~z Buote juswade(dsig
27,670 6L0°2 vZL6°0 966" 1 izl60 966" 1 LLL6°0 808" 1 L{L6°0 80g°1 sixe-4 Buoje juswade|dsig 06
L0680 €676 L0680 988°6 10680 988°6 L1680 6¢l°2 416870 6eL°C sixe-x Buoje juawade|dsig

pel apni|duwy pet apni ) [duy ped opn3 i | dwy ped apn3 | | duy ped apny| (duy wwcommwx 30 1usuoduio) (2) Bop .>o
‘s1buy ‘a3 buy ‘2| buy “abuy ‘9 buy ‘@ou9apidul jo
aseyy aseyd aseyy aseyq aseyq a(buy {ed114ap

#33@ peoy Liem pu3 L1BM pul uojlepunog uollepunoy
40 uedspiy weallsumoq jo dop weasysdp jo doy weassumoq wesa3sdn

A_vaNI 08°¢C = 4 ‘6L°Q =

A

Ty ¢/q-n - X1
4 ‘£9°0 = " ¥) IANVId Z-X NI 330 avod 40
ONION3g — S3IAVM-AS LN3QIIN] OL 3ISNO4SIY LNYNOS3IY : (930 9% = I8 € ISyl “6-f 319Vl

4-33



R-7911-5008

*z-y 24n614 U1 umoys se hg wo juapuadap 34e uollow p|a14-9a44 jo sajbue aseyd pue sepnii|duy (Z)

(zH) Aouanbauy uo1ieldX3 = 3
IAEM. = >J
-AS 3udp1ouy 4o yibua|aaem 01 (34 0/) yibua| uol3IepunOy O OllRY = ]
X1
- b 6 d 6 = :
— S9ABM-AS Juapiou} jo yibua|aaem 01 (33 0z1L) yibus| ueds abpiaq jo o1iey 4 (1) ajoN
LS0L°0 6£0°2 18/0°0 LT Lg8Z1°0 Lz LEpLt- L1571 Lziwo- 64971 mxo_ X S{Xe-Z 1noqe uo|1e3oy |
121970~ gl LEEE"O 129°0 10€0° L= (880 LEGE D 7790 L41€0° L= €88°0 s1xe-z buoje juswade|dsig
ihth 0 0L6° 1 Lh6Z 0 918°z 14zL°0 989°1 L9Z€°0 982°¢ 142870 9LE"1 sixe-A Buo|e juswade|dsiq 59
L€8Z°0- 78670 46/Z° 0~ £96°0 22620~ 6.6°0 LEOn' 0 066°0 1996°0- T4 sixe-x Suoje juswadedsig
760" 0 162°¢ 28/0°0 L7481 260170 [18°¢ *gTT - g ELTA 80£ "€ mxop X siXe.z jnoge UO|1RIOY
LR6L "0~ ez L106°0- 90270 L80Z "L~ LIAA] L9060~ 6610 LGz 1= 1L2°0 sixe-z Buoje juswade(dsiq
L9e0°0 8¢ L/42°0 A TAN | L918°0 55°2 £092°0 0£9°€ 12/8°0 68£°2 sixe-A Buoje juswede|dsiq 09
LE6Z " 0- 62271 £982°0~ 611 LzZ1g°0- [T ARY 196Z°0 L0811 18960~ 78871 sixe-x Buoje juswedel|dsiq
290470 L2670 46657 1- 068°0 480%°0 €€6°0 Li€6°0- 998°1 itoL 0~ 6681 mno— X Sixe-Z 1noqe uo|lejoy
498%° 0~ £98°1 L1070 165714 21988°0 4TRSS L810°0 9851 L988°0 8LL"1 sixe-z buo|e juswededsiq
45577 1~ 8ve'0 1884 " L- 998°0 165L°0- 065°0 1954 ° L~ H6E" L £999°0- sgL-t sixe-A Buole yuswade(dsig 55
LI66° 1~ €10 026" 1- neEL 0 419072~ €170 Lq0%° L~ 2670 £965°2- $88°0 sixe-x Buo|e juswade|dsig
LZ€5°0- €Lty LZEG5°0- 860" 1 L7€5°0- 860°1L L50L0- 58070 Lokt " 0- (070 mno— X SiXe-z inoge ucliejoy
Ligery- 250°0 1720°0- gleL LE6L6°0 [WVARS] 4720°0- LTA%S] L6670 98" siXe-z Suole juswade|dsig
-- | Lews 1Z€5°0- 00870 1894°0 008°0 168972~ ZLL'o i€ 0 ZLL°0 sixe-A Buole juswede|dsig sh
16260~ S91°0 422670~ 79170 L9£6° 0~ €91°0 LA 9070 Lghl 0= G€0°0 sixe-x Buoje juswede{dsiq
49/80- SSLTL L4980~ gLl L0060~ €0l L7570~ 0LL°0 L0017 |- [ATA] muop X S{Xe-z Inoge uoieloy
56/ 1- H6L°0 L1840~ wl["0 2108°0 JATAN] Ligho- ¢€LL°0 47080 S0/L°0 sixe.z Buoje juswade|dsiq
LGEGT L~ 088°0 4961 1~ 1£€8°0 L16Z°0 Loy’ L ugze - G9€°0 L092°0 S9£9°0 sixe-A Buo(e juswade(dsig 0z
L0870~ 9510 L30€ 0~ 85170 LG4z 0~ 95170 =oﬁm.o| 9li 0 247497 1- SEL°0 sixe-x Buole juswade(dsiq
-- | Lews AN 1S£°0 L/8L°0 1S€°0 LO9Z L~ LTAVM] Ll TANE 7L0°0 M|o_ X $1Xe-z jnoqe uo(1el0y
-- 1 1eus 1050°0 160°0 L0S0° L 160°0 4050°0 060°0 £090°1 060°0 sixe-z Buoje juswade(dsig
L/8L70 g4s'€ (810 [A3483 LL8L7°0 [A%A82 LLig8°0 9€9°2 L£18°0 13984 sixe-A Buole uswede|dsig 06
12500 09L°1 £250°0 onL i £250°0 [IL7ANY LiEQL €201 LLE0" 1L £€20°1 sixe-x Buoje juswade(dsiq
peds apn3 | dury pes epn3 i | duy ped apn3 | [duwy ped apni (duy ped opn3) | duy asuodsay 40 juduoduio) (z)Bor °
‘ajbuy ‘3t buy ‘a1 6uy ‘o buy ‘a|buy ‘souspiou| 40
aseyy ISeYd aseyd aseyd aseyd 9|Buy |edr3d9p
¥2aQ peoy l1eM pu3 L1eM pu3 uo|31epunoy uo{31BpuUnNOy
}Jo uedspiy weadjsumoq jo doy weaa3sdn jo doj WeS.13SUMag wesalsdn
Aq

