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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 traveling 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.

iii



R-7911-soo3

ACKNOWLEDGEMENTS

This research program has been supported by a National Science

Foundation grant to Agbabian Associates (Grant No. PFR77-2333S). This support

is gratefully acknowledged.

Primary contributors to this work were S.D. Werner, principal

investigator for the study, and L.C. Lee, who performed the calculations.

M.D. Trifunac of the University of Southern California provided a critical

review of this report and contributed helpful suggestions throughout the

research program.

iv



R-7911-5008

TABLE OF CONTENTS

Chapter

INTRODUCTION, SUMMARY, AND RECOMMENDATIONS 1-1

1.1 Purpose and Scope

1.2 Summary of Results

1.3 Recommendations.

1-1

1-2

1-7

2 BACKGROUND INFORMATION 2-1

2.1 CAST-1 Methodology

2.2 Bridge/Soil System

2.3 Bridge Respo~se Characteristics

2-1

2-3

2-6

3 RAYLEIGH WAVE ANALYSIS.

3.1 General Discussion

3.2 Excitation

3.3 Results •.

3-1

3-1

3-2

3-4

4 SV-WAVE ANALYSIS 4-1

5-1

4-8

4-1

4-2

4-5

4-16

4-5

Incident SV-Waves

Incident SV-Waves

Incident SV-Waves

Excitation

General Discussion4. 1

4.2

4.3
4.4

Scope of Calculations

Results from Case 1:
with 6H = go Deg

4.5 Results from Case 2:
with 6H = 0 Deg

4.6 Results from Case 3:
with 6

H
= 45 Deg

P-WAVE ANALYSIS5

5. 1

5.2

5.3

General Discussion

Excitation

Results for Case 1:
P-Waves . . . . . .

Vertically Incident

5-1

5-2

5-4

5.4 Results from Cases 2 through 7:
Nonvertically Incident P-Waves 5-5

v



Chapter

6

Appendix

A

CONTENTS (CONCLUDED)

REFERENCES

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

vi

R-7911-500G

6-1

A-1



Figure

1-1

1-2

2-1

2-2

2-3

2-4

2-5

2-6

2-7

3-1

3-2

3-3

3-4

3-5

3-6

LIST OF ILLUSTRATIONS

Bridge Configuration .•

Deformed Shapes at Times of Peak Resonant
Response . • . . .

CAST-1 Methodology

CAST-1 Analysis Procedure

Superstructure Element Types in Subprogram SAP

Development of Foundation/Soil Driving Forces
and Impedance Matrix •••.

Bridge Configuration and Model

Fixed-Base Mode Shapes and Frequencies of
Bridge. ..•.•. •.•.•.

Apparent Wavelength and Propagation Velocity.

Bridge/Soil System Subjected to Arbitrarily
Incident Rayleigh Waves •.•••.

Rayleigh Wave Motion at Surface of Soil Medium
with Poisson1s Ratio = 1/3 • . •.•

Frequency-Dependent Response Amplitudes of
Bridge Subjected to Incident Rayleigh Waves
with 6

H
= 90 Deg .•.•.

Case 1 (8H = 90 Deg): Deformed Shapes of Bridge
at Times of Peak Resonant Response to Rayleigh
Wave Excitations ..•.•.•.•••.•

Frequency-Dependent Response Amplitudes of
Bridge Subjected to Incident Rayleigh Waves
with 6H = 0 Deg ...••••....•

Case 2 (6 H = 0 Deg): Deformed Shapes of Bridge
at Times of Peak Resonant Response to Rayleigh
Wave Excitations •.•.•...••..•••.

vi i

R-7911-5008

1-11

1-12

2-12

2-13

2-15

2-16

2-17

2-18

2-19

3-20

3-21

3-22

3-23

3-24

3-25



Figure

3-7

3-8

3-9

3-10

3-11

3-12

3-13

4-1

4-2

4-3

4-4

LIST OF ILLUSTRATIONS (CONTINUED)

Case 2 (BH = 0 Deg); Bridge Response to Appl ied
Rayleigh Wave Excitations of Equal Amplitude and
Equal Phase at the Two Foundations ......•

Case 2 (8H = 0 Deg); Bridge Response to Appl ied
Rayleigh Wave Excitations of Equal Amplitude and
Opposite Phase at the Two Foundations

Case 3 (8H = 45 Deg): Rayleigh Wave Motion
Projected Along X and Y Axes of Bridge .•

Frequency-Dependent Response Amplitudes of
Bridge Subjected to Incident Rayleigh Waves
with BH = 45 Deg •.•..

Case 3 (BH = 45 Deg): Deformed Shapes of Bridge
at Times of Peak Resonant Response to Rayleigh
Wave Excitations •.•.......•

Case 3 (BH = 45 Deg): Bridge Response to
Applied Rayleigh Wave Excitations of Equal
Amplitude and Equal Phase at the Two
Foundations ••••.•...•..

Case 3 (8 H = 45 Deg): Bridge Response to
Applied Rayleigh Wave Excitations of Equal
Amplitude and Opposite Phase at the Two
Foundations .••...•

Free-Field SV-Wave Ground Motion

Horizontal and Vertical Free-Field SV-Wave
Ground Surface Displacements for Poisson's
Rat i0 := 1/3. . . . . . . . . . . . .

Free-Field Excitations from Incident SV-Waves
for Case 1 (8

H
= 90 Deg) ••.••.

Frequency-Dependent Response Ampl itudes of
Bridge Subjected to Incident SV-Waves with
B

H
= 8V = 90 Deg • . • . . . • • • . • • •

vi i i

R-7911-5008

3-26

3-27

3-28

3-29

3-30

3-32

4-37

4-38

4-39

4-40



Figure

4-5

4-6

4-7

4-8

4-9

4-10

4-11

4-12

4-13

4-14

4-15

LIST OF ILLUSTRATIONS (CONTINUED)

Case 1 (GH = 90 Deg): Deformed Shapes of Bridge
at Times of Peak Resonant Response to SV-Wave
Excitations (R Ly = 0.58, f = 4.2 Hz) •••

Frequency-Dependent Response Amplitudes of
Bridge Subjected to Incident SV-Waves with
8

H
= 90 Deg, 8V = 20 Deg ••.•.....

Frequency-Dependent Response Amplitudes of
Bridge Subjected to Incident SV-Waves with
8 tl = 90 Deg, 8V = 45 Deg ..•.•.•..

Frequency-Dependent Response Amplitudes of
Bridge Subjected to Incident SV-Waves with
8

H
= 90 Deg, 8V = 55 Deg .•...•.•.

Frequency-Dependent Response Amplitudes of
Bridge Subjected to Incident SV-Waves with
8

H
= 90 Deg, 8V = 60 Deg •.•.•.•..

Frequency-Dependent Response Amplitudes of
Bridge Subjected to Incident SV-Waves with
8

H
= 90 Deg, 8V = 65 Deg .•.•...

Case 1 (8H = 90 Deg): Deformed Shapes of Bridge
at Times of Peak Resonant Response to SV-Wave
Excitations (R Ly = 0.39, f = 2.8 Hz) •••••

Free-Field Excitations from Incident SV-Waves
for Case 2 (8

H
= 0 Deg) . . . .

Frequency-Dependent Response Ampl itudes of
Bridge Subjected to Incident SV-Waves with
8

H
= 0 Deg, 8V = 90 Deg .....

Case 2 (8
H

= 0 Deg): Deformed Shapes at Times
of Peak Resonant Response to SV-Wave
Excitations (R Lx = 0.72, f = 3.0 Hz) ••

Frequency-Dependent Response Amplitudes of
Bridge Subjected to Incident SV-Waves with
8H = 0 Deg, 8 V = 20 Deg . . . • . . .

ix

R-7911-500S

4-41

4-42

4-43

4-44

4-45

4-46

4-47

4-48

4-49

4-50

4-51



Figure

4-16

4-17

4-18

4-19

4-20

4-21

4-22

4-23

4-24

4-25

LIST OF ILLUSTRATIONS (CONTINUED)

Frequency-Dependent Response Amp I i tudes of
Bridge Subjected to Incident SV-Waves with
8 = 0 Deg, 8 = 45 Deg . · . · · .H V

Frequency-Dependent Response Amp I i tudes of
Bridge Subjected to Incident SV-Waves with
8 = 0 Deg, 8 = 55 Deg . · . · ·H V

Frequency-Dependent Response Amp I i tudes of
Bridge Subjected to Incident SV-Waves with
e = 0 Deg, e = 60 Deg · · · .

H V

Frequency-Dependent Response Amp I itudes of
Bridge Subjected to Incident SV-Waves with
8H = 0 Deg, eV = 65 Deg • . • . .

Case 2 (8H = 0 Deg): Deformed Shapes at Bridge
at Times of Peak Resonant Response to SV-Wave
Excitations (R Lx = 0.67, f = 2.8 Hz) .•.••.

Vertical Excitations Applied to Bridge
Foundations by SV-Wave Whose Apparent
Wavelength 2 x Span Lerigth ....

Case 2 (8H = 0 Deg): Deformed Shapes of Bridge
at Times of Peak Resonant Response to Higher
Frequency SV-Wave Excitations .

Case 2 (e H = 0 Deg): Bridge Response to Free
Field SV-Wave Excitations of Equal Amplitude
and Equal Phase at the Two Foundations when
8V = 20 Deg . . . . • . . . . •

Case 2 (e H = 0 Deg): Bridge Response to Free
Field SV-Wave Excitations of Equal Amplitude
and Equal Phase at the Two Foundations when
8V = 45 Deg • . . . • . . . • • • . • .

Case 2 (eH = 0 Deg): Bridge Response to Free
Field SV-Wave Excitations of Equal Amp I itude
and Equal Phase at the Two Foundations when
8V = 55 Deg .. . . . . . • . • . . . • . •

x

R-7911-5008

4-52

4-53

4-54

4-55

4-56

4-57

4-58

4-59

4-60

4-61



Figure

4-26

4-27

4-28

4-29

4-30

4-31

4-32

4-33

4-34

LIST OF ILLUSTRATIONS (CONTINUED)

Case 2 (6 H = 0 Deg): Bridge Response to Free
Field SV-Wave Excitations of Equal Amplitude
and Equal Phase at the Two Foundations when
8V = 60 Deg •• . • . • . . . • . • . •

Case 2 (8H = 0 Deg): Bridge Response to Free
Field SV-Wave Excitations of Equal Amplitude
and Equal Phase at the Two Foundations when
8V = 65 Deg • . . . • . • . • . • . • .

Case 2 (6 H = 0 Deg): Bridge Response to Free
Field SV-Wave Excitations of Equal Amplitude
and Opposite Phase at the Two Foundations when
8V = 20 Deg • . • . • . . . • . . . • .

Case 2 (8 H = 0 Deg); Bridge Response to Free
Field SV-Wave Excitations of Equal Amplitude
and Opposite Phase at the Two Founda t ionswhen
8V = 45 Deg •.• • • . • . • . • . • .

Case 2 (8 H = 0 Deg): B~idge Response to Free
Field SV-Wave Excitations of Equal Amplitude
and Oppos i te Phase at the Two' Foundati onswhen
8

V
= 55 Deg • . • . . . • . • .

Case 2 (8H = 0 Deg): Bridge Response to Free- ..
Field SV-Wave Excitations of Equal Amplitude
and Opposite Phase at the Two Foundations when
8V = 60 Deg •. . • • . • . . . . . . .

Case 2 (8 H = 0 Deg); Bridge Response to Free
Field SV-Wave Excitations of Equal Amplitude
and Opposite Phase at the Two Foundations when
8 V = 65 Deg • . • . • . • . • . • . • . • . •

Free-Field Excitations from Incident SV-Waves
for Case 3 (8

H
= 45 Deg) •• . . ..

Frequency-Dependent Response Amplitudes of
Bridge Subjected to Incident SV-Waves with
8

H
= 45 Deg, '8 V = 90 Deg •.•..•.••

xi

R-7911-5008

4-62

4-63

4-64

4-65

4-66

4-67

4-68

4-69

4-70



Figure

4-35

4-36

4-37

4-38

4-39

4-40

4-41

5-1

5-2

5-3

5-4

5-5

5-6

LIST OF ILLUSTRATIONS (CONTINUED)

Case 3 (6 H = 45 Deg): Deformed Shapes of
Bridge at Times of Peak Resonant Response to
SV-Wave Excitations with 6V = 90 Deg .•

Frequency-Dependent Response Amplitudes of
Bridge Subjected to Incident SV-Waves with
6

H
= 45 Deg, 8V = 20 Deg .•....•..

Frequency-Dependent Response Amplitudes of
Bridge Subjected to Incident SV-Waves with
6

H
= 6V = 45 Deg • . • . • . • . • . • . •

Frequency-Dependent Response Amplitudes of
Bridge Subjected to Incident SV-Waves with
8

H
= 45 Deg, 6V = 55 Deg .•.•.••••

Frequency-Dependent Response Amplitudes of
Bridge Subjected to Incident SV-Waves with
8
H

= 45 Deg, BV = 60 Deg • . • . . • • . •

Frequency-Dependent Response Amplitudes of
Bridge Subjected to Incident SV-Waves with
6

H
=45 Des, aV = 65 Deg ...•...

Case 3 ( H = 45 Deg): Deformed Shapes of Bridge
at Times of Peak Resonant Response to SV-Wave
Excitations (RLx = 0.72, RLy = 0.42, f 3.0 Hz)

Free-Field P-Wave Ground Motion

Horizontal and Vertical P-Wave Ground Surface
Displacement Amplitudes for Poisson's Ratio= 1/3

Free-Field Excitations from Incident P-Waves
for Case 1 (B H = Arbitrary, 8V = 90 Deg) ••

Frequency-Dependent Response Amplitudes of
Bridge Subjected to Vertically Incident
P-Waves (6 V = 90 Deg, 8

H
Arbitrary)

Case 1 (8 V = 90 Deg): Deformed Shapes of Bridge
at Times of Peak Resonant Response to P-Wave
Excitations •.•.•.•.•.•.•.••

Free-Field Excit~tions from Incident P-Waves
for Cases 2 and 3 (6H = 90 Deg) .••.

xi i

R-7911-5008

4-71

4-72

4-73

4-74

4-75

4-76

4-77

5-20

5-21

5-22

5-23

5-24

5-25



Figure

5-7

5-8

5-9

5-10

5-11

5-12

5-13

5-14

5-15

5-16

LIST OF ILLUSTRATIONS (CONTINUED)

Frequency-Dependent Response Amplitudes of
Bridge Subjected to Incident P-Waves with
6H := 90 Oeg and 6V := 10 Oeg .•...•

Frequency-Dependent Response Amplitudes of
Bridge Subjected to Incident P-Waves with
6

H
:= 90 Deg and 8

V
= 45 Oeg . • ..