(85°0 = "N “00°L = “N) ZH Ll'4 40 AINIMDIMA NOILYLIIXI LV SIAVM-AS

(1) H
8) € 3Isyd O0l-% 3Iavl

LN3QIIN] 0L 3ISNOS3IY TYNOISNIWIQ-IIYHL a37dn03 ¢ (930 9 =

h-34



R-7911-5008

A\

A
lmlmmeMMWMMHlmww 031 spuodsailod anoqe umoys se xe (€)
(zH) Adusnbauy uoijel|oxz = 3
A
SABM~-AS IU3PIDUl jO y3jbua|aAem 01 (34 /) yibus| uollepuUNOy 40 Olley = |
anem-AS 3uapioul 40 yibuaysAem o3 (14 0Zl) yibus( ueds obpiiq jo otley = x._m (2)
*Z- @4nbiry uy umoys se >o uo juspuadap 248 uUOilOW p[3|4-93Jy 4O so|bue aseyd pue sapnij|dwy (|) 310N
TEEOTYY

1726°0- 600°0 LEQh 0~ (174 4 1665°0 gt z LELE-0- [ZA Mt /8970 88t 1679 86°0 971 99

L40LL°0- 200 L6l 0= 86ty 110870 88l % L0l1°0- 795" € L1€8°0 €45 ¢ 68°9 ¢g8°0 S/ 09

w99€°2- Z10°0 T AN 259°0 8%/ "0~ [99°0 2999° L~ Gze-1 1999°0- gee 19 ZL0 €21 39S

-- tiews uZ€9°0- 008°0 Lg9n'o 008°0 L1989 Z- 43¢ Lhlg0 ZiLo LLy 85°0 00°1 mq

R TARNE £00°0 L769°0- 16470 £90£°0 164°0 wgyl 0~ LETY 1ggz -0 LET 0] LTBRY LAY ST 0z
A
ped apniy duy peds apni | |duy peJ apn3 | duy ped apn3| |duy ped apnyitduy | zH ‘4 >J¢ £ Ty | ()BT
‘3| buy ‘2 Buy ‘o(buy ‘3| buy ‘9{Buy (£) ‘3d3u3p 10U
aseyd aseyd aseyd aseyd aseyyd jo 2| buy
|e21349p

328Q peoy liem pu3 ltem pul uo | lepunoy uo1lepunoy Aduanbad 4
40 uedspiy weauajsumoq 40 doj wess3sdn 40 doj Wes4 3sumoq weaalsdn (2)

uojjey ox3

S3IAVM-AS LN3GIINI AT3N01790
A9 Q3IINANT ISNOLSIY LNIWIOVIASIA-A IIYLIWWASILNY (930 S = Iev € ISyl “ll-4 318Vl

4-35



R-7911-5008

/A\

aABM=AS 1UBP1IDU| 4O ylBusienem 03 (13 0/) yibus{ uojlepunoy 4o ollEY

anemM-pS Iu9pioul jo yiBuajanem 031 (34 0zL) yibus| ueds abpjaq 4O oyiey

(zH) Adousnbaay uoi31e31OX3

4
A
Jm

X
Jx

recoTew *Z- 3inbByi4 ur umoys se >o.co juspuadap osae uollow p|alj-2aiy jo sa|bue aseyd pue sapnij|duy (i) :SIION
LgEL L~ 62070 Lgze°Z- 7eT 0 EYAl M 95170 L1RE T~ 92z°0 Lglyte- £51°0 LTIl §9°L | €8°C 09
£Z5Z°0- G90°0 L19%°0- 9181 L8570 16571 4194 "0- 66L°1L 485770 Les1 lz°9 88°0 | 157t 59
Lige*l- 75070 LzZ20°0- 8LE" L Lele'0 VAR 4zz0°0~ L7RN} 1660 L9g"t FARS | 835°0 | 00°1 Sh
L9Z1°0 7lLi’0 LZ€0°0 79870 19518°0 998°0 LZE0°0 £€98°0 L508°0 79870 9n°e 9€°0 | 65°0 0z
. A1 X7 AL
pe. opni(duy pes apna )| duy ped apn3) | duy ped apniijduy pe.d spniifduy | zy ‘4 ] I TR A
faibuy ‘9| buy ‘2|buy ‘2| Buy ‘a|Buy f3ouUap DU |
aseyq sseyy aseyy aseyd aseyy jo abuy
[ERTREET
329Q peoy trem pu3 LieM pu3 uojlepunoy uoj3BpuUNO 4 Aduanbady
40 uedspiy wea.4lsumog Jo doj weaulsdn jo doy Wwea.13sumoq wea.ulsdn ANWo_umu_UXm

A8 Q3JNANT 3ISNOCSIY LNIWIIVIASIA-Z IIYLIWWASILNY : (930 S% = :mv € ISyl “CIi-% 378Vl

SIAVYM-AS LNIQIINI AT3N0I180

4-36



/ R-7911-5008

REFLECTED WAVES

COMPONENTS OF WAVE MOTION
AT GROUND SURFACE IN PLANE

GROUND
OF PROPAGATION OF WAVES U

SURFACE

GROUND

INCIDENT WAVE SURFACE

;kgg§G2$ION TS OF WAVE MOTION AT
OF WAVES URFACE ALONG X, Y,

ES (COORDINATE AXES
STRUCTURE SYSTEM)

NE OF SO1L/STRUCTURE

AALDIE6

FIGURE 4-1. FREE-FIELD SV-WAVE GROUND MOTION
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FIGURE 4-2, HORIZONTAL AND VERTICAL FREE-FIELD SV-WAVE GROUND SURFACE

DISPLACEMENTS FOR PCISSON'S RATIO = 1/3
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BV t
PARTICLE
MOTION

DIRECTION OF PROPAGATION

FIGURE 4-3, FREE-FIELD EXCITATIONS FROM INGCIDENT SV WAVES
FOR CASE 1 (eH = 90 deg)
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FIGURE 4-L.
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CHAPTER 5

P-WAVE ANALYSIS

5.1 GENERAL DISCUSSION

Of the various wave types addressed in this report, P-waves are the
simplest. Unlike the Rayleigh waves and SV-waves considered in prior chapters
of the report, the horizontal and vertical components of the free field
P-wave excitation are always real and In-phase with one another, regardliess
of GV. However, the amplitudes of the horizontal and vertical excitations
do vary with GV.

There have been only a few studies of the response of structures to
traveling P-waves and, as with SV-waves and Rayleigh waves, these studies have
been limited to consideration of very simple structural elements. For example,
Scanlan (1976) considered the response of a rigid rectangular foundation on
distributed soil springé that was subjected to horizontally incident P-waves
with variable wavelength. These calculations showed that when excitations
were applied to P-waves whose wavelength was short relative to the foundation
length, the resulting foundation displacements became small when compared to
those of the free field; this reduction in foundation displacements, which was
also observed for short-wavelength SH-wave excitation by Scanlan and by other
investigators, did not occur when the wavelength of the excitation was long
relative to the foundation length. Wong and Luco (1978) analyzed a rigid
rectangular foundation bonded to the surface of an elastic half-space and sub-
jected to arbitrarily incident P-wave excitation. They showed that nonverti-
cally incident P-waves generated significant rocking of the foundation; such
rocking responses were not excited by vertically incident P-waves. Wolf and
Obernhuber (1979) analyzed a rigid circular foundation and ejastic half-space
that supported a simple single-mass structure. Their results showed that at
higher excitation ffequencies where translaticnal motions of the foundation
centroid are reduced, rocking of the foundation causes significant vertical
translations of the edge of the foundation and prominent horizontal displace-

ments of the single-mass structure.