Case 3 (8 H = 90 Oe9, 8V := 45 Oe9): Deformed
Shapes of Bridge at Times of Peak Resonant
Response to P-Wave Excitations •.•••.•

Free-Field Excitations from Incident P-Waves for
Cases 4 and 5 (8

H
= o Deg) ..••.

Frequency-Dependent Response Amplitudes of
Bridge Subjected to Incident P-Waves with
8H = 0 Deg and 8V = 10 Deg ...•.•.

Frequency-Dependent Response Amplitudes of
Bridge Subjected to Incident P-Waves with
8

H
= 0 Oeg and 8

V
= 45 Deg . . . .

Case 5 (8H := 0 Oe9, 8V := 45 De9): Deformed
Shapes of Bridge at Times of Peak Resonant
Response to P-Wave Exc i tat ions • . . . • . •

Case 4 (8 H := 0 Oe9, 8V := 10 Oeg): Bridge
Response to Applied P-Wave Excitations of
Equal Amplitude and Opposite Phase at the Two
Foundations •.• .. • •.•.•

Case 4 (8H := 0 Deg, 8V:= 10 Deg): Bridge
Response to Applied P-Wave Excitations of
Equal Amplitude and Equal Phase at the Two
Foundations ..•••

Case 5 (8H := 0 Oe9, 8V = 45 Oeg): Bridge
Response to Applied P-Wave Excitations of
Equal Amplitude and Opposite Phase at the Two
Foundations • •.• • •.• • • •

xi i i

R-7911-5008

5-26

5-27

5-28

5-29

5-30

5-31

5-32

5-33

5-34

5-35



Figure

5-17

5-18

5-19

5-20

5-21

5-22

5-23

5-24

LIST OF ILLUSTRATIONS (CONCLUDED)

Case 5 (8H = 0 Deg, 8V = 45 Deg): Bridge
Response to Applied P-Wave Excitations of
Equal Amplitude and Equal Phase at the Two
Foundat ions .• . . . • . • . . . .

Free-Field Excitations from Incident P-Waves
for Cases 6 and 7 (8 H = 45 Deg)

Frequency-Dependent Response Ampl itudes of
Bridge Subjected to Incident P-Waves with
8H = 45 Deg and 8V = 10 Deg ..•.•.

Frequency-Dependent Response Amplitudes of
Bridge Subjected to Incident P-Waves with
8

H
= 8V = 45 Deg . • . • . • . • . .

Case 7 (8H = 8V = 45 Deg): Deformed Shapes of
Bridge at Times of Peak Resonant Response to
P-Wave Excitations .•••.•.•...•••

Comparison of Time-Dependent Deformed Shapes of
Bridge Induced by Incident P-Waves at R

L
= 0.36

(f = 5.1 Hz) .••••••••••••• y.•.•

Comparison of Time-Dependent Deformed Shapes of
Bridge Induced by Incident P-Waves at R

L
= 0.36

(f = 5.1 Hz) • • • • • • •••.• y.•

Cases 6 and 7 (8H = 45 Deg): Time-Dependent
Deformed Shapes of Bridge Induced by Incident
P-Waves at Higher Excitation Frequencies .•.

xiv

R-7911-500[l

5-]6

5-37

5-38

5-39

5-40

5-41

5-42

5-43



Table

1-1

LIST OF TABLES

Resonant Response of Bridge for Various
Directions of Incidence of Seismic Waves

R-7911-5008

1-10

2-1 Bridge/Soil System Properties ...
2-2

3-2

4-1

Summary of Excitation Cases for Each Wave Type

Dependence of Dimensionless Frequency on 6
H

•

Bridge Response to Incident Rayleigh Waves with
6

H
:= 90 Deg (Case 1) ••••••••

Bridge Response to Incident Rayleigh Waves with
6H := 0 Deg (Case 2) ....•.•.

Bridge Response to Incident Rayleigh Waves with
6

H
:= 45 Deg • • . • . • . • .

Angles of Vertical Incidence Considered for
Each Case of SV-Wave Motion •.•.••

2-10

2-11

3-16

3-17

3-18

4-21

4-2

4-3

Case 1 (8 H := 90 Oeg):
SV-Wave Excitations at
(f := 4.17 Hz) ...•

Case 1 (6 H := 90 Oe9):
SV-Wave Excitations at
(f ; 2.80 Hz) .•.•

Resonant Response to
R

Ly
:= 0.58. . . . . .

Resonant Response to
RLy ; 0.39

4-22

4-24

4-4

4-5

Case 2 (6 H = 0 Deg): Resonant Response to
SV-Wave Excitations at RLx = 0.72
(f ; 3.0 Hz) . . .......•.•

Case 2 (6H := 0 Oe9): Resonant Response to
SV-Wave Excitations at RLx := 0.67
(f = 2.8 Hz) • • .•.•.•••••

4-26

4-2]

4-6 Case 2 (6H := 0 Deg): Response of Bridge to
Free-Field SV-Wave Excitations of Equal
Amplitude and Equal Phase at the Two
Foundations . . . . . . . . . . . 4-28

xv



Table

4-7

4-8

4-9

4-10

4-11

4-12

5-1

5-2

5-3

5-4

5-5

LIST OF TABLES (CONTINUED)

Case 2 (8 H = 0 Deg): Response of Bridge to
Free-Field SV-Wave Excitations of Equal
Amplitude and Opposite Phase at the Two
Foundations •.•...•.•...•.

Case 3 (8 H = 45 Deg): Resonant Response to
Incident SV-Waves--Sidesway of Bridge in
x-z Plane (R Lx = 0.72, RLy = 0.42, f = 3.0 Hz)

Case 3 (8 H = 45 Deg): Resonant Response to
Incident SV-Waves--Bending of Road Deck in
X-Z Plane (R Lx = 0.67, RLy = 0.39, f = 2.80 Hz).

Case 3 (8H = 45 Deg): Coupled Three-Dimensional
Response to Incident SV-Waves at Excitation
Frequency of 4.17 Hz (R Lx = 1.00, RLy = 0.58)

Case 3 (8 H = 45 Deg): Antisymmetric Y
Displacement Response Induced by Obliquely
Incident SV-Waves ..•.•.•

Case 3 (8 H = 45 Deg): Antisymmetric Z
Displacement Response Induced by Obliquely
Incident SV-Waves ..•.•...•

List of Cases for Analysis of Bridge Subjected
to Arbitrarily Incident P-Waves •.•.•

Bridge Response to Vertically Incident P-Waves
(Ca s e 1) • • • . • • • • • • • .

Bridge Response to Nonvertically Incident
P-Waves with 8H = 90 Deg (Cases 2 and 3)

Resonant Response of Bridge to Nonvertically
Incident P-Waves with 8

H
= 0 Deg (Cases 4

·and 5) . . . • . . . . • • . • . . • . .

Phased-Input-Induced Response of Bridge
Subjected to Nonvertically Incident P-Waves
wi th 8

H
= 0 Deg (Cases 4 and 5) . • • • . •

xvi

R-7911-5003

4-30

4-32

4-33

4-34

4-35

4-36

5-13

5-14

5-15

5-16

5-17



Table

5-6

5-7

LIST OF TABLES (CONCLUDED)

Resonant Response of Bridge Subjected to
Nonvertically Incident P-Waves with
BH '= 45 Oeg (Cases 6 and 7) •.•.•.

Coupled Three-Dimensional Response of Bridge
Subjected to Nonvertically Incident P-Waves
with eH = 45 Deg (Cases 6 and 7) .....

xvi i

R-7911-5008

5-18

5-19



THIS PAGE INTENTIONALLY BLANK

xvi i J



R-7911-5008

CHAPTER

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 ampl itude 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 of a 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 analyze

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 inp~t 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 travel in9 waves on the three-dimensional response of a bridge structure

(Werne r et aI., 1977).

1-1
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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, SV-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

in our 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

slJbjected 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, 8
H

, and a vertical angle, 8
V

(Fig. 1-1).

Three different horizontal angles--corresponding to 8
H

= 90 deg, 0 deg, and

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

, several different

values of 8V are considered when analyzing the response of this bridge/soil

system to traveling SV-waves and P-waves.

1-2
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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 resonant

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 (6
H

= 90 deg). It features displace

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

~

~Th~ 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 e = 45 deg, because this oblique
H

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 (8 H = 0 deg)

and obI ique to the bridge span (8 H = 45 deg). I t features

large x-displacements of the road deck relative to the two

foundations and occurs at a resonant frequency 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 5eismic 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

incidence of the seismic waves (as denoted by the angles 8
H

and 8V)'* 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 .

.'.
~This 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 Qf

incidence of the seismic waves, on the ratio of the 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 8
H

and,

within this grouping, the effects of the other variables noted above are

summarized.

1.2.3.1 Waves Propagating Normal to Bridge Span (8
H

= 90 deg)

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 appl ied 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
H

= 0 deg)

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

parallel 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 appl ied 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

8
H

= 90 deg, the phased-input-induced response amplitudes for 8
H

= 0 deg are

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 equal ampl itude 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 more complex 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 8
V

because of (a) variations in both

ampl itude 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 (8
H

= 45 deg)

There are three main trends regarding phased-input-induced effects

of obI iquely 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 8H = 90 deg and 0 deg.

• Nonvertically incident waves propagating in the plane defined

by GH = 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. Torsional 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

areas 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 guide 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 earthquakes. Selection

of the type and location of instruments to measure the response of these

structures to travel ing 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 str~ctures 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 analyzing 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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RESONANT RESPONSE OF BRIDGE FOR VARIOUS DIRECTIONS
OF INCIDENCE OF S£fSMIC WAVES

Types of Resonant Response(2) (Fig. 1-2)

Vertical
8
H

, e (1) Rocking in Displacement Sidesway in
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

SV 90 Yes No No

~90 Yes Yes No

P 90 (3) No Yes No

~90 Yes Yes No

0 Rayleigh 0 No Yes Yes

SV 90 No No Yes

~90 No Yes(4) Yes

P 90(3) No Yes No

:190 No Yes Yes

45 Rayleigh 0 No Yes No

SV 90 Yes No Yes

~90 No Yes Yes

p 90 (3) No Yes 'No

:190 No Yes Yes

Notes:

(1) 8V = 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 8H.

(4) When eH = 0 deg for SV-waves, resonant response involving
vertical displacement of road deck is induced in all eV cases
considered except when 8V = 45 deg.
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r,r-------~------~
~ ~

z

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

(b) Vertical displacement of road deck (2.8 Hz)

I F-_ rI ------------" 7
I I

(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 INFORt1ATION

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-l methodology and the bridge/soil system

being analyzed, together with a brief discussion of the general categories of

bridge response that will be encountered.

2.1 CAST-1 METHODOLOGY

2.1.1 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-l 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

soil/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 plotted output necessary to evaluate the system response

characteristics. It involves Subprogram PLOT, which provides plots of

frequency-dependent amplitudes and phase angles 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

briefly 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-l 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 Bathe et a1. (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 (Bathe and Wilson, 1972) or a

determinant search solution (Bathe 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

2-2



R-7911-5008

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. 2-4a). The elements of the j~ column of the impedance

matrix are computed as foundation reaction forces caused by a unit harmonic

displacement of the j~ 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 Green1s functions

for an elastic half-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 Herner et al. (1977).

2.1.4 SYSTEM RESPONSE ANALYSIS

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 coup'ed system is then computed, using

an extension of a procedure first described by Clough and Penzien (1975).

This procedure computes the responSe for e9ch 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/SOIL 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\.Jerner et al. (1977).

2.2.1 BRIDGE/SOIL SYSTEH 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.

11aterial 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 wand

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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For Rayleigh waves, the excitation is normalized so that its hori

zontal component of free-field motion at the ground surface has an ampl itude

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 ampl itude 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, 8H,

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--8 H and 8V--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

8V' 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 phase; only the ampl itudes of these components of motion vary

according to 8V and to the Poisson's ratio of the soil medium. Details of

the definition of the free-field ground surface motion induced by SV-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 8H and 8V' 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, RL, defined as

= (2 -1)

where A and V are the wavelength and velocity, respectively, of the wave

along its propagation path; w is the circular frequency of excitation, and

~ is a representative structure dimension in a direction parallel to the

propagation path as defined by 8H. Definitions of ~ and corresponding

values of RL for various values of 8H 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 is

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 qual itative sense to those expected during fixed or free-free
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modes of vibration; in such instances, large amplitudes of vibration of the

bridge are observed. This type of behavior is termed "resonant response ll

throughout this report, by analogy with the finite-supported case, and the

frequencies at which it occurs are termed Ilresonant 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 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 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 nonresonant 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 A

and 8V as

A =
a cos 8V

(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 RL (Eq. 2-1) is expressed in terms of

A as
a

£= A (2-3)

Equation 2-3 illustrates that, for response phenomena that occur at certain

fixed values of Aa , the corresponding value of RL increases with increasing

8V. This spreading of the dimensionless frequency scale that results when

8V is increased is commonly referred to as apparent wavelength effects.
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TABLE 2-2.
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SUMMARY OF EXCITATION CASES FOR EACH WAVE TYPE(l)

Angles of Incidence, deg(2)

Hor i zonta 1 Angle, Vertical Angle,
Wave Type 8

H
8V

Rayleigh 0, 45, 90 0

SV(3)

! 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 8V' Therefore, several different
8V values considered in order to fully represent

8V effects.
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R-7911-5008

/
(a) Three-dimensional

truss element
(b) Three-dimensional

beam element

(c) Plane stress, plane strain and axisymmetric elements

(d) Three-dimensional
sol i d

(f) Thin plate and
shell element

(e) Variable-number-nodes
thick shell and
three-dimensional element

(9) Boundary element

TANGENT BEND

(h) Pipe element

FIGURE 2-3. SUPERSTRUCTURE ELEMENT TYPES IN SUBPROGRAM SAP
(Bathe, et al., 1974)

Preceding page blank
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J: 1\ P.-7911-5008