5-1
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This chapter presents results from the analysis of the single-span
bridge subjected to arbitrarily incident P-waves. The remainder of the chapter
first describes the nature of the free field P-wave excitations to which the
kridge is subjected. Then, analysis results are presented for seven different
cases in which each case corresponds toc a particular set of angles of incidence,
eH and GV. These cases are listed in Table 5-1.

5.2 EXCITATION

The free field motion generated along the ground surface by a

P-wave with angles of incidence 6, and 8, (Fig. 5-1), amplitude p, and

circular frequency w is

o<

{ Uff} = {U exp [iw(t - %—cos SH ~ L sin GH) (5-1)

where Ux’ Uy, and UZ are the amplitudes of motion along the x, y, and

2z axes (Fig. 5-1) and ¢ 1is the phase velocity. 1t is noted that Equation 5-1
is identical to Equation L-1 for SV-wave motions, except that now c s

Also, as for

expressed in terms of the P-wave velocity V_ as vp/cos ¢

p v’
SV-waves, Ux, Uy, and UZ can be expressed in terms of the amplitudes of

the horizontal and vertical P-wave motion in the plane of the wave (U, and

H
Uy respectively) as
Ux cos SH 0 '
u = | sin ¢ 0 H (5~2)
Y H
UV
U 0 1
z



R-7911-5008

In Equation 5-2, UH and UV are computed considering that an
incident P-wave gives rise to a reflected P-wave and a reflected SY-wave

{Fig. 5-1). Expressions for these displacement components are (Ewing et al.,

1957)

4 sin 8, tan f (tanzf + 1)
by = P 7 3
L tan SV tan f + (tan”f - 1}
- {5-3)
i . 2 2
~2 sin Bv(tan Ff-1{tan"f + 1)
Yy = P 3 7
L tan 8, tan f+ (tan“f - 1)
-
where p is the amplitude of the incident P-wave and By and f are,
respectively, the angles that the incident and reflected P-waves and the
reflected SV-wave make with the ground surface (Fig. 5-1). These angles
are related through the expression
Vs
cos f = v;‘cos 8, (5-L4)

where VP and VS are the P-wave and S-wave velocities of the elastic half-
space. In terms of the Pojsson's ratio of the elastic half-space, v, it

can be shown that the angle f is expressed as

» 201 -~ v) 2 _ B
tan f = J_—M“ =50 (1 + tan BV) 1 {56-5)

The substitution of Equation 5-5 into 5-3 shows that UH and UV are

functions solely of the incident P-wave amplitude p, the angle of incidence

By and the Poisson'’s ratiao v. Also, it is noted from Equation 5-4 that

f attains a maximum value, f , of
max
v
f = COs 1 s
max VP

5-3
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Since Vs < VP" then Equation 5-4 shows that f is always real; i.e., there
is always a reflected SV-wave regardless of the value of 6y. From this,

Equation 5-3 indicates that UH and UV are also always real and are in

phase with one another. Only the amplitudes of UH and UV vary with By »

as shown in Figure 5-2 for the case where p =1 and v = 1/3.

5.3 RESULTS FOR CASE 1: VERTICALLY INCIDENT P-WAVES

The first case to be considered corresponds to vertically incident
P-waves (Fig. 5-3). Amplitudes and phase angles for this case are tabulated
at selected frequencies in Table 5-2, and frequency-dependent displacement
amplitudes are shown in Figure 5-4. These results are shown only for dis-
placements in the x~ and z-directions; all other response components are

negligible for this case. The following trends are observed from these results:

® Two resonant responses are seen to occur. The primary resonant
response takes place at a frequency of 2.8 Hz (RLX = 0.34 and
R, = 0.20) and corresponds to bending of the road deck in its

Ly
x-z plane; it features symmetric vertical displacements that

are large at the midspan of the road deck, together with smaller
equal-and-opposite horizontal displacements (along the x-axis)
of the two foundations and end walls. A secondary resonant

Lx = 2.39 and RLy

more complex bending of the road deck and end walls (see the

response at 19.9 Hz (R = 1.39) corresponds to
deformed shapes in Figure 5-5 and the tabulated results in
Table 5-2).