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

iwt= e

K'+l J'J ,

FOUNDAT ION j
IS MOVING ALL OTHER

FOUNDATIONS
ARE FIXED

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

FIGURE 2-4. DEVELOPMENT OF FOUNDATION/SOIL DRIVING FORCES AND
IMPEDANCE MATRIX (Wong, 1975)
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R-7911-5008

r---1 z

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)

MODE 1: f = 14.2 HZ (89.2 RAD/SEC)

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

z

MODE 2: f = 33.2 HZ (208.6 RAD/SEC)

MODE 4: f z 61.7 HZ (387.7 RAO/sEC)

AA8751t

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

FIGURE 2-6. FIXED-BASE MODE SHAPES AND FREQUENCIES OF BRIDGE
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R-7911-5008

1-------1..a

Va /GROUND SURFACE

---. IJ

~ PROPAGATION PATH

NOTE:

ALONG PROPAGATION PATH: WAVE LENGTH = A

PROPAGATION VELOCITY = V

AALONG GROUND SURFACE: APPARENT WAVELENGTH = Aa = ------
cos 8V

VAPPARENT PROPAGATION VELOCITY = Va = ---~cos 8V

FIGURE 2-7. APPARENT WAVELENGTH AND PROPAGATION VELOCITY

2-19



THIS PAGE INTENTIONALLY BLANK

2-20



R-791 1'-5008

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 Hay 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 arrivals. 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 provi~ed insights into such Rayleigh wave effects

3-1



R-7911-5008

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. It is toward

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

3.2 EXC irATI ON

The free field excitation induced along the ground surface by a

horizontally propagating harmonic Rayleigh wave impinging on the structure

with an angle 8H (Fig. 3-1) is expressed as

ex{w [t -V cos 8H + Y sin
8
H

) J}u(x,y,O) RH cos 8H VR

exp {i W [t -Ccos 8H + Y sin

8
H
)] Jv (x, y, 0) = RH sin 8

H
(3-1)

VR

expr{ (X cos 8H + Y sin 8H)nw(x,y,O) i RV VR

where

u,v,w

w

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

Circular frequency of excitation

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

VR = Rayleigh wave velocity
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R-7911-5008

In CAST-l, u, v, and ware 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~ ) 1/2 ( V~ ')1/2
41-- 1--

V
2

V
2

P S

(3-2 )

where Vp and

respectively.

Vs are the P-wave velocity and the shear wave velocity,

Since Equation 3-2 involves ratios of the wave velocities,

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:

V
2 lf22
R

/ -

Ci -lr2RH
S A=

V
2

2 -
R

V
2
S

(3-3)

C
2

1yn (~~ _lr/2- 2 ~-
i

RV
S - 1 A

V
2

2 -
R

V
2
S

where A is a function of the wave number (w/V
R
). 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 RHo Finally, these quantities are used in Equation 3-1 to

define the free-field displacements that correspond to a particular excitatior

frequency wand angle of incidence 8W It is noted that, for all values of

wand 8H, 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 ratio 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: 8H = 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 RLy--the ratio of the foundation length in the

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

~

n 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
illustrated in Fig. ]-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 V-displacements at RLy = 0.58

(f = 3.9 Hz) and the z-displacement at RLy = 0.42 (f = 2.8 Hz). The y-displace

ment peak corresponds to a resonance involving 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. 3-4):' Comparisons with Figure 2-6 show that the reso-

nant frequency at which the V-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 occurs 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 has only 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 Case 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 phenomenon, 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 loadings

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 0' 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.

*The 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 3-4a, are much smaller 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: 8 = 0 DEG
H

R-7911-5008

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 RLx
(see Table 2-3).

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
Lx

= 0.72 (f = 2.8 Hz) and corresponds to the

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

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

Case 1 (8
H

= 90 deg). As in Case 1, this frequency is only slightly smaller

than that of the corresponding fixed base mode U.2 Hz for t10de 1 of Fig. 2-6a);

since this resonant response 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 3-6c 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

7,
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 4 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 walls 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 'l 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

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

0.78)

is seen to fall below that of the corresponding fixed-base sidesway mode of the

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 app lied at the two foundat ions 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

each 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

foundation~ 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.,

RLx = 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 horizontal and vertical components

of Rayleigh wave motion; i.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 identical horizontal excitations

that occur about one-quarter of a cycle later.
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As RLx 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-z plane and is a consequence of the horizontaZ 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 verticaZ 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 RLx = 2.5 are not shown in Figure 3-8.
This is because this particular value of RLx 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 RLx = 2.37).
Therefore, the response for RLx = 2.5 is much closer to the resonant respons~

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 RLx = 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, R
Lx

= 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 excitations

applied at the two foundations.

3.3.3 CASE 3: 8 H = 45 DEG

3. 3. 3. 1 Exc ita t ion s

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 J
5

d ' or 1:2.cos eg
This indicates that for a given excitation frequency, this oblique angle 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

on 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 R
Lx

and RLy are used as the dimensionless frequency

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

cases for 8H = 9 deg and 90 deg, the bridge response is now fully three

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-dep~ndent x-displacements and y-displacements

differ markedly from those of Case 2 (8 H = 0 deg) and Case 1

(8 H = 90 deg) , 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 appl ied

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 certain 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
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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. Of 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

(8 H = 90 deg) excitations does not occur at this frequency when 8 H = 45 deg

(Fig. 3-10b). This is because the resulting phase differences that occur

between the excitations appl ied 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 8H = 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 along 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 1 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

length of the 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 different phasings

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

R-7911-5008

•

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
Lx

= 1:2, 2 1:2, 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 R
Lx

= 1:2, 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-components 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

*RLx is 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 effective wavelength that propagates along the
x-axis by a factor of 1:2, or cos- 1 45 deg (Fig. 3-9). Therefore, when
8H = 45 deg, dimensionless frequencies of RLx = 1:2, 21:2, etc., correspond
to excitations of equal amplitude and equal phase at the two foundations;
similarly, dimensionless frequencies of RLx = 0.5 1:2,2.5 1:2, 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 R = 1:2 (Fig. 3-10d, Table 3-3).Lx

When RLx = 21:2, the bridge response characteristics differ from

those noted above for RLx = 1:2. The differences are summarized as follows:

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

still 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 = 1:2 (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

RLx = 1:2 (Fig. 3-10d, Table 3-3).
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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 /:2, 1.5 /:2, 2.5 /:2, etc. Time-dependent deformed shape plots for

RLx = 1.5 /:2 and 2.5 1:2 are given in Figure 3-13 and, together with the

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 anti symmetric 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 RLx = 0.5 1:2 and 1.5 1:2 than for RLx = 2.5 1:2

(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.g.,

see Fig. 3-13a). This leads to torsional deformations of the

road deck.