. Because of the symmetry of the bridge and the vertically
incident P-wave excitation for this case, the above results
can be generalized to all other excitation frequencies; i.e.,
at all frequencies, the bridge response is characterized solely

by symmetric vertical displacements of the bridge and by

The frequency of this resonant response is slightly higher than the frequency
of the corresponding fixed base mode (Mode &4 of Fig. 2-6a, which is 18.4 Hz).
This phenomencn, also noted for some higher frequency resonant responses to
incident Rayleigh waves and SV-waves, may be attributable to effects of three-
dimensional soil/structure interaction and the phased fnput motions {(see foot-
note on p 3-6),

5-4
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equal-and-opposite horizontal displacements (along the x-axis)
~of the two foundations and end walls., No rocking response of

this bridge is induced by the vertically incident P-waves,

5.4 RESULTS FROM CASES 2 THROUGH 7: NONVERTICALLY INCIDENT P-WAVES

5.4.1 FREE-FIELD MOTIONS

This section presents results that illustrate the extent to which
nonverticatly incident P-waves cause bridge responses that differ from bridge
responses induced by vertlicaily incident P-waves. These results are from
calculations based on P-waves that propagate in planes normal to the span of
the bridge (eH = 90 deg)}, parallel to the span of the bridge (GH = 0 deg}, and

oblique to the span of the bridge (eH = L5 deg). For each value of @ two

H’
different angles of vertical incidence are considered: 8, = 10 deg and

GV = 45 deq. The amplitudes of the horizontal and vertical components of
the P-wave motion are given in Figure 5-2 for these two values of SV. This
figure indicates that:
. The amplitudes of the horizontal component of the P-wave
mot ion (UH) and the vertical component (UV) are both greater

= 45 deq than when 9., = 10 degq.

when v

%
. When 8, = 45 deg, U, and U, have similar amplitudes,
with UV being only slightly greater., |In contrast, when

ev = 10 deq, UH exceeds UV by a factor of nearly 2.0,

Therefore, both the absolute values and the relative values of the amplitudes

of UH and Uv differ markedly for these two 8, angles.

¥
5.4.2 CASES 2 AND 3: NONVERTICALLY INCIDENT P-WAVES WITH eH = 90 DEG

Cases 2 and 3 both correspond to nonvertically incident P-waves
that are propagating in a plane normal to the span of the bridge, or parallel
to its y~z plane (SH = 90 deg, as shown in Fig. 5-6). Case 2 represents the
results for eH = 90 deg and 98, = 10 deg, while Case 3 represents the

)

results for GH = 90 deg and GV = L5 deg. Results for these two cases are

presented as tabulated amplitudes and phase angles at specific frequencies

5-5
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(Table 5-3), as amplitude vs. dimensionless frequency plots (Figs, 5-7 and
5-8) and as deformed shapes at times of peak resonant response (Fig. 5-9}.

These results show that:

. Overall, the principal response components generated by these
P-wave excitations are the displacements along the y- and z-axes.
However, displacements along the x-axis and rotations about the
z-axis are also generated over certain isolated frequency ranges.
At 2.8 Hz (RLy = 0.20), opposite-phased x-displacements of the
two foundations occur in conjunction with the very large sym-
metrical vertical displacements of the road deck that are occur-
ring as a resonant response at that frequency (Figs. 5-7a,c
and 5-8a,c). At a frequency band around 5.1 Hz (RLy = 0.36),
small z-rotations at the tops of the twoc end walls are generated
as a consequence of the road-deck bending in the x-y plane
that occurs within this band. Because these z-rotations are
slightly larger than those of the foundations, the end walls

undergo small torsional deformations.

. Two types of resonant response are excited by the nonvertically
incident P-waves with GH = 90 deg. The first occurs at 2.8 Hz
(RLy = 0.20) and is essentially identical tc the resonant
response induced at this same frequency by the vertically
incident P-waves, The second resonant response occurs at 5.1 Hz

(R
Ly
the bridge in the y-direction that are coupled with vertical

= 0.36) and features horizontal rocking displacements of

displacements of the road deck, end walls, and foundations.
This second resonant response 1s not induced by vertically
incident P-waves. Deformed shapes at times of peak response

for each of these resonant frequencies are shown in Figure 5-9.

The frequency at which this maximum y-displacement occurs is slightly larger
(20%) for P-waves than for SH-, SV-, and Rayleigh waves. This may be related
to the fact that: (a) at this frequency, the wavelength is longer for P-waves
than for shear waves and Rayleigh waves, thereby resulting in a different net
loading applied along the foundations; and (b} the phasing of the horizontal
and vertical free-field excitations is different for P-waves than for the other
wave types; this could result in coupling effects that alter the net driving
forces and drive the bridge at a slightly different frequency.

5-6



|
/ \ R-7911-5008

® The bridge displacements along the y-axis and the x-axis both
exhibit common characteristics with regard to the dimensionless

frequency R The largest displacements of the bridge occur

when RLy igysmall, which corresponds to apparent wavelengths
of the P-waves that are long relative to the 70-ft length of

the bridge foundations in the y~direction. As RLy becomes
large, which corresponds to apparent wavelengths of the P-waves
that are short relative to the foundation length, the bridge
displacements become small relative to the free-field displace-
ments (given as the zero-frequency displacement amplitudes in
Figs. 5-7 and 5-8). Two aspects of this response are as follows:
(a) it can be attributed to a self-canceling effect whereby the
net loading applied by the incident waves to a rigid foundation
becomes small when the wavelength becomes short relative to the
foundation length (Werner et al., 1977); and (b) this phenomenon
is expected to be somewhat Tess pronounced when flexible rather

than rigid foundations are considered.

® There are two main differences between the response characteris-
tics of Case 2 (BV = 10 deg) and Case 3 (SV = 45 deg). First,
the bridge displacements are all larger for Case 3, a direct
consequence of the larger free-field displacements that occur
for that case. Second, the previcusly noted self-canceling
effect, which leads to bridge displacements that are small
relative to the free field, first occurs at higher dimensionless
frequencies for Case 3 than for Case 2. This spreading of the
frequency scale is caused by apparent wavelength effects
{Sec. 2.3). Also, the reduction in bridge displacements due

to self-canceling effects is less pronounced for Case 3.

5.4.3 CASES 4 AND 5: NONVERTICALLY INCIDENT P-WAVES WITH BH = 0 DEG

Cases 4 and 5 both correspond to nonvertically incident P-waves that
are propagating in a plane parallel to the x-z plane of the bridge, or along
its span (eH = 0 deg, as shown in Fig. 5-10). Case &4 represents the results

for =0 deg and 6§, = 10 deg, while Case 5 represents the results for

8
H v
GH = ¢ deg and oy = 45 deg. Results for these cases are shown in Table 5-4

57
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as tabulated amplitudes and phase angles at specific frequencies and in
Figures 5-11 and 5-12 as amplitude vs. dimensionless frequency plots. These
results are discussed first for resonant responses and then for phased-input-

induced responses.

5.%.3.1 Resonant Response Characteristics

Figures 5-11 and 5-12 indicate that the excitations for these cases
induce two rescnant responses at closely spaced frequencies. The first 1s at
f=2.8Hz (RLx = 0.34) and corresponds to essentially the same resonant
response and deformed shape as was induced at that frequency by the vertically
incident P-wave excitations of Case 1 and by the nonvertically incident P-wave
excitations of Cases 2 and 3 (Fig. 5-13a). The second occurs at f = 3.0 Hz
(RLX = 0.36) and consists of horizontal sidesway response in the x-direction
coupled with significant vertical displacements of the road deck (Fig. 5-13b).
These resconant responses are induced by the excitations from Case 4 (SH = 0 deg,
b, = 10 deg) as well as Case 5 (GH = 0 deg, 6, = 45 deg), the only difference
being that the displacement amplitudes are greater for Case 5. The sidesway
resonant response was not excited by the vertically incident P-waves of

Case 1.

5.4.3.2 Phased-lInput-Induced Response Characteristics

Jo illustrate additional effects of the phasing of the P-wave
excitations on the nonresonant bridge response, two sets of results are
presented. The first set corresponds to free-field P-wave excitations that
are of equal amplitude and opposite phase at the two foundations; this occurs
when the ratio of the bridge span length to the apparent wavelength of the
incident wave is 0.5, 1.5, 2.5, etc. The second set of results corresponds
to free-field excitations that are identical in both amplitude and phase at
the two foundations; this occurs when the ratio of the bridge span length

to the apparent wavelength of the incident waves is 1.0, 2.0, 3.0, etc.

These results are presented as tabulated amplitudes and phase

angles in Table 5-5 and as time-dependent deformed shapes of the bridge in

5-8
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Figures 5-14 to 5-17. They show that the bridge response depends on the

phasing of the excitations applied at the two foundations and, in addition,

on the frequency of the excitations for a given phasing. Furthermore, these

response characteristics are seen to be markedly different from those induced

by the vertically incident P-waves of Case 1, In particular, it is observed

The equal-amplitude and opposite-phase P-wave excitations induce
bridge deformations that are neither symmetric nor.antisymmetric
about the midspan of the road deck. No horizontal sidesway is

induced by these excitations (Figs. 5-14, 5-16),

The equal-amplitude and equal-phase P-wave excitations induce
horizontal sidesway displacements of the bridge (in the
x-direction) that are coupled with the vertical displacements
of the foundations, end walls, and road deck {Figs. 5-15, 5-17).
These response characteristics are clearly different from those
induced by the equal-amplitude and opposite~-phase excitations,
illustrating the importance of the phasing of the P-wave

excitations applied at the two foundations.