• The phase relationships that exist between the various 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 RLx = 1:2/2 (0.707) is very similar to that for the
resonant response at RLx = 0.72 shown in Figure 3-11 and is therefore not
included in Figure 3-13.
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When RLx = 0.5 1:2, 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 1:2 and 2.5 1:2 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 R = 0.5 1:2 and 1.5 1:2
Lx

(Fig. 3-10d, Table 3-3).
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CHAPTER 4

SV-WAVE ANALYSIS

4.1 GENERAL DISCUSSION

Of 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, 8V (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 showed 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 BV at which the S~-wave

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 8V are studied to an extent

not considered previously.
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4.2 EXCITATION

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

SV-wave with angles of incidence 8H and 8V (Fig. 4-1) and a circular

frequency w is

U
x

U
Y

U
z

~ cos 8 - Y sin
c H c

(4-1)

where U, U ,x y
the x, y, and

and Uz
z axes

are the ampl itudes of ground-surface motion along

(Fig. 4-1), and c is the phase velocity, expressed

in terms of the shear wave velocity V and V leas 8V' Now U, U, and Us s x y 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 (U
H

and Uv respectively) as

U
x

U
Y

Uz o

o

o (4-2)

In Equation 4-2, UH and Uv are computed considering that when an incident

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

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

for UH and Uv can be shown to be (Ewing, et al., 1957)

s [-2 sin 8V

4 tan e

(4-3)

s [4-4 tan e sin 8V

tan e tan 8V +

4-2



R-7911-5008

where s is the amplitude of the incident SV-wave and 8V and e 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 (4-4)

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 (4-5)

Substituting Equation 4-5 into 4-3 shows that

solely of the incident SV-wave amplitude s,

and the Poisson1s ratio v.

UH and Uv are functions

the angle of incidence 8V'

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

namely, that no real value of e exists until

where

8 V reaches the value 8 Vcr

= (4-6)

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

Within this range, Equation 4-5 takes the form

tan e - i
(1 - 2v) 2

1 - 2(1 _ v) (1 + tan 8V)

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

UH and UV' which are complex when 8
V

< 8
Vcr

2 [ ]
4S tan 8V (tan 8V + 1) -48 tan 8 ( )

------------'-,2~--2-- cos 8V. V + i tan
2

8
V

- 1 2
2 4 16s tan 8V(tan 8V - 1) + 2

cos 8
V

s

4 - 1)

[(tan
2av CS tan 'v)]-2 sin 8V (tan 8V _ 1) 2 +U

H
= s

2 2 cos Pv2 4 16S tan 8
V(tan 8V - 1) +

2cos 8
V

(4-8)

where

S
2cos 8 V - (1 - 20)

2 (1 - v)

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,

8V > 8V ,UH and Uv are
cr

relative amplitudes are functions of 8
V
)' When

different types of free-field responses occur, as

8V = 60 deg, and Figure 4-2 shows that when
cr

in phase (although their

8V < 8V ' however, two
cr

shown in Figure 4-2.

1. ~V < 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 Uv and UH, varies with 8V
within this range.

4-4
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45 deg < 6V < 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 6V < 45 deg, the

aspect ratio of this elliptic motion, or the ratio of the

amplitudes of Uv to UH, varies with 6V 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

horizontal angles of incidence (6 H) of 90 deg (Case 1),0 deg (Case 2), and

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

of vertical incidence (6 V) listed in Table 4-1 are provided. This table

shows that these values of 6V encompass the range of different types of

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

4.4 RESULTS FROM CASE 1: INCIDENT SV-WAVES WITH 6H = 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 (6 H = 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.

4.4.1 VERTICALLY INCIDENT SV-WAVES

When the SV-waves are vertically incident in the plane defined by

8H = 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. 4-4a, Table 4-2). The peak y-displacements

of the bridge occur at a resonant dimensionless frequency, RLy ' of 0.58

(which corresponds to 4.2 Hz); they denote rocking motions that are symmetric

4-5
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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 ear Ii er by Werner et a I. (1977 ) and corresponding to incident SH-

waves for 8 = 90 deg and 8H = 0 deg. The br idge response is also identical,V
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.

4.4.2 NONVERTICALLY INCIDENT SV-WAVES

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

8 H = 90 deg, the bridge foundations are subjected to nonuniformly distributed

horizontal and vertical free-field excitations whose amplitudes and phase

angles are dependent on 8V and Poisson 1 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 resonant 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 8V case investigated; the

only exception to this trend, at 8V = 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.
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at the resonant frequency of RLy = 0.58; at that frequency,

they denote rocking motions in the 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

8V results presented, the only exception to this trend occurs

when 8 = 55 deg. At this angle, the elliptic prograde free-
V

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 8V 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 exception

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. 4-6a to 4-10a).

• The rotations o~ 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 dimension\less frequency RLy increases, the apparent

wavelength of the SV-wave excitation decreases relative to the

fomndation length. This results in a self~canceling of the

110ads appl ied to the rigid foundations by the incident waVes,

wft1iich causes the hi gher-frequency bri dge di splacements to

4-7
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";'~

become small relative to those of the free field (Werner

et al., 1977). However, as noted in Secti:on 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.

4.5 RESULTS FROM CASE 2: INCIDENT SV-WAVES WITH 8
H

= 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

(8H = 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
H

= 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 also directed

along the x-axis, although some z-displacements that are antisymmetric about

the midspan of the road 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 RLx = 0.72 (which corresponds to 3.0 Hz); at this frequency,

they denote sidesway motions in the x-direction (Fig. 4-14a).t 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). It 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 ale (1977) for the

case involving SH-wave excitations with 8H = 8V = 90 deg .

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

t This 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.
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4.5.2 NONVERTICALLY INCIDENT SV-WAVES

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

by 8H = 0 deg, the two bridge foundations are subjected to horizontal and

vertical components of free-fie.ld excitation whose amplitude and phase angle

depend on 8V 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 RLx = 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. 4-20b). Virtually the same response at the same resonant frequency

is induced by the nonvertically incident SV-waves with 8 = 90 deg (Case 1)H
and by the Rayleigh waves (Chapt. 3).

It is noted from Figures 4-16b and 4-20c that the above resonant

response does not occur when 8V = 45 deg. This is because of the phasing of

the vertical free-field excitations applied to the two foundations when

8V = 45 deg and f = 2.8 Hz. (Note from Fig. 4-2a that no horizontal free-field

excitations are applied when 8V = 45 deg.) This phasing is demonstrated by

computing the apparent wavelength, Aa , to be

= f cos 8V
= 500 fps

4-9
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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

nant peak at higher frequencies (R Lx = 4.0 to 4.6). This peak, which was

observed in the Rayleigh wave results (Chapt. 3), is depicted by the deformed

shapes shown in Figure 4-22. It is analogous to Mode 4 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

GH = 0 deg. However, it is now coupled with the previously noted resonance

that involves large z-displacements at the midspan of the road deck (at

R
Lx

= 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 is substantially altered from that

induced at this frequency when the SV-waves are vertically incident (as seen

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

~

"This resonant frequency varies slightly with B
V

' 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 sl ightly exceeds the frequency of
the fixed-base mode; for example, when BV = 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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The above discussion of the vanishing resonant response at RLx = 0.67

when 8V = 45 deg illustrates one instance of how the size of the apparent

wavelength of the SV-wave relative to the span length can influence the bridge

response c~aracteristics. 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 6V' 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 t.O, 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, etc. 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, 8V' 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 8
V

' First, ampli

tudes and phase angles of the displacements at various locations 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 i llus

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. Egual-Amplitude/Equal-Phase Excitations

(1) ~ = 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

4-11
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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).n 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) ~ = 45 deg. Because of the absence of horizontal components

of free-field motion, the response of the two foundations at lower frequencies

consists of primarily vertical displacements with only small, 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) ~V = 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 likewise significant. The bridge response consists

of two distinct patterns during a cycle. One 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 i.ts

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. 4-25) .

.'.
"The only exception to this trend is at RLx = 1.06 (l.O/cos 20 deg) where

the structural response is influenced by the sidesway resonant response in
the x-direction.
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(4) ~V = 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 anti symmetric 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) ~ = 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) ~V = 20 deg. The two foundations are each undergoing horizontal

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

4-13
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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 anti symmetric 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) ~ = 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 a 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) ~v = 55 deg. 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 anti symmetric 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

4-14
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road deck and largest at that point. When the

deformed shape of the road deck becomes more complex

effects of wave scattering and diffraction and higher

modes of vibration (Fig. 4-30).

(4) ~V = 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) ~V = 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. Soil/structure interaction effe-cts

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 BV = 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.
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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).

-fo6 RESULTS FROM CASE 3: INC IDENT SV-WAVES WI TH 8 11 = 45 DEG

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 (8 H = 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

8 H = 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 anti symmetric about the midspan of the road deck (Fig. 4-34 and

Tables 4-8 to 4-10). 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

(8H = 0 deg, 8V = 90 deg) in that: (a) a significant peak in

the x-displacement of the road deck is exhibited at the same

resonant frequency (R Lx = 0.72, or f = 3.0 Hz); and (b) at

higher frequencies, the x-displacements of the foundations

substantially exceed those of the road deck.

• As seen from comparisons of Figures 4-34b and 4-4a, the bridge

displacement components along the y-axis are similar to those

4-16



R-7911-5008

induced by the Case 1 vertically incident SV-waves (8
H

= 8
V

=
90 deg); in each case, a prominent resonant response that is

symmetric about the midspan of the road deck is induced at the

same resonant frequency (R Ly = 0.58, or f ~ 4.2 Hz). This

resonant response corresponds to a rocking of the bridge in

the y-direction.

• The rotations about the z-axis are small and are a consequence

of the bending of the road deck in the v-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 4-35.

4.6.2 NONVERTICALLY INCIDENT SV-WAVES

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

by B
H

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

ment components directed along the x-, y-, and z-axes (Fig. 4-33b). The

relative phasing and amplitudes of these displacements along the two founda

tions dep~nds on their wavelength (or excitation frequency) and on the angle

of vertical incidence, 8V'

The bridge response to nonvertically incident SV-waves with

8
H

= 45 deg is shown in the form of ampl itude vs. dimensionless frequency

plots (Figs. 4-36 through 4-40) and as tabulated amplitudes and phase angles

at selected frequencies (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 8
H

= 45 deg, as discussed in the paragraphs that

follow.
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4.6.2.1 Resonant Response Characteristics
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For nonvertically incident SV-waves propagating in the plane

defined by BH = 45 deg, resonant responses occur that involve sidesway of

the bridge in the x-direction (at R
Lx

= 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

SV-waves with BH = 45 deg in that:

displacements is not excited by the

those induced by the vertically incident

(1) the resonance involving the vertical

vertically incident waves; and (2) the

coupling that occurs between the sidesway and vertical displacement resonances

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 (8 H = 90 deg and 0 deg); the sidesway

response was previously observed when the bridge was subjected to the Case 2

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

Unlike the vertically incident wave results, the nonvertically

incident SV-waves propagating at B
H

= 45 deg do not induce a resonant

response involving 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

v-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 4-40b and Table 4-10).
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4.6.2.2 Phased-Input-Induced Response Characteristics

R-7911-5008

Three main types of phased-input-induced response characteristics

are induced by the nonvertically incident SV-waves propagating at 8
H

= 45 deg.

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

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 8
H

= 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.,

8V z 60 deg).* Some features of these z-rotations are as follows (Figs. 4-36d

to 4-40d) :

• The z-rotations of the bridge are small for shallow angles

of vertical incidence (8 V = 20 deg) and increase to very large

values near the critical angle of incidence (8 V z 60 deg).

• At low 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 8V z 60 deg, the foundation rotations attain very

*The foundation rotations about the z-axis that occur when 8
H

= 45 deg and
8V ~ 60 deg are much larger than those induced by the Case 1 excitations
(8H = 90 deg) or by the excitations induced by the Case 3 vertically incident
SV-waves (8 H = 45 deg, 8

V
= 90 deg).
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large amplitudes that are substantially greater than those of

the road deck; they therefore indicate marked torsional

deformations of the end wal Is.

• The large foundation rotations that occur when 8V ~ 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

V-displacements that are induced in the road deck because of

bending in the v-direction. Because these V-displacements are

larger at lower frequencies (Figs. 4-36b to 4-40b), 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 V-displacements and z-displacements at the

midspan of the road deck to the excitation frequency (Figs. 4-36b,c to

4-40b,c). These points occur when the free-field excitations applied at each

foundation are phased so as to induce V-displacements and z-displacements

that are approximately anti symmetric about the midspan of the road deck

(Tables 4-11 and 4-12). The excitation frequencies at which this behavior

occurs increase with increasing 8V; 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 v-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.
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(a) 8V = 55 deg

(b) 8V = 60 deg
AAl0424

FIGURE 4-41. CASE 3 (8H = 45 DEG): DEFORMED SHAPES OF BRIDGE AT TIHES OF

PEAK RESONANT RESPONSE TO SV-WAVE EXCITATIONS (R
Lx

= 0.72,
RLy = 0.42, f = 3.0 Hz)
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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, regardless

of 8V. However, the amplitudes of the horizontal and vertical excitations

do vary with 8V.

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 springs 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 elastic half-space

that supported a simple single-mass structure. Their results showed that at

higher excitation frequencies where translational 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.
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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

~ridge is subjected. Then, analysis results are presented for seven different

cases in which each case corresponds to a particular set of angles of incidence,

8H and 8V' 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 8
H

and 8V (Fig. 5-1), amplitude p, and

circular frequency w is

eXP[i w(t - ~ cos 8 - Y. sinc H c (5-1)

where

z axes

U , U, and U
x y z

(Fi g. 5-1) and c

are the amplitudes of motion along the x, Y, and

is the phase velocity. It is noted that Equation 5-1

is identical to Equation 4-1 for SV-wave motions, except that now c is

expressed in terms of the P-wave velocity Vp as Vp/cos 8V' Also, as for

SV-waves, U, U, and U can be expressed in terms of the amplitudes of
x y z

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

and

Uv' respectively) as

(5-2 )
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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 SV-wave

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

1957)

where p is the ampl itude of the incident P-wave and eV and fare,

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

cos f
v

S:: - cos 6
VVp

(5-4)

where Vp and Vs are the P-wave and S-wave velocities of the elastic half

space. In terms of the Poisson1s ratio of the elastic half-space, 'J, it

can be shown that the angle f is expressed as

tan f :: 2(1 - v) 2
(1 _ 2v) (1 + tan 6V) - 1

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

8
V

' and the Poisson's ratio 'J. Also, it is noted from Equation 5-4 that

f attains a maximum value, f ofmax'

f ::
max

5-3



R-7911-5008

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 8V' 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 8V'

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 (R Lx = 0.34 and

RLy = 0.20) and corresponds to bending of the road deck in its

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

response at 19.9 Hz (RLx = 2.39 and RLy = 1.39) corresponds to

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

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 general ized 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 phenomenon, 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 input motions (see foot
note on p 3-6).
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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: NONVERTfCALLY INCiDENT P-WAVES

5.4.1 FREE-FIELD MOTIONS

This section presents results that illustrate the extent to which

nonvertically incident P-waves cause bridge responses that differ from bridge

responses induced by vertically incident P-waves. These results are from

calculations based on P-waves that propagate in planes normal to the span of

the bridge (6
H

= 90 deg), parallel to the span of the bridge (6 H = 0 deg), and

oblique to the span of the bridge (6 H = 45 deg). For each value of 6H, two

different angles of vertical incidence are considered: 6V = 10 deg and

6V = 45 deg. The amplitudes of the horizontal and vertical components of

the P-wave motion are given in Figure 5-2 for these two values of 8V' This

figure indicates that:

• The amplitudes of the horizontal component of the P-wave

motion (U H) and the vertical component (Uv) are both greater

when 8V = 45 deg than when 8V = 10 deg.