For a given phasing of the applied excitations, the deformed
shape of the bridge becomes more complex as RLx is increased.
As noted in the Rayleigh wave and SV-wave results, this is a
consequence of the increased influence of wave diffraction and

scattering and the higher modes of vibration.

The bridge displacements of Case 5 are larger than those of

Case 4, particularly in the verticai direction. This is because
of the larger free-field P-wave displacements, particularly in
the vertical direction, that result as 8 is increased from

v
10 deg to 45 deg. Also, for a given frequency, the phasing of

5-9



R-7911-5008

the free-field excitations applied to the two foundations
differs in Cases 4 and 5 because of apparent wavelength
effects; this contributes to some of the differences between

the bridge responses that result for these two cases.

5.4.4 CASES 6 AND 7: NONVERTICALLY [NCIDENT P-WAVES WITH GH = 45 DEG

Cases 6 and 7 both correspond to nonvertically incident P-waves that
are propagating in a plane that makes an angle of 45 deg with the x-z plane
of the bridge (98, = 45 deg as shown In Fig. 5-18). Case 6 represents the

resuits for GH = 45 deq and 4, = 10 deg, while Case 7 represents the

v
results for 8, = &, = 45 deg. Results for these cases are shown in

Tables 5-6 andH5-7 :s tabulated displacement amplitudes and phase angles at
specific frequencies, and in Figures 5-19 and 5-20 as amplitude vs. dimension-
less frequency plots. In addition, deformed shapes at times of peak resonant
response and time-dependent deformed shapes that depict phased-input-induced

response characteristics are presented in Figures 5-21 to 5-24.

These resultts show that, in contrast to the results for GH = 90 deg

and GH = 0 deg, the bridge response from Cases & and 7 is now fully three
dimensional over the entire frequency range. The particular response

characteristics for these cases are summarized as follows:

®  Resonant responses are excited at frequencies of 2.8 Hz and
3.0 Hz (Table 5-6). These resonances have both been excited
in one or more of the prior P-wave cases and, as before, involve
primary responses in the x-z plane. For example, the resonance
at 2.8 Hz, which was excited in all prior cases, features
symmettric bending of the reoad deck in the z-direction with a
very large vertical displacement at the midspan of the road
deck (Fig. 5-21a). The resonance that occurs at 3.0 Hz
involves sidesway in the x-direction coupled with vertical

displacements of the road deck (Fig. 5-21b).
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It was previously shown that the Case 2 and CLase 3 excitations
(eH = 90 deg) led to a resonant response at 5.1 Hz (RLy = 0,36)
invelving bending of the road deck in the y-direction and large
y-displacements of the midspan of the road deck (Table 5-3,
Fig. 5-9b). This resonant response, which is symmetric about
the midspan of the road deck, is not excited when eH = 45 deg
because this oblique angle of horizontal incidence introduces
phase differences between the y-components of free-field exci-
tation applied to the two foundations; these phase differences
destroy the symmetry of the y-components of excitation applied
to the two foundations. As shown in Figures 5-22 and 5-23, the
deformed shapes of the bridge that result at 5.1 Hz when

SH = 45 deg are markedly different from the resonance
conditions occurring when BH = 90 deg; nevertheless, they
still feature relatively large displacements in the y-direction
(also see Table 5-7).

Because of the phase differences that are introduced between
the free-field excitations at the two foundations when

BH = 45 deg, the bridge response over the entire frequency
range differs from that induced by the excitations of Cases 2
to 5. (This is clearly shown by comparing Figures 5-19 and
5-20 with the figures for the corresponding components of
response from Cases 2 to 5.) One important consequence of
these phase differences is the out-of-phase rocking displace-
ments (in the y-direction) that occur at the two end walls;
these, In turn, lead to torsional defarmations in the road

deck.

Significant rotations about the z-axis for various eiements of
the bridge are excited by the free field P-wave excitations for
Case 6 and Case 7 (Fig. 5-19d, 5-20d). The most significant

rotations occur in the foundation elements at RLX > 1.0.
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At these higher freguencies, the foundation rotation amplitudes
substantially exceed the road deck rotation amplitudes, indicat-
ing that the end walls (which interconnect the foundations and
road deck) are undergoing prominent torsional deformations. At
lower values of RLx’ the differences between the road deck
and foundation rotation amplitudes are smaller; however,

because the road deck and foundation rotations are not in phase
(Table 5-5), the end walls undergo torsional deformations at
these lower frequencies as well. These torsional deformations
were not induced by the P-wave excitations from Cases 1, 4,

and 5 and were induced on a smaller scale by the excitations

from Cases 2 and 3.

The bridge response of Case 7 differs from that of Case 6
because of the larger amplitudes of free-field excitation that
result when SV is increased and, in addition, because of
apparent wavelength effects that alter the phasing of the
excitations applied to the two foundations at a given

frequency (Table 5-7).
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REFLECTED WAVES

COMPONENTS OF WAVE MOTION
AT GROUND SURFACE IN PLANE GROUND

OF PROPAGATION OF WAVES U AJ///SURFACE

INCIDENT WAVE

GROUND
SURFACE

§EQ§§GX$|0N ENTS OF WAVE MOTION AT
URFACE ALONG X, Y,
OF WAVES

\XES (COORDINATE AXES
/STRUCTURE SYSTEM)

£ OF SOIL/STRUCTURE

AA10366

FIGURE 5-1. FREE-FIELD P-WAVE GROUND MOTICON
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FIGURE 5-2. HORIZONTAL AND VERTICAL P-WAVE GROUND SURFACE DISPLACEMENT

AMPLITUDES FOR POISSON'S RATIO = 1/3
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FIGURE 5-3. FREE-FIELD EXCITATIONS FROM INCIDENT P-WAVES
FOR CASE 1 (GH = ARBITRARY, BV = 90 deg)
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FIGURE 5-4. FREQUENCY-DEPENDENT RESPONSE AMPLITUDES OF BRIDGE SUBJECTED
TO VERTICALLY I[NCIDENT P-WAVES (GV = 90 DEG, GH ARBITRARY)
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FIGURE 5-9. CASE 3 (GH = 90 deg, ev = 45 deg) : DEFORMED SHAPES OF
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APPENDIX A

USE OF CAST-1 TO ANALYZE EFFECTS OF TRAVELING LOVE WAVES
IN A LAYERED HALF-SPACE

The results contained in this report and in our prior work (Werner
et al,, 1977) describe the bridge response to a complete set of arbitrarily
incident wave types that can be encountered in an elastic half-space {i.e.,
P-, SV-, SH-, and Rayleigh waves). However, an additional surface wave type
that occurs only in layered media--Love waves--is also important and can be
considered using the CAST-1 elastic half-space results, as described below
(Trifunac, 1979).

Consider a soil profile with a uniform, continuous, elastic layer

of thickness H that has a shear modulus G, and shear wave velocity VS];

this layer overlies an elastic half-space with shear modulus G2 and shear
-wave velocity Vsz. Applying equations of motion to this profile together
with appropriate boundary conditions Jjeads to the following classical Love

wave period equation (Ewing et al., 1957):

VSZ

——

2
c2

VSZ
N
C2
where w is the excitation frequency and C is phase velocity. Equation A-1
represents relationships between w and C that are of the form shown in

Figure A-1.

Now consider a structure whose foundations rest on the surface of
the soil medium. The response of this structure to nonvertically incident
SH-waves propagating through an elastic half~space will be the same as the

response to a Love wave in a layered medium, provided the phase velocity of

“These boundary conditions correspond to a zero shear stress at the ground
surface and compatibility of displacements and stress of the layer and the
half-space at their interface.

A-1



i\
/ R=-7911-5008

the SH-wave and Love wave are identical. Equation A-1 shows that the phase
velocity for the Love wave is dependent only on the mode number and excitation

frequency, whereas for the elastic half-space it is computed as
C = 5 {A-2)

where VS is the shear wave velocity of the elastic half-space and eV is
the angle of vertical incidence of the incident SH-wave, measured from the
horizontal. Therefore, it is simply necessary to properly select ev

(assuming V. s fixed) In order to establish equivalence between the SH-wave

S
results and the Love wave results for a given frequency and mode.

To illustrate this concept, consider the layered half-space to
which Equation A-1 is applied in order to obtain the curves shown in Figure A-1,
Also, suppose that we are only interested in the first mode shown in Figure A-1.

Therefore, for a given frequency, we proceed as follows:

. Enter Figure A-1 at this frequency and obtain the phase

velocity of the Love wave, C.

® Compute the required angle of vertical incidence of the

SH-wave results as

° Carry out SH-wave calculations at this frequency for an

elastic half-space with shear wave velocity V. and an angle

S

of incidence of the SH-wave of ev. The resulting structural

response will be identical as that caused by the first mode of
Love waves in the medium shown in Figure A-1.

® Repeat the above steps for each frequency and mode of interest.
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Figure A-1 shows one important trend that has some practical
significance--namely, the existence of a significant frequency range over
which the phase velocity of the Love wave is constant. Over this range, it
is not necessary to vary GV for the SH-waves; instead, the results from a
single set of SH-wave results are identical to those from the Love waves,
The extent of this range is dependent on the layer thickness and properties
of the layer and the underlying half-space. For a given set of material
properties and a given excitation frequency, the phase velocity approaches

VS] (the shear wave velocity of the layer) as the layer thickness increases.
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