• When 8V = 45 deg, UH and Uv have similar amplitudes,

with Uv being only slightly greater. In contrast, when

8 = 10 deg, UH exceeds Uv by a factor of nearly 2.0.
V

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

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

5.4.2 CASES 2 AND 3: NONVERTICALLY INCIDENT P-WAVES WITH 8H = 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 (8 H = 90 deg, as shown in Fig. 5-6). Case 2 represents the

results for 8H = 90 deg and 8V = 10 deg, while Case 3 represents the

results for 6H = 90 deg and BV = 45 deg. Results for these two cases are

presented as tabulated amplitudes and phase angles at specific frequencies
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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 (R Ly = 0.36),

small z-rotations at the tops of the two 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 8 = 90 deg. The first occurs at 2.8 HzH
(RLy = 0.20) and is essentially identical to 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

= 0.36) and features horizontal rocking displacements of

the bridge in the y-direction that are coupled with vertical

displacements of the road deck, end walls, and foundations.*

This second resonant response is 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.
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The bridge displacements along the y-axis and the x-axis both

exhibit common characteristics with regard to the dimensionless

frequency RLy ' The largest displacements of the bridge occur

when RLy is small, 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 less pronounced when flexible rather

than rigid foundations are considered.

• There are two main differences between the response characteris

tics of Case 2 (8 V = 10 deg) and Case 3 (8 V = 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 previously 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 8H = 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 (8 H = 0 deg, as shown in Fig. 5-10). Case 4 represents the results

for 8 H = 0 deg and 8V = 10 deg, while Case 5 represents the results for

8H = 0 deg and 8V = 45 deg. Results for these cases are shown in Table 5-4
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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.

5.4.3.1 Resonant Response Characteristics

Figures 5-11 and 5-12 indicate that the excitations for these cases

induce two resonant responses at closely spaced frequencies. The first is at

f = 2.8 Hz (R Lx = 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

(R
Lx

= 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 resonant responses are induced by the excitations from Case 4 (8
H

= a deg,

6
V

= 10 deg) as well as Case 5 (6 H = 0 deg, 6V = 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-input-Induced Response Characteristics

To 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
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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

that

• 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 vertical direction. This is because

of the larger free-field P-wave displacements, particularly in

the vertical direction, that result as 6V is increased from

10 deg to 45 deg. Also, for a given frequency, the phasing of
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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 INCIDENT P-WAVES WITH 8H = 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 (8 H = 45 deg as shown in Fig. 5-18). Case 6 represents the

resuits for 8H = 45 deg and 8V = 10 deg, while Case 7 represents the

results for 8H = 8
V

= 45 deg. Results for these cases are shown in

Tables 5-6 and 5-7 as 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 results show that, in contrast to the results for 8H = 90 deg

and 8
H

= a deg, the bridge response from Cases 6 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

symmetric bending of the road deck in the z-direction with a

very large vertical displacement at the midspan of the road

deck (Fig. 5-21a). The re~onance 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 Case 3 excitations

(8 H = 90 deg) led to a resonant response at 5.1 Hz (R Ly = 0.36)

involving 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 8
H

= 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

8H = 45 deg are markedly different from the resonance

conditions occurring when 8H = 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

8H = 45 deg, the bridge response over the entire frequency

range differ"s 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 deformations in the road

deck.

• Significant rotations about the z-axis for various elements 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.

5-11
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At these higher frequencies, 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 8V 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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COMPONENTS OF WAVE MOTION
AT GROUND SURFACE IN PLANE
OF PROPAGATION OF WAVES

R-7911-5008

NTS OF WAVE MOTION AT
SURFACE ALONG X, Y,
XES (COORDINATE AXES
/STRUCTURE SYSTEM)

L/STRUCTURE

AAl0366

FIGURE 5-1. FREE-FIELD P-WAVE GROUND MOTION
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FIGURE 5-2. HORIZONTAL AND VERTICAL P-WAVE GROUND SURFACE DISPLACEMENT
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FIGURE 5-3. FREE-FIELD EXCiTATIONS FROM INCIDENT P-WAVES
FOR CASE 1 (6H = ARBITRARY, 6V = 90 deg)
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(a) RLx = 0.34 (f = 2.8 Hz)

R-7911-5008

---

(b) RLx = 2·39 (f = 19.9 Hz)

fiGURE 5-5. CASE I (BV "90 deg): DEfORMEO SHAPES OF BRIDGE

AT TIMES OF PEAK RESONANT RESPONSE TO P-WAVE
EXCITATIONS
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Ca) RLy = 0.2.0 (f "" 2..8 Hz)

-0.9

(b) RLy = 0.36 (f = 5.1 Hz)

NOTE: RESONANT FREQUENCIES AND DEFORMED SHAPES SHOWN ABOVE
ARE ESSENTIALLY THE SAME AS THESE FOR CASE 2
(s H = 90 deg, Sv = 10 deg), EXCEPT THAT, FO R THAT
CASE, THE BRIDGE DISPLACEMENT AMPLITUDE ARE SMALLER
(See Figures 5-7 to 5-8 and Table 5-3)
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FIGURE 5-9. CASE 3 C8 H = 90 deg, 8
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= 45 deg): DEFORMED SHAPES OF

BRIDGE AT TIMES OF PEAK RESONANT RESPONSE TO P-WAVE
EXCITATIONS
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FOR CASES 4 AND 5 (6H = 0 deg)
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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 aI" 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-, 5V-, 5H-, 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-l 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 G1 and shear wave velocity VS1 ;

this layer overlies an elastic half-space with shear modulus G2 and shear

wave velocity VS . Applying equations of motion to this profile together
2 *with appropriate boundary conditions leads to the following classical Love

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

VS2

{VS~ V 2

tan wH G2 51 7-
(A-1)

~
=
~~c2 VS2

1 2 1 - 1

7
where w is the excitation frequency and C

represents relationships between wand C

Figure A-l.

is phase velocity. Equation A-I

that are of the form shown in

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.
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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 cos 8 V
(A-2)

where Vs is the shear wave velocity of the elastic half-space and 8V is

the angle of vertical incidence of the incident SH-wave, measured from the

horizontal. Therefore, it is simply necessary to properly select 8V
(assuming Vs is fixed) in order to establish equivalence between the SH-wave

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 appl ied 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-l 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

=
-1 VS

cos C

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

elastic half-space with shear wave velocity Vs and an angle

of incidence of the SH-wave of 8V' The resulting structural

response will be identical as that caused by the first mode of

Love waves in the medium shown in Figure A-l.

• Repeat the above steps for each frequency and mode of interest.
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Figure A-l 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 eV 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.
1
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